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Introduction

In this thesis we discuss the connection between the mean-field limit and the semiclassical
approximation for a system of N identical quantum particles. More precisely, we look at

a system of N identical particles (of mass m = 1) interacting by means of the mean-field
potential:
| N
U(Xy) = ﬁgj@(ml —z;), ¢:R*SR (1)
j

(where Xy = {z1,...,2n}, x; €R3 j=1,...,N) in the limit N — oco. It is well known that
the effective (limiting) dynamics of such a system is ruled by the following nonlinear one-particle
Schrodinger equation:

h2
ihOpy = —EA% + (¢ * |¢t|2) Yy, (L.2)
where

(0 04) (2) = | dy ot = )lvuto) (13)

is the effective self-consistent interaction. Equation (I.2) is known as the Hartree equation.
The rigorous derivation of (I.2) from the many-body evolution can be formulated in terms of
convergence of j-particle Reduced Density Matrices (RDM). In fact, by considering the N-
particle wave function ¥y, = Wy, (Xy) solution of the Schrodinger equation:

1
/L.hat\l/]\[ﬂg = —3 A:Ei\IJN,t + U\IIN,h (I4>
i=1

with U given by (I.1) and completely factorized initial datum given by:

Uno(Xn) = H%(Ij), (L5)

j=1

it can be proven that, for fixed j (with 1 < j < N) the j-particle reduced density matrix,
defined as the trace class operator with kernel

P06 = [ T (X X) B (%, X)), (16)
R3(N—

converges, in the limit N — oo, to the factorized state:

ot (X5, Y50) = T 0 () wn () (L7)



where ;(x) solves the one-particle Hartree equation (I.2) with initial datum . This feature
is usually called ”propagation of chaos”.

The previous result was originally obtained for sufficiently smooth potentials (see [2], [6],
[7]); then it has been generalized to include Coulomb interactions (see [16], [17], [18]). Fur-
thermore, some results concerning the speed of convergence of the mean-field evolution to the
Hartree dynamics (for all fixed times), have been proven more recently (see [20], [21]).

The limit N — oo for a classical system interacting by means of the same mean-field
interaction (I.1), can be considered as well (see [4], [5], [9], [10] for the case of smooth potential,
and [22] for more singular interactions). In fact, considering as initial state of the system a
completely factorized probability distribution Fyo = Fy o (Xn, Vv) dXnydVy in the N-particle
phase space R3" x R3" | namely:

N
Fno (XN, VN) = H fo(xj,v;), for some one-particle density fo, (1.8)

J=1

it is known that its evolution Fy (Xy, Viv;t) at time ¢ > 0, is obtained by solving the Liouville
equation:
(Or + Vv - Vixy) Fin(t) = Vx,U - Vi Fn(2), (1.9)

with U given by (I.1). Then, the j-particle marginal at time ¢ > 0, defined as

FO (X, Vit) = / AXn_;dVy_; Fx (X;, Xn—i, V;, V_jit) | (1.10)

R3(N—7) x R3(N—)
converges, as N — 00, to the product state:

J
FU) (Xj,vﬁt):Hf(iUk,Uk;t); (L.11)
k=1

where f(x,v;t) is the solution of the Vlasov equation:

(O +v- Vo) f(t) = (Voo = f(1) - Vo f (1), (L.12)

(the convolution above is with respect to both the variables x and v) with initial datum f;.
Equation (1.1.8) is the classical analogue of the Hartree equation (I.2).

Although the mean-field limit N — oo is well understood for both classical and quantum
systems, there is a question which is still open, namely, does that limit hold for quantum
systems uniformly in A, at least for systems having a reasonable classical analogue?

The proofs which are available up to now exhibit an error vanishing when N — oo but diverging
as h — 0, although in [8], [24], [26], [27] some efforts in the direction of a better control of the
error term have been done.



If one wants to deal with the classical and quantum case simultaneously, it is natural to
work in the classical phase space by using the Wigner formalism.
The one-particle Wigner function associated with the wave function ¢, (x) is given by:

dy ey, <x + %) Yy (x — @) , (I.13)

F*avvst) = (2m) [ .

]R3

and, similarly, the N-particle Wigner function associated with the wave function Uy ,(Xy) is
defined as:

W (Xn, Vst) = (2m) 3N /

R3N

, — hY; hY;

Then, by using that ¢,(z) and Vx(Xy) solve equations (I1.2) and (I.4) respectively, we find
the equations:
(0, +v-V.) (1) = T (1) (L15)

and

(0, + Vv - Vix ) WE(t) = TREWL(t), (1.16)

where T" and T% are suitable pseudodifferential operators.
The initial data for equations (I.15) and (1.16) are

o h h
f(? (x,v) = (2%)_3/ dy e, (x + _y) o (x — _y) , (1.17)
R3 2 2
and
X — hY; hY;
Who(Xn, V) = (QW)_SN/ dYy ey (XN + TN) U o (XN — TN)
RSN
N
=11/ (0, (L.18)
=1
respectively.

One can easily rephrase the result of [7] by showing that the j-particle Wigner function

W (X5, Vit) = / AXn_ AV W (X5, Xn_j, V;, Vivejit) (I.19)

R3(N—3) x R3(N—j)

converges, in a suitable sense, to
J
fjh (X;,Vj5t) = Hfh (g, vg;t) for any ¢ > 0. (1.20)
k=1
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However, the error in approximating the N-particle dynamics by the limiting one is diverging
when i — 0 (for example, for sufficiently small times ¢ < ¢ it is of the form %eﬁ). The reason
is that the operator T appearing in (I.16) is bounded on the space in which we can prove the
convergence of (I.19), but its norm diverges as £ when i — 0. On the other hand, the classical
counterpart of this problem has been solved, so that it seems natural to look for an asymptotic
expansion for the j-particle "marginals” W]@J, namely:

Who(6) =W @)+ v ) + PWE 0 + ..., (1.21)

and for an analogous expansion for the j-fold product of solutions of the equation (I.15), namely:

) = (M 6 = £O @) + a6 + B2 () + ... (1.22)

The zeroth order term in (I.21) is expected to correspond to what we previously denoted by
F ](V]i, namely, the j-particle marginals associated to the Liouville equation (I1.9), while the

function f;o)(t) appearing in (1.22) is expected to be the j-fold product of solutions of the
Vlasov equation (I.12)). Therefore, if at order zero in h we obtain the classical quantities, the
classical mean-field theory ensures that the convergence of Wﬁg z(t) to f;o) (t) is well established
for all t and j. Then, it looks natural trying to show the convergence

W](fz (t) — fj(k) (t), as N — oo, for any k£ > 0. (1.23)

This is the main goal of the present research.

A complete proof of the uniformity in A of the limit N — oo would require a control of
the remainder of the expansion (I.21), but we are not able to provide it. However, in proving
(I.23) we characterize the quantum corrections to the classical mean-field limit and we prove
that they are expressed in terms of classical quantities only.

The plan of the thesis is the following.

In Chapters 1 and 2 we discuss the mean-field model both in the classical framework and
in the quantum context. First we introduce notation and technical tools that are needed to
formulate the mean-field results to which we referred previously. Then, we give an outlook of
the known results by discussing briefly the main approaches in facing the problem both for
smooth and singular interactions. Thus, we focus on the case of sufficiently regular potential
by showing in detail the proof of the validity of ”propagation of chaos” both in the classical
and in the quantum case, accenting the main differences in the methods and, primarily, the
inadequacy of the ”"BBGKY hierarchy method” in facing the classical mean-field limit although
in the quantum framework it plays a crucial role. Furthermore, we highlight the non uniformity
with respect to h of the error in the quantum mean-field approximation and we analyze in detail
which is the estimate that, providing a bound which diverges as A — 0, is responsible for that.



In Chapter 3 we introduce the Wigner formalism. We accent first of all why it is appropri-
ate in looking at the semiclassical behavior of quantum systems. Also, we point out the main
difficulties of this formalism with respect to the wave function (Schrodinger) and the density
matrix (Heisenberg) formulations introduced in Chapter 2. Moreover, we rephrase the quan-
tum mean-field result in the Wigner formalism and we note that the error in the mean-field
approximation is still not uniform with respect to h and diverging when A — 0. This "bad”
behavior is due to the failure of the same estimate we detected in Chapter 3, suitably rephrased
in the Wigner framework. Finally, we discuss some known results concerning the connection
between mean-field limit and semiclassical approximation.

In Chapter 4 we prove our main result, namely, the convergence (1.23). More precisely, we
do the semiclassical expansion both for the N-particle mean-field system (see (I1.21)) and for
the Hartree dynamics (1.22) deriving explicitly what are the equations solved by the coefficients
at each order in A. Then, we introduce the initial datum as a suitable mixtures of coherent
states. This choice guarantees that the zeroth order coefficient of the N-particle expansion
is a factorized probability distribution. Finally, we identify the higher order N-particle terms
to be the expectation of certain derivatives of the empirical measure. Such an expectation is
with respect to the probability distribution that we previously obtained from the N-particle
zeroth order coefficient. By virtue of that, we obtain the limit N — oo by using the classical
mean-field results presented in Chapter 1 and appropriate properties of the derivatives of the
classical trajectories associated with the mean-field interaction.

In the last Chapter we present possible applications of our result (presented in Chapter 4)
in considering suitable mixtures of WKB states (instead of coherent ones) and in dealing with
other (related) problems.



Chapter 1

Classical Mean-Field Limit

In this chapter we analyze the mean-field limit for a many-body classical system. More precisely,
we are looking at a system constituted by N identical particles interacting by the potential

N
1
cl _
U(Xn) = ﬁZCb(xk_xl), (1.1)
k£l
where we used the notation Xy = (z1,...,zy) € R3 for the positions of the N particles

(here and henceforth we put the superscripts ”cl” and ”@Q” to distinguish between classical
and quantum quantities denoted by the same symbol). We note that U< is given by a sum
over all interactions among pair of particles; the two-body interactions are governed by the
potential ¢ which we assume to be spherically symmetric (as it is in all reasonable physical
situations), namely ¢(z) = ¢(|z]) V = € R3. We set the dimension to be equal to 3 but the
results we are going to discuss hold in any dimension. Sometimes we will refer to the system
under consideration as "mean-field system”.

We want to characterize the dynamics when the number of particles N is very big. In this
sense we speak about "macroscopic” or ”effective” dynamics and from a mathematical point of
view that purpose is realized by taking the limit N — oc.

As a second step, it is also important to describe the dynamics of the fluctuations of the
N-particle evolution around the limiting one, but here we do not discuss in detail this topic
which is analyzed, for example, in [4].



1.1 Setting of the problem: general features and known
results

A mean-field system is described by an N-body Hamiltonian of the form

N 2
Hy Xy, V) =Y <% + Vd(xk)> LU Xy), (1.1.1)
k=1
where we used the notation Vy = (vq,...,vy) € R3Y to indicate the velocities of the N particles

and, for the sake simplicity, the mass of the (identical) particles is chosen equal to one. The
first part of the Hamiltonian is simply the sum of the one-body Hamiltonians associated with
the motion of each particle (the function V¢ describes an external potential which acts in the
same way on all N particles), while the remaining term involving U describes the interaction
among the particles. For the sake of simplicity we assume that the force experienced by each
particle is only that arising from the many-body interaction, namely, the one-particle potential
Ve is assumed to be equal to zero. We can do that without loss of generality because the
results we are going to discuss can be generalized easily to the case V< # 0.
Thus the Hamiltonian we consider is

N .2

HH(Xn, Vi) = ”2—’f + U (Xy), (1.1.2)

k=1
and we note that H{ is symmetric with respect to any permutation of the labeling.

The factor 1/N in the potential U (see (1.1)) forces the energy per particle to remain
finite in the limit N — oo and this is the crucial feature in order to obtain a well-defined
but non-trivial limiting dynamics. Moreover we observe that U¢ is such that the interaction
among the particles is quite weak when N is very big (the strength of the pair interaction is
of the order 1/N) but it is long range (because the pair interaction potential ¢ is unscaled,
thus its support remains of order one in the limit N — 00). Therefore when N becomes large
(for example, in the applications related to the gas dynamics we have N a2 10%3) the mutual
interaction turns to be weaker and weaker but the total effect of such an interaction is not
negligible (the force experienced by a fixed particle because of the presence of all the others is
proportional to (N — 1)/N ~ O(1)) . We will see that these two features are responsible for
the validity of ”propagation of chaos” and of the nonlinearity of the macroscopic equation we
find in the limit (see Sections 1.3 and 1.4).

The dynamics of an N-particle system associated with the Hamiltonian (1.1.2) is governed



by the Newton equations
T; = vy,
(1.1.3)

N
) 1 .
”Z':—NZW.Vziqs(xi—xk), i=1,...,N

Thus we know that given an initial configuration Zy = (Xy,Vy) € R3N x R3N in the N-
particle phase-space, the time-evolved configuration Zy(t) up to some ¢ > 0 is obtained solving
(1.1.3) with initial datum Zy.

As we have already noticed, in many interesting physical situations the number N is very
big thus it is not possible (and even not particularly relevant for the applications) to know
which are the positions and the velocities of all particles at a certain time. In other words, it
is quite difficult to determine a unique initial N-particle configuration for the time-evolution
defined by (1.1.3) and, even if one was able to provide that, it would be impossible to solve
such a huge number of equations, even by using numerical methods. Nevertheless, one can
provide collective and more useful informations such as the probability to find N; particles
(N; < N) in a region A; C R3*Y| the probability that N, particles (N, < N) have velocities
belonging to some Ay C R3M or the probability to find N3 particles (N3 < N) with positions
belonging to some AZ C R3" and velocities belonging to some A C R3Y. In other words,
one can give the N-particle probability distribution in the phase-space R3" x R3¥. Therefore,
denoting by Fio(Zy)dZx such a distribution, we have that Fy ¢ is symmetric with respect to
any permutation of the variables, Fiyo > 0 and:

/dZNFNp(ZN) =1. (]_]_4)

Moreover, by computing the marginals of Fivo(Zy) with respect to the velocities Viy and to
the positions Xy one obtains respectively the spatial and the velocity probability density.

The time-evolved probability density Fy(t) := Fn(Zn;t) is obtained by solving the Liou-
ville equation
(O + Vv - V) Fn(t) = Vi U - Vi Fi (1), (1.1.5)

with initial condition Fy o, where U is the potential defined in (1.1). By denoting as ®* (X, Vi)
the Hamiltonian flow associated with equations (1.1.3), it is easy to verify that the solution of
equation (1.1.5) is obtained by propagating the initial datum Fj through the characteristic
curves of ®' (Xy, Vy), namely

Fn(t) = Fno (27" (XN, V) . (1.1.6)

Thus we are guaranteed that starting from an N-particle probability density at time ¢t = 0, we
have a probability density for each time ¢ > 0 and the evolution preserves also the symmetry



with respect to permutations of the variables (because the Hamiltonian H is symmetric with
respect to permutations).

In the classical framework observables of the N-particle system are represented by real
functions defined on the phase-space R3V x R3¥. Then, if we know that the configuration of
the system at a certain time 7 is Zy(7), the value of the observable associated with a certain
function uy at time 7, is given by un(Zn(7)). On the other side, if what we have is the
N-particle probability distribution at a certain time 7i, namely Fy(71), we are able to give
probabilistic predictions about the value of the observables at time 7. More precisely, the
expectation of the observable associated with a certain function uy at time 7, is given by

<UN>FN(7'1) = /dZNuN(ZN)FN(ZN;Tl). (117)

By (1.1.3) it is clear that to guarantee existence and uniqueness of the flow ®' (Xy, V)
for each ¢ we need to assume ¢ € CZ (R3)!. Therefore the first rigorous results concerning the
analysis of the limit N — oo for the N-particles mean-field system have been proven under
suitable smoothness assumption on the pair interaction potential ¢ (see for example [4] and
[10]). Nevertheless, several systems of physical interest are described by more singular poten-
tial. For example, a system of gravitating particles can be described by the potential (1.1)
where ¢ is the Coulomb interaction among the particles and, in that case, the factor of 1/N in
front of the potential energy can be justified by the smallness of the gravitational constant.
Mean-field systems with singular interactions are clearly hard to face because one has to
deal with a system of ODE (namely, (1.1.3)) with non regular fields. Quite recently some
progress have been done in [22] where the mean-field limit is realized by only assuming V,¢ ~
1/]z|*, « < 1 for the pair interaction ¢. On the other side, the assumptions on the initial
datum are very strong and they are quite good for numerical purposes but not satisfying from a
statistical physics point of view (for example, ”chaotic” initial data are not admissible, namely
it is not possible to consider initially factorized N-particle distribution). The problem involving
the Coulomb potential is still open.

Here we will not discuss the ”singular case” because for our purposes we need to deal with
a smooth interaction potential and with a classical mean-field result involving ”chaotic” initial
data (see Chapter 3 and 4), thus from now on we will focus on the mean-field limit in the
”smooth case”.

In [4] and [10] it is proved that the effective single particle dynamics of a mean-field system
with smooth interaction potential (¢ € CZ (R?) ) in the limit N — oo is governed by the Vlasov

'Here and henceforth we denote by C{f (Rd) the space of functions on R? with continuous and uniformly
bounded derivatives up to the order &



equation:

(Or +v - Vo) f(t) = (Vag = f(1)) - Vo (1), (1.1.8)
where f(t) = f(z,v;t) for each time ¢t > 0 is a one-particle probability density and here and
in the rest of the chapter we denote by * the convolution with respect to both position and
velocity. By computing the marginals of f(z,v;t) with respect to the velocity v and the position
x one finds respectively the spatial and the velocity probability density.

It is remarkable that the results proven in [4] describe both the continuum limit of the
point particle dynamics associated with the mean-field interaction, as we specified previously,
and the so called "propagation of chaos” for the many-body mean-field system. Moreover, in
[4] it has been proven that the fluctuations of a certain class of observables (called ”intensive
observables”) converge to a gaussian stochastic process. We will not discuss this last feature,
on the contrary we will show in detail the emergence of the Vlasov dynamics as the limit of the
N-particle evolution and the proof of propagation of chaos.

1.2 The Vlasov equation

Let us consider a one-particle density fo € C'(R®) and let us look at the solution f(t) of the
Vlasov equation (1.1.8) with initial datum f;. Denoting by ®% (z,v) the flow associated with

the system:
T=0
’ 1.2.1

one can easily verify that f(¢) is obtained by propagating fo(z,v) through the characteristic
curves of the flow ®!, (z,v), namely

ft) = flz,u;t) = fo (@(,t (:c,v)) . (1.2.2)

Therefore in proving existence and uniqueness of the solution of (1.1.8) one has to deal with a
system of ODE with a self-consistent field (see (1.2.1)) and the smoothness of the potential ¢
is not sufficient to make a standard fixed point argument to be successful. One needs a more
involved analysis and it has been done by R.L. Dobrushin in [5]. It is remarkable that the
Vlasov equation (1.1.8) makes sense even for a generic probability measure v because V¢ * v
is sufficiently smooth (thanks to the regularity of ¢) then the proof presented in [5] ensures
existence and uniqueness of the solution in this framework. In particular, if the initial datum
is an absolutely continuous measure with respect to the Lebesgue measure in R?® x R3 with
a smooth density fy (which is the case we discussed previously), the solution f(t) is a strong
solution whose regularity depends on that of fo and ¢ ( fo € C' (R®) and ¢ € C? (R?), at least).
Furthermore, introducing the Wasserstein distance W, in [5] it has been proven the following
stability result for solutions of the Vlasov equation:

Wt k) < eC W ul) (1.2.3)

10



where 1 and 1) are two probability measures and v} and v are the weak solutions of the
Vlasov equation with initial data given by v and 19 respectively. The metric induced by W on
the space of probability measures on R? x R? is equivalent to the weak topology of probability
measures, namely we have to look at measures tested versus functions in Cf (R? x R?) (the space
of continuous and uniformly bounded functions). Thus by (1.2.3) it follows that

/u(x, V)V (dzdv) — /u(x, v)1(dedv) asn — oo, Vu € C)(R* x R?)  (1.2.4)
implies
/u(m,v)yfl(dmdv) — /u(x,v)yt(dxdv) asn — oo, Vu e (R xR, (1.2.5)

where {1/°},>0 is a sequence of probability measures converging to some v when the parameter
n goes to infinity and ! and v' are the weak solutions of the Vlasov equation with initial
data given by v? and v° respectively. In the sequel we will denote the weak convergence of

probability measures by the symbol sy

1.3 The Vlasov dynamics as the continuum limit of the
N-particle Mean-Field dynamics

Let us introduce the empirical measure associated with an N-particle configuration Z);

N
1

G170 = 3 30 = ), (L.3.1)

where z := (x,v) is the generic point in the one-particle phase-space R® x R3 and 7} =

(21,...,2%) € RN x R3N. By definition puy is a measure on the one-particle phase-space but,

as it is clear by (1.3.1), it depends on all the configuration Z. Then let us consider an initial
N-particle configuration Zy for equations (1.1.3) distributed according to a factorized (smooth)
N-particle measure Fy odZy, namely

Fxo(Zy) =[] fo(z) = &, fo € C'(RE). (1.3.2)

=1

We denote by uQ the empirical measure associated with Zy and by considering the empirical
measure puy(t) = un(z|Zn(t)) associated with the time-evolved configuration Zy(t) (solution
of equations (1.1.3) with initial datum Zy), it is easy to verify that py(t) is the unique (weak)

11



solution of the Vlasov equation (1.1.8) with initial datum p%. In fact, by integrating versus
pn(t) versus a smooth test function u = u(z,v), we find:

N N
1
(u, un(t)) = /dz un(z|Zn(t)) = N E_ (z:(t)) = = E_ (1.3.3)
Then, we obtain

d

i u(zi(t), vi(t)) =

(w, un(t)) =

==
SR

ﬁ
Il
—

[Veu(zi(t), vi(t))i(t) + Vou(z(t), vi(t))0:(t)]

I
=

s
Il
—

(1.3.4)

that, by virtue of (1.1.3), implies

d
£< ZVU ——ZVu ( szﬁb i — T)

k#i

Av

1.3.5)

Following (1.3.3), the equation (1.3.5) becomes

d

E (uv :U’N(t)) = (U ’ Vru, ,uN(t>> - ((V(b * NN(t)) ’ vvu; NN(t)) ) (136>

where

=

(V6 % uv(®) ) = [ dydu¥,o( ) (% > oy — (1) - w») -

= % Z/dyvzqﬁ(x —y)o(y — xx(t)) = % Z V.o(z — z(1)). (1.3.7)

Therefore, pun(t) verifies (1.3.6) for any function u sufficiently smooth and

(u, v () =0 = (u, ) =

N
Z u(zi, v;). (1.3.8)

ZIH

In other words, py(t) satisfies the following weak equation
Opan (8) + v - Vopun(t) = (Vo + (1)) - Vopn (t), (1.3.9)

12



with initial datum p%;, and we note that (1.3.9) is precisely the Vlasov equation (1.1.8).
By the Strong Law of Large Numbers (SLLN) we know that

ne M fo as N — oo, a.e with respect to the product measure f$>°, (1.3.10)

therefore, by (1.3.10), by knowing that py(t) solves the Vlasov (weak) equation (1.3.9) and by
(1.2.3), it follows that

pn (1) M f(t) as N — oo, a.e with respect to the product measure &>, (1.3.11)

where f(t) is the (strong) solution of the Vlasov equation (1.1.8) with initial datum f;.

From now on, we will say that a configuration Zy is ”typical” with respect to the measure
fo if the empirical measure p%; associated with Zy verifies

1y Mty as N - . (1.3.12)

1.4 Hierarchies and Propagation of Chaos

In the previous paragraph we proved that the Vlasov equation arises from the continuum limit
of a system of N particles interacting by the mean-field potential (1.1). This is precisely what
convergence (1.3.11) tells us and it can be seen as a one-particle effect, namely (1.3.11) provides
the equation governing the single-particle dynamics in the limit.

Now we want to show how (1.3.11) works in order to characterize the effective dynamics
of a subsystem made by a fixed number j of particles. This is a natural approach in looking at
the macroscopic behavior of many-body systems because we want to look at the limit N — oo
and we need to deal with quantities depending on a number of variables which remains finite
in the limit.

In this perspective, for any j = 1,..., N we introduce the ”j-particle marginal density” (or
simply ” j-particle marginal” ) associated with an N-particle density Fn(Xy, Vy) as

FO(X,, V) = / dXy_;dVi_ Fx(Xx, Vi), (1.4.1)
R3(N=3) x R3(N—3j)
where we used the notation X; = (x1,...,2;),V; = (v1,...,v;) € R¥ and Xy_; = (xj41,-..,2N),

Vv_j = (Vj11,...,on) € R¥W=I) Indeed, the marginal F](\?) is obtained by integrating F with
respect to the "last” N — j variables thus it is a j-particle probability density (we remind that
all quantities under consideration are symmetric with respect to permutations of the variables
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then, without loss of generality, in order to refer to any subsystem made by N — j particles we
can consider the last N — j). Clearly if j = N we have Fy, ) = Ry,

For fixed 7 < N, the j-particle marginal does not contain the full mformatlon about the
N-particle conﬁguratlon described by F. Knowledge of the j-particle marginal Fz\f , however,
is sufficient to compute the expected value of every j-particle observable in the configuration
described by the probability distribution FydZy. In fact, if u; denotes an arbitrary continuous
and uniformly bounded function on R% and if u; ® 1x_; denotes the function on R*" which
is associated with the N-particle observable corresponding to u; for the first j particles and to
1n_; for the last (N — j) particles, we have

(; ® In_j)p, = /dZNuj(Zj)FN(ZN) = /deuj(zj)F]g>(Zj) = (W) g »
(1.4.2)

where we denoted by (u; ® 1y_;) F,, the expected value of the N-particle observable correspond-
ing to u; ® 1y_; with respect to the distribution FydZy and with <Uj>F(j) the expected value

N
of the j-particle observable corresponding to u; with respect to F ](\f )de. Thus, F](\f ) is sufficient
to compute the expectation of arbitrary observables which depend non-trivially on at most j
particles (because of the permutation symmetry, it is not important on which particles it acts,

just that it acts at most on j particles).

We are interested in characterizing the time-evolution of the marginals F ](\? ) (t) :=F ](\f ) (Zj;t)
associated with the solution Fiy(t) of the Liouville equation (1.1.5). By integrating the Liouville
equation versus the variables Zy_; = (Xy_;, Vy—;) we find the following family of equations
(one for each j =1,..., N)

(0 +V; - Vx,) FQ () = T FP (1) + N—c;gH ARICT (1.4.3)
where Tf\{j is precisely the j-particle Liouville operator, namely Tﬁ,{j = Vx,U 4X;) - Vv,
while the operator C’Jclj 41 maps j + l-particle densities in j-particle ones (if j = N we find
Cf ni1 = 0). The family of equations (1.4.3) is known as BBGKY hierarchy (in honor of the
authors who independently derived it: Born, Bogoliubov, Green, Kirkwood, Yvon) and it is
called "hierarchy” because we can see that the equation for the j-particle marginal is linked to
the subsequent one by the term C’JCZJ Py G +1)(t). The physical meaning is clear: the variation

in time of FY™V(1)

is due to the free motion of the j particles, which is encoded in the free-
transport term V; - Vy F ]E,J )(t), to the interaction among themselves, which is modeled by the
term TfV{ jF](\? ) (t), and to the interaction among the j-particle subsystem and the remaining N —j

particles, which is encoded in the term =2 C’] yTRTA G+D) (t) (the factor 1/N is precisely the factor

appearing in the potential U (see (1. 1)) while the interaction with the last N — j particles
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can be modeled by N — j times the interaction with the j 4 1-th because of the symmetry with
respect to permutations of the labeling (which follows from the fact that we are dealing with
N identical particles).

Writing explicitly the action of the operators T f\f,j and C’de 41, we find:

(val,ij> (X5, V) = va vk — 1)) - Vo FO (X5, V5), (1.4.4)
Icyél

and

¢ 1
(C8h P9 (X, 5) =
j
= Z/ dj41d0511 Ve, @k — 2541) - Vo PN V(X 2500, Vi 0g00). - (14.5)
k R3xR3

By these expressions we can argue that the operator val gives a vanishing contribution in the
limit because it is of size j2/N, while the operator C’C +1 1s of order one in the limit and the

factor (N — j)/N appearing in (1.4.3) is also of order one. Therefore denoting by FU)(t) the
expected limit of F](\? )(t) when N — oo, the formal limit of the BBGKY hierarchy (1.4.3) is

(0, +V; - Vx,) FU(t) = CsL L F U+ (¢), (1.4.6)

which in the case 7 =1 is equal to:
(0 + vy - Vg, ) FO(t) = /dxgdwvxﬁ(xl — 29) - Vo, F@ (21, 29,01, 093t). (1.4.7)
We observe that the Vlasov equation (1.1.8) can be rewritten as
(0, +v-V,) ft = /d$2dvgvx¢<l‘ —x3) - Vo f' (2, 0) fH (29, v2). (1.4.8)

Replacing (z,v) by (z1,v1), f* by FO(¢) and the product f! f* by F® we realize that (1.4.8)
is precisely the same of (1.4.7). Thus the equation of the hierarchy (1.4.6) corresponding to
j = 1 is properly the Vlasov equation, provided that the the two-particle distribution F((t)
is factorized, and for this reason (1.4.6) (which is an infinite hierarchy because j can be equal
to any positive number ) is usually called ”Vlasov hierarchy”. More precisely, by considering
(1.4.6) and by assuming the marginals {FU)(¢)},51 to be factorized, namely

FO(t) = f(H)® ¥ j, (1.4.9)

it is easy to verify that f(¢) has to solve the Vlasov equation. Conversely, if we consider a time
dependent one-particle density f(t) solving the Vlasov equation and we take the j-particle
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densities FU)(t) = f(t)®, for j = 1,2..., we find that the sequence {F @ (¢)};>; solves the
hierarchy (1.4.6).

An interesting problem is that of the uniqueness of the solution of the Vlasov hierarchy
which plays an important role in facing the mean field limit when a generic (namely, non factor-
ized) initial datum is considered for the many-body dynamics (such a case is also studied in [4]).
This topic has been discussed in [8], under strong smoothness assumptions on the interaction
potential, and in [9] by assuming ¢ € CZ(R?). Here we will not enter into details because we
are going to show that in the present context there is no need to prove the uniqueness of the
solution of the Vlasov hierarchy in order to establish the validity of propagation of chaos. (In
the next chapter we will see that the situation in the quantum case can be very different).

First of all let us explain what we mean by ”propagation of chaos”.

As we have already specified, we consider as initial datum for the Liouville equation (1.1.5)
the factorized N-particle probability density (1.3.2). This choice means that we are assuming
that the particles are identically and independently distributed at time ¢ = 0, or equivalently,
the particles are initially uncorrelated. This is quite reasonable from the physical point of view
and this is what is usually called ”hypotheses of molecular chaos”. Because of the interaction
among the particles, the factorization (1.3.2) is not preserved by the time evolution because
some correlations are introduced by the dynamics; in other words, the evolved N-particle
density Fiy(t) is not given by the product of one-particle densities, if ¢ # 0. However, due to
the mean-field character of the interaction each particle interacts very weakly (we remind that
the strength of the interaction is of the order 1/N) with all other (N — 1) particles. For this
reason, we may expect that, in the limit of large N, the total interaction force experienced by
a typical particle in the system can be effectively replaced by an averaged, mean-field, force,
and therefore that factorization is approximately, and in an appropriate sense, preserved by the
time evolution. In other words, we may expect that, in a sense to be made precise,

Fy(t) = f(H)*Y as N — oo (1.4.10)

for an evolved one-particle density f(t) = f(x,v;t). This asymptotic factorization is precisely
what is called ”propagation of chaos” Assuming (1.4.10), it is simple to derive a self-consistent
equation for the time-evolution of the one-particle density f(¢). In fact, (1.4.10) states that,
for every fixed time ¢, the N particles are independently distributed in space according to the
density p(x;t) = [ dof(z,v;t). If this is true, the total force experienced, for example, by the
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first particle can be approximated by

k>2 k=2
- N]\—[ : /dydwvmcb(xl i) = 2 (T 6k F1) & (Tax £(0)).

N
(1.4.11)

as N — oo. It follows that, if (1.4.10) holds true, the one-particle density f(¢) must satisfy the
self-consistent equation

(O +v- Vo) f(t) = (Ve * f(1)) - Vo f (1) (1.4.12)

with initial data f(t)[;=0 = fo given by (1.3.2). Equation (1.4.12) is precisely the Vlasov
equation and we have just presented an heuristic argument to explain how it is related to the
propagation of chaos. We observe that the Vlasov equation is a nonlinear Liouville equation
on R? x R?. Therefore starting from the linear Liouville equation (1.1.5) on R3" x R3V  we
obtain, for the evolution of factorized densities, a nonlinear Liouville equation on R? x R3; the
nonlinearity in the Vlasov equation is a consequence of the many-body effects in the linear
dynamics.

The validity of propagation of chaos (namely, the precise statement concerning the asymp-
totic factorization (1.4.10)) is expressed in terms of convergence of the j-particle marginal
densities associated with the solution of the Liouville equation (1.1.5) to the j-fold product of
solutions of the Vlasov equation when N — co. We are going to show that it is a straightfor-
ward consequence of the convergence (1.3.11) (e.g. [4]).

Let us consider the j-particle marginal F ](Vj) (t) associated with the solution Fy(t) of the
Liouville equation with factorized initial datum Fly o given by (1.3.2).

We want to look at the behavior of F](Vj)(t) when N — oo. Denoting by Ey the expectation
with respect to the initial N-particle distribution Fy o(Zy), after straightforward computations,
we obtain:

Ex [y (4125 (0) .o (123(0)] = TV 22D g

N7
1
+o(ﬁ),

where FJ(Vj)(ZJ’-; t) = F](Vj)(CID_t(Z]’-) = F](Vj)(ZJ’.(—t)) (see (1.1.6)). Consider now a typical sequence
Zn with respect to fp, namely such that (1.3.12) holds. By the Strong Law of Large Numbers

(1.4.13)
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(1.3.10) we know that (1.3.12) holds a.e. with respect to the product measure fi°*°. Then, by
(1.3.11) and (1.4.13) we have:

J
lim Ey [uy (A1 Zn(1) - v (1Z5(9)] = lim FYP(Z5:0) = [] £(<1s)
k=1

(1.4.14)

in the weak topology of probability measures, where f(z;;t) = f(t) solves the Vlasov equation
with initial datum f,. Thus propagation of chaos holds. In the end, we found that starting
from an initial uncorrelated state (1.3.2) for the N-particle system, for times ¢t > 0 we loose the
factorization, but it is recovered in the limit because the correlations created by the dynamics
are smaller and smaller when NV — oo. On the other side, the effect of the many-body interac-
tion is "translated” into the self-consistent force appearing in the Vlasov equation.

The convergence (1.4.14) of FZ(Vj)(t) to f(t)® implies that:

(u; ® 1N—j>FN(t) = <uj>F](\,j>(t) - <Uj>f(t)®j as N — oo,
(1.4.15)

for each u; € CY (R¥ x R%). In other words, we are able to compute the "macroscopic” ex-
pected value of j-particle observables.

A remarkable fact is that the validity of propagation of chaos has been proven without
using the hierarchies and this is really a big advantage because to deal with the hierarchies
(1.4.3), (1.4.6) seems to be quite difficult. A priori, one could think to prove the convergence
(1.4.15) of the marginals F](Vj)(t) to the products f(t)%’, by using that the first ones solve the
BBGKY hierarchy (1.4.3) and the second ones solve the Vlasov hierarchy (1.4.6). Thus, if one
would be able to prove the convergence of solutions of the N-dependent hierarchy to the Vlasov
one, by knowing that the limiting hierarchy has factorized solutions arising from the Vlasov
equation (as we previously discussed), the final step for proving the propagation of chaos would
be to show the uniqueness of the solution of the Vlasov hierarchy over the class in which one
is able to prove convergence. As regard to the ”convergence problem” the difficulty is that the
BBGKY hierarchy involves operators which are unbounded, at least in reasonable spaces, thus
it does not seem possible to apply any compactness argument to ensure the convergence of the
solution. On the other side, concerning the ”uniqueness problem” for the limiting hierarchy
(1.4.6), the crucial point is the connection between the space in which one could show conver-
gence and those in which it would be possible to prove uniqueness. Therefore, the problem of
realizing the classical mean-field limit by dealing with the hierarchies is quite hard. On the
other side, we have just seen that it can be faced more naturally by using two crucial tools: the
Law of Large Numbers (1.3.10) and the continuity of solutions of the Vlasov equations with
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respect to the weak convergence of measures (1.2.3).

In the next chapter we will see that in the quantum case to deal with hierarchies is not
so difficult and a possible approach to realize the limit (indeed the one that has been used
more in the last years) is properly the one we have just described (convergence + uniqueness),
particularly to deal with singular pair interaction potentials.

19



Chapter 2

Quantum Mean-Field Limit

This chapter is devoted to the analysis of the macroscopic properties of the dynamics of a
quantum system constituted by N identical particles interacting by a mean-field potential in
the limit N — oo. As in the previous chapter, we set the dimension of the system equal to 3
but the main results we are going to discuss hold in any dimension.

The mean-field interaction potential is represented by the (right hand side) multiplication
operator

N
1
U9(Xn) = WZéﬁ(l‘k—l‘z), (2.1)
k£l
where, as in the previous chapter, we denote by Xy = (z1,...,zy) € R*" the positions of the

N particles and we assume ¢ to be spherically symmetric. We want to characterize the effective
dynamics of such a system for large V.

The problem of investigating the error in the approximation of the many-body evolution
with the limiting macroscopic dynamics, which we do not discuss here, has been studied in [20]
and [21].

2.1 Setting of the problem: general features and known
results

The state of an N-particle quantum mechanical system in R? can be described by a complex
valued wave function ¥y € L? (R3N ) Physically the absolute value squared of ¥y (zy,...,2zN)
is interpreted as the probability density for finding particle one at x, particle two at x5, and so
on. Moreover the absolute value squared of the Fourier transform U ~n(v1,...,vy) is interpreted
as the probability density for having particle one with velocity vy, particle two with velocity
v9, and so on (for the sake simplicity we always consider identical particles with mass m = 1
thus velocities are always equal to momenta). Because of this probabilistic interpretation, we

20



will always consider wave functions ¥y with L2-norm equal to one.

In nature there exist two different types of particles; bosons and fermions. Bosonic systems
are described by wave functions which are symmetric with respect to permutations, in the sense
that

‘IIN(ifw(l),---7$w(N)) = Un(21,...,2n), (2.1.1)

for every permutation 7w actingon 1, ..., N. Fermionic systems, on the other hand, are described
by antisymmetric wave functions satisfying

\IJN(SCW(I), . 7x7r(N)) = (—1)0(71-)‘1/]\[(33'1, Ce ,LCN), (212)

for every permutation 7 acting on 1,..., N where o(m) = 0 if 7 is even (in the sense that it
can be written as the composition of an even number of transpositions) and o(mr) = 1 if it is
odd. In the sequel we will denote by L2 (R*") the space of bosonic wave functions (namely the
subspace of L? (R3N ) consisting of all functions satisfying (2.1.1)).

Equations (2.1.1) and (2.1.2) are responsible for substantial differences between an N-
particle bosonic system and a fermionic one. Actually these features determine a different way
to look at the limit NV — oo in the mean-field context, the use of different techniques leading to
(a bit) different effective dynamics (see paragraph ”Joint limit N — oo and € — 0” in Section
3.4). Furthermore, the different nature of bosons and fermions is crucial in the perspective of
looking at the connection between mean-field limit and semiclassical approximation ( as we will
observe in Section 3.4) and, at least from this point of view, bosonic systems seem to be more
difficult to treat.

Anyway, here and henceforth we consider undistinguishable quantum particles by neglect-
ing the statistics. In particular, in some cases the states we consider are indeed admissible for
bosons.

We know that the observables of an N-particle system are represented by self adjoint
operators A on L* (R3Y), then the expectation

<A>\I!N =< \I/N,A\I/N >= /\I/N(XN) (A\I/N) (XN)dXN (213)

gives the value of the observable represented by A in the state described by Wy.

The Hamiltonian of an N-particle system interacting by (2.1), assuming the mass of the
particles to be equal to one, is the standard quantization of (1.1.1), namely

N 2A
HYY == 3 (534 VA + U0k (21.4)
k=1
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where we denoted by Ay the Laplace operator acting on the variable xy, k = 1,2,..., N and
here and henceforth we denote the Planck constant by . The potentials V¥ and ¢ (appearing
in (2.1) are such that the Hamiltonian H]%’V is guaranteed to be a self-adjoint operator acting on
the Hilbert space L? (R*Y) and it is invariant with respect to any permutation of the labeling
(namely, the Hamiltonian is symmetric in the exchange of particle names). The first part
of H]%’V is a sum of one-body operators (operators acting on one particle only); the sum of
the Laplacians is the kinetic part of the Hamiltonian. The function V¢ describes an external
potential which acts in the same way on all N particles. The second part of the Hamiltonian
describes the interaction among the particles.

As in the classical case, we can assume without loss of generality that the potential ex-
perienced by each particle is only that arising from the many-body interaction, namely, the
one-particle potential V¥ is assumed to be equal to zero. Thus the Hamiltonian we consider is

N

Q EA L o
HE=-Y S +UX). (2.1.5)
k=1

The Hamiltonian (2.1.5) is the observable associated with the energy of the N-particle system
interacting by the mean-field potential (2.1), thus the expectation

(H) =<y, HYUy >= /dXN\TfN(XN) (9w () (2.1.6)
N
gives the energy of the system in the state described by the wave function W y.

The considerations we did in the previous chapter as regard to the scaling of the potential
hold also in the quantum context. Therefore we are guaranteed that the energy per particle is
of order one for large N, as it is crucial in looking for a non-trivial and well-defined limiting
dynamics, and we realize that the basic features of the model are that the mutual interaction
among the particles is weak (again of size 1/N) and of long range type (unscaled support of ¢).
Again, as a consequence of such two effects we will have propagation of chaos and nonlinearity
of the equation governing the limiting one-particle dynamics respectively (see Section 2.2).

The time evolution of a wave function ¥y € L? (R3N ) associated with the N-particle
system whose Hamiltonian is (2.1.5) is governed by the linear Schrodinger equation
ied Uy, = HOW 4, (2.1.7)

and, since Hﬁ is a self-adjoint operator, the time-evolution associated with the equation (2.1.7)
preserves the L?-norm of the wave function.
The solution to (2.1.7), with initial condition Wy,|—g = Wy, € L? (R*"), can be written

by means of the unitary group generated by H]?, as

Uy, = e 880y, forall t € R. (2.1.8)
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The global well-posedness of (2.1.7) is not an issue here. The study of (2.1.7) is focused, there-
fore, on other questions concerning the qualitative and quantitative behavior of the solution
Uy . Despite the linearity of the equation, these questions are usually quite hard to answer,
because in physically interesting situation the number of particles NV is very large; for example,
in applications related to the study of boson stars we have N = 10%°. For such huge values of
N, it is of course impossible to compute the solution (2.1.7) explicitly; numerical methods are
completely useless as well (unless the interaction among the particles is switched off).

Fortunately, also from the point of view of physics, it is not so important to know the
precise solution to (2.1.7); it is much more important, for physicists performing experiments,
to have information about the macroscopic properties of the system, which describe the typical
behavior of the particles, and result from averaging over a large number of particles. Restricting
the attention to macroscopic quantities simplifies the study of the solution Wy, but it still does
not make it accessible to mathematical analysis. To further simplify matters, we are going to
let the number of particles N tend to infinity. The macroscopic properties of the system,
computed in the limiting regime N — oo, are then expected to be a good approximation for
the macroscopic properties observed in experiments, where the number of particles N is very
large, but finite (explicit bounds on the difference between the limiting behavior as N — oo
and the behavior for large but finite IV are obtained in [20] and [21]).

2.1.1 The density matrix formalism

To consider the limit of large IV, we are going to make use of the Reduced (or Marginal) Density
Matrices (RDM) associated with an N-particle wave function ¥y € L* (R3Y). First of all, we
define the density matrix py = |[¥y >< Wy| associated with Wy as the orthogonal projection
onto W y; we use here and henceforth the notation |¢) >< 1| to indicate the orthogonal projec-

tion onto v (Dirac bracket notation). Therefore py is a non-negative integral operator acting
from L? (R3N ) to L? (R3N ) with kernel given by

pN(XN;YN) = \I/N(XN)\I/N(YN), (219)

where Yy = (y1,...,yn) € R?*. Note that, by virtue of the L?- normalization of ¥y, we have
Trpn = /dXNPN(XN;XN) = /dXN‘TfN(XN)‘I’N(XN) = || 72@em) = L. (2.1.10)
Thus py € Z' (L? (R®)), where £ (L? (R*Y)) is the Banach space (with respect to the
norm |||| o (L2(mN)) = = Tr||) of the trace class operators acting on L? (R*"). Moreover, the

positivity of pn implies [|pn | g1 (p2(geny, = Trpn = 1.

It turns out that the state of a quantum mechanical system can be equivalently represented
in the wave function (Schrodinger) picture and in the density matrix (Heisenberg) formalism
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and the expectation <A)\I,N =< Uy, AUy > of an observable A in the state described by Wy,
expressed through the density matrix py, can be written as TrApy. For example, the energy
of the mean-field system in the state described by py is

<Hf§> —< Uy, H9y >= TrH Yy,
VN

(2.1.11)
HE defined in (2.1.5).

The time evolution of a density matrix describing the state of the N-particle mean-field
system is governed by the linear equation

i20upn s = [H}@, pN,t} , (2.1.12)

where [HJ?,, ﬁN,t] denotes the commutator between HY and py;, namely [H]?,, ﬁN,t} = Hpn—

ﬁN,tHJ%. Equation (2.1.12) is usually called Heisenberg equation and, by knowing that py; =
|Wn: >< Wy, it can be derived easily by the Schrodinger equation (2.1.7) solved by Wy ;.
The self-adjointness of the Hamiltonian Hﬁ, responsible for conservation of the L?-norm of the
wave function, implies that positivity and trace of the density matrix are also preserved in time.

We remind that we are looking at systems constituted by undistinguishable particles. Then
we consider density matrices py such that their kernel py (21, ..., Zx;Y1..., yny) IS Symmetric in
the exchange of particle names, namely

PN(Tr(1ys - s Ta(N); Yr(1)s - - > Y (V) = PN(Z15 - s TN YL, - YN, (2.1.13)

for every permutation 7 acting on 1,..., N. By the definition of the time-evolution (2.1.12) it
is easy to verify that this property is preserved in time.

The solution to (2.1.12), with initial condition px ¢|i—o = pno, can be written by means of
the unitary group generated by va2 as

PNt = e‘iéHf?fﬁNpeiéHI% for all t € R. (2.1.14)

The main advantage in describing the state and the dynamics of an N-particle system by
using the density matrix formalism is that it gives the possibility to investigate the properties
of subsystems made by a fixed number of variables. The way to do that is to introduce the
Reduced Density Matrices (RDM). For j = 1,..., N, we define the j-particle marginal density
,6%) associated with py as the partial trace of py over the degrees of freedom of the last (N — j)
particles:

P =Tr 1 pw (2.1.15)
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where Tr;; denotes the partial trace over the particles j +1,j+2,..., N. In other words, ,6%)
is defined as the non-negative trace class operator on L? (R*) with kernel given by

PR (X5 Y5) = /dXN_ij(Xj,XN_j;Yj,XN_j). (2.1.16)

The last equation can be considered as the definition of partial trace. As in the previous chapter,
we used the notation X; = (z1,...,2;),Y; = (v1,...,y;) € R¥ and Xy_; = (zj41,...,2n) €
R3WN=7) By definition, Trﬁ%) =1 for all N and for all j =1,..., N (clearly, if j = N we find
ﬁg\j,v) = pn) thus ,55\3,) € L (L* (R¥)) for all N and for all j.

Remark 2.1.1 Note that, in the physics literature, one normally uses a different normalization
for the reduced density matrices. If the statistics are taken into account, the reduced density
matrices are defined as expectation of bosonic and fermionic fields in the framework of the
"second quantization formalism”.

For fixed j < N, the j-particle density matrix does not contain the full information about
the state described by py. Knowledge of the j-particle marginal pAS\],), however, is sufficient to
compute the expectation of every j-particle observable in the state described by the density
matrix py. In fact, if AY) denotes an arbitrary bounded operator on L? (R%), and if AW @1(N=7)
denotes the operator on L?(R3") which acts as AY) on the first j particles, and as the identity
on the last (N — j) particles, we have

Tr (AY @ 1V9) jry = Te AW Y. (2.1.17)

Thus, [)E@ is sufficient to compute the expectation of arbitrary observables which depend non-
trivially on at most j particles (because of the permutation symmetry, it is not important on
which particles it acts, just that it acts at most on j particles).

Marginal densities play an important role in the analysis of the NV — oo limit because, in
contrast to the wave function ¥y and to the density matrix py, the j-particle marginal ﬁg\j,) can
have, for every fixed j € N, a well-defined limit as N — oo (because, if we fix j € N, {,6%)} N
defines a sequence of operators all acting on the same space L*(R%)). In other words, ,6%) is a
function of a fixed number of variables (which remains finite in the limit N — o0), while ¥y
and py are functions of N variables thus in the limit we would have to deal with functions of
an infinite number of variables and clearly it prevents the possibility to find a well-defined limit
for them.

Mixed states

In the previous analysis we have always considered N-particle systems whose state is described
by a wave function Wy. Such kind of states are called ”pure” states. Indeed, we say that the a
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system is in a pure state whenever we know that it is described by a uniquely determined wave
function with probability equal to one. Nevertheless, in some cases it is not possible to know
precisely (namely, with probability equal to one) which is the wave function describing the
state of a system but one only has probabilistic predictions about that. For example, one can
have a certain number (possibly infinite) k& of known wave functions W}, ..., ¥k € L? (R3)
and a sequence of non-negative numbers Ay, ..., A\ such that it is known that the state can be
described by W}, with probability equal to \;, by W% with probability equal to Ay and so on...,
namely, denoting by U ., the wave function associated with the system under consideration,
we have:

k
U mie(Xv) = > AT (X). (2.1.18)
s=1

Clearly, \s < 1fors =1,...,kand > As = 1. Furthermore, [[U} || ;2 (gav) = 1 for any s in order
to have || Wy miz||;2geny = 1. These kind of states are called "mixed” states (or equivalently,
one can say that the state defined in (2.1.18) is a "mixture” of pure states) and clearly a mixed
state reduces to a pure state if A\; = 1 for some § and \; = 0 for s # 5.

We note that one of the advantages of the density matrix formalism is that it encodes both
the case of pure states and the case of mixtures. In fact, by defining the density matrix

k k
Pz = D Al = D A TN >< Ty | (2.1.19)
s=1

s=1

associated with the mixed state described by (2.1.18), we have pymiz € £ (L* (R*)) and
| A mie | LUL2(R3N)) — 1. Then the analysis done previously by starting from a pure state can
be generalized straightforward to the case of mixtures.

Furthermore, there are also states that are made by a ”continuum” mixture of pure states.
Indeed, if the parameter s in (2.1.18) is a continuum variable (for example, in the initial state
considered in Section 4.5 we have s = (g, v) € R®) and we know that s € A, the kernel py iz
of a mixed state Py mis is of the form

ds g (s)pie (X Yor) = / ds gn() T (X)W (Va),  (2.1.20)

pN,mix(XN; YN) == /
A

A

where gyds is probability distribution on A. Clearly, all considerations we did for ”discrete”
mixtures hold also in that case.

2.1.2 The limit N — o

We will discuss several known results about the study of the limiting dynamics when N — oo
for a mean-field system and we will see that what has been established, by using different
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techniques and various formalisms, is that the effective single-particle dynamics is governed by
a cubic nonlinear Schrodinger equation

2
i = = Aty + (% i) (2.1.21)

which is known as Hartree equation. Clearly, in that case the symbol ”+” denotes the convolu-
tion with respect to the spatial variable, namely

(6% [nf?) () = / dy Bz — v)|va(y) - (2.1.22)

The first rigorous results establishing a relation between the many body Schrodinger evolu-
tion and the nonlinear Hartree dynamics were obtained by K. Hepp in [2](for smooth interaction
potentials) and then generalized by J. Ginibre and G. Velo to singular potentials in [6]. These
works were inspired by techniques used in quantum field theory. We will not discuss this
method because we want to focus on other techniques which are more related to the topic we
are going to face in the next chapters (the connection between mean-field limit and semiclassical
approximation).

The first proof of the emergence of the Hartree dynamics by using the RDM formalism
("RDM-convergence”) was obtained by H. Spohn in [7], for bounded potentials (see Theorem
2.3.11in Section 2.3). The method introduced by Spohn was then extended to singular potentials:
in [17], L. Erdés and H. T. Yau faced the RDM- convergence for a Coulomb potential ¢(z) =
1/]z|; partial results for this kind of interaction were also obtained by C. Bardos, F. Golse and
N. Mauser in [16] (note that recently a new proof in the case of a Coulomb interaction has been
proposed by J. Frohlich, A. Knowles, and S. Schwarz in [28]).

A different approach to the proof of the rigorous derivation of the Hartree equation from a
mean-field bosonic system has been proposed by Frohlich, Schwarz and Graffi in [26]. By using
the Wigner formalism (see Chapter 3) they can consider the mean-field limit uniformly in the
Planck constant ¢ (up to an exponential error depending on time); this allows them to combine
the semiclassical limit and the mean field limit by assuming restrictive assumptions on the pair
interaction potential (we will come back on this result in Chapter 3). It is also interesting
to remark that the mean-field limit can be interpreted as a Egorov-type theorem; this was
observed in [27] for sufficiently smooth potentials and in [28] for the Coulomb interaction.

2.2 Quantum BBGKY hierarchy and its formal limit as
N — o0

We have already remarked that, for any 7 = 1,..., N, the marginal densities ﬁ%?t associated

with the solution py; of the equation (2.1.12), are crucial tools in studying the mean-field

27



limit because they can have, for every fixed j, a well-defined limit as N — oo. Thus, we are
interested in their time-evolution as N — oc.

By taking the partial trace over the degrees of freedom of the last N — j particles in
the Heisenberg equation (2.1.12) we find the following family of equations (one for each j =
1,...,N)

J 2

PG £ N N—j

ZEatPE\J/?t = E |:_5Akap§\]7,)t:| + T]%?JPS\]f)t +— CijJrlp]\]/)t? (2.2.1)
k=1

where the operator T]f,% ; acts on & 1 (L2 (R%)) while the operator C i1 maps j+ l-particle den-

sities in j-particle ones (if j = N we find C]%’ ~n41 = 0). The family of equations (2.2.1) is called
BBGKY hierarchy in analogy to the classical case and, again, it is called ”hierarchy” because
we can see that the equation for the j-particle marginal density is linked to the subsequent one
by the term C’ Sl [’5 ~¢- The physical meaning is the same we discussed in the classical case: the

variation in time of p(] is due to the free motion of the j particles, to their interaction among
themselves and to the interaction among the j-particle subsystem and the remaining N — j

particles. The first effect is modeled by the l.h.s and by the first term in the r.h.s of (2.2.1),
the second one is encoded in Tf\? p ﬁ%)t) while the interaction between the j-particle subsystem

and the remaining N — j particles is modeled by NJ CQ +1/3Nt The factor 1/N in front of

CJQJ +1p5\],)t arises from the scaling of the potential U? (see (2.1) while the factor N — j is due

to the symmetry with respect to permutations of the labeling (we remind that we are dealing
with V identical particles): indeed, the interaction of the j particles under consideration with

the last N — j can be modeled by N — j times the interactlon with the 5 + 1-th particle.

Writing explicitly the action of the operators TJ((? and C i1, we find:
. 1 & .
0,580 = 537 2 |¢ee — 0. 7 (2:22)
k#l
and
A(j+1
jj+let ZTrJ‘H { [ Tk — Tjt1), pg\]ft )] } : (2.2.3)

By (2.2.2) we can argue that the operator Tf‘\? gives a vanishing contribution in the limit
because it is of size j2/N, while the operator C j+1 1s of order one in the limit and the factor

(N — j)/N appearing in (2.2.1) is also of order one. Therefore denoting by p the expected
limit of 5, when N — oo, the formal limit of the BBGKY hierarchy (2.2.1) is

J
ia@tﬁgj):Z[——Ak, AU} LY, (2.2.4)

k=1
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which in the case j =1 is equal to:

) e A
ie0,p\) = {—?Al, pgl)} + Try { [(b(xl — Ig), pf)] } . (2.2.5)

We observe that the Hartree equation (2.1.21) in the density matrix formalism (”Heisenberg
form”) is

o e .. .
0= |5 + T (ot — 22 e} (2.2:6)

Replacing x by x4, p; by ﬁﬁ” and the product p;®p; by ,6§2) we realize that (2.2.6) is precisely the

same of (2.2.5). Thus the equation of the hierarchy (2.2.4) corresponding to j = 1 is properly
the Hartree equation, provided that the the two-particle density ['5%2) is factorized, and for this
reason (2.2.4) is usually called "Hartree hierarchy”. More precisely, by considering (2.2.4) and
by assuming the reduced density matrices p(J ) j=1,2,..., to be factorized, namely

o = v g, (2.2.7)

it is easy to verify that p; has to solve the Hartree equation. Conversely, if we consider a time de-
pendent one-particle density p; solving the Hartree equation (2.2.6) and we take the j-particles

pY) = p1 i =1,2..., we find that the sequence {ﬁﬁj)}jzl solves the hierarchy (2.2.4).

densities p;

An interesting problem is that of the uniqueness of the solution of the Hartree hierarchy.
The situation in the quantum case is quite different from that of the classical one. In fact,
as we will see in the next section, the Hartree hierarchy is much more controllable than the
Vlasov one because the operators involved are bounded with respect to the norms appropriate
to study the convergence of the sequence of reduced density matrices to the solution of the
limiting hierarchy. Thus, it is possible to follow the approach we described briefly at the end of
the previous chapter (convergence + uniqueness) in order to prove ”propagation of chaos” in
the quantum context, namely, asymptotic factorization of the dynamics (in the sense specified
in the forthcoming paragraph). Nonetheless, the proof of uniqueness of the solution of the
quantum limiting hierarchy is very far to be a trivial stuff. Indeed, in the case of bounded
interaction the problem is quite easy to face and, in particular, by following the strategy of
[7] (originally introduced by O. Lanford for the derivation (for short times) of the Boltzmann
equation from the hard-sphere dynamics (see [3])) it is possible to prove "at the same time”
convergence and uniqueness (see Theorem 2.3.1). On the contrary, in case of more singular
interactions (as the Coulomb one), the proof of propagation of chaos consists really of two
steps: proving the convergence of solutions of the BBGKY hierarchy to the Hartree hierarchy
and showing the uniqueness of the solution of such a hierarchy (which implies factorization
of the limiting j-particle density matrices because, as we have already remarked, the Hartree
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hierarchy admits factorized solutions as (2.2.7)). In the Coulomb case, the ”uniqueness’ problem
is quite hard to deal with because of the singularity of the interaction (see [17]).

Anyway, we will come back later on the rigorous proof of propagation of chaos, analyzing
in detail the case of bounded potentials. Moreover we will discuss briefly the Coulomb case,
accenting which are the main new tools with respect to the bounded case, why there is need
of them and in which way they make the proof harder requiring a more refined analysis of the
limiting hierarchy.

Now let us clarify what we mean by ”propagation of chaos” in the quantum framework.
Let us consider as initial datum for the Schrodinger equation (2.1.7) a factorized N-particle

wave function
Uy =N, for some 1t € L* (R?). (2.2.8)

This assumption, rephrased in the density matrix formalism, leads to consider the following
factorized N-particle density matrix

Prno = |Uno >< Uno| = p§Y,  with po = [tho >< o, (2.2.9)

as initial datum for the Heisenberg equation (2.1.12). As in the classical context, (2.2.8) (or
equivalently (2.2.9)) is called "hypotheses of molecular chaos” because we are assuming that
the particles are initially uncorrelated. Furthermore, they are all in the same (one-particle)
state at time ¢ = 0 and clearly Wy, € L? (R3*Y). Thus, (2.2.8) is an admissible state for bosons
(while for fermions it is prevented by the Pauli exclusion principle). The physical motivation
for studying the evolution of factorized wave functions is that states close to the ground state of
H]?, (the eigenvector associated with the lowest eigenvalue), which are the most accessible and
thus the most interesting states, can be approximately described by wave functions like (2.2.8)
(some of the results which we are going to discuss in the following sections do not require strict
factorization as in (2.2.8); instead asymptotic factorization of the initial wave function in the
sense of Z!-convergence of the RDM to the j-fold product of one-particle densities would be
sufficient (see Theorem 2.3.1 and the discussion below)).

Because of the interaction among the particles, the factorization (2.2.8) (or equivalently
(2.2.9)) is not preserved by the time evolution; in other words, the evolved N-particle wave func-
tion Wy, is not given by the product of one-particle wave functions, if ¢ # 0. All considerations
done in the classical case concerning the mean-field (weak) character of the interaction hold,
then we may expect that, in the limit of large IV, the total interaction potential experienced by
a typical particle in the system can be effectively replaced by an averaged, mean-field, potential,
and therefore that factorization is approximately, and in an appropriate sense, preserved by the
time evolution. In other words, we may expect that, in a sense to be made precise,

Uy = PPN as N — oo (2.2.10)
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or
ﬁNﬂg ~ ﬁl?N as N — oo, with pAN’t = ’\I/Nﬂg >< \IIN,t|7 Pt "[bt >< lpt| (2211)

for an evolved one-particle wave function ¢,. This asymptotic factorization is precisely what
is called ”propagation of chaos”. Assuming (2.2.10), it is simple to derive a self-consistent
equation for the time-evolution of the wave function v,. In fact, (2.2.10) states that, for every
fixed time t, the N bosons are independently distributed in space according to the density
|4¢(x)|2. Tf this is true, the total potential experienced, for example, by the first particle can
be approximated by

F ot - 3 [ ot - P = 2 @ ) ~ (o ).

k>2 k>2

(2.2.12)

as N — oo. It follows that, if (2.2.10) holds true, the one-particle wave function 1, must satisfy
the self-consistent equation

2
i = = Aty + (6% i) (2.2.13)

with initial datum vy given by (2.2.8). Equation (2.2.13) is precisely the Hartree equation and
we have just presented an heuristic argument to explain how it is related to the propagation of
chaos. We observe that the Hartree equation is a nonlinear Schrodinger equation on R3 x R3.
Therefore starting from the linear Schrodinger equation (2.1.7) on R3Y x R3Y | we obtain, for
the evolution of factorized densities, a nonlinear Schrodinger equation on R? x R3; the nonlin-
earity in the Hartree equation is a consequence of the many-body effects in the linear dynamics.

The validity of propagation of chaos (namely, the precise statement concerning the asymp-
totic factorization (2.2.10) or (2.2.11)) is expressed in terms convergence in £ (L?(R3)) of the
j-particle marginal densities associated with the solution of the Heisenberg equation (2.1.12)
to the j-fold product of solutions of the Hartree equation when N — oo, namely

A(J') A®)j

— D — 0, as N — oo, (2.2.14)

L1 (L2(R3))

pr € L1 (L? (R?)) solving the Hartree equation (in the ”Heisenberg form”) (2.2.6) with initial
datum pg given by (2.2.11). Clearly, p; = |y >< 14|, ¥ solving the Hartree equation (2.2.13)
with initial datum v given by (2.2.10).

We have already remarked that, for fixed 7 < N, the j-particle RDM py ) does not contain

the full information about the N-particle system described by py ;. Nonetheless, pgv’)t is sufficient
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to compute the expectation of arbitrary observables of the form A; ® 1y_; which depend non-
trivially on at most j particles (because of the permutation symmetry, it is not important on
which particles it acts, just that it acts at most on j particles).

Therefore the convergence (2.2.14) implies that:

<Aj & 1N_j>‘1’N,t =Tr (A] ® 1N_j) ﬁN,t = TrAjﬁ%?t — TrAjﬁl?j = <Aj>w§j as N — o0,
(2.2.15)

for each bounded operator A; acting on L? (R¥). In other words, (2.2.14) allows to know the
”macroscopic” expected value of j-particle observables for an N-particle system interacting by
a men-field potential.

2.3 Mean-Field limit for bounded potentials

We consider, in this section, the dynamics generated by the mean field Hamiltonian (2.1.5)
under the assumption that the interaction potential is a bounded operator. We will assume,
in other words, that ¢ € L*° (R3) (recall that the operator norm of the multiplication operator
(g, — x7) is given by the L*-norm of the function ¢ ).

In the sequel we will use the notation ¢y, := ¢(zx — ;).

Theorem 2.3.1 [Spohn 1980] Let the pair interaction potential ¢ be in L™ (R3) and the
initial state of the system be described by a factorized N -particle wave function Wy o € L2 (R3N) ,

namely
Uy =5, for some )y € L? (R3) : HIPOHLz(RB) = 1. (2.3.1)

This implies that the initial N-particle density matriz pyo € L (L* (R*N)) is given by
pno = [Uno >< WUnol = 5%, po = Ivo >< . (2.3.2)
Then, for any fized 7,

~(4) ~®j

Ps — Pt — 0, as N — oo, (2.3.3)

LH(LA(R37))

where ﬁ%?t solves the BBGKY hierarchy (2.2.1) with initial datum py’ and p, € L' (L? (R?))
is the solution of the Hartree equation (in the ”Heisenberg form”)

o et .
ie0ipr = [_EA’ Pt} + Tro{ [p(z — 2), pr @ pil}, (2.3.4)

with initial datum po. In terms of wave functions, we find that py = |1py >< Uy, Uy solving the
Hartree equation (2.1.21) with initial datum 1.
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Proof
Let pM) € £ (L? (R*Y)) be a trace class operator with kernel p®¥) invariant under permuta-

tions of the labeling. For fixed j, let ﬁg-N) € L (L* (R¥)) be

N R

p§ ) = = Tr; 1 p0). (2.3.5)

Then, by considering the time-evolution p(V)(¢) = e~ tHNt (N EHRL, HY defined in (2.1.5),

it is also invariant under permutations of the labeling and the j-particle trace class operator
H) (t) = Trj 1 p™) (t) satisfies the differential equation

J
isﬁtﬁ§N) (t) = [Z (__Ak> Z Pl P A(N)

k=1 k;ﬁl
N
* (NN J) D> Trin { [‘ﬁkﬂhﬁgi(tﬂ } : (2.3.6)
k=1

This is what we previously called BBGKY hierarchy (see (2.2.1)) as it can be seen by using the
”compact” notation

2 (1) = —é [i (‘%A’f) A7)

(N i (N - (N
=800 - L (S il

k=1
(2.3.7)
T]C\}gj and C¢ w1 asin (2.2.2) and (2.2.3) respectively.
Let SJ(.N (t) is the flow associated with the equation:
A(N (N
01 = ~- [, 0] (2.3.8)
with
Q j e’ Q
HE = (—EAO + TR (2.3.9)

k=1

Thus, S ( )pj =€ ¢ SHR 5t pie: NJt for any p; € £ (L* (RY)). By the Duhamel formula, the
solution of (2 (2.3.7) can be written as

) ) N—j i\ [
pgN)@) _ S](N)<t)p§N) X (Tj> <__) /0 dty S]( (t — )C ]_Hpﬁ_i(tl) (2.3.10)

3
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[terating the integral equation (2.3.10), we obtain the series

(N N ~(N
i =S +

iy N=i\[( i\ -0
+§: Aty dty S0 (1) (=5 ) (=2 ) O

=1 Jo<tn<-<t1<t

- ( Iy ) (‘g) Cfn1gon San(ta)Aon (2.3.11)
Let ||-||; denote the trace norm in & L(L? (R¥)). Since Sj(-N) (t) preserves the |||, norm

(because H]%j is a self-adjoint operator on L? (R¥)), by the expression (2.2.3) for C] iy it S
easy to verify that the n-th term of the series (2.3.11) is bounded by

o : 2019l \" || 2w
— 1)... - 1) ——=— ) . 2.3.12
m30+) (J+n )( 5 Pianl. . ( )
If one assumes
~(N) j .
P1) |Ip; || <a forany j (2.3.13)
j

then the series (2.3.11) converges in trace norm for |t| <ty with #; < Mol =a-
oo

For any jp; € .2 (L2 (R¥)), let S;(t)p; = e~ it pie it where H; = ST (—%Ak> is the
j-particle free Hamiltonian. We note that

) G- »
7@<mH JU =Dy 500 < U ) W
78,6 < 2220, 45 < L ol |7
(2.3.14)
then by Property P1) we find
o |
|72, < ”(JN ol ma? —0 as N — oo, (2.3.15)
where ||-|| is the operator norm on .£* (L? (R%¥)).
We note that, for any p; € £ (L? (RY)),
() L Q
[s0wi s, <2 [ ar|sie-nrR0), <
1 t
< —/ dr HT]@].,@-(T)H , (2.3.16)
19 0 § 7
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where we use that S;(t) preserves the trace norm. Then, from (2.3.15), it follows that

lim
N—oo

SM () — Sj(t)H —0. (2.3.17)

J
If one assumes

P2) hm Hpj — pj

=0, (2.3.18)

J
for some p; € L' (L? (RY)), then by (2.3.11) and (2.3.17), it follows that p( )(t) converges as
N — o0 in trace norm to

+o0o
hi(t wedty Si(t—t) (== ) C%.
pilt) Z/0<1tn< <t1<t = 2 < > FarL

(- ) o rgen Spvalt )iy (2319)

for |t] < to. We note that the n-th term of the above series in bounded in trace norm by
(2.3. 12) then for short times || <ty we are ensures that (2.3.19) converges in trace norm.

~(N
490, - |

trace. Therefore, if for the initial state the bound P1) is satisfied, it remains valid for all times,

Let p*™) be a density matrix. Then

ﬁg-N)HA by preservation of positivity and
j

and the argument just given can be iterated to prove convergence of ﬁg-N) (t) to pj(t) as N — oo
for all times. Furthermore, p;(¢) is uniquely determined for all times because by iteration we
prove that (2.3.19) converges in trace norm for all times.

One checks that for the particular initial state py in (2.3.2) the conditions Pl) and P2) are
satisfied with @ = 1 and p; = by Therefore we can claim that the solution p of the BBGKY
hierarchy (2.3.7) with initial datum p po converges in trace norm to the unique j—partrcle density
matrix p;(¢) identified by the series (2.3.19) with p; 1, = g5’ " V n. Differentiating (2.3.19)
with respect to ¢, one obtains the limiting hierarchy of equations

J g2
i0di(t) = [Z (-580) 0| + € o) (2:3.20)
k=1

whose unique trace class solution is p;(t) with initial datum p§”’. Moreover, (2.3.20) preserves
the factorization property for all ¢ according to the Hartree equation (in the Heisenberg form)
(2.3.4). This ensures the validity of propagation of chaos, namely p;(t) = p;”, p; solving the non-
linear Heisenberg equation (2.3.4) with initial datum py = g >< ¥o|. Then, p; = |1 >< ¢y,
Y solving the Hartree equation (2.1.21) with initial datum ).

0

35



Remark 2.3.1 :

By looking at the the proof above it is clear that in order to let Theorem 2.3.1 to hold
there is no need of strict factorization of the initial datum as in (2.3.2). Instead asymptotic
factorization in the sense of

=0 (2.3.21)
J

would be sufficient. We remind that (2.3.21) is a reasonable ”physical” condition because states
close to the ground state of Hﬁ, which are the most accessible and thus the most interesting
states, can be approximately described by factorized wave functions, and then, by factorized
density matrices.

Remark 2.3.2 :

In proving the convergence of the series (2.3.11) to (2.3.19) the crucial tools have been the
boundedness of the operator Tﬁj LY (RY)) — LY (L? (RY)) (see (2.3.14)) and property
P1) for the RDM. In particular, the bound (2.3.15) on the operator norm of T]f,% ; brovides the
rate of convergence to the Hartree dynamics by means of (2.3.16). Then, by observing that the
estimate obtained in (2.3.16) is not uniform with respect to ¢ and it fails when ¢ — 0, it follows
that the error in approximating the N-particle dynamics with the limiting one is diverging
when £ — 0 (for short times it is of the form %eCt/ ).

In the next sections we will discuss some other results concerning the mean-field limit
starting from factorized initial datum as in (2.3.1), both for bounded interactions and for the
Coulomb potential and we will see that considerations done in Remark 2.3.2 still hold. This
means that all results concerning the mean-field limit exhibit an error in approximating the N-
particle dynamics by the limiting one which is not uniform with respect to € and diverging when
¢ — 0. This is a quite surprising feature because it seems that, roughly speaking, the accuracy
of the approximation depends on "how much” the system can be considered quantum or not
and, except for fermionic systems, there are no reasonable motivations for that. In fact, we will
see in Chapter 3 that in the fermionic case it is quite natural to look at a joint limit: N — oo
and ¢ — 0 asin [8] and [19]. On the contrary, in looking at systems of undistiguishable particles
or even bosonic systems the fact that the mean-field limit and the semiclassical approximation
seems to be so strictly connected is an open problem (except for specific scalings of the potential
as in [24]). Furthermore, in the classical case (see Chapter 1) everything works, so it is quite
natural to ask if, at least for systems having a reasonable quantum analogue, it is possible
to realize the limit N — oo uniformly with respect to €. This is the main motivation of our
research and in the next section we will focus on that topic, discussing some known results and
presenting what we did in this perspective.
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2.3.1 An alternative approach

From the proof of Theorem 2.3.1 presented above, we notice that the expansion of the BBGKY
hierarchy in (2.3.11) is much more involved than the corresponding expansion (2.3.19) of the
infinite hierarchy (2.3.20). It turns out that it is possible to avoid the expansion of the BBGKY
hierarchy making use of a simple compactness argument; this will be especially important when
dealing with singular potentials. In the following we explain the main steps of this alternative
proof to Theorem 2.3.1. Then, in the next section, we will illustrate how to extend it to
potentials with a Coulomb singularity. The idea, which was first presented in [16], [17], [18],
consists in characterizing the limit of the RDM ﬁ%?t as the unique solution to the infinite
hierarchy of equations (2.3.20); combined with the compactness, this information provides a
proof of Theorem 2.3.1.
More precisely, the proof is divided into three main steps: '

i) First of all, one shows the compactness of the sequence {ﬁ%?t}j-v:l with respect to an
appropriate weak topology. . .

i1) Then, one proves that an arbitrary limit point {ﬁgt}jzl of the sequence {pAS\J,’)t}év:l is a
solution to the infinite hierarchy (2.3.20) (one proves, in other words, the convergence to the
infinite hierarchy).

i7i) Finally, one shows the uniqueness of the solution to the infinite hierarchy (2.3.20).

We have already observed that the factorized family {p;”};51 is a solution of the infinite
hierarchy with factorized initial datum ﬁ?j . In particular, if pg = |¢bg >< 1|, as in the present
case, we find that p, = [y >< 4|, 14 solving the Hartree equation (2.1.21). Then, by proving
that the solution of the infinite hierarchy is unique, we are guaranteed that it is factorized
according to the solution of the Hartree equation. A

Therefore, by i), it follows immediately that [)E\J,?t — 2 = ([ >< y])® as N — oo (at
first only in the weak topology with respect to which we have compactness; since the limit is
an orthogonal rank one projection, it is however simple to check that weak convergence implies
strong convergence, in the sense (2.3.3)). Next, we discuss these three main steps (compactness,
convergence, and uniqueness) in some more details in order to show that, even following this
approach, the estimates that ensure the convergence are not uniform with respect to € and they
fail if e — 0.

ﬁ%?t _, = 1 for fixed ¢, thanks to
standard abstract and compactness results of functional analysifwe prove that the sequence
Iy =A{ ﬁ%?t j-vzl is compact with respect to a suitable topology. More precisely, for an arbitrary
fixed T > 0, we denote by C ([0, T], £ (L*(R¥))) the space of functions of ¢ € [0,T] with
values in £ (L*(R%)) which are continuous in time with respect to a suitable metric 7; on
L1 (L*(R¥)) (it can be constructed explicitly in such a way that the topology generated by n;
is equivalent to the weak*-topology of Z! (L*(R%))). By 7; we can easily define a metric 7);

Compactness: By knowing that, for any j and IV,
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on C([0,T], Z" (L*(R¥))) and we consider the topology Tprea on ;5 C ([0, T, £ (L*(RY)))
given by the product of the topologies generated by the metrics 7); on C ([0, T], £ (L*(R¥))).
The topology 7,4 is precisely the topology with respect to which we prove compactness of the
sequence {I'y:} nyen and this is equivalent to the following

Proposition 2.3.1 Fix an arbitrary time T' > 0. For every sequence {Mp} men there e:vzsts a

subsequence { Ny, }men C {Mpm}men and a limit point I'soy = {poot}]>1 for Uy, 1 = {p }Nm
such that

P >0, Trpd <1 vz, (2.3.22)

poo + (for any j) is symmetric with respect to permutations of the labeling.

Let K; = K (L*(R¥)) be the space of compact operators on L?(R¥), equipped with the
operator norm. The claim of Proposition 2.3.1 is equivalent to the affirm that, passing to a
subsequence,

For every fized 7 > 1 and for every fixed compact operator JU) € K,
Tr JU (pN)t pgo)t) —0 as N — o0 (2.3.23)

uniformly in t fort € [0,T].

Convergence: The second main step consists in characterizing the limit points of the

(compact) sequence I' Nt = {ﬁ%)t}N , as solutions to the infinite hierarchy of equations (2.3.20)
with initial datum pg”, po = |10 >< ol.

Proposition 2.3.2 Suppose that ¢ € L>®(R3) such that ¢(x) — 0 as |z| — oco. Assume
moreover that Ty = {ﬁgt}jzl € @,>, C([0,T], Z" (L*(RY))) is a limit point of the sequence
Iyt = {ﬁg\],)t}évzl in the sense (2.3.23). Then

- t
Ny i ()
Pga) = Sj(t)Pgi),o + (_E) / dty S;(t = t1)CP 4 ch:;})- (2.3.24)
0

for all 3 > 1, with ,0000 = p%)o = po Here S;(t) is the flow associated with the j-particle free
dynamics and C’“Jrl is defined as in (2.2.3). Therefore equation (2.3.24) evaluated for all j > 1

gives rise precisely to a solution of the Hartree hierarchy (2.5.20) with factorized initial datum.
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Note that in Proposition 2.3.2 we assume the potential to vanish at infinity. This condition,
which was not required in Theorem 2.3.1, is not essential but it simplifies the proof and it is
also satisfied by the Coulomb interaction for which the derivation of the Hartree equation has
been proven (e.g. [17]) by following the present strategy (together with crucial technical tools
that are necessary to deal with the singularity of the potential ).

Proof
Passing to a subsequence we can assume that FNt — ' as N — oo, in the sense (2.3.23);

this implies immediately that ngo)o = [55\,)0 = po”. To prove (2.3.24), on the other hand, it is
enough to show that for every fixed j > 1, and for every fixed JU) from a dense subset of K;,

- t
TrJOpY), = Ted @S, (1)) + ( Z) /0 dt; TrJDS;(t — )02, pEY. (2.3.25)

To demonstrate (2.3.25), we start from the BBGKY hierarchy (2.3.7) which leads to

TrJV) PNt = Tr.JU S (t )p%)o + ——/0 dt; TrJU) S, Lt — tl)TﬁjpEth n
i\ (N — , )
<_E> %/0 dty TeJ 985 (t = 1) O A, (2.3.26)

Since, by assumption, the L.h.s. and the first term on the r.h.s. of the last equation converge,
as N — o0, to the Lh.s. and, respectively, to the first term on the r.h.s. of (2.3.25) (for every
compact operator JU)), (2.3.24) follows if we can prove that

—
_— / dt; TeJVS)(t — t)TE,0%,, — 0 (2.3.27)
€Jo
and that
. N s t ) . 1 t . 1
(—3) ( ‘7)/ dt; TeJDS;(t —)C2y, it — <_3>/ dty TeJDS;(t —t)C2, pSY
€ N 0 ’ ) Jo ’
(2.3.28)
as N — oo. Eq. (2.3.27) follows because, by the expression (2.2.2) of T]f,z,j, we have
l - .
e )08t — )T, | < —Z eI OS¢~ 1) [6(an — ), 19, ]| <
¢ k£l
2
] .
JU) Tr == ||Jv 0 2.3.29
|| ol =5 1771 el — (2.3.29)
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because the product ||JW|| [|¢] is finite and uniformly bounded with respect to N (||J@|| and
|¢|| being the operator norms of J) and of the multiplication operator ¢). To prove (2.3.28)

one can use a similar argument, combined with the observation that, by the expression (2.2.3)
of C¥

Jj+1

1 . N7 N
—TrJ(”)Sj(t _ tl)CQ <p§\1f‘|t'11) _ p(]+1)> _

€ j7]+1 00,1
—_— Tr [(J(j)Sj(t — 1)), ¢z, — Tj41)] (ﬁ%:;l) - ﬁé@t?) — 0,
(2.3.30)

as N — oo. This does not follow directly from the assumption that I'y; — ' in the sense
(2.3.23) because the operator [(JYWS;(t —t1)), ¢(x) — zj41)] is not compact on L*(R3U 1)),
Instead it is necessary to apply an approximation argument which is made simpler by the as-
sumption that ¢(z) — 0 as || — oo (that is the reason for which we did it). The details of
this approximation argument can be found, for example, in [23].

O

Uniqueness: to conclude the proof of Theorem 2.3.1, we still have to prove the uniqueness
of the solution to the infinite (Hartree) hierarchy (2.3.24).

Proposition 2.3.3 Fiz I'yo oy = {ﬁg)’o}jzl € @ L (L*(R?)). Then there exists at most
one solution Tooy = {ﬁth}jzl € @,>,C([0,T], 2" (L*(R?))) to the infinite (Hartree) hierarchy
(2.3.24) such that ﬁ((fo)t =0 = ,5(()20 and Tr ‘ﬁgo)t <1 forallj>1andalltel0,T].

Proof

The proof is exactly the same we did in proving Theorem 2.3.1. Indeed, we write the solution
of the Hartree hierarchy by iterating the Duhamel formula (2.3.24) and we observe that the
series we obtain is uniformly bounded in trace norm by a geometric series converging for short
times ¢ < to (see (2.3.19)). This proves uniqueness locally in time. Then, by noting that ¢,
does not depend on the initial condition (except for the trace norm of po. o which is clearly
preserved in time) but only on the L*-norm of the interaction potential ¢, we can iterate the
same argument, obtaining uniqueness for all times.

O

We realize that the estimate ensuring the convergence is (2.3.29) and, as in the proof of
Theorem 2.3.1 presented in the previous paragraph, we note that it is due to the boundness of
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the operator Tf\%j : L (L2 (RY)) — 21 (L* (RY)). Indeed, its norm is bounded by C'/N, thus
vanishing when N — oo. Nevertheless, by looking at (2.3.29) we see that there is a factor 1/e
in front of T]fi ;» thus we obtain a bound of order 1 /e which is diverging if ¢ — 0. Therefore,
even by using this approach, it is clear that considerations done previously as regard to the
uniformity of the mean-field approximation with respect to e, still hold.

We conclude this paragraph by observing that in estimating the operator norm of T Je ;on

£ (L? (R¥)) we have to deal with 1Tr [(b, ﬁ%?t] and we find a uniform bound with respect to
N, but diverging in €, by using that in any Hilbert space H:

Tr[A, B] < 2||A|| T |B|, ¥V A€ £ (H),Bc <L (H), (2.3.31)

where .£>° (‘H) is the space of bounded operators on H (]|-|| being the operator norm in £ (H))
and ! (H) is the space of trace class operators on H equipped with the norm Tr |-|. Essentially
the crucial question in looking for an estimate of the error in the mean-field approximation
(for bounded or even smooth potentials) which is uniform (or at least "better diverging”)
with respect to € is: can we improve (2.3.31) by taking into account further properties of the
operators A and B we have to deal with, possibly considering suitable ”semiclassical” initial
data?

2.3.2 Mean-field limit for the Coulomb potential

The result presented in [17] concerning the mean-field limit in the case of Coulomb interaction,
¢ = 1/]z|, is formulated as in Theorem 2.3.1, except for the fact that the initial one particle
wave function vy is assumed to be in H;(R?) (the Sobolev space W12 (IR?) of functions il L?(R?)
whose derivatives are also in L? (R?)) and that the theorem holds for dimensions d > 2. Even
the general strategy of the proof is the same we outlined in the previous paragraph. First
one proves the compactness of the sequence of marginal I'y; = {ﬁg\j, N | with respect to an
appropriate weak topology (the product topology Tprod Previously introduoed) then one shows
that an arbitrary limit point I'o.; = {poo +}j>1 of the sequence I'y; = {pNt} ', is a solution to
the infinite hierarchy of equations

: t
A ] /\. Z
pc(i),t = S;(t)ph + <—g> /0 dt; S;(t — tl)CJQ]H pgoﬁ)' (2.3.32)

where S; is the free evolution defined in Section 2.3, and the collision map C 741 1S now given
by

1 ,
JQJHPNt = )\ZTrJ+1 { [ 7p§\]/'::1):| } , (2.3.33)

|21, — x]+1]

where A is a coupling constant that can be positive (as in the most interesting physical case:
the attractive Coulomb interaction) or not (repulsive case). Finally, one proves the uniqueness
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of the solution to (2.3.32). Although the proof of the compactness and of the convergence also
require several changes with respect to what we discussed in the previous paragraph, the main
difficulty one has to face when the bounded potential is replaced by the Coulomb interaction is
the proof of the uniqueness of the solution to the infinite hierarchy. The key idea introduced by
Erdés and Yau in [17] was to restrict the class of densities for which uniqueness must be proven.
In Theorem 2.3.1, uniqueness is proven in the class of densities with Tr| ﬁﬁj )\ <1forall j>1,
and all ¢t € [0, 7] (but the same argument works under the weaker assumption 7| pY )| < Y,
for some constant C' < +00). In cite [17], in the case of a Coulomb potential the uniqueness of

(2.3.32) has been proven in the (smaller) class of densities I'; = {ﬁﬁj )}jzl satisfying the a-priori
bound

Tr|(1—A)Y2 (1 =A)29 1 — ANV 1= AN? < d (2.3.34)

for all j > 1 and for all t € [0,T]. There is, of course, a price to pay in order to restrict the
proof of the uniqueness to this class of densities. In fact, to apply this uniqueness result to
prove the convergence of the RDM to the j-fold product of solutions of the Hartree equation,
one has to show that an arbitrary limit point I'.; = {ﬁgt}jzl of the sequence of densities

Iyt = {ﬁ%)t}évzl associated with py; satisfies the a-priori bound (2.3.34). Due to the Coulomb
singularity, this is actually not so simple and requires an additional approximation argument
and suitable energy estimates.

Anyway, even if in the Coulomb case strong technical tools are needed in proving the mean-
field result (much more with respect to the bounded interaction case), it is not difficult to realize
that the estimates ensuring the convergence are not uniform with respect to ¢ and they fail if
e — 0. To see this, for concreteness in the case d = 3, we observe that the Coulomb potential is
controlled in three dimensions by the Laplacian (by virtue of an operator inequality of Hardy
type). This is the reason for considering the class of density matrices such that (2.3.34) holds.

Roughly speaking, by (2.3.34) it follows that, considering the operator |xi—1xk|’55\]/;7)t (appearing

both in the BBGKY and in the Hartree hierarchy) multiplied in a suitable way by some op-
erators (C' — A)/2 (C > 1) and taking the trace, one obtains estimates which are uniform
with respect to N. Such estimates are crucial in proving the uniqueness of the solution of the
Hartree hierarchy and even the convergence of the BBGKY hierarchy to the limiting one. In
particular, they provide the rate of convergence to the Hartree dynamics in terms of the number
of particles N and indipendently of . Nevertheless, by looking at the explicit computations,
we find a factor 1/¢ in front of the interaction potential, thus we have again diverging estimates
when ¢ — 0.

From now on, we will focus on the case of smooth pair interaction potential, primarily,
because in this case both the quantum and the classical mean-field limit have been rigorously
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established, therefore it is quite reasonable to look at that situation in investigating the connec-
tion between mean-field limit and semiclassical approximation (which we are going to discuss
in Chapter 3 and 4). On the other side, we will see that for our purposes we need to deal with
a smooth potential (see Chapter 4).
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Chapter 3

Mean-field limit VS Semiclassical
Approximation

In this chapter we discuss the problem of ”connecting” mean-field limit and semiclassical ap-
proximation which, as we saw previously, emerges quite naturally from the analysis of the
quantum mean-field limit results. If one wants to deal with the classical and quantum case
simultaneously, it is natural to work in the classical phase space by using the so called ”Wigner
formalism”.

3.1 The Wigner formulation

By the Heisenberg uncertainty principle, it follows that it is not possible to determine simul-
taneously the position and the momentum of a quantum particle, thus the concept of classical
phase space density does not generalize directly to quantum mechanics. Nevertheless one can
define a substitute for it, namely the Wigner transform. For any wave function v € L? (Rd)
we define the Wigner transform of ¢ as

f5 (xv) = (2m) ™ /Rd dy eV (:10 + %) Y <a: - %y) ) (3.1.1)

and we still interpret it as ”quantum phase space density” (see [1] ). It is easy to check that fj
is always real but in general is not positive (thus it cannot be the density of a positive measure
- in coincidence with the Heisenberg principle). However, its marginals reconstruct the position
and momentum space densities, as the following formulas can be easily checked:

/fw z,v)dv = |Y(x /fw z,v)dz = |(v))? (3.1.2)

zﬂ(v) being the Fourier transform of 1, namely, by integrating versus the velocity variable we
obtain the quantum spatial probability density and by integrating with respect to the position
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variable we find the velocity (or momentum) probability density. In particular

/fi(ac,v)dvdm =1 (3.1.3)

for normalized wave functions. More generally, if J(z,v) is a classical phase space observable,
the scalar product

<J, f;> = /J(x,v)fi(x,v)dvdx (3.1.4)

can be interpreted as the expected value of J in state described by ). Recall that "honest”
quantum mechanical observables are self-adjoint operators O on L?(R?) and their expected
value is given by

(0), = / B(z) (09) (x)de (3.1.5)

For a large class of observables there is a natural relation between observables O and their
phase space representations (called symbols) that are functions on the phase space like J(z,v).
For example, if J depends only on = or only on v, then the corresponding operator is just the
standard quantization, i.e.

/ J(@) 5 (@, v)dedv = (6, J) (3.1.6)

where J is a multiplication operator on the right hand side,

/J(v)fi(x, v)dxdv = (¢, J(—ieV)y) (3.1.7)

and similar relations hold for the Weyl quantization of any symbol J(z,v). We also remark
that the map ¢ — fj is invertible, i.e. one can fully reconstruct the wave function from its
Wigner transform. On the other hand, not every real function of two variables (z,v) is the
Wigner transform of some wave function.

The correspondence between wave functions and their Wigner transform can be easily
rephrased for density matrices. Indeed, if p = | >< 9| for some ¢ € L? (Rd), then formula
(3.1.1) can be rewritten as

dy ep (x + g—y, T — 5_y> : (3.1.8)

fiw) = 2m [ L -

R3

where p(x,y) = ¥(x)1(y) is the integral kernel of p. Furthermore, formula (3.1.8) holds for any
density matrix p € £* (L2 (Rd)), even for those which are associated with mixed states and
(3.1.3) holds because of positivity and trace norm normalization of the density matrix. Vice
versa, starting from a quantum system whose state is described by a Wigner function f¢ (x,v),
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it is possible to compute the corresponding density matrix (actually, its integral kernel) by the
Weyl quantization rule

dv el= @y e (x——'—y,v) : (3.1.9)

pre (o) = (2m) ¢ !

R4

Therefore the Wigner transform and the Weyl quantization rule provide an invertible map
p < [f; between density matrices and Wigner functions and it is simple to check that

HPHLQ(Rded) = prE”LZ(RdXRd) . (3110>
This is particularly meaningful because for any density matrix p we have
p=0, pe 2 (L*(RY)), with [|pllg1(zo(ra)y =1 = 16l go(ra(mey) < 1. (3.1.11)

where 2% (L* (R?)) is the Hilbert space of Hilbert-Schmidt operators on L? (R?) and for any
operator I' € 2% (L? (R?)) with kernel v = y(z, y) we find

T 22 (a)) = Il 2 (e - (3.1.12)
Therefore by (3.1.11), (3.1.12) and by (3.1.10) it follows that

HpHLQ(RdXW) <1 V density matrix p = HfEHL2(]Rd><Rd) <1 V Wigner function f
(3.1.13)
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Remark 3.1.1 By (3.1.9) it follows that one can fully reconstruct a density matrix from its
Wigner transform but, in general, by knowing the Wigner function associated with the state
of a quantum system it is not possible to reconstruct such a state in the wave function picture.
More precisely, if we know that the system is in a pure state and we know that it is described
by a certain Wigner function f¢, we can reconstruct the density matrix p which will be given
by p = |1 >< 1| for some L?-function ¢. On the contrary, if the system is in a mized state, by
knowing the Wigner function we can only reconstruct the density matrix but there is no way
to know which are the wave functions ”composing” it.

Remark 3.1.2 The correspondence between density matrices and Wigner functions is quite
useful but one has to be careful in using that. In fact, by considering a density matrix p one can
compute its Wigner transform f; and it will be for sure a real function on the classical phase
space with the properties specified above. On the contrary, a real function on the classical
phase space does not correspond necessarily to an admissible quantum state, namely, it is not
necessarily the Wigner transform of a density matrix.

Let us consider a density matrix p° € £* (L2 (Rd)) representing the initial state of a
system whose Hamiltonian H is

2

H= —%Am—i—U(x) (3.1.14)

and the potential U is such that H is a self-adjoint operator on L? (Rd). We know that the
time evolution for the density matrix p° is determined by

icdp' = [H, p'l, (3.1.15)

and it is easy to check that it preserves the Hilbert-Schmidt norm of ', namely the L?-norm
of the kernel p”. Thus, by looking at the initial Wigner function f%(z,v) (z,v € R?) and at
the time-evolved f;(x,v) = f5 (x,v), the L*-norm has to be also preserved in time (by (3.1.10).
We can verify this property by looking at the equation solved by f;. By applying the Wigner
transform defined in (3.1.1) to (3.1.15), we find the equation

(0 +v-V,) ff =T ff, (3.1.16)
where
1/2 . ‘
(T°f7) (@, v) zi/ dA/de(k:)ez B (k- V,) fi (0 + eXk), (3.1.17)
~1/2

and we denoted by U the Fourier transforms of U, namely:
U(k) = / dz e 20U (z). (3.1.18)
R4
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By noting that both v-V, and T¢ are skewsymmetric operators and reminding that f7(z,v) € R
for any ¢, we find

1d
S W ey = U7 0uF5) = (7 =0 Vo) + (5, T57) = 0,

(3.1.19)

namely the L?*mnorm is conserved. It can be also proved that H,-estimates hold for (3.1.16)
(Hs(R3*N x R3*Y) being the Sobolev space W*2(R3Y x R3V)) by assuming the potential ¢ to be
sufficiently smooth (see for example [25]) in the sense that the Hg-norm of the time evolved
Wigner function is controlled by the H-norm of the initial datum, up to a constant depending
on time (but finite for any time interval) and of a suitable norm of the potential.

Equation (3.1.16) looks like a classical kinetic equation but the crucial facts are that f; is
not a probability density in the phase space R xR and we have to deal with a pseudodifferential
operator instead of a differential one as it is usual in kinetic theory. It is immediate to check
that

/dx/dv fi(z,v) = /dxpi(m) =1Vt>0, (3.1.20)
with
p;(z) = /dv fi(z,v), pi >0 YVt pi(x)de:= spatial probability distribution, (3.1.21)

and (3.1.20) follows from conservation of "mass” and from the fact that, because of the trace
norm normalization of p°, we have [dz [ dv [z, v) = Trp’ = 1.

3.2 The Mean-Field system in the Wigner formalism

The Wigner formalism introduced in the previous section is an alternative way of describing the
state and the dynamics of a quantum system and it is precisely equivalent to the density matrix
(or Heisenberg) description, and, for pure states, to the wave function (or Schrédinger) picture.
As we have observed, the advantage in using the Wigner formalism in looking at semiclassical
approximation of quantum systems is that Wigner functions ”live” on the classical phase space
and for suitable "semiclassical” quantum states the Wigner functions can have a well defined
limit when € — 0 (see for example [13]).

Thus, in the perspective of looking at the semiclassical limit, we rephrase the quantum
mean-field model discussed in Chapter 2 by using the Wigner formulation.
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By applying the Wigner transform (3.1.8) to the Heisenberg equation (2.1.12) we find

where W5 (t) = W5 (Xy, Vi;t) is the Wigner function describing the state of the system
(namely, the Wigner transform of the density matrix py¢),

XNZ (33'1,...,.%]\[) €R3N, VN: (Ul,...,UN> GRB'N,

and the pair Zy := (X, V) denotes the generic point in the classical N-particle phase space.
Moreover,

i 1/2 . ]
(TRW5) (Zy) = W/ AN [ ARNDORy)N (K- T WR (X, Vi + AcK),
—1/2
(3.2.2)

where Ky = (ki,...,ky) € R¥, U9 is the (mean-field) interaction potential (2.1), and U is
the Fourier transform of U%, namely:

~

UC(k) = / dXy e EvXy UQ(Xy). (3.2.3)
R3N

We note that (3.2.1) is the analogue of the classical Liouville equation (1.1.5) and, roughly
speaking, by setting "¢ = 0” in (3.2.2) we obtain precisely the Liouville operator appearing in
(1.1.5). From now on, we will refer to (3.2.1) as ” N-particle Wigner-Liouville equation”.

We remind that we are dealing with undistinguishable particles, then we consider N-
particle Wigner functions Wy which are invariant in the exchange of particle names, namely

W (Zr), - s (V) Un(1)s - - - V() = Wi (@1, ..., 2N, V1, .., UN), (3.2.4)

for every permutation m acting on 1,..., N. It is easy to verify that this property is preserved
by the evolution (3.2.1).

3.2.1 The Wigner BBGKY hierarchy

For any fixed j we introduce the j-particle ”marginals”:

W]i/,j(t) = V[/vja\[’j()(j7 V}, t) = / dXN_jdVN_jWﬁ/(Xj, XN—j7 ‘/ja VN_j;t). (325)

R3(N—j) x R3(N—j)

It is easy to check that {W5 ;(t)}/_, are precisely the Wigner transforms of the RDM {ﬁ%?t L

Furthermore, by integrating the Wigner-Liouville equation (3.2.1) with respect to the last N —j
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variables we find the following sequence of equations:

€ € € N _] € € .
(at + Vi VXj) WN,j(t) - TN,jWN,j(t) + (—) Cj,j-i-lWN,j—i-l(t)v 7j=12,...,N,

N
(3.2.6)
with W y(t) = Wi (t) and Cf yyy =0,

which is precisely the BBGKY hierarchy (2.2.1) rephrased in the Wigner formalism and it can
be seen as the quantum analogue of the classical BBGKY hierarchy (1.4.3).
The operator T; (for a fixed j), describing the interaction of the first j particles, is given by

(TR Wiy) (X5, V) =

i(27r)_3N J 1/2 ) "
= —N Z/ d)\/ dk: QS(]C)@Z ~(2?l—$r)(k' . Vvl)WJi[J(XJ’ ‘/2_1’ Ul _I_ /\€/<J, ‘/}_l)7
I Y —1/2 R3
(3.2.7)
while the collision operator C7 ;. is
(5 Wijm) (X5, V5) =
J 1/2 R |
—i(2m) VY / dX / dk (k) / dajsyduyyy o @ei)
1=17/-1/2 R3 R3 xR3
(k- Vo )Wy 01 (X, Zj1, Vier, v + Aek, Vi, vj4a),
(3.2.8)

and in (3.2.7) and (3.2.8) we denoted by ¢ the Fourier transform of the pair interaction potential
¢, namely:

~

o(k) = / dz e™* Mo (x). (3.2.9)
R3

By using (iteratively) the Duhamel formula, the solution W5 ;(t) of the equations (3.2.6)
with initial datum WF ;(0) can be written as

Wi, =MW, 0) +
N,j J N,j
N—j N
+ dty, ... dt; @ (¢ —1 (—_)C?.
Z /OStng--smst ve e h) N 2

n=1
N—j—n+1\ .. N _
: < N ) Cj+n71,j+n q)g-i-r)z(tn)WN,jJrn(O) (321())

where CIDE»N) is the flow associated with the j-particle operator —V; -V, +T7% ;.
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3.3 The Hartree dynamics in the Wigner formalism

This section is devoted to the description of the Hartree dynamics discussed in Chapter 2 in
terms of the Wigner formalism.

By applying the Wigner transform (3.1.8) to the Hartree equation (in the Heisenberg form)
(2.2.6) we find

(O +v-Vy) fo(t) = T f°(1), (3.3.1)

where f(t) := f¢(x, v;t) is the Wigner function describing the state of the system (namely, the

Wigner transform of the density matrix p; solving the Hartree equation (2.2.6)).
For any fixed g, the operator T acts as follows:

1/2 .
T f*(w,0) = (27) % / L /R dk(k)p(k)e (k- Vo) f* (2, v + ek), (3:3.2)

where
py(x) = /RB dv g(z,v), (3.3.3)

and p, is the Fourier transform of p,, namely:

po(k) = /R dr e Ry (), (3.3.4)

We observe that equation (3.3.1) is nonlinear (as we can see by (3.3.2) replacing g with
f¢ ) because it arises from a nonlinear Heisenberg equation. Thus in the following we will
refer to (3.3.1) as ” (Hartree) nonlinear Wigner-Liouville equation”. Furthermore, we note that
(3.3.1) is the analogue of the classical Vlasov equation (1.1.8) and, roughly speaking, by setting
7e =0" in (3.3.2) we obtain precisely the Vlasov operator appearing in (1.1.8).

By the analysis we did in the previous section, we know that the linear equation (3.1.16)
preserves the L*-norm (see (3.1.19)). The same holds for the nonlinear equation (3.3.1) and,
by assuming the potential to be sufficiently smooth, it can be proved that the Hs-norm is
controlled for any s > 0. Indeed we have the following

Proposition 3.3.1 Let f*(t) be the solution of the nonlinear Wigner-Liouville equation (3.3.1)
whit initial datum f§ € Hy (R3 x R3) with s € N. Assuming the potential ¢ to satisfy

/dk PRNK|" < +00 Vn=1,2,...,s (3.3.5)

we find that

< eI f5]

||f€(t)| HS(R3XR3) ) (336)

where C' is a positive constant depending on s and on ¢ but not on . For s =0 we have C =0
and (3.3) becomes an equality (conservation of the L*-norm,).

H(R3xR3)
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Proof
For any multi index o = {ay, ag, ag}, we use the standard notation
olel

D¢ = 3.3.7
T Mg 0923505 ( )

where |a| = ag + a2 + a3. Analogously we set

ja
D = 0 . (3.3.8)

v 01010920903 U3

It is well known that H, (R* x R?) equipped with the scalar product

(£.9),= > (DIDIF,DIDLG) 1ags gy (3.3.9)
a,BEN:
lof+181<s
is an Hilbert space and the corresponding norm is |||, := [|g/ g, s g3y = v/ (9 9),- In order to

estimate ||f2(t)|,, we compute the time derivative 9,D>DP f¢(t) with |a| + |3] < s. By (3.3.1)
we find:

||57
ODYDIf(t) = DYDY (—v - Vo + T5) f(t) = (—v- Vo + T5.) DYDY fe(t) +

+ > CowDSv- VDI DIf(t) +

o' <o
lo/|=1
Z‘Cﬁﬂ’ 1/2 n ~E(1.. 6 i kx anpB-p re .
+ > - A\ [ dk ¢(k)p° (ki) D e ¥* (k- V) DEDF f2(z,0 + eMk; t)
b'<p: 12
18'[>1

(3.3.10)

where C, o, Cg g are suitable combinatorial coefficients, a < a, " < B mean o < oy, B < 5
(for j = 1,2,3) respectively and finally o — o/ = {o; — &}, B — 3" = {8; — B},

We observe now that, by virtue of the antisymmetry of the operators v - V, and T, (for
any function g), we have

(hyv - Vuh) 2 s gy = (B, Ty h) =0, (3.3.11)

L2(R3xR3)
for any g and for each h smooth enough. Moreover, reminding that f¢(¢) € R for all ¢, if s > 0,
for any o, 5: 0 < || + |B| < s, we find:

1d

L4 (pepz (), Dy i)

prnssy = (DEDEF (). 0D DF (1)) 1o

(3.3.12)
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which for s = 0 (namely |a| = |5| = 0) becomes:

5% (fo@), f5(t) L2 (R3xR3) — = (f°(1), atfg(t))y(Re,X]Rs) . (3.3.13)

Inserting (3.3.10) in the right hand side of (3.3.13), by virtue of (3.3.11) we find:

> € d >
o (), P20 ooy = o 150 oy = 0. (3:3.14)
namely, the L2-norm is conserved.

On the contrary, for s > 0, we insert (3.3.10) in the right hand side of (3.3.12). We find
the term involving D*D? f2(t) does not give any contribution by virtue of (3.3.11). Thus, by
using the shorthand notation (-, -) ;2 (gsygs) = (*, ") 2, We obtain

1 d ! !
- a s re a s 5 anp re o a—a’ Np pe
5o (DED2f(t), DD F (1) Zc (DEDIf (). DY VLD DIFE())  +
P
! Cﬁ o / dA / dk (k )(D;j‘Df F2(8), DY et #e (k- v,) DO DS ff(:c,u+eAk:;t))
/@/<5 ~1/2 L?
|ﬂ’\>1

We note that the first term on the right hand side of (3.3.15) is absent when |a| = 0. On
the contrary, if |a| > 1, by using the Schwartz inequality we obtain:

(DsDifE(t), D v VD™ DIFF(1) | < ClFWIL (3.3.16)

because |a| — |o/| + 3] +1 = |a| + |5] < s. Analogously, we find that the second term in the
right hand side of (3.3.15) is estimated by

<
2

V.DEDE (1)

[k s st D202 f o)
< [ dk b 0l )12, (3.3.17)

where we used that || + 1+ 3] — || < s. Now we remind that p*(z;t) is the spatial density
associated with the Wigner function f°(¢), namely p*(z;t) > 0 for all x and ¢,

pe(z;t) = /dvfa(x,v;t), (3.3.18)

23
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then the L'-norm of p°(t)|—o is preserved by the evolution and it is equal to one. Thus, the
Fourier transform p(t) is in L®(R3 x R3) for all ¢ and we find:

Ak G0 s ORI < 17Ol [ b AR < o0, (33.19)

by virtue of the assumption (3.3.5) on the pair interaction potential ¢ (we remind that 1 <
|8'| < |B| < s). Finally, by (3.3.15), (3.3.16), (3.3.17) and (3.3.19) , it follows that:

= > (DgDIf(t), DDIfE(L) . = th Hfs( W2 < ClfE@)Z, v H(3.3.20)
ol +]Al<s

C depending on ¢ and s but not on . We conclude straightforward by observing that inequality
(3.3.20) is equivalent to (3.3.6).

0
3.3.1 The Wigner infinite hierarchy
Let us consider the sequence {f5(t)};>1, where f5(t) = f5 (X}, Vj;t) is given by:
j
(X5, Vi) = H (zr, v; 1) = (f5) (X, Vi t) (3.3.21)

and f¢(t) is the solution of the nonlinear Wigner-Liouville equation (3.3.1). By differentiating
in time (3.3.21) we easily deduce the following (infinite) hierarchy of equations:

(O + V- Vix,) f5(t) = C5 1 f10 (1), (3.3.22)

where the operator (5, is the same of (3.2.8). This is precisely the Hartree hierarchy (2.2.4)
rephrased in the Wigner formalism and it can be seen as the quantum analogue of the Vlasov
hierarchy (1.4.6). Here we derived the Hartree hierarchy by considering the j-particle Wigner
function (3.3.21) which is a product of solution of the nonlinear Wigner-Liouville equation
(3.3.1). Conversely, as we observed in Chapter 2 for the Heisenberg formalism, by starting
from the hierarchy (3.3.22) and assuming the solution to be factorized according to a one-
particle time dependent Wigner function f¢(t), it turns out that f(¢) has to solve equation
(3.3.1).
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By using (iteratively) the Duhamel formula, the solution f5(f) of the equations (3.3.22)
with initial datum f5(0) can be written as

Wy, (@) = 2;()f;(0) +
N=j
+Z/ Aty odty D5t —11)CS e Co iy in @in(ta) f54(0).
0<tn<-<t1<t¢

n=1

(3.3.23)

where ®; is the flow associated with the j-particle operator —Vj - Vx , namely it is the free
j-particle flow

O; () f7(X;,V5) = f7(X; = Vit, V). (3.3.24)

3.4 The Limit N — o

By the analysis done in the previous section, it is quite natural to rephrase the mean-field
result discussed in Chapter 2 (by assuming the interaction to be sufficiently smooth) in the
Wigner formalism in order to investigate the possibility of obtaining estimates on the error in
the mean-field approximation which are uniform with respect to € or, at least, which exhibit a
dependence on ¢ less singular with respect to that we saw previously.

By looking at the Wigner BBGKY hierarchy (3.2.6) we observe that the operator T ; is

of size O (%) while the operator C5,,, is O(1) with respect to N and it is properly the same

appearing in the infinite hierarchy (3.3.22). Therefore, in analogy to what we did in proving

Theorem 2.3.1 one expects that the flow <I)§-N) (t) appearing in (3.2.10) converges in a suitable
sense to the free flow ®;(t) as N — oo and that

Wi () = f7(t), as N — oo, (3.4.1)
in a sense to be made precise.

In Chapters 1 and 2, to show the validity of propagation of chaos, we considered as initial
datum for the N-particle dynamics the (bosonic) factorized state (2.2.8), or equivalently, (2.2.9).
We observe that the Wigner transform f; defined in (3.1.8) is linear with respect to the density

matrix (kernel) p, thus we find that the Wigner transform of the factorized state pyo = p5"
considered in Theorem 2.3.1 is also factorized, namely

N

Wi (Xn, Vi) = Hfé(xi,vi), (3.4.2)

=1
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where f§ is the Wigner transform of py. Moreover, being gy = |tbg >< 1|, we find

fo = f5 < Do = [tho >< 1] (3.4.3)

and

||f§HL2(R3xR3) - HPOHLQ(R3><R3) - ||¢0H3:2(R3) =L (3.4.4)
By taking the j-particle marginal associated with W5 (Xy, Vi) we straightforward obtain
j .
Wiy (X5, Vi) = [ 5 i) = (7)™ (3. 5), (3.4.5)
i=1

then, by (3.2.10), the solution of the equations (3.2.6) with initial datum (3.4.5) is given by

Wit =M () +

N—j N
N — €

n=1 Stp<-<t1<t

<N—j—n+1

N ) Ciin—14n ‘I)Eivi(tn) (f5)™, (3.4.6)

while the hierarchy (3.3.23) with initial datum (f5)%/ is

f) =000 () +
N—j ‘
+Z/ Aty ...ty Q(t = 1)C5 g Copny jin Pin(ta) (f5)F

— Jo<t, <<t <t

(3.4.7)

Following the line of the proof of Theorem 2.3.1, to prove the convergence of the series
(3.4.6) to (3.4.7) we must find a norm |[-|; for the marginals W ;(¢) which plays the role of the
trace norm on L? (R¥ x R¥) in Theorem 2.3.1. First of all, it has to be controlled by the flows

CIDE-N) and ®; in the sense that for any 7" > 0 and for fixed j

M OWE | < Cuy Wiy, Gy >0t sup Gy < +oo, (3.4.8)
g w te[0,T]
and
’<I>j(t)W]f,7j‘j <} |Wﬁ,7j’j, Ci;>0: tSE(l)I;“] Cl; < +oo, (3.4.9)
S )
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(note that for the flows SJ(-N) and S; involved Theorem 2.3.1 we had properly conservation of
the trace norm, actually estimates of the form (3.4.8) and (3.4.9) would have been sufficient).
Thus, by (3.4.8) we could have the following bound for the n-th term of the (formal) series
(3.4.6)

n

n! Jjtn t€(0,77]
(3.4.10)
provided that the operator C% ,, satisfies

Clearly (3.4.10) and (3.4.11) hold even for the n-th term of the series (3.4.7) by virtue of (3.4.9).
By (3.4.10), it follows that |-|; has to be such that

()

= (f],) <@ for any j, (3.4.12)
J

then we could conclude that the n-th term of the (formal) series (3.4.6) and the n-th term of
(3.4.7) are bounded by:

n

1) (G =1) (C)'* < #(Cy o)) (20C)", C=C(6) >0 (3.4.13)

and then we would have convergence for short times |t| < ¢y (o depending on ¢ and a) of
(3.4.6) and (3.4.7) with respect to the norm |-|;. This implies that the solution of the infinite
hierarchy (3.3.23) with initial datum (f§ )®j is uniquely determined up to time o, thus, by the
analysis done in the previous section, we know that it is given by (f%(¢))*’, f*(t) solving the
nonlinear Wigner-Liouville equation (3.3.1). Moreover, by (3.4.3) it follows that

fe(t) = for & Pt = [y >< 1y, (3.4.14)

1, solving the Hartree equation (2.1.21) with initial datum .
To prove convergence of (3.4.6) to (3.4.7), the norm |[-|; has to be such that

HT]‘@]H —0 as N — oo, (3.4.15)
where [|-[| is the operator norm on the space of j-particle functions with finite norm |-|;. In
fact, we observe that

t
N 3
V(0 =050 5] < [ arlose=n)T5, 50, (3.4.16)
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for any j-particle Wigner function f;. Thus, by virtue of (3.4.9) and (3.4.15) we would obtain

lim chgm(t) - @j(t)H —0, (3.4.17)

N—oo
implying convergence of (3.4.6) to (3.3.23) with respect to the norm |-|;, namely, propagation

of chaos, for short times |t| <y in the sense that, for any fixed j,

Wi )= ()] 0. as N oo i<ty 315

J

Finally, the argument just given can be iterated to prove propagation of chaos for ¢ € [ty —
d,to + 0] (for any § > 0) if we can prove that

‘f;(to — 5)‘], = (|f(to — 5)|1)j < Cd’, for any fixed j,
(3.4.19)

implying property (3.4.12) to hold for ¢t =ty — 0. Then, by iteration we conclude that propa-
gation of chaos in the sense of (3.4.18) holds for all ¢.

By looking at the scheme we have just presented it turns out that the accuracy of the
mean-field approximation is provided by the speed of convergence of the operator norm of 7% ;
to zero as N — oo (see (3.4.15)). Then, if one was able to provide an estimate uniform in
e for HT]@J , the convergence (3.4.18) would be also uniform with respect to € and then, by
iteration, we would have uniformity in ¢ for all times.

Choice of the norm ||

On the basis of (3.4.4) one could think to choose the L?-norm because (3.4.12) would be satisfied
(with @ = 1) and this would hold for each ¢ because the Hartree dynamics preserves the L*-
norm (see (3.3.14)). Moreover, the flows <I>§-N) (t) and @;(t) not only control the L*-norm in the
sense of (3.4.8) and (3.4.9) but even preserve it. Nevertheless, the operator C5;,, is unbounded
on L? (R? x R?) (it can be verified easily by looking at (3.2.8)), thus property (3.4.11) fails.
Actually, one can verify that, by assuming H, regularity at time ¢ = 0, it is propagated
by the flow @;N)(t) (see [25]), by the free flow ®,(¢) and also by the nonlinear Wigner-Liouville
equation (3.3.1) (according to Proposition 3.3.1). So, this choice could be appropriate for the
preservation in time of property (3.4.12) but, as for the L?-norm, the boundness of C% ;14 fails.
By taking into account the (formal) analogy between the N-particle Wigner-Liouville equa-
tion (3.2.1) and the Liouville equation (1.1.5) one could think to use the L'-norm. Indeed it
is easy to check that the operators T% ; and C5,,; are bounded in L' and it can be also ver-

ified that the flow <I>§~N) (t) controls the L'-norm in the sense of (3.4.8). The free flow ®;(¢)
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clearly preserves the L'-norm. Furthermore, by assuming property (3.4.12) to hold , namely
fe € L' (R x R3), it is easy to check that it is verified for all ¢ because the L'-norm is con-
trolled by the Hartree dynamics. In other words, property (3.4.19) would be satisfied and we
could iterate the procedure presented above to prove convergence for all times. Therefore the
L'-norm could seem a good choice but the point is that Wigner functions are, in general, not
in L'. More precisely, by only knowing that f§ is the Wigner transform of a wave function
o € L?(R?) (as in the present situation), we are not guaranteed that f& € L'(R? x R3).
Indeed, in general the L'-norm of Wigner functions is not related to any norm of the wave
functions from which they arise. We will come back on this topic in Remark 3.4.1.

It turns out that a fruitful approach is to use a norm which, from on side, is "good” for
estimating C5 1, it is controlled by <I>§-N)(t), ®;(t) and even by the Hartree dynamics, and, on
the other side, it somehow "relates” Wigner functions to the wave functions from which they
arise.

Let us to consider the Fourier transform .%, of the N-particle Wigner function with respect
to position variables, namely

(FW5) (P, Vi) == W5 (Py, Vi) = / dXy et PN XNWE (XN, Vi), (3.4.20)

with Py = (p1,...,pN) € R3N and let us define the L'-norm as

(U e = [ape [av R (Pr vl (3a21)

1 (R3N xR3N

We can verify that the operator T ; : L'(R¥ x R%) — L1(R% x R¥) is bounded under the

assumption HCEHLl(Rif) < 400. Indeed, by computing

7. (T5,W5,) (P V) = / AP, et B TS Wi (X, V),

by manipulating (3.2.7) we find
5 € e TI/€ 1(2m - 7
Z (TN,jWN,j) (Pm VJ) = (TN,jWN,j> (PJ7 VJ) - L Z J/dk ¢ (k)
1

i oek
sz/,j (Pl,...,pl—k,...,pj, Ul,...,vl—l-T,...,vj),

29



then

<
L1(R3I xR37) — ( )3N EN

w9

5 € — e 1r7e Wwe
TR Wi 21 o ey = HTNJWNJ o R3) Wi 2 s sy

(3.4.24)

In a similar way, we verify that the operator C%

<2 DIROGPD x RIGHD) o L1(RY x RY) is

< 400. In fact we compute
Lo (R3)

~

¢

bounded under the assumption

(CE]—HWNJ—H) (PJ7 ‘/J) - /de e_i X (O€]+1WNJ+1) (Xj"/j)a
(3.4.25)

obtaining by (3.2.8) that

(O€J+1WN3+1) (‘P]’ V}) <Osj+1WN]+1> (Paa VJ) =

_i(2m)NY (N—j) / | )
= - ~ 2 Uila/dv]+1/dk (k)

. oek
Win (pl,...,pl—k,...,pj,k, vl,...,vl—l—T,...,ij),

(3.4.26)
then
” JJ+1W§7J'+1HE1(R3J'><R3J) ’ CJEJJFlWJifjJFl L1(R37 xR34) =
sy (29) (N
< (277) T (T) H HLOO(R?)) HWJi/',j—l-lHil(R3(j+1)><R3(j+1)) :
(3.4.27)

Furthermore, concerning the initial datum (f$)%’, by (3.4.3) we have

) J
i O (1A el

2 2
Ll(Rg)) J S C <||¢0||H3(R3)> j, S > 3/2
(3.4.28)

where the last inequalities are simply obtained by explicit computations. For any ¢ > 0, by
(3.4.14) we have

||f€( )HLI (R3 xR3) < C’

1/1t

< Clllliy s . s> 3/2, (3.4.29)

L1(R3)
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and by using standard energy methods it is easy to check that, under suitable smoothness
assumption on the potential ¢, the Hs,-norm of ¢, is controlled by the Hg-norm of vy for any
s. Furthermore, even by looking at the (Hartree) nonlinear Wigner-Liouville equation (3.3.1),
it is easy to check that the L'-norm of f*(t) is controlled by the L'-norm of f¢.

Finally, by virtue of (3.4.24), (3.4.27), (3.4.28) and (3.4.29), it follows that by setting

15 = 112 s sy (3.4.30)

and by assuming 1y € H, (R?) with s > 3/2 and the potential ¢ to be sufficiently smooth (in
order to make all constants appearing in the estimates finite), we have

Wy () — (fe(t)® — 0, as N —o0 YVt (3.4.31)

J

Therefore, for smooth potentials, we can show propagation of chaos in the Wigner formu-
lation by following the same strategy of Theorem 2.3.1. Nonetheless, we note that the error
in the approximation (3.4.31) is still not uniform with respect to € and diverging when ¢ — 0
because from (3.4.24) we see that the operator norm of T% ; is of order 1/e (as in Theorem 2.3.1).

We conclude the present analysis by observing that (3.4.31) implies straightforward that

— 0, as N—o0 Vt, (3.4.32)

[ v sup W5 (65,50 = (7)™ (4,.V)
namely

Wi, = (e

— as N — oo Vit 4.
(o) ’ e
Despite the fact that (3.4.32) is a quite "strong” convergence, it is not related to any convergence
for the reduced density matrices and it does not imply any convergence for the expected value
of j-particle observables (namely, it does not provide informations about macroscopic values of
physically interesting quantities).

Nevertheless, one can verifies that the convergence (3.4.31) and the uniform bounds

HWEJ@)HL%RMXRBJ) <1, Hf€<t>HL2(]R3><R3) <1, (3.4.34)
imply
Wy () — (fa(t))@)j, as N —oo Vt, L?— weakly. (3.4.35)

By virtue of property (3.1.4), (3.4.35) ensures the convergence of expected values of suitable
observables. More precisely, (3.4.35) allows to compute "macroscopic” (or "effective”) ex-
pected value of j-particle observables O; whose phase space representations (symbols) are in
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L* (R¥% x R¥) (see also [11]). Indeed, for any j-particle observable O; with symbol O;(X;,V}),
we have the following estimate
€ ~ € ®j Cj (5)
(05 Wiy (0) 2 = (05 (F@)P) |+ =27, ¥ t, as N — o, (3.4.36)

L2

where C;(e) — o0 as e — 0.

Remark 3.4.1 We observe that all estimates we did by using the L'-norm would be also valid
for the L'-norm. Thus, by assuming f5 € L' (R® x R?) and following exactly the same strategy
leading to the L!-convergence (3.4.31), we can prove that

L1 (R34 xR37) =0, a8 N=oo Vi, (3.4.37)
J X J

w0 = ()™

and, as for the L'-convergence, it can be verified that (3.4.37) together with the uniform bounds
(3.4.34) leads to the L?*-weak convergence (3.4.35) and, in particular, to the estimate (3.4.36).
Then, apparently, there is no reason for considering the L'-norm instead of the L'-norm. In
fact, in both cases we can realize the limit N — oo in the L?-weak sense and in both cases we
find that the error in the mean-field approximation is not uniform with respect to e, indeed
diverging as ¢ — 0 (by looking at the constant C;(¢) in (3.4.36)). Nevertheless, as we have
already noticed, the crucial point is: which assumptions one has to do on the wave function
to ensure that its Wigner transform f¢ is in L' (R® x R?)? We remind that

/dx/dv fo(z,v) = /da:|@/zo(x)|2 =Trpo=1 with pg= |10 >< 1| (3.4.38)

We know that the integral on the phase space of f¢(z,v) does not correspond to its L'-norm
being f§ not positive in general. But, by considering a wave function )y such that f§(z,v) >0
for any x,v we could identify the L?-norm of v (which is taken equal to one) with the L'-norm
of f5 and we are guaranteed that property (3.4.12) is verified (with @ = 1). The only way

for having a positive Wigner function is to choose ¢y ~ ™ (see for example [11]), in par-
. . (z—x )2 .vox
ticular we can consider coherent states of the form ¢ (x) = N.e™ =ei"e, for some zg, vy € R3.

In the end, we found that propagation of chaos in the mean-field limit by using the Wigner
formalism can be proven in the L'-norm by choosing initial gaussian states. On the other
side, it can be proven in the L'-norm by choosing initial wave functions in H,, s > 3/2 (if the
dimension of the system is assumed to be equal to 3; in general, in any dimension d, we have
s > d/2). In both cases we obtain convergence of expected values of j-particle observables O;
with symbol in L? (R¥ x R¥).
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The previous considerations give an idea of which are the main difficulties in investigating
the mean-field limit in the Wigner formalism and, in this perspective it is not surprising that
results concerning the limit N — oo for j-particle (Wigner) marginals are formulated in terms of
weak convergence (strong convergence in L? is prevented by the unboundness of the operators
involved in the BBGKY hierarchy). However, weak convergence provides the possibility to
compute expected values of j-particle observables and this is what is physically relevant.

3.5 Alternative approaches

The validity of propagation of chaos in the mean-field limit has been established also in [26]
by using the ”second-quantization formalism”. For fixed e, the authors provide an alternative
proof of the emergence of the Hartree dynamics for bounded potential ¢ and, even if obtained
by using a different formalism, the general strategy of the proof is analogous to that of [7] and
the result can be formulated in terms of convergence of reduced density matrices to products of
solutions of the Hartree equation. Then, by passing to the Wigner formalism, for a restricted
class of two-body interactions the following (distributional) estimate in &’ (R¥ x R3) is proven

e
W]ifvj(t)%<f€<t))®]—|—ﬁj+O(€_1/\/H¢”°°t>7 Vt, as N — oo, (3.5.1)

where [|¢][, := [[¢[| g3y, C; is a positive constant only depending on j and W ;(¢) and f(t)
are defined as in (3.4.36). It turns out that the error in approximating the N-particle evolution
with the Hartree dynamics is indeed uniform with respect to € but the exponential remainder
appearing in (3.5.1) is small only if ||¢|| ¢ << 1, namely, by looking at very short times or by
considering an interaction potential having very small L*>*-norm.

Joint limit N — oco and ¢ — 0

In looking at the connection between mean-field limit and semiclassical approximation, a joint
limit N — oo and € — 0 can be considered. Indeed, there are systems in which this kind of
limit arises quite naturally by the scaling properties of the Hamiltonian.

A remarkable example is provided by the model considered in [19] and, previously, in [§]
(with a somewhat different interpretation). The model considered in [19] is a system of N
fermions interacting by the mean-field potential (2.1) with initial data localized in a cube of
size of order one and at energy comparable with the ground state energy of the system. The
Hamiltonian of the system is given by (2.1.5), thus all the potential energy arises from the
interaction term (2.1) and it follows straightforward that the potential energy per particle is
of order one. As regard to the kinetic energy, it can be verified that the kinetic energy per
particle of N fermions, i.e., —2e?A,, (k=1,...,N), in a cube of size one scales like e2N?/3 in
the ground state. Therefore, in order to look at the limit N — oo keeping the kinetic energy
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per particle of order one, one has to multiply the kinetic energy in (2.1.5) by N=2/3. Then, by
defining the "effective Planck constant” €.y such that e.;p = eN ~1/3 the Hamiltonian of the
systems becomes

N 2
Ee Ak _
H]%,eff:_z%+UQ(XN), Eeff = N /3 5 0as N — oc. (3.5.2)
k=1

Therefore the kinetic and the potential energy per particle in the Hamiltonian Hﬁ’eff are
comparable and, as we already observed in introducing the mean-field model, this is the basic
physical criterion to obtain a non trivial limiting dynamics (as N — oo) that captures the
nonlinear effect of the interaction. Clearly, the limit N — oo for the system whose Hamiltonian
is H]%eff entails the limit €.y — 0 which is a semiclassical limit for (2.1.5). Thus, one expects to
find a limiting dynamics which is ruled by a classical equation. On the other side, it is known
(and it is validated by numerous applications) that the equation governing the macroscopic
(physically observable) dynamics of a Fermi gas in states close to the ground state is the
Hartree-Fock equation:

2

0= |~ ] T (1 = ), 0 5} = [ @zl = 2) = oly ~ 2ol
(3.5.3)

Equation (3.5.3) differs from the Hartree equation (2.2.6) because of the presence of the so
called ”"exchange term” which is the main effect of the correlations induced by the Fermi-Dirac
statistics (see (2.1.2)). In [19] it has been proven that there exists a fixed time 7' > 0 such that
the difference, in a suitable weak sense, between the j-particle marginal associated with the
N-particle Wigner function of this system and the solution of the (Hartree) nonlinear Wigner-
Liouville equation (3.3.1) is of order N~ a~ &3 for any time ¢t < T, provided that the potential ¢
is real analytic. In other words, all €2 corrections come from the difference between the Vlasov
equation (1.1.8) and the Hartree equation (2.2.6); hence they are related to the accuracy of the
semiclassical approximation in the one-body theory. In particular it is proven that all correla-
tion effects (the main of them is precisely the exchange term) are of order at most O(e?).

We observe that the case of undistinguishable particles (in the sense specified by (2.1.13)
and (3.2.4)) and even the bosonic case are crucially different from the fermionic case discussed
above. Indeed in these situations the kinetic energy per particle , i.e., —% 2N, (k=1,...,N),
in a cube of size one scales like €2 in the ground state. Thus the Hamiltonian of an N-
particle system interacting by the potential (2.1) is precisely (2.1.5) because no further scaling
is needed. Therefore, there is no reason for considering a joint limit and the problem of realizing
the (mean-field) limit N — oo uniformly in ¢ arises quite naturally.

On the other side, even for undistinguishable particles there are models in which the scaling
of the potential somewhat leads to define a rescaled Hamiltonian which exhibits an effective
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Planck constant going to 0 as N — oo (as in the fermionic case). These kind of systems are
taken into account in [24] (and previously in [8] with the specific scaling ¢ ~ N~'/3) and an
example is provided by systems interacting by Kac potentials defined below.

Example: the Kac potential. Consider a system of N identical bosons of mass m = 1
interacting through the (Kac) potential

oa(z) = §¢> (%) : (3.5.4)

where X is a large parameter of the same order of N and ¢ is a given smooth potential. The
Hamiltonian is:

9 N
€
Hy =—% AL+ D dalak—m). (3.5.5)
k=1 1<k<I<N
After the rescaling x = Aq the Hamiltonian becomes:
1 /62 1
Hy==3(5) Y du+5 D dla—a) (35.6)
k=1 1<k<I<N
Setting A = N, and €,. = § = & we finally get:
2 1
HY==3> Agts >, dla—a), (35.7)
k=1 1<k<I<N

where g5, = 1/N — 0 as N — 0.

In [24] it has been proven that in all situations in which N — oo entails ¢ — 0 (as
the case of the Kac potential), which, roughly speaking, are ”asymptotically classical”, the
Vlasov equation is indeed recovered in the limit N — oo even when ¢ — 0 according to an
arbitrary law. For WKB states of the form ¢(x) = a(x)e**®)/¢ the result, formulated in terms
of weak convergence of j-particles Wigner marginals, is local in time (as one expects from WKB
analysis), while by considering suitable mixtures of WKB states, the result holds globally in
time. The potential is assumed to be in C? (R?) and the explicit rate of convergence is computed
by means of a constructive method.

In [8] the same result had been proven for the specific scaling ¢ ~ N~1/3 by considering
more general initial data but assuming the potential to be analytic. In [8] it was also proven
that the solution of the (Hartree) nonlinear Wigner-Liouville equation (3.3.1) converges in
S’ (R? x R3) to the solution of the Vlasov equation (1.1.8) as e — 0.
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Chapter 4

Mean-field limit and Semiclassical
Expansion

In this chapter we describe a different approach in investigating the ¢ dependence of the error
in the mean-field approximation, by using the Wigner formalism. It consists in looking at the
semiclassical expansion of the N-particle system and proving that each term of the expansion
agrees, in the limit N — oo, with the corresponding one associated with the Hartree equation
(see [29]).

This idea is motivated by the following argument.

In Chapter 1 we recalled what is established by classical mean-field theory, namely, under
suitable assumption on the potential, for any fixed j we have

FY(t) = ()™, as N — oo, (4.1)

in the weak topology of probability measures, where F' ](\‘,7 )(t) are the j-particle marginals asso-
ciated with the solution Fiy(t) of the Liouville equation (1.1.5) with a factorized initial datum

N and f(t) is the solution of the Vlasov equation (1.1.8) with initial datum f;. Thus, (4.1)
means that propagation of chaos holds for the classical mean-field model. On the other side,
in Chapter 3 we proved that, under suitable assumptions on the potential and on the initial
datum, the following quantum mean-field limit result holds

Wiey(t) = (f50)%, as N — oo, L*—weakly, (4.2)

where W ;(t) are the j-particle Wigner marginals associated with the solution W () of the
N-particle Wigner-Liouville equation (3.2.1) with a factorized initial datum (f5)*" and f¢(t) is
the solution of the (Hartree) nonlinear Wigner-Liouville equation (3.3.1) with initial datum f§.
Furthermore, we found that the error in approximating Wg ;(¢) with ( fe(t)® is not uniform
with respect to ¢ and diverging when ¢ — 0.
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As regard to the semiclassical limit € — 0, it is known that the N-particle quantum (mean-
field) dynamics for sufficiently smooth potentials converges (for fixed N) in a suitable sense to
the the N-particle classical (mean-field) evolution (see for example [12], [25]). Moreover, it has
also been proven that the Hartree dynamics with smooth interaction, rephrased in the Wigner
formalism, is approximated in a suitable sense by the classical Vlasov evolution (see for example
8], [14]).

So that, it seems natural to consider the solution W§ (t) of the N-particle Wigner-Liouville
equation (3.2.1) with a suitable factorized initial datum (f¢)®" and to look for an asymptotic
expansion as

fi=10+efD+E 7+ (4.3)

implying, for the initial j-particle marginals,
€ e\ ®J 0 ®j 1 2
Wi, (0) = ()% = (A7) + Wil 0) + 2w (0) + .. (4.4)
Then, for the time evolved marginals we expect to find an analogous expansion as
€ 0 1 2
W, (1) = Wi (8) + WL (8) + W) (8) + ... (4.5)

where the zero order term W](\? 2 (t) is expected to be equal to the (classical) marginals associated

®N
with the solution of the Liouville equation with initial datum ( féo)> determined by (4.3).

In a similar way, we consider the j-fold product (f(t))®’ of solutions of the (Hartree)
nonlinear Wigner-Liouville equation (3.3.1) with initial datum f§ and we look for an expansion
as

()™ = £2 ) +efV @)+ 22 (1) + ... (4.6)

where the zero order term f;o) is expected to be equal to the j-fold product ( £ (t))®j, where
fO(t) solves the Vlasov equation with initial datum féo) given by (4.3).

Therefore, by recognizing that at zero order in ¢ we find the classical quantities, by (4.1)
we know that ng]g(t) converges to f;o) t) = (f© (t))®j in the weak topology of probability
measures. Then, it looks natural to ask if the following convergence holds

WJ(\f; (t) — fj(k) (t), as N — oo, for any k > 0 (4.7)

in a suitable sense. This is what we are going to show in the present chapter and it is contained
in our recent paper [29].

Note that the term by term convergence (4.7) does not provide the uniformity in e of the

limit N — oo because this would require a control of the remainder of the expansion (4.5),
and for the moment we are not able to do it. On the other side, in proving (4.7), we provide
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quantum corrections to the classical mean-field limit result and, by characterizing explicitly
both coefficients W](f ; (t) and f;k) (), we prove that those corrections are given in terms of the
classical Liouville flow and, in particular, of suitable derivatives of the classical trajectories.
We note that to prove (4.7) we make use of coherent states (see Section 4.5) and in that
framework it is somewhat expected to find that quantum corrections to the classical dynam-
ics can be expressed in terms of derivatives of the classical trajectories (see for example [2], [15]).

4.1 Semiclassical expansion for the Hartree dynamics

We want to determine an expansion in power series of € of the solution f¢(x, v;t) of the (Hartree)
nonlinear Wigner-Liouville equation (3.3.1) for a given initial datum f§(z,v), namely:

) = fO) +efP @) +2FD(t) + ... (4.1.1)
by knowing that the initial datum f§ is expanded as follows
f5(@,0) = f37 (@, 0) + £ (@, v) + 215 (m,0) + .. (4.12)

Indeed an expansion like (4.1.2) holds for general quantum states. For example, in [25] the
semiclassical expansion for various kinds of states is presented, both gently varying with respect
to € (such as pure states whose wave function is not depending on ¢) and singularly behaving
as € — 0 (such as states of semiclassical type: WKB and coherent states). In the first situation
we find an expansion of the form (4.1.2) where the coefficients fék) are smooth, on the contrary,
for WKB and coherent states we find distributional coefficients (precisely Dirac d-functions
and suitable derivatives of it) which apparently are more difficult to treat (with respect to the
smooth case). Nevertheless, by manipulating them in a suitable way, such kinds of ”singular”
expansions can be very useful to deal with problems of semiclassical approximation (see Section
4.5 and Chapter 5).

Following [25], for a fixed g, the operator T appearing in equation (3.3.1) can be expanded

as
Te =T + T + 2T + .. (4.1.3)
where
T = ¢, (2m) 7% / 3 dko(k)py(k)e" #= (k- ¥, )", (4.1.4)
R
1 (4.1.5)
T Snn 1) -
for n even and
T;n) =0, (4.1.6)



for n odd. The operator Tg(n), for n even, can be also written as

T = (=1)"¢c, (D3¢ x g) - DI, (4.1.7)
where, as in (1.1.8), % denotes the convolution with respect to both = and v and we used the
notation:

" ne v d"C
Dyv-D;¢ = Z . O plonz p29ns 13 Graplnzyp2dnsy3’ (4.1.8)
ni,no,n3eN:

Zj nj=n

with = = (2, 2% 2%) € R® and v = (v',v%,0*) € R?

for the one-particle functions v and (.
Inserting (4.1.1) in (4.1.3) and setting:

T =TS o (4.1.9)

we readily arrive to the following sequence of problems for the coefficients f*)(¢) of the expan-
sion (4.1.1):

. ©) () — 7 £(0)
(at +v V:v) f (t> TO f (t)7 (4.1.10>
FO,v;t)|,_y = £ (. 0),
and
(O +v- Vo) FO ) = LFO0) P (1) + 6W (@),
. (4.1.11)
f(k)(xav;t){t:() = (g )(IL‘,U),
for £ > 1, where
L) f =T f + T h = (Vog x h) - Vof + (Vad * f) - Vb, (4.1.12)
and
M) = Y TP fO). (4.1.13)
ey

Note that, as we expected, equation (4.1.10) we found at zeroth order in ¢ is precisely the
classical Vlasov equation (1.1.8)) associated with the interaction ¢. Thus we need to assume
¢ € C? (R®) to guarantee that the Vlasov flow is well-defined and, as we recalled in Chapter 1,
the Vlasov equation can be solved by means of characteristics and fixed point. Moreover, the
problems (4.1.11) are linear and can be solved by a recursive argument by observing that the
source terms O (¢) involve only those coefficients f™(t) with n < k, so that they are known
by the previous steps. Clearly we shall state suitable smoothness assumptions on ¢ because
the operators s appearing in ©%)(¢) involve derivatives of ¢ of order possibly higher than 2,
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depending on k.

Hypotheses H: Here and henceforth we will assume that is spherically symmetric (¢(z) =
o(|z|),¥ x € R3) and ¢ € C°(R3)L.

Actually, in some of the results we are going to show less regularity is needed on ¢, but for
the sake of simplicity we state here "maximal” hypotheses under which we can deal both with
semiclassical expansions and with the term by term convergence of the N-particle expansion
(see Section 4.2 and 4.6 below). Furthermore, under the same hypotheses on ¢, by taking the
initial datum as specified in Section 4.5, we are ensured about the validity of the result proven
in Section 3.4 concerning the mean-field limit for Wigner functions.

In order to simplify the notation, from now on we will denote the time evolved coefficients
f®(@t) = f®) (2, v;t) solving (4.1.11) by f* and the source terms OW) (z,v;t) = O%(¢) by
O, Moreover, we will denote the initial coefficients fék) (xz,v) by fék). We will specify the
dependence on time and on the phase space variables just in case it is not clear from the context.

The crucial tool we shall use to give a sense to the solutions f*), for k > 1, of problems
(4.1.11) is the following proposition whose proof will be given in Appendix A (see also [29]).

Proposition 4.1.1 Consider the initial value problem:

{ (0 +v-Vy)y = L(h)y +6, (4.1.14)

7(757 v; t)|t:0 = 70(‘7:7 U)a

where g € LY(R®*xR3), h = h(zx,v;t) is such that [V,h| € C° (L' (R? x R3),R"), © = O(x,v;t)
is such that © € C° (L'(R? x R3),R™T).

Then there exists a unique solution v = ~y(z,v;t) of (4.1.14), such thaty € C° (L'(R? x R?),RT),
given by an explicit series expansion.

Furthermore, denoting by ¥, the flow generated by L(h), we have that ¥1,(t,0)y, € C* (R3 x R?)
provided that V,h € C*(R? x R?) and vo € C¢ (R3 x R?).

By looking at the problems (4.1.11), we realize that the coefficients f*), for k > 1, play
the role of y(x,v;t) in Proposition 4.1.1, while the time evolved zero-order coefficient f ©) and
the source term ©*) play the role of the functions h(z,v;t) and O(z,v;t) respectively. Clearly
the initial datum ~y(z,v) in this case is given by fék) (z,v), k> 1.

Therefore, by applying Proposition 4.1.1 to identify the coefficients f*, k > 1, as the
unique solutions of (4.1.11) in C° (L'(R® x R3),R"), we have to consider an initial Wigner

"Here and henceforth we denote by Cp°(R?) the space of infinitely differentiable functions on R? with
uniformly bounded derivatives
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function f£(z,v) such that f* € L'(R3 x R?) for k > 1 and f” is sufficiently smooth to
ensure f© |V, 0] € C° (L' (R x R?),R*). Concerning the source terms {©®};~;, we have
to prove that, with our choice of the initial datum, ©%®) € C° (L'(R? x R3),R*) for k > 1.

We take the initial Wigner function f§(z,v) in such a way that

fék) es (R3 X R3) for any k > 0, (4.1.15)

in particular fék) € L' (R? x R3) for any k. In Section 4.5 and in Chapter 5 we will give explicit
examples of Wigner functions verifying this property (see also [29]). Then, by (4.1.15) we find

f@ e’ (S (R x R?),RY) (4.1.16)
(because of the smoothness of the Vlasov flow as discussed in Section 1.2) and, in particular
IV, f@] € C° (€N L'R® x R¥),RT) . (4.1.17)
As a consequence, from Proposition 4.1.1 we find
Sio(t,s) : CO(C*N LY (R x R?) ,RT) — C*(C*N L' (R®x R*) ,RT) Vsel0,f. (4.1.18)

Moreover, by looking at the series expansion associated with the solution of the homogeneous
version of problem (4.1.14) (see Appendix B below and [29]), we realize that

S0 (t,s): C° (S (R x R?) ,RY) = C° (S (R* x R*) ,RT) Vs €0, (4.1.19)

provided that f(0(¢) € S (R® x R?) for each t and that suitable smoothness assumptions on the
potential ¢ are satisfied. In particular, under our assumptions, we are guaranteed that (4.1.19)

holds.
As regard to the source terms, from (4.1.13) it is easy to check that ©1) = 0 then f()(t) =

o (2, 0) /" € L'(R3 xR3) for each ¢ by virtue of the fact that f{" € S(R¥xR?3) C L'(R?xR?)
and thanks to Proposition 4.1.1. Moreover, by (4.1.19) we have also

fO e (SR x R?),RY). (4.1.20)

On the contrary, for k > 2 we have ©%) # 0 and by (4.1.13), (4.1.6) and (4.1.7) we find that
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the norm of ©® (k > 2) in C° (L' (R® x R?) ,R*) (C° (L')-norm in the sequel) is bounded by

B0 Olconss = 25, 2 SOl <

I+p+r=k
I<k,r<k

< > o Sup}{HDT%*f(”(T)HLw(RngS)HDi’“f(”(T)HLl(Rsng)}S

rpl: T€[0,t

l+p+r=k
I<k,r<k

< Z Cp HD§+1¢HL°°(R3><R3) Sel[lopt] {”f(r) (T)||L1(R3><R3) HDg-i-lf(l)(T)HLl(R:&X]Rg)} .

l7p77,:
l+p+r=k
r<k,l<k

(4.1.21)

Let us check if it is possible to use a recursive argument to prove that ©*) € C° (L}(R? x R3),R*)
(for k > 2). By (4.1.21) it follows that if we knew that

S?OI;] {Hf(r)(T)HLl(RwRS) HDﬁHf(l) (T)HLl(R3xR3)} < F0o0 (4.1.22)
T7€|0,

for each I,p,r : l+p+r =k and | < k,r < k, being the potential as in Hypotheses H, we
would find that the C° (L')-norm of ©®) is finite and we could conclude that for each T > 0:

sup || F® @) 1 gogesy < Fo0 ¥ k22 (4.1.23)
te[0,77]
Thus, we note that a recursive argument is not ”"well-posed” because it is not possible to
provide a uniform bound for the C° (L')-norm of f*), by assuming the same to hold for f
with n < k. Indeed, by (4.1.22), we see that we would need to assume even that the L'-norm
of any derivative of ™ with n < k is bounded uniformly in time.
On the contrary, we realize that we can use an induction procedure in C° (S(R3 x R3), R™).
Indeed, by the expression of %) and by the regularity of ¢ we know that O € C° (S(R? x R3),R¥)
if all coefficients f™ up ton = k — 1 are in C° (S(R® x R?),R*). Then, by (4.1.19), we obtain

fmect (3(R3 X R3),R+) for all n < k

\

ok €’ (S(R? x R?*),RY)

U

f¥ec® (SR* xR*),RY), (4.1.24)

and thanks to (4.1.16) and (4.1.20) the induction procedure is ”closed”. Therefore, we have
well-posedeness of problems (4.1.11) in L'(R® x R?) and, in particular, the coefficients f*)(t)
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are also in S(R3 x R?) for all t. Actually, we could relax our assumption on the initial datum
f; obtaining less smooth coefficients, but in the present context this not an issue because we
want to focus on the structure of the expansion and not on minimal regularity properties of
the solutions.

4.2 Semiclassical expansion for the N-particle dynamics

In this section we determine an expansion in power series of ¢ of the solution W (t) =
W5 (Xn, V; t) of the N-particle Wigner-Liouville equation equation (3.2.1) for the factorized

initial datum
N

W o(Xn, Viy) = Hfg ;,05), (4.2.1)

where f§ is the same one-particle Wigner functlon we chose as initial datum for the nonlinear
Wigner-Liouville equation (3.3.1). Thus, we know that f§ is expanded as in (4.1.2) and it turns
out that, for the N-fold product ( f§)®N, we find

(f5)N = Wigh + Wi + Wi + ... (4.2.2)
with
N
0 0
Wia(Xn, Vi) = Hfé N(@j,v)), (4.2.3)
j=1
WXy Vi) = > HfOSJ zj,v;) for k> 1. (4.2.4)
(‘)S%s]'sgk =1
Zj sj=k

Note that Wj(f ()) is factorized only for k£ = 0.

For the sake of simplicity, here and henceforth we will make explicit the dependence on
time and on the phase space variables only if not clear from the context.

Following [25], the operator T% appearing in (3.2.1) can be expanded as

Ty =T + T + 2T + .. (4.2.5)
where, for n even we have
T& =i(2m)*NC, | dKNU(Ky)e XXy (Ky - vy )" (4.2.6)
R3N
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C,, being constants depending on n, and U being the Fourier transform of the potential in (2.1)
(to simplify the notations we omit the superscript ”"Q"”). For n odd, we find

T =o0. (4.2.7)
Looking for a semiclassical expansion
W5 () =W +ewP @)+ 2w @) + ..., (4.2.8)
by (4.2.2), (4.2.6) and (4.2.7) we arrive to the sequence of problems:

(O + Vi - V) W () = TY W (1),

(4.2.9)
WO (Xy, Vs t) ‘H = WX, Vi),
and
(0 + Vi - V) WP () = TOWE (1) + 0 (1),
" " (4.2.10)
WN (XNvVN;t)‘ _ = WNO(XN7VN)a
for k > 1, where
oW (1) = TEIW D). (4.2.11)

Note that Tz(\?) =VxUn Vi, =+ Zf\;j V. ¢(x; — ;) - V,, is the classical Liouville operator,

while the source terms @Sl\;) (t), at each order k, are known by the previous steps. As we recalled
in Chapter 1, under smoothness assumptions on the interaction potential ¢, equation (4.2.9)
can be solved by considering the Hamiltonian flow ®'(Xy, V) associated with the Newton
equations (1.1.3). Thus we find

W](\?)<XN7 Vnit) = SN(t)Wz(\%(XN, Vn) = WJ\?,E) (7" (XN, V), (4.2.12)

where, from now on, we denote by Sy the flow generated by the Liouville operator T](\? ). On
the other side, equations (4.2.10) can be solved by recurrence thanks to the Duhamel formula:

t
W) = SN(t)W](v’f%Jr/ dty Sx(t— )00 (t). (4.2.13)
0

We conclude this section by expressing the operators T](Vn) (n even) in terms of the variables

Xn, Vy. From (4.2.6), we find that:

T =70 + RW, (4.2.14)
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where

; (=1 <
T =, ~ > Drt (e — x;) - Do (4.2.15)

I#]

where ¢, is the same of (4.1.5), and

w_ 1y ot ot
iy = N Z Z sk alklla\k2|¢(xl — ;) - gkl (4.2.16)
I#j k1,ko€N3 i) Tj (] v
|k1|+]ka|=n+1
where, for i = 1,2, k; = (ki1, ki2, ki3), \ki| = kig 4 kio + kis , and
anJrl a|k‘1\ 8"“2‘
(4.2.17)

k1| qlk2 - k1,11 Ak1,2029k1,303 k2,101 Qk2,2 -2 Yk2,3 13
oiilgltsl  Obagioheaiotea} O iok2aiotea]

with z; = (x},x?,x?) , T = (:vll,:c?,x‘?) ,
while CY, x, are suitable coefficients. The same holds for the derivatives with respect to the
velocities.

We observe that, by the expression (4.2.16), we mean that the derivative of order |ki] is
distributed over the three components of x; in the same way in which it is distributed over the
three components of v, and the same holds for the derivative of order |ks|.

4.3 Structure of the j-particles limiting marginals

Let us consider the sequence { f5(t)};>1, where f5(t) = f5(Xj, Vj;t) is given by

f2t) = (f2(t)™ (4.3.1)

and f¢(t) is the solution of the nonlinear Wigner-Liouville equation (3.3.1) with initial datum
/¢ chosen as in Section 4.1. By the one-particle expansion (4.1.1), it turns out that

@) =) = 170 + e, 0 + 2120 + (4.32)
with
J
X, Vit) = T £ i vist) (4.3.3)
=1
vy = Y T vst) for k> 1, (4.3.4)
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where the one-particle functions f")(x,,v,;t) solve equation (4.1.10), if s, = 0, and (4.1.11),
for s, > 0. Note that fj(k) (t) is factorized only for k = 0.

Thus by (4.3.3) we find that, as expected, the zero order term of the expansion of (f¢(t))*’
is given by the j-fold product ( O (t)) 7 of solutions of the Vlasov initial value problem (4.1.10).

By the analysis done in Chapter 3, we know that {f5(¢)};>1 solves the infinite (Hartree)

hierarchy (3.3.22) with factorized initial datum {(f)*'},51. On the other hand, the sequence
of j-particle marginals {W5 ;(t)}}, associated with the solution of the N-particle Wigner-

Liouville equation (3.2.1) with factorized initial datum (f5)®", solves the Wigner BBGKY
hierarchy (3.2.6) with initial datum {(fg)%’ .1 Moreover, in Chapter 3 we proved also that,
for any j, W5 .(t) — ( fe(t)® L2-weakly as N — oo and the error in approximating the
N-particle dynamics with the limiting one is not uniform with respect to € and diverging as
e — 0. We recall that the reason for that arises from the fact that the operator T ; involved
in the BBGKY hierarchy (3.2.6) is bounded in the norm appropriate to study the convergence
(namely L' (R¥ x R¥) or L' (R¥ x R¥)), but its norm is diverging when & goes to zero (in
particular it is O(1/e)). This suggests to consider the semiclassical equations described in
Sections 4.1 and 4.2. In this way, considering equations at each order in € and analyzing the
hierarchies associated with each of those equation, we have to deal with operators which are
clearly independent of ¢ (e.g. TJ(\;L )), , and we have to investigate only the limit N — oo without
any dependence on €. The price we have to pay is that now those operators are unbounded, as
it comes out for the classical mean-field limit we faced in Chapter 1.

Thus, if we want to prove that the coefficient of order €* of the expansion of the j-particle
marginals W5 ;(t), namely:

WJ(VIC,;(vaVﬁt) :/ dXn_ AV W (X5, X, Vi, Vv t),

R3(N—3) x R3(N—3)

(4.3.5)

converges to the corresponding object fj(k) (t) arising from the Hartree dynamics (i.e (4.3.4)),

the use of the hierarchy solved by Wjif ; (t) does not seem a good idea. In fact, even at level zero,
when we have to deal with the classical mean-field limit, the hierarchy is very difficult to handle
with (see Section 1.4) because it involves derivation operators which are clearly unbounded,
unless to make them act on analytic functions (see (1.4.3)-(1.4.5)). The obstacle which occurs
in facing the higher order terms is precisely the same.

However, as we saw in Chapter 1, in the classical case we can treat the convergence in a
more natural way, avoiding to use the hierarchy. Indeed we can control the j-particle marginals
associated with the Liouville equation (1.1.5) in terms of the expectation of the j-fold product
of empirical measures with respect to the initial N-particle probability distribution (see Section
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1.4). Then, to use this strategy to establish the convergence of W](\% (t) to (f© (t))®j, we have to
choose the one-particle initial Wigner function f§ in such a way that the zeroth order coefficient
féo) is a one-particle probability distribution. As a consequence, the (factorized) zeroth order
coefficient W](\g 2) (4.2.3) of the N-particle expansion is also a probability distribution (we will
discuss this choice in Section 4.5). Then, we will follow a similar strategy in dealing with the
convergence of the higher order terms of the expansion. More precisely, we will express VV](VIC i(t)

in terms of the expectation, with respect to W](\g 2), of suitable (derivation) operators acting on
empirical measures. The control of these objects will be obtained thanks to some estimates of
the derivatives of the classical flow with respect to the initial data (see Proposition 4.4.1).

4.4 1Idea of the proof

As we already noticed in the previous section, the convergence of the j-particle marginal at
zeroth order in ¢ is ensured by our assumption on the initial datum (to be specified in Section
4.5) and by the classical mean-field theory.

Thus, the first non-trivial term is that of order one in €. By looking at (4.1.11) for k& =1,
we realize that the first correction to the Vlasov equation in the Hartree dynamics satisfies

(0 +v-V,) fO = L(fO)fO,
FO (@, 0it)|,_, = £57(,0),

(looking at the expression (4.1.13) for the source terms ©%) we straightforward verify that
©W = 0). As we shall see in detail in the following section, our choice for the initial one-
particle datum is a mixture of coherent states such that each coefficient of the expansion is
given by suitable derivatives of the zeroth order term which, as we already observed, is a
probability distribution. In particular, the explicit form for fél) is:

f$(@,v) = D&V (@, 0), (4.4.2)

where D2 is a suitable second order derivation operator (see formula (4.5.8) below in the case
k = 2) with respect to the variable z € R® (we recall the notation z = (z,v) € R? x R3
introduced in Chapter 1).

As regard to the N-particle dynamics, looking at (4.2.4) in the case k = 1, we know that
the initial datum for the coefficient of order one in ¢ is:

(4.4.1)

N N
Wihzy) =S 1) [0 ) = Wi (2, (4.4.3)
j=1 1]
where
N
D’ =) Di,. (4.4.4)
j=1
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and D%  1s the operator D? acting on the variable z; € R . Let us consider the time evolved
empirical measure puy(t) (see Section 1.3) associated with the flow generated by the Newton
equations (1.1.3) and let us define D?uy(t) as the distribution acting on a test function w in
the following way:

(v, D*un(t)) =D° (% ZZI: u(zl(t))> = %UZ:I D, ju(z(t)). (4.4.5)

We know that the operators DQGJ. involve derivatives with respect to the initial variables z;,

j =1,..., N, thus, if at time ¢t = 0 we have uy — féo) when N — oo in the weak sense of
probability measures, it follows that:

N N
(u, 'DQILLN> = DQN Z Zl Z DG] Zl = Z

= (Dgu, py) — (DG s >_< el )> < A )
(4.4.6)

as N — oo. By the Strong Law of Large Numbers (1.3.10) we know that the convergence

®oo
(4.4.6) holds a.e with respect to the product measure ( 50)> , then, by (4.4.3) and (4.4.6),
we can conclude that:

(. W Olimo) = (. Ex [D?n]) — (. f5) as N — o0,
(4.4.7)
where Ey [-] denotes the expectation with respect to the N-particle probability distribution

%= (A7) (e (123)

In the sequel, as in Chapter 1, we will say that a configuration Zy is ”typical” with respect
to the probability measure féo), if the corresponding empirical measure py(z|Zy) converges to

féo) in the weak topology of probability measures.
By equation (4.2.10) for k = 1, we have:
(8t+VN-VXN)W =Vx,U- VVNW ,
WA (Zwi )i = W (Zw), (4.4.8)

namely, the classical Liouville equation (1.1.5), where, to simplify the notation, we omitted the
superscript ”cl”. Therefore:

W (Zwit) = Sn ()W (Zn). (4.4.9)
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Finally, by virtue of (4.4.9) and (4.4.3), we obtain
(wwhh0) = [ aZuSuOWZy) () =
R3N wR3N
= [ Az G (0) =
R3N xR3N
— [ AZDWZ) (i (t) =
R3N xR3N

= / AZNW N (Zy) (u, DPun(t)) =
= (u, Ex [D*un(t)]) - (4.4.10)

Therefore, the behavior of VV](V1 )1 (t) is determined by that of D?uy(t) for any initial configuration

Zn which is typical with respect to féo). Finally, since py(t) solves the Vlasov equation in the
weak form (see Chapter 1):

{ i?;?lﬁ;fi)ii“) = (Vo un(t)) - Vopun(t) (4411)
applying D?, we get:

(0 +v - Vi) D*un(t) = L (un(t) D*pn(t) + Ry, (4412)

D2px(t)],_y = D2puv. -

where Ry is a term involving objects of the form ), (Dg jun(t)) (Dg jpn(t)) which, as we
shall see later, are of order 1/N when tested versus smooth functions. The equation (4.4.12)
is similar to (4.4.1), except for the presence of the term Ry and for the fact that we have
L (un(t)) instead of L (f(»). Therefore, the proof of the convergence of W](Vl)l(t) to f)(t)
reduces to that of a stability property for the solution of (4.4.1) with respect to suitable weak
topologies. Proposition 4.5.1 in the forthcoming Section 4.5 will provide us such property.

The general case £ > 1 is only technically more complicated because of the presence of
source terms, but the main ideas are those presented here.

Remark 4.4.1 By looking at the strategy of the proof for k£ = 1 we realize that the basic
idea is to apply the classical mean-field theory at suitable derivatives of the empirical measure.
Therefore, if in the classical framework we have to deal with convergence with respect to the
weak topology of probability measures, namely, with continuous and uniformly bounded test
functions, now we need to deal with test functions whose derivatives are also continuous and
uniformly bounded (e.g (4.4.6)). Therefore we can argue that we will establish the term by
term convergence in a suitable distributional sense.
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We conclude by establishing a Proposition controlling the size of the derivatives of the
Hamilton flow associated with (1.1.3) with respect to the initial data.

From now on we shall denote by C' a positive constant, independent of N, possibly changing
from line to line.

Proposition 4.4.1 Let z;(t) = (z;(t),v;(t)), i = 1,..., N be the solution of equations (1.1.3)
with initial datum z; = (x;,v;), 1 =1,...,N. Let ziﬁ VY 6=1,...,6 be the B3-th component of
2 € R8. If the pair interaction potential ¢ is assumed to satisfy Hypotheses H, then, for each
ke N:

o2 (t C
- ( >ak <—, (4.4.13)
0z5t ... 0z} Ny
where I := (j1,...,7k) is any sequence of possibly repeated indices and d,(;) is the number of

different indices in I which are also different from i.

The physical significance of (4.4.13) is obvious. In the mean-field context, the quantity
8 8
2;(t) depends weakly on z; if j # ¢ for each ¢t > 0. Actually 1) _ o (%) while 82"73) =0 (1)

025
and these two estimates give rise to (4.4.13) in the case k = 1. Estimate (4.4.13) says that for
each derivative of any order with respect to some z; of z;(t) , we gain a factor 1/N. We have

also the following corollary whose straightforward proof will be omitted.

Corollary 4.4.1 Let U = U(Zy(t)) be a function of the time evolved configuration Zy(t) of

the form:
N

UZx(0) = 5 S ulz(0).

i=1
where uw € C{°(R3 x R3). Then, if the pair interaction potential ¢ satisfies Hypotheses H, the
following estimate holds:

OFU(Zn (1)) C
- i< = (4.4.14)
025t ... 023" Nk
where dy, is the number of different indices in the sequence I = (j1,. .., jx)-

The proof of Proposition 4.4.1 will be given in Appendix A.

4.5 Results and technical preliminaries

We choose, as initial condition for the one-particle Wigner function, a mixture of coherent states.
The Wigner function associated with a pure coherent state centered at the point (xg, vg) is given
by:

1 _@eg? ew)?

(m)ge T e e . (4.5.1)

w(x, v|Te, Vo) =

80



Let now g = g(z,v) be a smooth probability density on the one-particle phase space
independent of € (see Hypotheses H' below) . Then we define:

folz,v) = / dzodvy w(z,v|xg, vo)g(To, vo)- (4.5.2)
R3xR3

Using the standard notation z = (z,v) and zy = (xo, v9), (4.5.2) is equivalent to:

folz) = (715)3 /RG dzo eJZ*jo)Qg(ZO) =

L o,

Gk /RG d¢ e g(z — Ve(). (4.5.3)
Expanding

(ve)’
2

+ ...

Yos
(2n)!

gz = Ve¢)  =g(2) = ((- V) g(2)Ve + (¢~ V2)  g(2)

(v
(2n —1)!

---—(C-Vz)mlg(z) +...,

(4.5.4)

and performing the gaussian integrations (which cancels the terms with the odd powers of 1/2),
we readily arrive to the following expansion for the Wigner function f§:

fo= 0 +ef 4+ e+ (4.5.5)
where

0
fé l =y,
f = D2 £ forn > 1,

and D¥, (G stands for ”Gaussian”), for each k > 0, is the following derivation operator with
respect to the variable z = (z,v):

@k
k
D¢, = az; | Colo .. .ak)azal —5ser (4.5.8)
ajgll,..]?,.(i
where

] k
Colan ... ap) = H/ ac e e, (4.5.9)

G iy
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Therefore, C(ag ... ay) is equal to zero for each sequence a; ...y in which at least one index
appears an odd number of times.

Hypotheses H':
We assume that ¢ = f\” € S(R® x R3), thus (4.5.7) make sense for any n > 1 and, in
particular, fon) € S(R3 x R?) for any n. By the analysis done in Section 4.1, this allows to

identify the time-evolved coefficients f(™(t), n > 1, as the unique solutions of the initial value
problems (4.1.11).

Remark 4.5.1 Here we consider a completely factorized N-particle initial state (see (4.2.1)),
then property (3.2.4) is satisfied. Furthermore the one-particle state is a mixture and this
automatically excludes the Bose statistics.

Remark 4.5.2 We made the choice to expand fully the initial state f§ according to equation
(4.5.5). Another possibility is to assume the (¢ dependent) state f§ (which is a probability
measure in the present case) as initial condition for the Vlasov problem and, consequently,

fék) = 0 for the problems (4.1.11). Now the coefficients f*)(t) are ¢ dependent but this does
not change deeply our analysis because f; is smooth, uniformly in €.

As we explained at the beginning of the present Chapter, our goal is to compare the j-particle
semiclassical expansion associated with the N-particle low, namely W](\f; (t), k =0,1,2,...,

with the corresponding coefficients f](k) (t) of the expansion:

) =100 +ef) + o+ PO+ (4.5.10)

where f;k) (t) is given by (4.3.4). The main result is the following.

Theorem 4.5.1 Let us consider the (Hartree) nonlinear Wigner-Liouville equation (3.3.1) as
in (4.5.2) where the probability distribution g satisfies Hypotheses H'. Moreover, let us consider
the N-particle Wigner-Liouville equation (3.2.1) with factorized initial datum as in (4.2.1). If
the pair interaction potential ¢ is assumed to verify Hypotheses H, for allt > 0, for any integers
k and j, the following limit holds in S'(R% x R37):

Wit — £ ). (4.5.11)

)

as N — 0.

Remark 4.5.3 As we shall see in the sequel, the convergence (4.5.11) is slightly stronger than

the convergence in §'(R¥ x R¥). Indeed, the sequence W](f ; (t) converges also when it is tested
on functions in C;°(R¥ x R¥). Such kind of convergence, which is natural in the present
context, will be called Cy°-weak convergence.
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A crucial tool in proving Theorem 4.5.1 is provided by the following

Proposition 4.5.1 Let vy (z,v;t) be a sequence in S'(R?® x R?) (for each t) satisfying:

{ (0 + v+ Vo) yw = L(hn)yn + O, (4.5.12)

7N<'r7 v; t)|t:0 = IYN,()(I? U)v

where yn o, On are sequences in S'(R* x R3). We assume that:
i) hy(z,v;t) is a sequence of probability measures converging, as N — oo, to a measure
h(t)dzdv with a density h(t) € C3° (R* x R?) and such that |V,h| € C° (L} (R? x R?),R").
ii) for all uy,uy in C°(R3 x R?) | there exists a constant C'= C(uy,uy) > 0, not depending on
N, such that:

[t * (u2Yn) | oo (rawpsy < C < 400 for any t. (4.5.13)

iii) ynv0 — Y0, as N — oo, Cp°-weakly , vo = Yo(x,v) is a function belonging to L'(R* x R?).
iv) Oy — 0, as N — oo, Ci°-weakly , © = O(z, v;t) is a function belonging to C° (L'(R? x R3), R™).
Then:

Y — 7, as N — oo Cp°-weakly,
(4.5.14)

where 7y is the unique solution of the problem (4.1.14) in C° (L' (R3 x R3) ,R™).

For the proof, see Appendix B.

4.6 Convergence

This section is devoted to the proof of Theorem 4.5.1.

By (4.2.13) and (4.2.11), for £ > 0 we have:

tn—1
0

k 1
W (Zyit) =D >0 > /Otdtlfotdtz.../ dt,,

n>0 r=0 7T1...Tn:
- Tj >0
>orj=k—r

Sn(t — )T Sn(ts —ta) ... TN Sn(ta)Wab(Zn).  (4.6.1)
It is useful to remind that, the only non-vanishing terms in (4.6.1) are those for which all

r1,...,Tn are even (because the odd terms in the expansion for the operator 7% appearing in
(3.2.1) are vanishing (see (4.2.7)).
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According to (4.2.4) and (4.5.7),
) , (4.6.2)

Z H( 233

S$1--.SN j=1
0<s;<r

> 8i=r
where D ; is defined in (4.5.8) and the extra symbol j means that this operator acts on the

variable z] Defining the operator D?"

DO =1,
= > HD?;, r>1, (4.6.3)
S1..--SN: j=1
O<s]<7°
2o 8i=r
we have:
(4.6.4)

WL (Zn) = D WS (Zy) Y7 > 0.
In order to investigate the behavior of the j-particle functions W](f ;(Zj; t) when N — oo,
we consider the following object, for a given configuration Z} = (2] ... z}):

wn(Z55t) = /R A2y W (Zniun (A1Zw) - i (5] 2). (4.6.5)

In the end of the section, we will show that (4.6.5) is asymptotically equivalent to W, ]f) (Z;1)
From (4.6.1), (4.6.4) and (4.6.5), it follows that:

ZZ S /dtl/ dts .. /nldt /ﬂ{ﬁNdZNuNJZ|ZN)

n>0 r=0 7";‘]>7’61
Yori=k—r
Sn(t — )TN Sn(t — ta) ... TN Sn () D* Wh(Zn), (4.6.6)
(4.6.7)

where
/
N (Z 7 | Z N) .
T . . .
NJ) involves derivatives of

un i (Zi|1Zn) = pn (211 ZN) - -
Integrating by parts, reminding that each r; is even and that each 7!

order 7; + 1, we have:

Wiz =YY ¥ [

n>0 r=0 r :7‘]>0
e, |=

E [D%Tg"’(tn)Tgn—”(tn_l)...T}V’“)(tl)wd(zﬂzN(t)), (4.6.8)
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where r,, is the sequence of positive integers r1,...,7,, [r,| = > 7, r; and Zy(t) is the Hamil-

tonian flow associated with (1.1.3). Moreover 1_:n =ty...t, and f;r ,dt,, denotes the integral
over he simplex 0 < t, < t,_1 < --- < t; < t. Finally, Ey stands for the expectation with

respect to the N-particle density W](\g Z) and

(1) = Sn(—t)T Sn(t). (4.6.9)
Therefore, the objects we have to investigate in the limit N — oo are:

Bz -~y [z, zy),

n>0 r=0 r :7"]>0 ord
\1" |=k—r

(4.6.10)
(for any configuration Zy, typical with respect to féo)), where 7; is given by:

(255,12 b Zn) = DTN ()T () - T ()i (2120 (1))
(4.6.11)

Note that:

vO(Zist) = uny (2] 2Zn(1)) -
(4.6.12)

We start by analyzing the behavior of V](k) in the cases 7 = 1,2, thus we are lead to consider:

(25,7, E, b, Zn) = DTN (4T (b)) - TN (0 (25| 2w (1)),
(4.6.13)

and

m(2), 2t e, b, Zn) = DT ()T (b)) - TS () v (23] Zn (1))
(4.6.14)

It is useful to stress that the operators T](\fj )(tj) (j = 1,...,n) and D* act as suitable
distributional derivatives with respect to the variables Zy. To evaluate 7, let us first analyze
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the action of TJS;)(T). By (4.6.9) and (4.2.14), for any function G = G(Zy), we have:

(T}v” (1) G) (Zw) = Sx (=7) (1§ + BR)) (S (1) &) (Zw) =
= (- Z Sy (=7) D é(w; — m) - D (S (1) G) (Zn) +

ar—i—l ar—i—l

1
Y Y Gy T (1 = %) JE e (S () §) ().

l7j:1 klyk/‘ZENB
k1 |+ k2|=r+1

(4.6.15)

Note that the derivatives involved here are done with respect to the variables at time t = 0.
Denoting by D any derivative of order r with respect to a variable z; at time ¢t = 0, we
observe that:

Sx(~)D,G(Zy) = (DLG) (Zx(t) = DL (1) (Sy(~6)G) (Zw),  (46.16)

where, by D7 (t), we denote the same derivative of order r with respect to the variable z;(t).

Then, by (4.6.16) and (4.6.15):

(T;V” () G) (Zn) = S (—7) (T}@ n RE@) Sn (1) G (Zy) =

= (172 Y (D5719) (ay(7) — (7)) - D (1)G (Z) +

j7l

1 N . o+l g+l Gz
P2 2 o | g | () ) SR )G (),

L,j=1  ky,koeN3
k1 |+|k2|=r+1

(4.6.17)

Therefore, in computing the action of ng ) (1), we have to consider derivatives with respect to
the variables at time 7. As a consequence, we have to deal with a complicated function of the
configuration Zx which, however, we do not need to make explicit, as we shall see in a moment.

On the basis of the previous considerations, we compute the time derivative of n; by
applying the operators D TU™ (t,)TS" ) (t,_1) ... TV (1) to the Vlasov equation:

(81% + Ull ’ V:Jc’l) MN(t) = (vx’lgb * /vLN(t)) ' V'UiuN<t)' (4618>
In doing this we have to compute

DTN ()TN (tnr) - T (0w (2412w (8) w412 (1) (4.6.19)
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Now we select the contribution in which each T](\;l)@g) and D?" apply either on py (21| Zn(t))
or to un(z5|Zn(t)). The other contribution involves terms in which are present products of
derivatives with respect to the same variable. By Proposition 4.4.1 and Corollary 4.4.1 we
expect those terms to be negligible (in the C;°-weak sense) in the limit N — oo. Therefore we
obtain the following equation:

(8t + Ui : vw/l) 771(751,75 T, n7 ZN) L(MN(t))nl(ZLtar y s na ZN) +
+ Z Z Z (Va:’1¢*Ul(';taglbﬁsz)) 'vvi”l('zhtr_£7£In\[7£[n\[7ZN)+

0<t<r 0<m<n ICIy:
‘I|:m7

+E]1Vv (4.6.20)

where E}; is an error term which will be proven to be negligible in the limit N — oo in Appendix
C. In (4.6.20) we used the notations:

I, ={1,2,...,n}, Iis any subset of I,,, r; = {r;}jer, t; = {t;}jer-
(4.6.21)

Next, we compute the time derivative of y§’“>. We have:

tn—1
(at—i—UiVm/l) I/§ Z Z Z / dtg/ dtg/ dtnﬁl (th rXr,, mZN) +
0

n>0 r=0 r,,|: t1=t
r;>0
Ir, |=k—r
+2 (1) Z > / dt,, (0 + vy - Vi) m(z15t, 71,8, Ziy). (4.6.22)
n>0 r=0 r
a rlj>‘0
Ir, |=k—r

In evaluating the first term on the right hand side of (4.6.22), we are lead to consider 7
evaluated in ¢ = ¢;. Thus, according to the expression of 7, (see (4.6.13)), we have to deal with:

TV (0w (2] 2y (1) = Sn (=T v (2] Z). (4.6.23)

Therefore:
T (i (4125 (1)) = (—1)" 2y, (D65 (@) (ah) - D (311 2w () =

= (1), [ dat dug Dol — ) - D (o () o 41 Z(0),
(4.6.24)
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where the term involving off-diagonal derivatives, namely R(”) (see (4.2.16)), disappears be-
cause both the derivatives and the empirical distribution are evaluated at time t. Hence we
compute 7; in ¢ = t; and, inserting it in the first term of the right hand side of (4.6.22), we
obtain:

Z Z Z /dt2/ dtzdts .. / dt,m (z1;t,rr,, b, ZN) —

n>0 r=0 r,: r;>0 1=t
|r| kr

= 3 (0 [ dah doh Do) - ag) - DY ol i),

0<r1<k
71 even

(4.6.25)
Let us come back now to equation (4.6.22). It is useful to observe that:

/dt d = /dtl/ dt, - (4.6.26)

ICIn:
[|=m

Then, putting together (4.6.22), (4.6.25), (4.6.20) and (4.6.26), we obtain the following equation

for Ufk):

(0 + v} - Vi) v (@), 05 1) = Lun (0P (@, 0] 8) +

+ Z ”/QCTI/de dws, D7"1+1¢( —xh) - D;’iﬂuék*m)(x’l,vi,x’z,v;;t)—|—

0<r1<k
71 even

+ Y (vxfl qs*u@(t)) V50 + B2 (4.6.27)
with initial datum given by:
A (@5, 05 t)lmo = m((#4: 0, k. xo, b, Z) = D* (] Z). (4.6.28)
Here E% arises from E} (see (4.6.20)). Now, we want to prove that:
V}k)(t) — f®(1), as N — oo, C° — weakly, (4.6.29)
and
l/ék)(t) — fQ(k)(t), as N — oo, C;° — weakly, (4.6.30)

for any configuration Zy such that uy — féo) in the weak sense of probability measure (namely,
for any Zy typical with respect to féo) (see Section 4.4)). As a consequence, reminding that
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ka) (t) and I/ék)(t) are equal to w](é)l(t) and wj(\]%(t) respectively, a.e. with respect to W](\gz),

(4.6.29) and (4.6.30) are equivalent to:

W) — [ (), as N — oo, C° — weakly, (4.6.31)
and
Wj(\lfg)z(t) - Q(k)(t)a as N — oo, C;° — weakly. (4.6.32)

As we already remarked, the C;°-weak convergence implies the convergence in &', therefore,
(4.6.31) and (4.6.32) imply the convergence of w](\’,fv)l(t) to fF(¢) in S'(R® x R3) and of w](\’f)Q(t)
to f{P(t) in S'(R® x RS).

4.6.1 One and two-particle convergence

In evaluating the behavior of v¥(t) when N — oo, we note that it solves the initial value
problem (4.6.27)-(4.6.28) for which we want to use Proposition 4.5.1. First, however, we have
to verify the assumptions. The first one, namely i), is verified as follows by our choice of the

initial datum which ensures féo) to be a smooth probability measure (see Section 4.5) and by
the classical mean-field theory recalled in Chapter 1.
Now, we have to check that assumption ii) is satisfied, namely, we have to prove that

Y uy, ug in C°(R* x R?),
there exists a constant C' = C'(uy,uz) > 0, independent of N, such that:
(k)
’ (R <u2 2 (t)) “Lw(R3XR3) < C for any t. (4.6.33)
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We have:

|
<ZZ Z dt sup

n>0 r=0 r :r]>0 ord
e

> Lo

r] >0

k
Uy * <u2 l/{ )(t)> HLOO(R3><]R3) = sup

T,V

/dydw up (o) —y, vy — )ug(y,w)yfk)(y,w;t)‘ <

/dydw ul( - Y, Ul w)“?(ya w)nl(ya wy t; Ty, nv ZN)

M;r

n>0 r=0 r

= In:
e, [=k

[ dvdw Gt = 904~ whual ) DITE ) T (1)l w|ZN<t>>\ -

sup
z],v]

Yy Y [

n>0 r=0 r :TJ>0 ord
£, [=k—r

/dydw g(x}, v}, y, w)DQ’"TJ(VT")(tn) .. .T](V”)(tl)MN(y,w|ZN(t))‘ ;

sup
x],v]
(4.6.34)
where we used the notation g(z, v}, y,w) := ui (2] — y, v} — w)us(y,w) and, clearly, we have

g(z), v, -, -) € CP(R*xR3) for any ) and v] and g(-, -, y,w) € C;°(R?*xR?) for any y and w. By
some estimates which will be proven in Appendix C (see Lemma C.2), we are guaranteed that,
applying the operator DQTT](\;A")(tn) . .TZS}" 1)(151) on the empirical measure py(t) and integrating
versus a function in C°(R? x R?) we obtain a quantity uniformly bounded in N. This feature,
by virtue of the good properties of the function g ensures that (4.6.34) is finite.

Let us now look at the initial datum for ka) (t), in order to verify assumption iii).

From (4.6.28) we know that v\¥(0) = D%y € S'(R? x R®). As regard to its limiting
behavior, we find that:

@) =Dy Z > > TIpE ux, (4.6.35)

t=0
n=1 ICIy sj;jel jel
[T]=n 1<s;<k

>;si=k

where Iy = {1,..., N}. For our convenience, we have written the action of the operator D?*
in a equivalent and slightly different way from that we used in (4.6.3).
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We realize that the only surviving term in the sum (4.6.35) is that with n = 1. Hence:

N
! t>‘t 0 ZDG]/’LN = ZDQG]fij( 2;) = DG UN. (4.6.36)
j:l
Therefore we can conclude, by using the mean-field limit:
<u, ka)(t)|t:0> = (u DG MN) =
(DGU ,UN) — <D2Gku, fo(0)> = <U, D?;kféo)> = <u, fék)> , a8 N — o0,
Vuin C;° (]R3 X R3) . (4.6.37)

Thus, f{¥ plays the role of o in Proposition 4.5.1 and it is in L! (R® x R3) because f”
S (R® x R?).
We conclude the convergence proof (for the one and two-particle functions) by induction.

For k£ = 0 we know that, for any configuration Zy which is typical with respect to féo), we
have:

WO t) = pn(t) — fO1), as N — oo (4.6.38)

in the weak sense of probability measures (see (1.3.10) and (1.3.11)) and, as a consequence, the
convergence holds C;° — weakly. Moreover

v (1) = pn(t) ® pn(t) — f201) = FO) @ FOt), as N — o0,  (4.6.39)

in the weak sense of probability measures and, as previously, the convergence holds C;° —weakly.
We make the following inductive assumptions for all h < k:

th)(t) — f(h)(t), as N — oo, C;°— weakly, (4.6.40)
for any configuration Zx which is typical with respect to féo), and

() — () Z FO) D), as N — oo, C° —weakly, (4.6.41)

0<g<h

for any configuration Zx which is typical with respect to féo).
Now we want to prove that (4.6.40) and (4.6.41) hold also for h = k.
Thanks to (4.6.40), we can affirm that:

> (Vo 0l?) Vil = 30 (Vo fO) - Vi f00 = 3 10

0<t<k 0<t<k 0<t<k

C,° — weakly, (4.6.42)

91



and, thanks to (4.6.41), have:

r1/2 /1.0 yri+l / / ri+l (k=ri)/ 0 0 .
E (_1) /ch/ded%Dm,l d)(xl_%)'val Vy (xhvpxz?%at)
0<r1<k
r1 even

I G — weakly

r1/2 /1.0 i+l / / ri+l p(k=r1) /0 0 N
§ (=1) /CTl/dx2dU2DQg’l ¢(I1_952)'DU/1 fa (27, 0], 19, V53 1) =
0<r1<k
r1 even

= > Y (=yie, / dahydoh, D g — wh) ) (wh, v t) - DO (w5 t) =
0<r1<k 0<g<k—r1
T1 even

_ Z Z Tq(rl)f(k_rl_Q)(t).

0<r1<k 0<qg<k—m1
r1 even

(4.6.43)

At the end, putting together (4.6.42) and (4.6.43), we find that the sum of the source terms
in equation (4.6.27) converges Cp°-weakly to:

Z Te(m Fl=0 4 Z Tq(n) flk=ri—a), (4.6.44)
0<t<k 0<ri1<k
0<q<k—r;

which plays the role of © in Proposition 4.5.1 and it is easy to verify that it is in C° (L' (R3 x R3), R™).
Therefore, we can apply Proposition 4.5.1 claiming that, for any typical configuration Zy with
respect to féo), l/fk)(t) converges Cpo-weakly to the solution of the problem (4.1.14). Looking at
(4.1.11) and (4.1.13), we realize that we obtained the equation satisfied by f®)(t).

In order to "close” the recurrence procedure, it remains to show the two-particle conver-

gence at order k. It follows from the one-particle analysis and from the following computation
(see (4.6.14)):

/ /. —
772(217 29, t) T, Ena£n7 ZN) -

= Z Z Z 771(21;75,&21,)217ZN)Wl(Zéétak _gagln\latln\lazN) +R]2\77<4645>

0<¢<k 0<m<n I:ICI,
[I|=m

where R2 is a remainder arising from the action of the operator DT (t,) ... TUV () on a
product of two empirical measures py(t). In Appendix C we will see that it is vanishing in the

limit. As a consequence, I/ék) (see (4.6.10) for j = 2) is such that:

) = > P00 () + o(1), (4.6.46)

0<q<k
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in the limit N — oo. Therefore, from the inductive assumption (4.6.40) and from the one-
particle convergence at order k, we conclude that:

) = D D) fE0) = f2(1), as N — o0, C5° — weakly,  (4.6.47)

0<g<k

for any configuration Zy which is typical with respect to féo). Thus, we have just proven the

£ (k)
convergence o (.UN

7 in the cases j =1, j = 2.

4.6.2  j-particle convergence

As for 5 = 2, the j-particle convergence can be reduced by the one-particle control. Indeed by
(4.6.10) and (4.6.11) we have:

J
vWiy= 3 T v + Ry, (4.6.48)
T
stm:k

with Rgv — 0 when N — oo.

Again the error term Rg\, arises from the presence of products of derivatives with respect to
the same variable. In conclusion, the result we proved for VYC) (t), together with the estimates
proven in Appendix C, is sufficient to guarantee the C;°-weak convergence of l/](-k) (t) to f;k) (t)
for any j (for any typical configuration Zy with respect to féo)), and, as a consequence, the
Cpo-weak convergence of wg\lf)j (t) is f;k) (t), for any j.

The final step is to realize that this convergence does imply that for the coefficients W](f 3 (1),

namely what is established by Theorem 4.5.1.
First of all, we observe that, for any test function u we have:

(wril®) = /R AW (13 () =

/ AZNW I (Zy: tyu(z,) =
]R3N XR3N

1
AZ W (Zn 1) — —
Lo 020 >t

(4.6.49)
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where we made use of the symmetry of the coefficient Wﬁf )(Z ~;t) with respect to any per-
mutation of the variables (the computation is the same we did in Section 4.4 for VVJ(\,1 )1 (1)).
From (4.6.49), we can see that W](Vk )1(t) and w](\’f,)l (t) are equal as distributions in &’ (R? x R?)
(in particular, we can choose test functions belonging to C;° (R* x R?)), then the convergence
of Wj(f 1 (t) is proven. Moreover, for j > 2, a straightforward computation shows that, by fixing
an index j, we have

k N(N—-1)...(N—=j+1) L C. -
(w5 2(0)) = - (. io0) + =2, (4650)
where C;_; < oo provided that <u]~, W](Vk 2(25)) is uniformly bounded for each j < j. Then, to

conclude the proof of Theorem 4.5.1, it is enough to use a recurrence argument.
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Chapter 5

Outlooks and Perspectives

In this chapter we give an overview of possible developments of our research, both in the per-
spective of generalizing our result, and from the point of view of applications in other (somewhat
related) fields.

First we observe that the we can apply Theorem 4.5.1 even by considering as one-particle
initial datum a suitable mixtures of WKB states. Indeed, let us consider the one-particle WKB
state described by the wave function ¢y p € L? (R3) given by:

Ywip(x|vg) = a(z)e' "=, a€ SR, a(z) ER V z, v fixed in R?, (5.1)

where the amplitude a is assumed to verify

/dx a’(r) =1, (5.2)

namely, a?(x) can be interpreted as a one-particle probability density in the position phase
space R3. The Wigner function associated with (5.1), given by

_ i 5 £
fiptaolo) = @07 [ dye ™ Gy (o4 Fhoo) dwrcn (o - F )
R3
- ; vg-(e+5F) v (2= )
:(27T)3/ dye”"”a(:c—l—g—y)eﬂ0s2 a<x_€_y>61052 =
R3 2 2

= (2m)® /R3 dy €' ¥ ¢ (x + %) a (x - %) , (5.3)

can be expanded as follows

Forren(@,v]v0) = fitken(@,v]v0) + € fipre (@, v]vo) + 2 fihep (@, v]vo) + ... (5.4)
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where

Fivwes (@, v]vo) = a*()d(v — vp),

55’?31)(33,@|v0):0 YV n=0,1,2,...,
2n) 1 1 1 ' on—1 2n
Fris(@,vlvg) = — PR ; i iV D@D @)Dy —w), Vn=1.2,...
) (5.7)
and D"0(v — vy), for any m > 0, is the distribution acting as
(5.8)
(u, D"0(v —vg)) = /dv u(v)DI'o(v — ) =
= (—l)m/dv D'u(v)o(v —vg) = (—=1)" Dl u(vy),
(5.9)
for any smooth test function u.
Then, we consider the Wigner function
firleo) = [ duo gulen)finlooln),  gw € S (%) (5.10)

associated with the (continuum) mixed state (see paragraph "Mixed states” in Section 2.1)
described by the density matrix (kernel)

pw (T, v) = /dUoQW(UO)EWKB(MUO)?/JWKB(?JWO) (5.11)

and we assume gy to be a probability density with respect to the velocity variable, gy not
depending on ¢ (states similar to (5.10) have been considered in [24]). By (5.4), (5.5), (5.6)
and (5.7) we obtain that (5.10) is expanded as:

for(xv) = F@,0) + ef (@, 0) + £ (@, 0) + . .. (5.12)
where
W () = a(2)gw (v), (5.13)
fertz )y =0 ¥V n=0,1,2,..., (5.14)
) 1 &1 1
(2n _ - 1\l 2n—I 2n —

W (T,v) = o ; 120 =1 l)!< 1)'D'a(x) D" *a(x) D" gw (v). YV n=0,1,2,...

(5.15)
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By virtue of our assumptions on a and gy we find that f‘(ﬁ) defined by (5.13) is a one-particle
probability density and f&(/)) € S (R?). Furthermore, we choose a in such a way that

D™a(z) = o™ (z)a(z), Vm >1 with o™ (z)e C®(R?), (5.16)

C" (R3) being the space of continuous functions. Therefore, by (5.15) we find

fi (@, 0) = ‘& > ﬁ<—1>1Dla<m>D2“‘la<w>D5”9w<v> =

= 8@ (2)a?(x) D2 gw (v) = B () D2 i) (x,0) ¥ n=0,1,2,...

(5.17)
where 3" (z) = 2n Sk ey mi(— D! (z)al?=0 (z) for any n > 1 and in the last equality
of (5.17) we used (5 13) By the smoothness of a (see (5.16)) it follows that 32" (z) € C° (R?)
for all n, thus (5.17) together with the smoothness of féﬁ) implies that féﬁn) € S (R? x R?) for
alln > 1.

Therefore, we have

9 €S (R x R?) (5.18)
Fert (g 0y =0 Vn=0,12,..., (5.19)

AV eSRP xR Va=1,2...
(5.20)
and, by applying Proposition 4.1.1 as in Section 4.1, we can identify the time-evolved coefficients

F(t), for each k > 0, as the unique solutions of problems (4.1.10) and (4.1.11) in L* (R® x R3).
Clearly, by (5.19) we find

@l (p vit) =0, foreachn > 0andV t, (5.21)

while f™(t) € S (R® x R3) for any n > 0. In particular, f\(¢) is the unique solution of

the Vlasov equation (1.1.8) with initial datum fég), thus we are guaranteed that fég) () is a
one-particle probability density for all times.

Let us consider the following factorized initial datum for the N-particle Wigner-Liouville
equation (3.2.1)

Wiow (Xn, Vi) = (fi)™" (Xwv, Viv). (5.22)
Then we find
W]%,W(XNa Vn) = Wz(\?}/v(XN» V) + EWJ(V{%/V<XNa V) + 62W](\;2,)W(XN, Vn) +
(5.23)
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where, by (5.12),

(0) O N
Wyw (X, V) = ( fw (X, Vn) (5.24)
W() (Xn, V) = Z H (S]) (xj,v5) forn>1, (5.25)
S1---SN =1
0<5J<n
2o 8=n

and we note that, as in the case we considered in Chapter 4, factorization holds only for the
zero order coefficient which, furthermore, turns to be an N-particle probability density.
By (5.25), thanks to (5.14) and (5.17), we find

WO (Xn, V) = (fW>®N (Xn, Vi) (5.26)

Wi (Xn, V) = > HﬁSJ L) DY W (X, V) forn>1.  (5.27)
S1.. sNeven] 1
0<s;

> sJ—n

Defining the operator Dr, for any r even, as:

DY =1,
N
S1..syeven: j—j
0<s;<k
Z sj=r
we have:
W (X, Vi) =0, forn=0,1,2,... (5.29)
W](W),(XN, Vi) = D" W (Xy, Vi) forn=0,1,2,.... (5.30)

Now, let us consider the factorized j-particle Wigner function (f5,(t))®, where fg,(t) is
the solution of the (Hartree) nonlinear Wigner-Liouville equation (3.3.1) with initial datum f5,
given by (5.10). The product (f5,(t))®’ can be expanded as

(o)™ = F9.(0) +ef () + 2F500) + ...
(5.31)
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where, by the analysis done in Section 4.3 and thanks to (5.14), we have

e = (#w)” (532
) =o, Vn>0 (5.33)

=3 H Gm)(t), ¥Yn>1, (5.34)

S1...5jeven =]
0<sm<2n
> Sm=2n

fég)(t) solving the Vlasov equation (1.1.8) with initial datum fég) and f(sm)( t), with 1 < s, <
2n, obtained by (4.1.11).

By the analysis done in Section 4.2, we find that the N-particle zero order coefficient
W](\g )W(t) solves

(O + Viv - Vi) Wiy (8) = TV W (1),

o (5.35)
W(O) (XN7VN7 )‘ _0: (fIEI(/]')> (XNaVN)
the odd coefficients I/V](\,2 %Fl (t) are determined by
(0 + Vv V) W (8) = TV W (1),
T (5.36)
Wi (XN,VN;t)‘i 0, k=012,
and the even terms VV](\,2 %),(t) solve
(00 + V- V) W) = TV WRR(E) + 6750 (1) s

W& (X, Vy; t)’ = DWW, (Xn, V), =12,

where

o ( = > T "W (8). (5.38)

0<l<2n

We observe that the odd coefficients W 2nH)( t) solve homogeneous Liouville equations
with zero initial data, then W 2”“ ( ) =0 for all n > 0. On the contrary, the zero order term

W](\g w (t) solve the Liouville problem (5.35), thus, denoting by {Wj(’%%,(t) ., the corresponding
j-particle marginals, by the classical mean-field theory we obtain

w (t) — £ (1) “ as N — oo, for any fixed j 5.39
j’W W ) 9 y Xe j ( . )
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in the weak topology of probability measures and, in particular, in & (R* x R%), where
®jJ
( $)(t)) is given by (5.32).
As regard to the higher order terms, we can apply exactly the same strategy presented in
Chapter 4, replacing the operator D¢, defined in (4.5.8) with B*) (2)D¥ (see (5.17) ) and the
operator D" (see Section 4.6) with D" (see (5.28)). In the end we prove that, for k > 1

Wi (t) — fii(t), as N — oo, for any fixed j (5.40)

Js

in &' (R¥ x R¥). Clearly, (5.40) is trivially verified for k& = 2n + 1, because we have already
noticed that

Wi = w6 =0, ¥azo. (5.41)

As we observed in Remark 4.5.1, the assumption on the initial N-particle Wigner function
to be a product of mixed states prevents the possibility of considering bosonic states. Indeed,
factorized states could be compatible with the bosonic statistics if pure states were considered.

It is easy to check that the classical limit is equivalent to the limit of heavy particles. In
fact, if we set ¢ = 1 in the N-particle Hamiltonian (2.1.5) but we let the particle mass m
(previously chosen equal to 1) become large, by imposing the condition that the kinetic energy
per particle is independent of m, we find exactly the mean-field hamiltonian (2.1.5) where ¢
is replaced by the ”effective Planck constant” e,, = 1/4/m going to zero as m — oo. Then a
possible application of our result would be that of studying the approximations of dynamics of
this type, in which one looks at a particular scaling which corresponds to the semiclassical one,
even if interpreted in a different sense.
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Appendix A

Proof of Proposition 4.4.1

To avoid inessential notational complications, we deal with the one-dimensional case.
By the Newton equations, we have:

82;5? = 5irt+/0 ds(t —s) ;8 L F (i(s) — x(s)) (ag;(j) - ag;(j)) . (A1)
ov; (t 0x;(s Ox;(s
Wi):éir+/ds—§8sz ())( (%(r)— (%(r)), (A.2)
where:
F=-V,0o, (A.3)

is the force associated with the potential ¢.
Let us analyze in detail the derivative of x;(t). From (A.1), we get:

Ox;(t)
< C. .
max o, | S C (A.4)
t<T
Inserting this estimate again in (A.1), we realize that we can obtain a better bound for %S)
in the case r # i (see [24]), namely:
0z;(t) ! 0z;(s)
< - A.
S0 <o / ds(t = 5) |2 + (A.5)
1 | 0w (s)
C | ds(t—
+ / s s N 87@ +
Ox;(s)
+C/0dst—s ZﬁF@ ;(s)) o
J#i
J#T
(A.6)
Hence, by virtue of the Gronwall lemma, we find
< —. Al
nla;gx ov, |~ N (A7)
t<T




By (A.2), we find that the same estimate holds for the derivative of v;(t) with respect to v.
Analogous estimates hold for the derivatives with respect to the initial positions (see also [24]).
Therefore the claim of Proposition 4.4.1 is proven for derivatives of order one.

Now, let us consider a sequence I := (ji,...,Ji) of possibly repeated indices. We show
that:
N
1 8"’1’2 C
AT — d.? (A8)
N &= |0vj, .. av]k N
where d, is the number of different indices in the sequence ji,...,jr. We know that (A.8) is

verified for k = 1 (it follows directly by (A.4) and (A.7)), thus we prove (A.8) by induction on
k. Denoting by:

ak
D(I) = ——— A9
( ) 3vj1...8vjk’ ( )
estimate (A.8) can be rewritten as:
N
1 C
D) < o (A.10)
i=1
By (A.1) we derive the following estimate for D([)z;(t):
DU < [ st =95 3 1D (1(5) )] + M),
0 J#Z
(A.11)

where the term M;(t) can be computed from (A.1) according to the Leibniz rule. Let P, :=
{I,...,I,} be a partition of the set I of cardinality n, with 2 < n < k, then we have:

M;(t) < / ds(t — s)— ZZZC H D(H) (z5(s) — z;(s))]| <
ﬁsz n=2 P, HEP,
/ ds(t — s ZZC Z T (D) (is) - xj(s))]', (A12)

where D(H) = [[,cn a and C(P,) are coefficients depending on the partition P, and on
suitable derivatives of F'. By (A.11), it follows that:

%Z|D(I)xi(t)]§/dst—s Z|D zi(s)| + M(2), (A.13)
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where M(t) = + Zfil M;(t) and, by (A.12), we have:

KT wLIES 3 3

n=2 P, i=1 j=1

M(t) <

\

[ [DH) (@i(s) = a;(9))]|

HePy

We observe that:
N

% ST (D) (xi(s) — 25(5)]

i,j=1 |HEP, =1 HePy j=1 HEP,,
1 — 1
+ @ (R X I p@ne) (53 11 o)
QCPn i=1 QeQ J=1 JePr\Q
(A.15)

where Q is any subpartition of P,, and C'(Q) are coefficients depending on Q.
We assume that the estimate (A.10) holds for any m < k — 1, namely:

1 C

~ Z [D(M)ai(1)] < 5=, forany M C Ist [M|=m <k -1, (A.16)

where d,,, is the number of different indices in the sequence M.
Indeed, if we consider a partition P, of cardinality n > 2, we are guaranteed that |[M| < k —1
for each M € P,,. Then, by noting that:

N
%Z H |D(H)as(t)] < H Z |D(H , V subpartition H C P, (A.17)

i=1 HEH HG'H i=1

we can apply the inductive hypotheses (A.16) to estimate the derivatives of z;(s) and x;(s)
appearing in (A.15). Thus, we obtain:

S I el < 1 %Zw(m .

i=1 HEPy HePy i=1

C
< H Ndh NZdh < S (A.18)

HePy

where dj, is the number of different indices in the sequence H and we used that ) nep, dn = di.
In a similar way, we find

ST D@t < IT v (A19)

i=1 QcQ QcQ
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where d, is the number of different indices in the sequence Q.
Moreover, we have:

N
C
%Z H [ D(H)x;(s)| < H Ndh - Zdh < N’ (A.20)

j=1 HeP, HePy,

and

—Z II o < ] N% (A.21)

j=1 Jepn\g Jep’n\g

where d; is the number of different indices in the sequence J. Then, putting together (A.19)
and (A.21), we find:

ORE) (%il’[!ﬂ@)m(s)!) %i 11

QCPn i=1 QeQ j=1 JeP,\Q

> ool 11 NLS

QCPn QeQ JeP,\Q

< Z cQ H H Ndk Ndk (A-22)

QCPn QEQ JePr\Q

IN

In the end, we have just proven that each term in (A.15) is bounded by % Therefore, by
using this estimate in (A.14), we find:

C
M(t) < N (A.23)
By (A.23) and (A.13), it follows that:
N t N
1 C C
N 2P [ dste =) SIID6) +
(A.24)
Therefore, by using the Gronwall lemma, we find:
N
1 C
~ > ID(I)ai(t)] < o (A.25)
i=1
As regard to the derivatives of v;(t) with respect to some initial velocities vj,,...,vj,, an

analogous estimate holds and the proof works in the same way. Furthermore, this strategy
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leads to the same estimate for the derivatives of the function % Zf\il 2;(t) with respect to some
initial positions x;,, ..., zj,.

Now, thanks to the estimate we have just proven for the derivatives of the function
% Zfil zi(t), we are able to prove the claim of Proposition 4.4.1. In fact, we have:

C
%Z |D(I Z |D(I)z(t)| + = Z [DINz(0)] < (A.26)
. 1€D 1¢D

where D C I contains the different indices appearing in the sequence /. Thus, according to our
previous notation, |D| = dj and we denote the elements of D by ji,...,Jq4,. Then by (A.26)
we find:

N
1 1
S OIDMED] =5 D), O]+ + 5 [Pz, 0] +
i=1
N
1 C
+5 2 1PME®] < 57 (A.27)
2
which implies
P 1
D) <0 | S0y o), (A.25)
or
C
ID(1)zi(t)] < —4 (A.29)
N
where d,(f) is the number of different indices in the sequence I which are also different from 1.
O
Appendix B
Proof of Proposition 4.1.1
Let Uy(t, s) be the two parameters semigroup solution of the linear problem:
(O +v - Vi) Un(t, s)vo = (Vo x h) « V,Uy(t, $)7y0, B.1)
Un(s, $)70 = Yo- '
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The solution of (B.1) is obtained by carrying the initial datum 7y along the characteristic flow

T =",
{ 0 =—=V¢xh. (B.2)

Next, we consider the problem

0, - V)7 = L(h)y,
{gm} )3 = L7 -
Flt=0 = 7o
which can be reformulated in integral form:
t
30 = U010 + [ ds Ui(t:5) (V0 +7(5) - Vb)) (B.4)
0

The above formula can be iterated to yield the formal solution

t t1 th—1
Az, v;t) = Uh(t,O)’yo(a:,U)—l—Z/ dtl/ dtQ.../ dtn/dxl/dvl.../dxn/dvn
w1 /o 0 0

Uh(ta tl) [vvh(xv v; tl) : Vm¢($ - xl)]
Un(ty,t2) [V, h(z1, v15t2) - Vo, 0(21 — 22)]

Uh(tn—h tn) [vvnflh(xn—la Un—1; tn) : vmn,1¢(xn—1 - :L‘n)]
Uh<tn7 O)VO(xna Un)' (B5>

We remark that Up, (tg, tr41) acts on the variables z, vy, with the convention that (xg, v) = (x,v)
and, furthermore, U}, is multiplicative and preserves the LP(R* x R3) norms (p =1,2,...,00).
Under the assumptions of Proposition 4.1.1, the above series is bounded in L'(R? x R?) by:

n

t n n
Z nl (SUPTe[o,t} ”Vvh(T)HLl(R?’X]R{?’)) Hv$¢||L0°(R3) ||’70||L1(]R3><R3) g

n>0

(B.6)

which is converging for each t. Now, we denote by (¢, s) : L}(R? x R3) — L'(R® x R?),
the two parameters semigroup given by the series (B.5). Then, the solution 7 to the problem
(4.1.14) is given by:

v(t) = Zp(t,0)y0 + /Ot ds 3,(t,5)0(s), (B.7)

and, thanks to the assumption we made on © and to the fact that the above series (B.5) is
converging for any ¢, we are guaranteed that v € C (L}(R? x R3),R™).
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The C* regularity of J(t) = X5 (t,0)7, follows by (B.5) and the fact that Uy(t,t;) propa-
gates the C* regularity.

O
Proof of Proposition 4.5.1
The proof consists of two steps.
Step 1):
Let vy be as in Proposition 4.5.1. Then, we show that vy solves the problem:
Y |i=0 = Y0, .
with
N =On + Ry, (B.9)
and Ry is such that:
Ry — 0, C;° — weakly. (B.10)

In proving (B.10), the assumption ii) on ~yy is crucial.

Step 2):
By virtue of Step 1), the hypotheses we made on V,h and Proposition 4.1.1, we find that:

N (t) = Zn(t,0)yn 0 —l—/o ds 2(t, $)O(s). (B.11)

Then, reminding that:

o h(t) € Ci°(R? x R?) for any ¢,

o the flow ¥, propagates the C* regularity,

o Ry — 0, Cp° — weakly,

and by virtue of the assumptions on yx and Oy, we can easily show that:

YN — 7, as N — o0, C,°— weakly, (B.12)

where

v(t) = Zp(t,0)7y0 + /Ot ds 3, (t, 5)0(s). (B.13)

Therefore, we recognize that 7 solves the problem (4.1.14) and, by virtue of Proposition 4.1.1,
it is uniquely determined by (B.13) and hence it is in C° (L'(R? x R?),R™).
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Proof of Step 1):

We have:
{ (9 +v- Vo) v = L(h)w + On + Lhx — h)yn (B.14)
N (@, v;t)],g = (@, v),
where
Ry = Rn(z,v;t) := L(hy — h)yn. (B.15)

We want to show that Ry — 0, Cp°-weakly. According to the definition of the operator L, we
have:

Ry = (V¢ * (hy — h)) Vyyn + (Ve yv) Vo(hy — h), (B.16)
thus, we have to show that
(u, (Vo * (hy —h)) Vyyy) — 0, as N — oo, Vu € CP(R? x R?), (B.17)
and
(u, (Vo *yn) Volhy —h)) — 0, as N — oo, VY u € C°(R® x R?). (B.18)

We show only (B.18) in detail because (B.17) will follow the same line. We have:

(1, (9.6 7) Vullhy = 1)) = [ dodo [ dydw ule,o) Vool = p)iwly,wst)
Vo(hn(x,v;t) — h(x,v;t)) =
—— [ dsdv [ dydw Ve 0) V(e — pwl i)
(hy(z,v5t) — h(z,v;t)) =
- /dxdv/dydw Voulz, 0) (Vad % 1x) (2, 0: ) (h — hy)(, 03 1).

(B.19)
Setting
(n(z,v) = Vyu(x,v) /dydwvzgzﬁ(x — y)yn (y, w; t), (B.20)
we can write (B.19) as:
(ua (vx¢ * ’YN) Vv(hN - h)) = /dib‘d?} CN(xa U)(h(x> U3 t) - hN(x> v; t)) =
= /dxdv/dx/dv/ (Cn(z,v) — (v (2!, 0)) Py(x, vy 2,05 t),
(B.21)
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where Py is a coupling of h and hy, namely a probability density in R® x R® with marginals
given by h and hy. Now we observe that:

Vewln(z,v) = /dydwvmj Vou(z,v)Veo(x —y)] v (y, w;t),
(B.22)

and, thanks to the assumption ii) we made on 7y, we know that there exists a constant
C = C(u,¢) > 0 such that:

Sup |v$,UCN('/L‘7 /U)‘ - ||V<N”L°°(R3><R3) < C < +OO
(B.23)

Therefore, coming back to (B.21), we find:
|(u, (Vag xyn) Vo(hy = h))| - < /dz/dZ’ v (2) = (v (2)] P (2 25 )
< /dz/dz’C]z—z'[PN(z; Z'5t).
(B.24)

where we used the standard notation z = (z,v) and 2’ = (2/,v’). Then, taking in (B.24) the
infimum over all couplings between h and hy, we obtain that:

|(u, (Voo % w) Vo (hy = h))| < CW(hn, h), (B.25)

where, as in Section 1.2, YV denotes the Wasserstein distance. But we know that the right hand
side of (B.25) goes to zero because of the assumption i), then we have just proven that:

(u, (Vo % yn) V(b — h))| — 0, ¥ u € C®(R® x R?).
(B.26)

Analogously, we can prove that

(u, (Vo¢p % (hy — h)) V)| — 0, ¥ u € CP(R* x R?).
(B.27)

Therefore we have just proven that Ry goes to zero in the Cy°-weak sense and the proof of Step
1) is done.
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Proof of Step 2):

Thanks to Step 1) and to the assumption on V,h, we know that vyx(¢) can be written as
in (B.11). Then, for any function u in C{°(R3 x R?), we have that:

(u, v (1)) = (u72h(t70)%v,o)+/o ds (u, Zn(t, 5)O(s)), (B.28)

namely
(u, Y (1)) = ((Eh(tao))*u,%v,o)Jr/o ds ((3a(t, )" u, Oy(s)) (B.29)

where 37 is the adjoint of ¥,. We remind that the two-parameters semigroup (¢, s) prop-
agates the C* regularity, provided that V,h € C*¥ (R? x R?). In particular, if ¥, acts on a
function u which is in Cg°(R? x R?) and the function h(¢) is supposed to be in C;°(R? x R?) for
any t, as it is in the assumptions of Proposition 4.5.1, we are clearly guaranteed that V,h(t)
is in Cp°(R? x R?) for any ¢, and then, u(t) := X, (¢,0)u(z,v) is also in C;°(R? x R?) for any ¢.
Obviously, the same holds for 35. Thus, the functions (X,(¢,0))" u and (X4(t, s))" u appearing
in (B.29) are in C{°(R? x R3) for any ¢. Therefore, thanks to the assumptions we made on Yy
and Oy, and of what we know about Ry, we find that:

(St 0))" w 7v0) + / ds ((Sn(t,5))" u, Oy(s)

l N — >

((Eh(tao))*umo)Jr/o ds ((Zn(t,5))"u, O(s)) =

t
= (u, Xp(t,0)70) + / ds (u,Xp(t,s)0(s)). (B.30)
0
Finally, by Proposition 4.1.1, we know that the expression (B.30) identifies properly the unique

solution of the problem (4.1.14) in C° (L' (R3 x R3) ,R*) and Proposition 4.5.1 is proven.
U

Appendix C

Lemma C.1: For each time T > 0, let us define the operator TJ(VH)(T) as follows:

~

T](\,n) (1) := SN(—T)T](V")SN(T).
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Then, for each m > 0 and for each u € Ci°(R? x R?), there exists a constant C > 0, not
depending on N, such that:

i)

(u, 70 (t) .. .Tgﬂ(tl)w(t))( <C (C.1)

Moreover, we have:

ii) ‘(u T () .. .T]<V7"1>(t1>w(t)>) < )(u T (). .Tgﬂ(tl)w(t))( 1O (%) .

(C.2)
Proof:
We observe that:
(. G () T ()i (0)) = T () T () TG (U2 (1)),
(C.3)
where:
| N
U(Zx(1)) = (u, i (1) = ;u (C.4)
We assume m > 0 being the case m = 0 obvious.
By using the notations:
S (T tn) 1= TN (Bn) - TV (1) (C.5)
and
ST t) = TN (t) ... T (1), (C.6)
we have (see the first term in the right hand side of (4.6.15)):
. C . r
S<rm7 m)u(ZN( )) = W Z Z Dmm+1¢(‘rjm (tm) - xlm(tm)) ’ D'U;::rl(tm)
Ji-Jm lidm
Dy (@), (tm1) = T,y (b)) - Dy T (tna)
Dy (wy, (t) — xy (0)) - Dy (0)U (Zn (1)), (C.7)
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C depending on r,,. By setting:

LN

;. (Zn(ta)) = > D (s, (8) — a1, () (C.8)
ln=1

Vn=12,....m

(C.7) can be rewritten as

~

S £, UZN(E)  =C Y @5, (Zn(tn)) - Dy (tn)

D50 (Zn (b)) - DY ()
D, (Zw(t)) - D (1)U (Z (1)). (C.9)

We observe that, thanks to the smoothness of the potential ¢, ®;, (for each n) is a uniformly
bounded function of the configuration Zy, together with its derivatives.
Performing the derivatives in (C.9), we realize that S(r, ,t, JU(Zy(t)) is a linear combination
of terms of the following type:

S~ @, (Zn (b)) DI (b - D (1) DO (1)U (Z (1)
J1--Jm

Uim

Dy (tm) - .. D22 (t2) @5, (2 (1))

Dg;:;m_l (tm)Dg;:L__ll’m_l (tmfl)q)jmfz (ZN (tm72))
Dy () @5,y (Zn (tm-1)), (C.10)
with the constraint
ayp =1 +1
a1+ age =19+ 1 c.11)
Umi + Ama + A = T + 1.

For a fixed sequence ays, we have to compensate the divergence arising from the sum
> i jm» Which is O (N™), by the decay of the derivatives as given by Proposition 4.4.1 and
Corollary 4.4.1. Indeed we have:

a a a O
where d is the number of different indices in the sequence j1, jo, . . ., Jm for which ap, 1, ..., a21, a1

are strictly positive. Note that the fact that the derivatives are not computed at time t = 0
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but at different times ¢, t»,...,%,,, does not change the estimate in an essential way.
An analogous estimate holds when we replace U by some ®, , namely

C
Ndr—1’

Digjy* (tm) Do (b)) - - Doy (t) @5, (Zv (t-1))| <

Vjm Vi —1 ik

(C.13)

where dj_; is the number of different indices in the sequence jy, ..., j,, which are also different
from j,_; and from which a,, , ..., ax i are strictly positive.

As regard to the term in the sum Z - in which all the indices are different (which is
the only one of size O(N™)), the constraints (C 11) together with estimates (C.12) and (C.13)
ensure that the product of derivatives on the right hand side of (C.10) is bounded by 1/N™.
Thus this term is of order one. Now for each s = 1,...,m — 1 consider the s,(les), terms in the

sum Z G 111 which s indices are equal. The sum is bounded by N™ *. On the other hand,
the constraints (C.11) together with (C.12) and (C.13) ensure that the product of derivatives
on the right hand side of (C.10) is bounded by 1/N™~*. Thus even these terms are of size one
and 1) is proven.

To prove ii) we observe that:

can be expanded as in (C.7) and (C.10). However now we have an extra derivative, arising

from the definition of RE\?) (see (4.2.16)), which yields an additional 1/N. We omit the details
of the proof which follows the same line of i). O

In the same way we can also prove the following

Lemma C.2: For eachm >0, k > 0 and u € C;°(R? x R?), there exists a constant C' > 0, not
depending on N, such that:

|D*S(r,,, b ) U(Zn (1)) < C. (C.15)
where U(Zn (1)) is defined as in (C.4).

Proof:

First we look at the case m > 0. Reminding the structure of the operator D% (see (4.6.3)),
we are led to consider the term chsgg (r,,,t,, ) U(Zn(t)). We remind that D - is a derivation
operator with respect to the variable z; that acts as specified by (4.5.8). By the expansion
(C.10) we readily arrive to the bound:

DS e, 6, U(Zx ()] < (C.16)
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Indeed by applying Désjj to (C.10) either j ¢ (j1...7m) so that we gain 1/N by the extra
derivative, or j € (ji ... Jm) so that we reduce thesum »_,; . by a factor 1/N. More generally,
by the same argument we find:

[1 0855 tn )t (Zn(0)| < 7 (€.17)
Jel

where n = |I|.
Finally by writing the action of the operator D?* as in (4.6.35), we obtain

N N
: NI C NI Cm
2k k
[P Sttt 20| < X e 30 3 < B X i <
=l 12 =
> jsi=k
N
<5 <1+%) <G (C.18)

B, C being positive constants not depending on N. Again D?**S(r,,,t,, ) U(Zy(t)) is the leading
term of D*S(r,,, t,,) U (Zn(t)) for the same reasons we discussed in Lemma C.1.
If m = 0, the estimates (C.16) and (C.17) follow directly by Proposition 5.2. Thus, even
in this case, the proof is concluded by (C.18).
U

The fact that the error term E} (see (4.6.20)) and hence E%; (see (4.6.27)) are Cg°-weakly
vanishing when N — oo is an immediate consequence of the following

Lemma C.3: Letr; andt; be defined as in Section 7, for any J C I,, with I, ={1,2,...,n}.
For any r > 0 we have:

D*S(x,, t,) un (2| Zn () un (25| Zn (1)) =
=3 3 > (DSt (12 (1)) (DX OS(po by Diiw (4] 2 (1)) + e

0<t<r0<m<n ICI,
|[I|=m

(C.19)

where

e,y — 0 as N — o0 C.° —weakly. (C.20)
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Proof:

It is enough to prove (C.19) and (C.20) replacing each streak S with the corresponding S,
being the difference S — S negligible in the limit.

We start by assuming r = 0. In that case, testing the left hand side of (C.19) against a
product of two test functions wuq, us, we are led to consider:

S, b, U (Zn (0)Ua (2 (1)) (C.21)

for which we can apply the expansion (C.7).
Proceeding as in the proof of Lemma C.1 (see (C.10)), we have to consider:

Démt(ty,) ... Dq‘fj; (tg)D;f;l’l (t)UL(ZN () Us(Zn (L)), (C.22)

Vjm
where a;; =7 +1 > 0. Now any contribution of the form

DOé

o, (

tU(Zn () DY (t)Us(Zn (1)), (C.23)

’Ujl

with o >0, 8> 0, a+ 5 = a1, is O (#), therefore it is negligible in the limit. The same
argument applies to fo]’.“];l (tx) whenever a;; > 0. This means that each derivative appearing in

S either applies to (2| Zn(t)) or to py (25| Zx(t)) up to an error gy vanishing in the limit.
This is exactly what (C.19) and (C.20) say for r = 0.

For r > 0 we have to apply D% to (C.19) (replacing S by 3) with 7 = 0. Clearly D* e y
vanishes in the limit. Moreover:

D& S (s )0 (Zn (8)S (s 1ot e (Zn ()] =

= (D?,;g(!piz)ul(zjv(t))) S(QI,L\IaEIH\I)Uz(ZN(t» +

#S(art A (Za(0) (DS i (Ze(®) +0 () (C20

By simple algebraic manipulation we finally arrive to (C.19) and (C.20).
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