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Abstract

The aim of this thesis is a rigorous study of the dynamics of quantum systems in which some
limiting parameter describing the size of the system (such as the number of particles or the
mass of a single particle) is large. For a variety of systems and limiting regimes, we prove that
the microscopic quantum time evolution is approximately described by a simpler, effective time
evolution. Along the way, we also discuss some related mathematical problems.

In a first part, we study the dynamics of a finite number of quantum particles interacting
with the quantized radiation field. Assuming that the particles are heavy and the number of
photons is large, we prove that the quantum time evolution becomes classical in the sense that
it is governed by the Newton-Maxwell equations. This provides an example of the emergence
of classical behaviour in a quantum system. Our analysis of the limiting dynamics is based on
a semiclassical argument due to Hepp.

In a second part, we study the limiting time evolution of various quantum lattice models.
To begin with, we consider a general model of interacting quantum spins on a lattice, and study
two limiting regimes: the large-spin limit and the continuum limit. In both cases, we identify
the limiting dynamics as the Hamiltonian dynamics of a classical system of spins. This provides
a rigorous derivation of Landau-Lifschitz-type equations from quantum dynamics. We extend
these results to domains of infinite size and discuss as a special case the limiting dynamics of
coherent spin states. Our proof is based on a perturbative expansion of the dynamics. In the
large spin limit, we also prove the convergence of time-dependent correlation functions at some
positive temperature. For high enough temperatures, we extend this result to an infinite lattice
using a quantum cluster expansion. Finally, we study the related problem of the mean-field
limit of time-dependent correlation functions of a lattice Bose gas.

In a third part, we consider the mean-field dynamics of quantum gases with a Coulomb
interaction potential and a weak external potential. Our method is based on a perturbative
graph expansion scheme for the dynamics of observables. We control the Coulomb singularity
by counting graphs and by exploiting the dispersive nature of the free time evolution. First,
we consider the mean-field limit of a Bose gas, and prove that the limiting time evolution is
governed by the Hartree equation. Second, we consider the mean-field limit of a system of
fermions describing for instance electrons in a large atom or molecule, and prove that their
limiting time evolution is governed by the Hartree-Fock equation.

The last part of this thesis is devoted to the mean-field dynamics of coherent states in a
Bose gas. Using a nonperturbative method based on a Gronwall-type argument, we strengthen
and generalize many previously known results in two directions. First, we consider a large
class of singular interaction potentials as well as strong, possibly time-dependent, external
potentials. This allows us to deal for instance with the critical interaction potential |z|~2 for
nonrelativistic bosons, as well as strongly confining time-dependent traps. Second, we derive
estimates on the rate of convergence to the mean-field limit. Thus we can for instance control
the error in the mean-field approximation of a boson star. We also show that, if the mean-field
dynamics satisfies a scattering condition, all error estimates are uniform in time. Moreover, we
derive optimal bounds on the fraction of particles whose convergence to the mean-field limit
can be controlled.



ii



Résumé

Cette thése se propose d’étudier de maniere rigoureuse la dynamique de systémes quantiques
dans lesquels un parametre décrivant la taille du systeme (tel que le nombre de particules ou
la masse d’une particule) est grand. Pour un certain nombre de systémes et régimes limite,
nous démontrons que I’évolution temporelle quantique est approximativement décrite par une
dynamique effective plus simple. En cours de route, nous étudions aussi certains problemes
mathématiques suggérés par cette analyse.

Dans un premier temps, nous étudions la dynamique d’un nombre fini de particules quan-
tiques interagissant avec le champ quantique du rayonnement. Sous I'hypothese que les par-
ticules sont lourdes et que le nombre de photons est grand, nous démontrons que 1’évolution
quantique devient classique, dans le sens ou elle est régie par les équations de Newton-Maxwell.
Ceci donne un exemple de '"émergence du comportement classique dans un systéme quantique.
Notre analyse de la limite se base sur un argument semiclassique di a Hepp.

Dans un deuxieme temps, nous étudions la dynamique limite de divers modeles quantiques
sur réseau. Pour commencer, nous considérons un modele général de spins en interaction
sur un réseau, et étudions deux cas limites: celui d’un grand spin et celui d’un réseau fin.
Dans les deux cas, nous identifions la dynamique limite avec une dynamique Hamiltonienne
d’un systeme de spins classiques. Ceci représente une dérivation rigoureuse d’équations du
type Landau-Lifschitz a partir d’'une dynamique quantique. Nous étendons ces résultats a des
domaines de taille infinie et considérons comme cas particulier la dynamique d’états cohérents
pour les spins. Notre démonstration se base sur un développement perturbatif de la dynamique.
Dans la limite du grand spin, nous démontrons aussi la convergence des fonctions de corrélation
dépendant du temps a température positive. Pour une température suffsamment élevée, nous
étendons ce résultat a un réseau infini a I’aide d’un développement en amas quantique. Enfin,
nous étudions le probleme similaire de la limite du champ moyen de fonctions de corrélation
dépendant du temps pour le baz de Bose sur réseau.

Dans un troisieme temps, nous considérons la dynamique du champ moyen d’un gaz quan-
tique interagissant par le biais d’un potentiel de Coulomb et soumis & un faible potentiel externe.
Notre méthode se base sur un développement perturbatif de la dynamique des observables que
nous exprimons a ’aide de graphes. Nous controlons la singularité du potentiel de Coulomb
en estimant le nombre de graphes et en faisant appel au caractere dispersif de I’évolution tem-
porelle libre. Tout d’abord, nous considérons la limite du champ moyen pour le gaz de Bose, et
démontrons que I’évolution limite est régie par ’équation de Hartree. Nous considérons ensuite
la limite du champ moyen pour un systeme de fermions décrivant par exemple des électrons
dans un grand atome ou une grande molécule, et démontrons que I’évolution limite est régie
par I’équation de Hartree-Fock.

La derniere partie de cette these est consacrée a la dynamique du champ moyen d’états
cohérents du gaz de Bose. En utilisant une méthode non perturbative se basant sur un argu-
ment du type Gronwall, nous renforcons et généralisons plusieurs résultats existants dans deux
directions. En premier lieu, nous admettons une grande classe de potentiels d’intéraction sin-
guliers, ainsi que des potentiels externes forts qui peuvent étre dépendant du temps. Ceci nous
permet de traiter par exemple le potentiel d’interaction critique |x|~2 dans le cas de bosons
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non relativistes, ainsi que de puissants pieges a particules. En second lieu, nous dérivons des
bornes sur la vitesse de convergence vers la limite du champ moyen. Ainsi nous pouvons par
exemple controler I'erreur dans l'approximation du champ moyen pour une étoile a bosons.
Nous montrons aussi que, si la dynamique du champ moyen satisfait une certaine condition de
diffusion, toutes les estimations d’erreur sont uniformes dans le temps. De plus, nous dérivons
des bornes optimales sur la fraction des particules pour laquelle la convergence vers la limite
du champ moyen peut étre controlée.
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CHAPTER 1

Introduction

Many physical systems consist of a large number of microscopic particles whose interactions
are governed by the laws of quantum mechanics. Such systems often exhibit a comparatively
simple, emergent macroscopic behaviour. Well-known examples are the semiclassical behaviour
of heavy particles and the mean-field behaviour of systems such as Bose-Einstein condensates,
plasmas, interstellar clouds of gas undergoing gravitational collapse, and globular star clusters.
When trying to understand such systems it is of considerable interest to identify their macro-
scopic behaviour. Instead of a full microscopic description, one aims at a description that is
not only simpler and therefore better suited for analytical and numerical analysis, but also less
encumbered by tedious microscopic information. For instance, a typical sample of gas in a lab-
oratory contains of the order 10?% particles. It is neither possible nor desirable to keep track of
the position of each individual particle. Instead, one is interested in statistical quantities such
as the density of particles and the two-particle correlation function. Using the effective macro-
scopic description one may obtain a clearer understanding of the collective behaviour of the
system, and consequently address problems such as orbital stability and scattering behaviour
of groups of particles, propagation of waves, and blow-up or collapse of clusters.

The aim of this thesis is a rigorous study of such limiting behaviour and some related
mathematical problems. We focus mainly on the dynamics of large quantum systems, where
one is interested in approximating the microscopic quantum-mechanical time evolution with
some effective time evolution.

The general setup is as follows. The quantum (microscopic) dynamics is characterized by a
limiting parameter that describes the “size” of the quantum system. Examples of such limiting
parameters are the number of particles in a quantum gas, the total mass of a finite number
of interacting quantum particles, and the magnitude of the spins in a quantum spin system.
With each value of the limiting parameter is associated a quantum system, whose states are
given by vectors in a Hilbert space and whose time evolution is given by a one-parameter group
of unitary transformations. The limiting (macroscopic) dynamics is described by a classical
Hamiltonian system. Classical states are points in phase space, and their time evolution is
given by Hamilton’s equation of motion. The goal is to show that, in some sense to be made
precise, the quantum time evolution for a large limiting parameter is approximately described
by the classical time evolution.

In order to make this asymptotic behaviour precise, one usually employs coherent states. A
coherent state is a quantum state that is parametrized (in some suitable manner) by a classical
state. For a classical state x, let z(t) denote the classical time evolution of z up to time ¢.
Then the above asymptotic behaviour may be formulated more precisely by saying that, in the
limit of a large limiting parameter, the quantum time evolution of the coherent state around
x is equal to the coherent state around z(t). Thus, in the limit of a large limiting parameter,



2 1. INTRODUCTION

the quantum time evolution of a coherent state is again a coherent state, whose dynamics is
governed by a classical Hamitonian system. In general, the family of coherent states is not
invariant under quantum time evolution.

There are several cases of interest where the setup outlined above is too restrictive. One
might for instance want to consider a larger class of states than coherent states, or even avoid
the use of states altogether. Thus one is led to considering the quantum time evolution of
observables instead of states. This may be interpreted as a passage from the Schrodinger
picture of quantum mechanics to its Heisenberg picture. A further advantage of the observable
picture is that it survives unscathed the process of taking the thermodynamic limit in various
lattice models. In order to describe the limiting dynamics of observables, it is of great interest
to interpret the macroscopic limit as the converse of a quantization of the classical Hamiltonian
system. We outline the general procedure and refer to the examples in the following sections
for more details.

The general framework is that of quantization of Poisson algebras. Let 20 be a Poisson
algebra, i.e. a commutative, associative algebra that is also a Lie algebra whose bracket {-,-}
satisfies {fg,h} = f{g,h} +{f,h}g. In most applications (and throughout this thesis) 2 is a
subalgebra of the algebra of smooth functions on a Poisson or even symplectic manifold. The
elements of 2l play the role of classical observables. As recognized élready by Dirac, the process
of quantization may be understood as a bijective linear mapping (-)_. from 2 into an algebra A
of operators on a Hilbert space, such that the commutator satisfies

F.3) = S{F g} + 0 (L.1)

for ¢ — 0. Here € plays the role of & in the us/u\al quantization of a classical physical system.
We call € the parameter of the quantization (-).. As we shall soon see, ¢! is the limiting
parameter of the corresponding macroscopic limit.

It is sometimes useful to introduce a noncommutative star product *. on 2, defined as the

“pull-back” of operator multiplication under the mapping (-).. Thus, we define

(f *e g)e = fee. (1.2)
Introducing the star product avoids the dramatic change in the nature of the objects after
quantization!.

Let us now return to the problem of understanding the limiting dynamics of observables.
Take a Poisson algebra 21 of classical observables. The dynamics is generated by a Hamilton
function H € 2. Let f € 2 and denote by f(t) its time evolution defined through its equation
of motion

Of(t) = {H,f(®)},  f(0) = f. (1.3)
Assume that we have a quantization (-)_ of 2, with associated star product *.. The quantized
time evolution f¢(t) is defined through its equation of motion

Opf(t) = <[H, f*®)],  f(0) = f, (1.4)

where [-,-]c is the commutator with respect to the star product *.. One would then like to
show that f(t) ~ f¢(t) for small . Formally, (1.3) and (1.4) have the solutions

t* (k) : N
f) = S, s = S (2) . (15)

k>0 k>0

i
€

IThis setup is the starting point of the theory of deformation quantization, where one is interested in the
existence (in the weaker sense of formal power series in €) of such star products on general Poisson algebras.



where {-,-}*) is defined through {f,g}® = g and {f,g}® = {f,{f,g}*D}; the multiple

commutator [-, ]2"“) is defined similarly. Since the star product . satisfies e~ [f, g]. ~ {f, g}

for small e, the representation (1.5) makes it plausible that f¢(¢) ~ f(¢) for small e. This
observation can in fact sometimes serve as the basis of a proof.
This limiting behaviour may be recast in terms of operators in 2. Let us denote the map

—

f = f(t) defined in (1.3) by 7. Writing F*(t) = f¢(t), and applying GE to (1.4) yields
OF () = L F0],  F0) = ().
Denote the map F' +— F(t) by 75. It follows that
R = ol Het pp—ie T Het

The corresponding time evolution of a state W(t) = e g i the Schrodinger picture is
therefore governed by the Schrédinger equation

0, W(t) = H.U(t).

That the classical and quantum dynamics approximately agree for small € means that
f(t) = fe(t) for small e. After applying (-). this reads

—

(f). ~ 75 f- (1.6)

for small €. Thus, the diagram

|

P~
Tt

commutes for € — 0, i.e. quantization commutes with time evolution for € — 0. The first such
result goes back to Egorov [Ego69], who gave a proof of the statement (1.6) in the context of
canonical quantization of systems of a finite number of degrees of freedom. We call results of
the form (1.6) Egorov-type theorems. Thus one may understand the semiclassical limit ¢ — 0
as the converse of quantization. When studying the limiting dynamics of a quantum system
with limiting parameter !, it is therefore of interest to identify the quantum system as a
quantization with parameter ¢ of a classical Hamiltonian system. Here the classical system
describes the limiting, macroscopic dynamics. As it turns out, this is a very general picture
that describes a wide variety of limiting regimes. It is summarized in the following diagram.

quantization with parameter
classical theory | ~ |quantum theory

semiclassical limit € — 0

Examples of physical systems whose limiting behaviours are well understood are listed in
the following section.
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1.1. SOME EXAMPLES

In this section we summarize three well-known limiting regimes: the semiclassical limit of
a quantum system, the mean-field limit of a classical system, and the mean-field limit of a
quantum system. We also outline how each limit may be understood as the converse of a
quantization.

1.1.1. The semiclassical limit. We consider a classical system of a finite number, d, of degrees
of freedom. The phase space is I' = R?*!, We write points in I" as = = (p,q) € T' with
p = (p1,...,pa) and ¢ = (q1,...,q4). The symplectic form of ' is given by Z‘ii:l dp; A dg;,
which gives rise to the Poisson bracket

{pi a5} = 65, {pi,vj} = {ai, 5} = 0.

This may also be written as {z;,z;} = J;; with the 2d x 2d matrix

(D)

Next, we introduce Weyl quantization with parameter . Consider the Hilbert space H =
L?*(R%, dqy - - - dgq) on which act the self-adjoint operators

0
PZ' = —.—, i = q;.
i Q q

The rescaled operators in the symmetric rescaling? are defined by Pf := e'/2P; and Q5 =
£1/2Q);. They satisfy the canonical commutation relations

9
[PF Q51 = 24, [P7 B = [Q7,Q5] = 0.

It is convenient to abbreviate X = (P, Q) and X¢ = (P¢, Q). Thus the canonical commutation
relations become [X7, X7] = —ieJ;;. As our algebra of observables 21 we take the space of
smooth functions of at most polynomial growth. We define the Weyl quantization of f € 2 as

R R (G (1.7
R2d

where f is the Fourier transform of f satisfying f(z) = Jgea d€ f(&) e, (The definition (1.7)
makes sense as a quadratic form on S(RY) C H because f € A C S'(R??) is by assumption a
tempered distribution and the mapping ¢ — (¥, X W) is in S(R?) for ¥ € S(R?).) From

the definition (1.7) of Weyl quantization it is easy to infer the associated star product *. on 2.

Indeed, we find
Ra. = [dedc F@a) e X = [agac (et detuer2,
by the usual Weyl relations. Thus, f;@e = [d¢ B({ ) el X" with

o) = [ ac (e - gty e,

2For notational simplicity we adopt the somewhat unusual symmetric scaling. A simple unitary transforma-
e 0

tion of H maps P; to e and Q5 to ¢i, thus recovering the usual scaling.
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Taking the inverse Fourier transform yields the representation

(2 0)e) = W) = esp( o500 ) Fate)

)
Yy=z=x

the Moyal product of f and g.
Having dealt with the quantization of the classical system I', let us now turn to its time
evolution. Consider a Hamilton function H € 2l of the form

H(p,q) = p-Tp+V(q),

where T is some positive matrix on R¢ and V is a real function. Let 2 € T and consider the
Hamiltonian equation of motion

i) = —JVH(@®), 2(0) = . (1.8)

Under reasonable assumptions on V, the equation of motion (1.8) has a unique global solution
x(t).

The semiclassical regime of a quantum system is the regime where the typical action of the
system (i.e. the integral [ p; dg; over a typical orbit) is large compared to Planck’s constant A
(1 in our units). In order to construct states with large action, it is convenient to use the Weyl

operator
W(z) := @PQ-aP)

for z = (p,q) € I'. The Weyl operator W (x) implements a translation by z in classical phase
space in the sense that
W) XW(x) = X +=x.

To avoid unimportant technicalities, let us assume that V' € C3(R%) and VV is bounded. Then
the equation of motion (1.8) has a unique global solution x(¢). Moreover, we have the following
fundamental result due to Hepp [Hep74].

THEOREM 1.1. For allt € R and £ € I' we have

s—liror1W(5*1/2x)* ole TV Het Gi6X® —ie T Het W(eV2z) = eial®) (1.9)
E—

where H. is the Weyl quantization (1.7) of H.

The meaning of theorem 1.1 becomes clear if we take the expectation of (1.9) in a state
U € H. In the state? W(afl/Qx)\I/, the expectation of the operator X is asymptotically equal to
Y2z, so that the typical action of the system is of order £~! and the semiclassical character
of the limit is evident. The semiclassical limit is sometimes also referred to as the limit of
heavy particles. The reason for this is best understood in the conventional rescaling of P and
@, where the Hamiltonian is obtained from er by conjugation with the e-dependent unitary
operator R. defined by (R.¥)(q) := £¥*W(c'/2¢). Then the dynamics of the wave function
U(t) € H is given by the Schrodinger equation

0U(t) = (gél P-TP+ 5_1V(Q)> U(t).

3In fact, states of the form W (x)Q, where Q(q) := 7r7d/4e‘q‘2/2, constitute the traditional family of coherent
states of a quantum system of a finite number of degrees of freedom. Thus, Theorem 1.1 describes as a special
case the limiting dynamics of coherent states.
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Thus we see that ¢! plays the role of the mass of the particles. The potential V' is also rescaled
by €7!; this is clearly necessary to ensure that both sides of Newton’s second law are of the
same order.

Using Hepp’s result we may easily derive a Egorov-type theorem for the semiclassical limit.

THEOREM 1.2. Assume that V is smooth and VYV is bounded. Let f € C°(R??) and t € R.
Then we have

PR s ~ PR s —_—
slim (&7 e o< (o)) = 0,

where ¢y is the Hamiltonian flow on I.

PROOF. Setting 2 = 0, multiplying (1.9) by f(¢), and integrating over ¢ yields

selim et fL T I = (£ 0.91)(0),

by dominated convergence. Next, we note that by the theory of ordinary differential equations
¢y is smooth, so that fog; € C°(R?*?). Setting x = 0, multiplying (1.9) at t = 0 by (f o ¢¢)(€),
and integrating over & yields

slim (Fodn). = (for)(0),

by dominated convergence. The claim follows. U

1.1.2. The mean-field limit in classical mechanics. In this section we review the mean-field
limit in classical mechanics. Its physical heuristics may be understood as follows. Whenever
many particles interact by means of weak two-body potentials, one expects that the potential
felt by any one particle is given by an average potential generated by the mean particle density.
This intuition turns out to be correct, and can be made precise by considering the mean-field
limit of an N-body system.

We begin this section with a review of the traditional approach to the mean-field limit
in classical mechanics. In a second part, we describe how the mean-field limit in classical
mechanics may be interpreted as the semiclassical limit corresponding to a quantization of a
classical Hamiltonian system, in line with the discussion at the beginning of this chapter.

The mean-field limit is a limit where the number of particles, N, tends to infinity. Consider
a classical Hamiltonian system formulated on the phase space I'y = R??V where d is the
number of spatial dimensions. We denote points in I'y by Xy = (z1,...,2n), where x; =
(piyqi) € R*x R for i = 1,..., N. The phase space carries the canonical symplectic form. The
Hamilton function is given by

N 9
._ p; 1
Hy(Xy) = E 2131+N E w(g — qj), (1.10)
=1 1<i<y<N

where m > 0 is the mass of each particle and w is an interaction potential that is assumed to be
a real and even function. The scaling N ! in front of the interaction potential characterizes the
mean-field regime. This scaling is necessary for obtaining a well-defined limit when N — oc;
it ensures that both the one-particle and the two-particle parts of Hy behave like O(N) for
N — oo. Thus we see that in the mean-field limit the interactions are weak and their range is
of order 1.
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The equation of motion for Xy(t) is given by Hamilton’s equation which we write in the
form

B = —= S Vulat) - g®), @) = B (1.11)
N &

We define the N-particle flow ¢¥ on I'y through ¢¥(Xy) := Xpy(t), where Xy(t) is the
solution of (1.11) with initial data Xy.

A simple rescaling of the equation of motion yields the rather appealing interpretation of
the mean-field limit as the limit of a large number of light particles whose total mass is kept
constant. Indeed, introducing the rescaled time variable 7 = ¢t/N, we see that the equation of
motion (1.11) is equivalent to

sz va qZ —q](q-)), aTQz(T) _ :LZ(T) )

It is convenient to replace the time evolution of points in phase space with the equivalent
time evolution of N-particle densities on I'y. To that end, let px be a probability density on I" .
(In order to keep the notation simple through much of the following, we consider probability
measures on 'y that have a density, but all of the following discussion is trivially valid for
general probability measures on I'y.) We require that py be symmetric under permutation
of its arguments (x1,...,2zxy). This means that all particles are identically distributed. The
time evolution of py is defined by pn (¢, Xn) := pn(6Y,(Xn)). Then (1.11) implies that py(t)
satisfies the Liouwville equation

8PN
Opi

PG
8tpN(t,XN) = — Pi 0PN t XN va

T IPN (1, Xy) . (1.12)

Integrating out N — k particles from py yields the k-particle marginal

pgl\;)(xla"'axk) = /dxk+1"'depN(xlr"axN)a

a probability density on I'y,. Thus we associate with each probability density pny a sequence
of marginals (pg\l;)) keN, whereby pg\]?) is by definition 0 if £ > N. The marginals pg\]?) are useful
objects when studying the mean-field limit because, unlike py, they act on a space that is
independent of N so that questions related to their convergence make sense.

A simple calculation shows that the Liouville equation (1.12) is equivalent to the hierarchy

of equations

*) pi Op
0, t = — &2, t
tP N ( y L1, axk) - m o ( y L1y ,xk)
1 9%
TN Z vw(ql q]) : apN (t’xl’ ,xk)
1<ij<k Pi
k (k+1)
N —k 0
TN ;/dwkﬂvw(qz‘ = Qk+1) - aLpi(t,xl, e Thg1)

(1.13)
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the classical BBGKY hierarchy. Formally taking the limit N — oo in (1.13) yields the limiting
; (k)
hierarchy for the sequence (poo (t)) kEN

k i 9P
atpgo)(t,mh...,xk) = —i: ol o4, (t,z1,...,21)

ap(k+1)
+ Z / dkaVw(qi — qu) . Tpl’(t’ Ty 7$k+1) . (1.14)
i=1

One therefore expects, for large N, that pg\l;) (t) ~ ,ogz) (t) for all times t provided that pg\lf)(O) ~
pgf,)(O). As it turns out, this intuition is correct. However, as a tool for proving theorems, the
BBGKY hierarchy is cumbersome, essentially because of the presence of derivatives which are
hard to control. It is often more convenient to work on the one-particle phase space I';.

(k)

To each probability density f on I'y we may assign a sequence of marginals (pso )ken With
pgf,) = f®k_ Tt is easy to see that the sequence (pé’i,) (t))ken satisfies the limiting hierarchy (1.14)

if and only if f(t) satisfies the Viasov equation

2—{(25,3:) = a—q(t,x) + /dx/ ft, 2"y Vw(qg—4¢) - g—i(t,x). (1.15)

It is of great interest to note that the Vlasov equation — when extended in the obvious way
to measures on I'y — describes as a special case the N-body classical dynamics governed
by the Hamiltonian equation of motion (1.10). Indeed, a simple calculation shows that the
probability measure N~! Zfil dz,(1) 1s a solution of the Vlasov equation (1.15) if and only if
(x1(t),...,zn(t)) is a solution of the Hamiltonian equation of motion (1.10). Under reasonable
assumptions on the interaction potential w, (1.15) has a unique global solution for any initial
data that is a finite measure (see Theorem 1.3 below). We conclude that solving the N-body
problem (1.10) is equivalent to solving the Vlasov equation (1.15) with initial data of the form
NS 6,

This picture of the mean-field limit of classical mechanics was first understood by Braun and
Hepp [BH77] and, independently, by Neunzert [Neu75]. Let us outline their main results. As
we work with probability measures on I'y, it is first necessary to introduce a notion of distance
between probability measures. Particularly well suited for this task is the BL-norm (where
“BL” stands for “bounded Lipschitz”). Denote by M the space of finite complex measures on
I'y. The BL-norm is defined on M through

/ dp f

D = {feC) : [f@) <1, |f@) - FWI < o —yl}.

Convergence in the BL-norm is equivalent to convergence in the weak topology of measures. In
other words, ||un — pl/pr, — 0 if and only if [duy f — [ du f for all bounded and continuous
functions f; see [Dud02].

The fundamental result about both the well-posedness of the Vlasov equation and the
classical mean-field limit is the following theorem due to Neunzert [Neu75]; see also [Spo91].

)

|ullBL == sup
feD

where
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THEOREM 1.3. Let Vw be bounded and Lipschitz continuous with a global Lipschitz constant.
Then for each p € M the Vlasov equation (1.15) has a unique solution p(t) € M such that
w(0) = u. Moreover, there is a constant K, depending only on w, such that

() = v(®) B < e 1)u(0) = 1(0)pr.

Note that the assumptions of Theorem 1.3 are also sufficient for the Hamiltonian equation
(1.10) to have unique global solutions. The proof of Theorem 1.3 is a more or less standard
contraction mapping argument. The main idea is to rewrite the Vlasov equation using a self-
consistent flow on I'y, to which standard methods for ordinary differential equations may be
applied. See [Neu75] or [Spo91] for the full proof.

Theorem 1.3 makes it clear in what sense the mean-field limit in classical mechanics holds.
Take a smooth probability density f on I'y and a sequence of points X = (z;);en that approx-
imates f in the weak topology of measures, i.e. the measure

1 N
j=

satisfies w-limy px = f. Theorem 1.3 and the remark after (1.15) imply that w-limy pux(t) =
f(t) for all t. Here f(t) is the solution of the Vlasov equation (1.15) with initial data f, and

1 N
X
pn(t) = N;%(t),

where (71(t),...,zn(t) = ¢N(21,...,7N).

The classical mean-field limit may also be interpreted as the “propagation of molecular
chaos”: In the mean-field limit factorized N-particle densities remain factorized under time
evolution.

THEOREM 1.4. Let p be a probability measure on I'y. Then under the assumptions of Theorem
1.3 we have for allt € R and k € N that
_li (k) t) = t ®k
wlimpp’(t) = p(t)™",
where py(t) is solution of the Liouville equation (1.12) with initial data pn(0) = u®N, and
w(t) is the solution of the Vlasov equation (1.15) with initial data 1(0) = p.

PROOF. The proof relies on the strong law of large numbers. We work on the probability
space Q = [[;cyT'1 with the product Borel algebra and probability measure &);cyp. We
denote points in Q by X = (x;);en. The measure (1.16) is now a random measure, and the
strong law of large numbers implies that w-limy ,uﬁ = p for almost all X. (One only needs to
verify that proving weak convergence reduces to proving convergence of [ duﬁ f for a countable
family of bounded and continuous functions f.) Thus, Theorem 1.3 implies that

wlim (1) = plt) (1.17)

for almost all X and all ¢.
Next, by integrating with respect to a bounded and continuous test function, one finds

E|pX(tdyr) - p(tdye) | = oW (8 dyr, ... dye) + O(NTY) (1.18)

in the sense of weak convergence of measures. The claim now follows by taking the weak limit
N — oo in (1.18), using (1.17), and dominated convergence. O
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Using a De Finetti type representation theorem and the linearity of the limiting hierar-
chy (1.14), Theorem 1.4 may immediately be extended to general initial conditions that do not
factorize; see [BH77]. Interestingly, we have proven that solutions of the classical BBGKY hier-
archy (1.13) converge to solutions of the limiting hierarchy (1.14) without using the hierarchies
themselves.

We conclude this section with a discussion on how the mean-field limit may be interpreted
as the converse of a quantization, in line with the discussion at the beginning of this chapter.
To this end, we show that the classical N-body dynamics is obtained by quantizing the Vlasov
equation. We limit ourselves to solutions u(t,dx) = f(¢,x) dz that have a nonnegative density
f(t) € L}(Ty). The first step is to recognize the Vlasov dynamics generated by (1.15) as a
Hamiltonian dynamics on an infinite-dimensional affine phase space 'yiasov- To this end, we
write f(z) = @(z)a(x), where a(z) and a(z) are complex coordinates on I'yjasoy. For our
purposes it is enough to say that ['yiasov is a dense subspace of LQ(Fl). The symplectic form
of I'yasov 18 defined by

W= i / dz 43 (2) A dalz) .

This yields the Poisson bracket

) = [ (et sy i)

which may be expressed in terms of operator kernels as

{a(m),a(y)} = i5(.%'—y), {a(x)va(y)} = {a(x)va(y)} = 0.

The Hamilton function on I'yiasey is defined by

H(a) = —i / dra(r) L (% a(z) +1 / do () (/ o |a(')? V(g q')> - a% o).

Note that H is invariant under gauge transformations a(z) — e ?a(z), @(z) — e?a(x), which
by Noether’s theorem implies (at least formally) that [dz |a|? is conserved. After a short
calculation, we find that the Hamiltonian equation of motion, dya(t,x) = {H , «a(t, x)}, is given

by

da _ _p Oa / "2 _ . Oa
Gta) = —L L)+ [ 4 o) P Tulg— ) F(t.0)
Oa

o (t,2). (1.19)

Similarly, we find that @(¢, x) satisfies the complex conjugate equation. Therefore,

Q 2 _ _g_ﬁ 2 / / INP) o ﬁ 2

glata)? = =L Lao)P + [ e’ a(ta)PVulo - 0) - 5 falto)
ot [ do’ Vula o) [ale.a) 5500 + o) g5 )] (20

P P

We assume that
la(z)| = o(jz[~ V), jz| = o0, (1.21)
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We shall shortly see that this property is preserved under time evolution. By integration by
parts we now find that the second line of (1.20) vanishes. Therefore f(t,z) = |a(t, x)|? satisfies
the Vlasov equation (1.15).

We comment briefly on the existence, uniqueness, and properties of solutions of the Hamil-
tonian equation of motion (1.19). We make the same assumptions on w as above, i.e. Vw is
bounded and Lipschitz continuous with a global Lipschitz constant. We use polar coordinates,

Oé(t, x) = B(t’ x) eiap(t,:v) >

where S(t,z) > 0 and ¢(t,z) € R. In the new coordinates 5 and ¢ the Hamiltonian equation
of motion (1.19) reads

0 0 0
G =~ 2 Pt 4ol s(ew? Vulg— ) 50, (1.220)
) = -2 P+ [a s Ve - o) Gk

dp
/ N2 N Op /
— [ dz’ B(t,z") Vw(q—q)-a—p/(t,:c). (1.22b)
We consider two cases.

(i) ¢ =0. In this case @ =  and the equations of motion (1.22) are equivalent to the Vlasov
equation (1.15) for f = B2. The results of [Neu75] then yield a global well-posedness
result.

(ii) ¢ # 0. The equation of motion (1.22a) is independent of . Case (i) implies that it has
a unique global solution £(t). In order to solve the linear equation (1.22b), we apply a
contraction mapping argument. Consider the space X := {¢ € C(R®) : Vi € L>=(R%)}.
Using Sobolev inequalities one finds that X, equipped with the norm ||¢||x = |¢(0)| +
IV|loo, is @ Banach space. We rewrite (1.22b) as an integral equation using Duhamel’s
principle, and, using a standard contraction mapping argument on C([0,7); X), show
that it has a unique solution for small times 7. Using conservation of [ dz 8(¢,z)* we
iterate this procedure to find a global solution. We omit the uninteresting details.

As noted in [BH77], the solution 5(t) can be written using a flow ¢; on the one-particle
phase space: B(t,x) = (0, ¢_¢(z)). The flow ¢.(z) = (p(t), ¢(t)) satisfies

pt) = - / da’ B(t,a')2 Vu(q(t) - ¢

_ o)

ol
Using conservation of [dz 8(¢,z)? we find that there is a constant C' such that |¢~t(z)| <
C(1+t)%(1+|x|). In particular, the condition (1.21) holds for all times ¢ provided that it holds
at time ¢ = 0.

This completes our discussion on the Hamiltonian nature of the Vlasov equation. By
a quantization, the Hamiltonian formulation of the Vlasov equation can serve as a starting
point to recover the atomistic Hamiltonian mechanics of point particles. To this end, we
canonically quantize the classical Hamiltonian system. The Hilbert space H is the bosonic
Fock space over the one-particle Hilbert space L?(I';). Denote by a*(z) and a(x) the usual
creation and annihilation operators on H. It is convenient to introduce the rescaled creation
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and annihilation operators, ay(z) := N~Y2a(z) and a’(x) := N~Y2 a*(x), which satisfy the
canonical commutation relations

lan(z),ax(y)] = %(M—y), lan(z),an(y)] = [aN(2),ax(y)] = 0. (1.23)

As our algebra 2 of classical observables we take the polynomials* in o and @. Given A € £,
we define its quantization A\N as the operator on H obtained from A by the replacement
a = ay, @ — ayy, followed by Wick ordering. It is easy to see that the map A — Ay defines
a quantization with parameter N~

The Schrédinger dynamics of the quantized system is given by

INT'OU(t) = HyW(t), 0(0)=1U, (1.24)

where W(t) € H. Let us consider initial data Wy that lies in the N-particle subspace H™) of
#. Since Hy is gauge invariant, the solution W(¢) of (1.24) satisfies Wn(t) € ™). We now
claim that py(t) := |¥y(t)|? satisfies the Liouville equation (1.12). Let us outline the proof.
Note first that Uy (¢) may be written using creation operators as

NN/2
VNI

where (2 is the vacuum of H. Then one finds after a simple calculation using the canonical
commutation relations (1.23) that

\IJN(ZL/) dxl N -d.%'N \I/N(t,.%'l,. .. ,1‘]\[) a}kv(xN) N -a}k\,(ml)Q,

; 1
OVN(t,xy,...,oN) = — E'a—q,(tﬂ?l,---,iﬂN)+N va(%_%)'a—p(ta:ﬂlw--,xN)'
i=1 v i ¢

It now follows immediately that py(t) = |Wy(t)|? satisfies the Liouville equation (1.12), as
claimed. Thus we have shown that classical N-body dynamics can be interpreted as the
quantization of the Vlasov dynamics: Atomism arises as the quantization with parameter N—!
of a continuum theory.

1.1.3. The mean-field limit in quantum mechanics. As our final example we give a short
overview of the mean-field limit in quantum mechanics. This section differs slightly from
the two previous ones in spirit. Since the quantum mean-field limit is a major topic in this
thesis, we restrict the discussion in this introductory section to some background along with
the traditional approach to the mean-field limit in quantum mechanics, the quantum BBGKY
hierarchy. Other topics of interest (such as alternative methods, estimates on the rate of
convergence, general potentials, and Egorov-type formulations) represent new results and are
as such postponed to later chapters.

We consider a system of N identical quantum particles in d dimensions, whose state is given
by a wave function ¥y € HWV) = L*(RN dx; ---day). The particles are indistinguishable,
so that Wy is either totally symmetric (in the case of bosons) or totally antisymmetric (in the
case of fermions). That is,

\I/N(l'o—(l),. o 7'%'0(]\/)) - (il)a \DN(xlr o ,.%'N)

“By a polynomial we mean a finite sum of mappings of the form (o, @) +— (a®?, a(]”’Q)Oc@q)7 where a9 is a
closed operator from L?(Ty) to L*(I').
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for all o € Sy, where + stands for bosons and — for fermions. In this section we assume that
we are dealing with bosons, and denote by ’HSFN) the subspace of H) consisting of symmetric

wave functions (see Chapter 4 for more details on fermions). The Hamiltonian on HSFN) is given

by
N 1
Hy = ZhH—N Z w(w; — x;5)
i=1 1<i<j<N

where h; denotes a one-particle Hamiltonian h acting on the coordinate x;, and w is an in-

teraction potential, a real and even function. Typically, h = —ﬁA + v(x), where A is the
Laplacian over R? and v is a real function representing an external potential. Under reasonable

assumptions on h and w, one shows that Hy gives rise to a self-adjoint operator on HSFN). The

dynamics of the N-particle wave function Wy (¢) is given by the Schrédinger equation
10, UN(t) = HyUn(1), Un(0) = Uy, (1.25)

with solution
\IIN(t) = e itHN Uy .

The interpretation of the factor 1/N in front of the interaction potential in Hy is exactly the
same as in the previous section.

Next, let us consider factorized initial data Wy = ¢®V for some ¢ € L?*(R?) satisfying
the normalization condition [|¢[[z2@ey = 1. Clearly, because of the interaction between the
particles, the factorization of the wave function is not preserved by the time evolution. However,
it turns out that for large IV the interaction potential experienced by any single particle may
be approximated by an effective mean-field potential, so that the wave function Wy (¢) remains
approximately factorized for all times. In other words we have that, in a sense to be made
precise, ¥ (t) =~ o(t)®V for some appropriate o(t). This has the interpretation of “propagation
of molecular chaos”: For large N factorized states remain factorized under time evolution. A
simple argument shows that in a product state ap(t)®N the interaction potential experienced
by a particle is approximately w * |¢(#)|?, where * denotes convolution. This implies that o(t)
is a solution of the nonlinear Hartree equation

i0p(t) = he(t) + (w=lpt)*)e(t),  0) = ¢. (1.26)

Let us be a little more precise about what one means with ¥y ~ ¢®V (we omit the irrelevant
time argument). One does not expect the L?-distance H\IJN - ‘p®NHL2(RNd) to become small as

N — oo. A more useful, weaker, indicator of convergence should depend only on a finite, fixed
number, k, of particles. This leads us to defining, in analogy to the reduced marginals pg\];) of

the previous section, the reduced k-particle density matrix

k
'YJ(V) = Trpgr,. N [YN) (TN,

where Tryi; . n denotes the partial trace over the coordinates zj41,...,zN, and |¥y) (¥ |
denotes (in accordance with the usual Dirac notation) the orthogonal projector onto ¥y. In
other words, 'y](\];) is the positive trace class operator on Li(de,dxl -+ -dxzy) with operator

kernel

k
WEV)(xly"'axk‘;yla"')yk‘) = /dxk:-f—lde \IIN(‘TI,"'7xN)\IIN(y1,"',yk‘axk‘-i-la"',xN)-
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The reduced k-particle density matrix 'y](\];) embodies all the information contained in the full

N-particle wave function that pertains to at most k particles. One expects that for each k € N
the reduced density matrix 7](\1;) (t) converges (in some appropriate topology) to the projector
(o)) (o(t))¥* for all times ¢ provided this holds at time 0.

As in the classical case, the time evolution of the reduced density matrices is given by a hier-
archy of equations. Consider a solution W (t) of the Schrédinger equation (1.25). A straightfor-
ward computation shows that the associated sequence of density matrices (’y](\];)(t)) ey Satisties

the hierarchy

i@t*y](\?) (t) = Z [hi , 'y](\];) (t)} + % {w(% —zj), ](\l;) (t)]

i=1 1<i<j<k
k
N -k it
+ N ZlTrkH [w(xi—xlwl) ) %(v )(t) , (1.27)
1=

the quantum BBGKY hierarchy. Formally taking the limit N — oo in (1.27) yields the limiting

hierarchy for the sequence ('yc(f)) (t)) keN

k k
0798 (1) = Y[k O] + D Trew [l —zie) A @] (128)
1=1

i=1

Thus one expects for large N that 7](\];)@) =~ %(fé) (t) for all times ¢ provided this holds at time

0. If we start in a product state %(\l;;) (0) = 7&’2)(0) = (|¢){@])®*, this formulation of the mean-
field limit is equivalent to the one in terms of the Hartree equation outlined above. Indeed,
it is a simple computation to check that the sequence ((|g0(t)>(g0(t)|)®k)keN solves the limiting
hierarchy (1.28) if and only if ¢(t) solves the Hartree equation (1.26).

This general picture of the quantum mean-field limit was first understood by Hepp [Hep74]
by using the semiclassical argument outlined in Section 1.1.1. Spohn [Spo80] realized the
usefulness of the BBGKY hierarchy when dealing with the quantum mean-field limit, and
strengthened the results of Hepp by proving the following theorem.

THEOREM 1.5. Suppose that h is self-adjoint and w is bounded, i.e. w € L®(R%). Take a
one-particle wave function p € L?(R?) normalized as ol L2(ray = 1. Then, for all k € N and
t € R, we have

. k
dim Tey (6) = (o) (e ()] = 0, (1.29)
where ¢(t) is the solution of the Hartree equation (1.26) and 7](\1;) (t) is the k-particle reduced
density matriz of e HHN N

Unlike the classical BBGKY hierarchy, its quantum counterpart is thus a powerful tool
for proving theorems. The idea of Spohn’s proof is to rewrite, using Duhamel’s principle,

the BBGKY hierarchy (1.27) as an integral equation, and iterate it to get a power series

representation of %(\l;;) (t). Applying the same strategy to the limiting hierarchy (1.28) yields a

power series expansion for 'ygf))(t). Using standard trace inequalities, it is then easy to show
that, for short times, Trh](\lf) (t) — %(f))(t)‘ vanishes as N — 0o. The result is then extended to
all times by iteration.

A different strategy for proving Theorem 1.5 was proposed in [BGM00,BEGT00,EY01]. Tt

turns out that, thanks to an abstract compactness argument, it is possible to entirely avoid
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the expansion of the BBGKY hierarchy, which is much more involved than the expansion of
the limiting hierarchy. This strategy is especially useful in the case of singular interaction
potentials (or singular scalings of the interaction potential for which the limiting dynamics is
governed by the Gross-Pitaevskii equation), where controlling the expansion of the BBGKY
hierarchy is an all but hopeless task. Let us denote by I'y(t) the sequence (%(\l;;) (t))k cn- The
proof consists of three main steps.

(i) The sequence (FN(t)) NeN is compact in an appropriate weak topology. This follows
from an abstract argument using the Banach-Alaoglu theorem. Thus one infers that
(FN(t))NeN has a weak limit point.

(ii) Any weak limit point of the sequence (F N(t)) NeN satisfies the limiting hierarchy. To prove
this one only needs to control the integral form of the BBGKY hierarchy (as opposed to
its full expansion).

(iii) The limiting hierarchy has a unique solution. One shows this by expansion of the limiting
hierarchy.

Putting the three steps together, one infers that I'y(t) converges to I'no(t) = ( ® (t))keN as

N — oo in the weak topology in which compactness was established. Using the fact that
the limiting sequence (ygé) (t)) pen consists of one-dimensional projections, one can then show
(using Griimm’s theorem; see [Sim05]) that the convergence holds in fact in the sense of (1.29).

We refer to Chapters 4 and 5 for more details about subsequent results on the quantum
mean-field limit. A Egorov-type formulation of the quantum mean-field limit is given in Chapter

4.

1.2. OUTLINE AND SUMMARY OF RESULTS

This thesis is organized as follows.

Chapter 2. In Chapter 2 we study the dynamics of a finite number of quantum particles
coupled to the quantized radiation field. The time evolution is generated by the Pauli-Fierz
Hamiltonian of nonrelativistic quantum electrodynamics. We consider the regime of heavy
particles and strong radiation field, i.e. large photon number. We prove that the limiting
dynamics is governed by the coupled Newton-Maxwell equations. We also establish global well-
posedness of the Newton-Maxwell equations in appropriate spaces of solutions. Our analysis
of the limiting dynamics is based on Hepp’s semiclassical argument [Hep74].

Chapter 3. Chapter 3 is devoted to the study of limiting dynamics in various quantum lattice
models. In a first part, we consider a general model of interacting quantum spins on a lattice,
and study two limiting regimes: the large-spin limit and the continuum limit. In both cases,
we identify the limiting dynamics as the Hamiltonian dynamics of a classical system of spins.
This provides a rigorous derivation of the Landau-Lifschitz equation, in its various guises,
from quantum dynamics. We extend our results to domains of infinite size and discuss as a
special case the limiting dynamics of coherent spin states. Our proof is based on a perturbative
expansion of the dynamics.

In a second part, we study time-dependent correlation functions of thermal states in the
large-spin limit. We prove that a time-dependent correlation function at a fixed temperature
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converges to the corresponding time-dependent correlation function of a classical spin system.
The main tool in our proof is an expansion in coherent spin states. For high enough tempera-
tures, we extend this result to an infinite lattice using a quantum cluster expansion.

In a third part, we study the mean-field behaviour of time-dependent correlation functions
of a Bose gas on a finite lattice. Compared to a quantum spin system, the lattice Bose gas
presents additional difficulties arising from the fact that the density of particles is unbounded.
In particular, more efforts are needed to control expansions.

Chapter 4. In Chapter 4 we study the mean-field dynamics of quantum gases with a Coulomb
interaction potential and a weak external potential. Our method is based on a perturbative
graph expansion scheme for the dynamics of observables. We control the Coulomb singularity
by counting graphs and by exploiting the dispersive nature of the free time evolution. We first
consider the mean-field limit of a Bose gas. We describe how the quantum N-body dynamics
arises as the quantization of the Hartree equation, and prove a Egorov-type theorem. Next,
we consider the mean-field limit of a system of fermions describing for instance electrons in
a large atom or molecule. We prove that their limiting time evolution is governed by the
Hartree-Fock equation. We also show how the N-body theory of the Fermi gas may be viewed
as the quantization of a “superhamiltonian” system of anticommuting variables. This allows
us to state and prove a Egorov-type theorem.

Chapter 5. Chapter 5 is devoted to the mean-field dynamics of coherent states in a Bose
gas. Using a nonperturbative method that does not rely on the dispersive nature of the free
time evolution, we strengthen and generalize many previously known results in two directions.
First, we consider a large class of singular interaction potentials as well as strong, possibly time-
dependent, external potentials. This allows us to deal for instance with the critical interaction
potential |z|~2 for nonrelativistic bosons, as well as strongly confining time-dependent traps.
Second, we derive estimates on the rate of convergence to the mean-field limit. Thus we can
for instance control the error in the mean-field approximation of a boson star. We also show
that, if the mean-field dynamics satisfies a scattering condition, all error estimates are uniform
in time. Moreover, we derive optimal bounds on the fraction of particles whose convergence to
the mean-field limit can be controlled.

Appendices. For easy reference, we collect some standard results in the appendices. In Ap-
pendix A, we review cluster expansions and discuss their convergence using the Kotecky-Preiss
criterion. Appendix B is devoted to integral inequalities, Lorentz spaces, and the real in-
terpolation method. Finally, in Appendix C we list some Gronwall-type estimates useful for
controlling time-dependent quantities.

1.3. CONVENTIONS AND NOTATIONS

Throughout this thesis we use “god-given” units in which the speed of light ¢ and Planck’s
constant h are equal to 1. We use mostly standard mathematical notation. The following table
lists mathematical symbols commonly used in this thesis.

List of symbols.
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= {1,...,n}

equal to 1 if &7 is true and 0 if &7 is false

a constant that can depend on fixed parameters
equivalent to a < Cb

the set of graphs with vertex set A

the set of connected graphs with vertex set A

the space of complex-valued functions f such that || f|| Lr(Q,dp) < 00, where

if0<p<o

ST Fr)”

1l
(e ess sup, ol £(x)|

if p=o00

— 120, dp)
the weak LP space; see Appendix B
the Fourier transform of f, defined by f(k) := W Jpa da f(z) e ik

the Sobolev space of functions f on R? such that || f| ;. < oo, where

) 1/2
T ( Jasa+ \W/?rf(kw)

the convolution (f x g)(z) := [dy f(z —y)g(y)

the differential operator (8%1’ T a%d)
the Laplacian Z?:l 38722

the vector product on R3

the space of smooth functions on R?

the space of smooth functions with compact support on R%

the Schwartz space of smooth functions of rapid decrease on R?
the Schwartz space of tempered distributions on R¢

the space of continuous functions from X to Y

the space of functions from X to Y that are k times continuously differ-
entiable
the space of linear, continuous mappings from X to Y

= L(X;X)

a Hilbert space

the scalar product of a Hilbert space, linear in the second argument
the commutator AB — BA

the Poisson bracket of a Poisson manifold

the space of operators A € L(H) such that Tr|A|P < co
the Z#-norm, ||, = ||fl|»: the £P-norm, [|All, = (Tr|Ap) "
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I
D(4)
Q(4)

i1

Trp+1...n(-)

Xny

X+Y

1. INTRODUCTION

the L?-norm; the operator norm on £(X;Y)
the operator domain of A
the form domain of a semibounded operator A

the orthogonal projector onto the symmetric/antisymmetric subspace of
H®", defined by linearity and

1
Pri1 @ @y = o Z(il)a%u) Q@+ ® Yo (n)
’ O'ESn

the symmetric/antisymmetric Fock space over H, defined by

Fi(H) == EPPH"

neN

For an operator A on H®?, n > p, and 1 < iy < -+ < i, < n, the operator
Ajy..i,, ON H®™ is defined by letting A act on the factors i1, ..., i, of H®".

For n > p the partial trace
Trppron @ LHE) — LIHEP),
is defined through
Tr((Ttp1n A)B) = Tr(A(B®107P)),

where A € LY HE), B € L(H®P) and 1(~P) € L(H®(P)) is the identity.

For two Banach spaces X and Y contained in some topological vector
space, X NY is the Banach space of vectors u € X NY with norm

ullxmy = llullx + [lully .
For two Banach spaces X and Y contained in some topological vector
space, X + Y is the Banach space of vectors u that can be written as

u =2+ 1y, where z € X and y € Y; it carries the norm

lullxsy = it (Jzllx + lyly).-
=TTy



CHAPTER 2

Heavy Particles Interacting with a Strong
Quantized Radiation Field

In this chapter we consider the dynamics of a finite number of nonrelativistic quantum particles
interacting with the quantized radiation field. We are interested in the limit of a strong field
and heavy particles, where the number of photons and the mass of each particle are large. One
expects that the quantum nature of the radiation field vanishes and the field becomes classical,
and that the particles evolve according to the laws of classical mechanics. Indeed, our main
result (Theorem 2.3) states that the limiting dynamics is given by the coupled (regularized)
Newton-Maxwell equations.

2.1. THE CLASSICAL SYSTEM

We start with a discussion of the classical dynamics of particles coupled to an electromagnetic
field. It is well known that the coupled Newton-Maxwell equations make no sense. Indeed,
the electromagnetic field generated by a point particle is singular at the particle’s location,
and hence leads to an ill-defined Lorentz force acting on the particle. This problem of self-
interaction is traditionally removed by arguing that there is a physical cutoff in the smallness of
a particle, which arises from a more refined theory. We therefore replace the point particles with
particles whose charge density is smeared out over a small volume. To this end, let us choose
a spherically symmetric function ¢ € C2°(R?) satisfying p(z) > 0 and [dz¢(z) = 1. Let N
denote the number of particles. Particle i = 1,..., N is described by its position ¢; € R3, its
momentum p; € R3, its mass m; > 0, and its charge e; € R. The electromagnetic field consists
of the electric and magnetic fields E, B : R? — R3. Each particle i carries a smooth charge
density e;p(x — ¢;). The dynamics of the particle-field system is then given by the regularized
Newton-Maxwell equations, also called the Abraham model:

B = _-VxE, V-B =0,
E = —j+V xB, V-E = p,
. D
49 = —
m;
. Pi
pi = ei(px E)@) + = x (¢ B)(@)) (2.1)
where
N N »;
p(z) = Zez‘@(ﬁﬂ—%‘), jx) = Zez’i'@(ﬂf—q@') (2.2)
i=1 i=1 v

19
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are the charge and current densities, respectively. The two equations in the right-hand column
of (2.1) are not equations of motion, but conditions on the fields E and B. If these conditions
hold for some initial time, they hold for all times; this follows from the equations of motion
(2.1) and the continuity equation p+ V - j = 0, an immediate consequence of (2.2).

For our purposes it convenient to replace the fields £ and B by a single complex field «,
representing the Fourier components of the electromagnetic vector potential in the Coulomb
gauge. Let {ex(k)}rers ren, De a family of complex basis vectors such that (k,e1(k),e2(k)) is
an orthonormal basis of C? for each k € R3. Define y := ¢. By assumption y is smooth and
decays faster than any power law. Let a : R? x Ny — C be a complex field and abbreviate
p=(p1,...,pn) €ERN as well as ¢ = (q1,...,qn) € R?*N. Consider the equation of motion for
the triple (p, ¢, @) given by!

omi = - (pi — eiA(ai, ), Ve A(air ) — Vo,V (0)

(2

1
g = E(pi - ez’A(Qz‘,Oé)) )

N
dan(k) = —ilklar(k) +13 — x(k)

= i (2m)3/2 /2] k]

(pi — €iA(gi, @) -Ex(k)e 7, (2.3)

where

Z/ )3/ xk |(€>\(k)04>\(k) T g (k)a ,\(k)efik‘”)

and

= Z eie;w(q; — qj) - (2.4)

1<j
Here w = ¢ x 1‘ 4 is the regularized Coulomb potential. It is a standard computation to
show that (2.3) is equivalent to (2.1) with the identification

B =% [ 2;“‘;/2“'?( a9 e ) -3 e[ o],

V2

B(x) = V x Z/ 2m)3/2 ‘< A(k:)ax(k:)eik'x—|—€)\(l€)a)\(l€)efik'm>.

It is of considerable interest to note that the system (2.3) is Hamiltonian. The phase space
is given (formally for now) by the space of points u = (p, ¢, «). We define the Poisson bracket
{-,-} through the relations

{vip-ajv} = 0ijdum {an(k),axn(K)} = ik —K').

By requiring that all other combinations vanish and that {-,-} has the usual properties (bi-
linearity, derivation property in both arguments, and the Jacobi identity), {-,-} is uniquely
defined. The Hamilton function is given by

H(p,q,«

- eiA(gn o) + Vi + Y / dk k@ (kask).  (25)
A

2:1

Here, and in the following, we use Einstein’s summation convention where a summation over any index
appearing twice is implied.
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It is now a simple matter to check that (2.3) is indeed the Hamiltonian equation of motion of
(2.5). Note that H has the physical interpretation of the energy of the system. Note also the
ordering of the terms in the definition of H, which will play a role in the next section when the
arguments of H do not commute.

Next, we note that at this stage it is possible to partially remove the regularization ¢,
namely in the Coulomb potential V. We make the following assumption on the electrostatic
potential:

(H) Either
(Ha) w=p* 1+,
or
(Hb) w = ﬁ and e; > 0 for all 4.
In order to solve the equation of motion (2.3), we introduce, for each o € R, the norms

1/2
HOZHHU = (Z/dk|k|2"|a)\(k:)|2) , lle|| e = (Z/dk (1+|k|2)(’|a>\(k3)|2>
A A

1/2

We denote the corresponding Hilbert spaces by H° and H°, respectively. Abbreviate u =
(p,q, ), and define the norms

N N
lullo =D (pil +lal) +llallgo » — Nullxe = Y (pil + lail) + e,
i=1 i=1
which give rise to the spaces .X 7 and X7, respectively. Note that if u € X1/2 then .the energy
H(u) is well-defined?, and X 1/2 is the largest space with this property. Thus, X1/2 is the
energy space of (2.3).

LEMMA 2.1 (WELL-POSEDNESS IN ENERGY SPACE). Let ug € X'/2 and assume that (H) holds.
Then (2.3) has a unique global solution

u(') € C(R; X)) nCH(R; X1/?)

that satisfies u(0) = ug. Moreover, the map uy — u(t) is X12_continuous and the energy
H(u(t)) is conserved.

LEMMA 2.2 (WELL-POSEDNESS IN X7). Let 0 > 1/2 and uy € X?. Assume moreover that
(H) holds. Then (2.3) has a unique global solution

u(-) € CR; X7)NCYR; X7 1)

that satisfies u(0) = ug. Moreover, the map ug — u(t) is X7 -continuous and the energy H (u(t))
is conserved.

2In the case (Hb), we of course exclude initial data satisfying ¢; = ¢; for some i # j. It is easy to see that
the energy conservation shown in Lemma 2.1 implies that such configurations never appear as a result of time
evolution.
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PROOF OF LEMMAS 2.1 AND 2.2. We first outline the method of proof. Local existence fol-
lows in both cases from a standard contraction mapping argument. In a second step, we show
that the energy H(u(t)) is conserved for X'/2-solutions, from which we infer global existence
of X/2-solutions using Assumption (H). Finally, we show global existence of X?-solutions by
deriving an a-priori estimate on ||u(t)|x- from energy conservation.

Using Duhamel’s principle, we write (2.3) abstractly as

t
u(t) = eDtuo—i—/ ds eD(t*s)F(u(s)). (2.6)
0
Here F' = (F), Fy, Fy,), with

(Fp)itu) = 5% (01— eiA(00,)), Vo Au(ai,0) = Vo V(a)
(Fy)i(u) = mi(pz — e A(gi, ),

— S e xtk) o = ik-g;
(Fo(u))r(k) = Z (pi — eiA(gi, ) -Ex(k)e )

= i (2m)%/2 /2] k|

Also, D is the multiplication operator D = (0,0, —i|k|). Clearly, e* is an isometry on H” and
H? for all p € R. By the standard theory of semilinear evolution equations (see e.g. [CH98]),
it suffices to prove the existence of a unique solution u(-) of (2.6) in the space C(R; X/?) (in
the case of Lemma 2.1) or C'(R; X?) (in the case of Lemma 2.2).

Next, note that

2(1, 1/2
a0l < VEX [ T s W) < 2( [k i) el

Thus

‘A(%O‘)’ rg HO‘HHP s p<1. (2_7)

Similarly, one finds
VAl )l S llallg,,  p<l+s. (2.8)

Let us now assume that 0 < p < 1 and o > 0. Using (2.7) and (2.8) it is easy to see that

@) S 3 (il +llal o) el + - |VaV a)]. (292)
Fl £ S (il + lall) (2.90)
1Falllie S 300+ lal) (29¢)

1

A similar, slightly lengthier, calculation yields

[Fp(u) = Fp(@)] 5w =l g (14 o] + 1] + [l o + 18] ) * + D[V, V (@) = Va, V(@)

i

(2.10a)
|Fy(u) = Fo(@)] S [lu—all g0 (14 el go + 161 70) » (2.10Db)
1Fa(u) = Fa(@)l o S llu—dllg, (1 + Ipl + 5] + el o + 1611 ,) - (2.10¢)
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The potential V is locally Lipschitz. Therefore a standard contraction mapping argument,
using the estimates (2.9) and (2.10) with 0 < o = p < 1, implies that (2.6) is locally well-posed
in the space X?. In other words, there is a unique solution u(-) € C([0,T); X*) up to some
finite time 7" > 0, and the solution map wuy — u(t) is continuous. Moreover, it is easy to see
directly from (2.6) that u(-) € C'([0,T); X*~1).

More generally, we infer from (2.9) and (2.10) local well-posedness in the space X” N X,
where 0 < p < 1 and ¢ > 0. The solution u(-) also satisfies u(-) € C1([0,T); X*~1 0 X7~ 1).

Next, we show conservation of energy. Unfortunately ¢ — H(u(t)) is not differentiable
for u(t) € X1/2. To overcome this problem we consider solutions of higher regularity. Let
up € X'/2 N X?32, We have shown that u(-) exists and satisfies

u(-) € C(0,T): X*n X3 nc'(0,T); X V2 n X2,

It is then easy to see that t — H(u(t)) is differentiable and a short calculation shows that
%H(u(t)) =0, ie. H(u(t)) = H(up). In the case ug € X2 we use an approximating sequence
(U )nen in X120 X3/2 converging in X/2 to ug (Such a sequence exists because X/2 0 X3/2
is dense in X/2). Tt is easy to see that u — H(u) is X'/?-continuous. Therefore taking the
limit n — oo in H(u"(t)) = H(uy) yields H(u(t)) = H(up).

We now exploit the energy conservation to prove global existence in energy space. By
Assumption (H), V(q) is bounded from below. Thus, by conservation of energy, the quantity

Z ! (Pi—eiA(Qi,a))2+Z/dk|k| ENGIE
J A

2m;
i=1 v

is bounded by some constant K depending only on the energy H(ug). We conclude that
||oz\|%ﬂ/2 < K. Moreover, recalling (2.7), we see that [p| < K.

Next, we remark that we may assume that the potential V(¢) has bounded second deriva-
tives. Indeed, if (Ha) holds this is already true, and if (Hb) holds we use energy conservation
0 < V(q) < H(up) to ensure that we may smooth out the Coulomb singularity at a small
distance d that depends only on the energy H(up). In particular VV has a global Lipschitz
constant.

Next, we note that by standard arguments (see e.g. the presentation of [CH98]) we have
the blow-up alternative: either T' = oo or limyp||u(t)| 12 = oo. But it was shown above that
the latter is impossible. Hence the solution exists for all times. This concludes the proof of
Lemma 2.1.

In order to complete the proof of Lemma 2.2 we need to show that the solution in X7 is
global in time. Note that H? = HNH 7. so that we have local well-posedness and the blow-up
alternative: either T' = oo or limyp||u(t)|xs = co. To show that the latter is impossible we
again use energy conservation. As shown above, as a X1/2_solution, u(t) exists for all times,
and |p| and ||a||;1/2 are bounded in time. Thus using the estimate (2.9) with p = 1/2 in (2.6)
yields the a-priori estimate

lu@®)[x < luollxe + Ct,

for some constant C. Here we also used that, as shown above, |V, V(q)| is bounded in time.
This concludes the proof of Lemma 2.2. O
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2.2. THE QUANTUM SYSTEM

The quantum system is described by the Pauli-Fierz model of nonrelativistic quantum electro-
dynamics. It is obtained by canonical quantization of the Abraham model.
The Hilbert space is given by

H o= Hparticles o2y Hﬁeld (211)

with
Hparticles = LQ(R?)N), Held = ]:Jr (LQ(R?’ X NQ)) .

Here R? x Ny, indexing the momentum k € R? and polarization A € Ny of a photon, is equipped
with the natural product measure.

Vectors in Hparticles are wave functions in the variable X = (X1,...,Xy) € R3N. Define
the self-adjoint operators P = (Py,...,Py) and @ = (Q1,...,Qy) through

0

P, = —i .
: '0X,

Next, on Hgelq we have the usual creation and annihilation operators, a3 (k) and a)(k), which
satisfy the canonical commutation relations

lax(k), ax (K)] = [a3(k),ax (K] = 0, [ax(k), a3 (K)] = dxvd(k — &)

Let us abbreviate U := (P,Q,a). The Hamiltonian is given by

= 3 (P ed@a) V@ + Y [ MG Ram, 21
A

2m,
=1

where, we recall,

A(Qi, a) Z/ 3/2 2|k:| (a (k)a)\(k)eik'Qi_i_g)\(k)a;(k)efik-(gi).

Note the importance of the ordering of the terms in the definition (2.5) of H.

The self-adjointness of H(U) is a well-known result, first derived by Nelson [Nel; see also
[Hir02].

2.3. THE LIMIT

We now move on to the main subject of this chapter, the limiting dynamics of the Pauli-Fierz
model.
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2.3.1. The scaling. We start with a heuristic discussion and physical motivation of our choice
of scaling. We are interested in the limit of heavy particles and many photons. We choose a
scaling parameter € > 0, and require that the mass of each particle and the number of photons
be of order e~! for e — 0. Denote by m$ the physical mass of particle i, and by ¥§ € H the
initial state of the coupled matter-radiation system. We therefore require that

mi =0, ( 35> [ aras a5y = 0. (213)

Position and time are unrescaled.
The scaling behaviour of all other physical quantities is now uniquely determined. Note
first that (2.13) implies that the electromagnetic field satisfies

(U5, A(Qs,a) ¥G) = O(e71/?%). (2.14)

Let V¢ denote the physical interaction potential, and e the physical charge of particle ¢. Since
position and time are unrescaled, the velocity of particle 4,

1
v = < 05 Q—W(B—efA(ina))\I’6>’

is of order one. This means that (¥§, P,¥5) = O(s~!) and, recalling (2.14), that ef = O(s~1/?).
Next, recalling the definition (2.4), we see that V¢ = O(e~1).
Let us summarize. The Hamiltonian with the physical (rescaled) quantities reads
N N )
B = 30 o (P i AQu)) + V@ + 3 [ dhlkla3(R)a (k)
A

1=1 t

N
= Z € (3_51/26214(@“@))24_51V(Q)+Z/dk‘k’a;(k)a)\(k)
A

It acts on initial states ¥ € H satisfying
(U5, PUG) = O™,  (¥5.Q¥5) = 0(1),  (¥§,a¥5) = O("?).  (2.15)
It is useful to rewrite the condition (2.15) as
(U5, PUG) ~ e'p,  (U5,QUG) ~ ¢,  (¥5,a¥f) ~ ¢ Va, (2.16)

for some triple (p,q, «).
For computations it is convenient to introduce the rescaled operators

pPE o= 51/2P, Qe i 51/2Q, af = 81/2a
and to set
H® = ¢ 'H(U?).

Then we have

H® = R.H°R:,

where R. € L(H) is defined as the unitary map that rescales the argument X of the particle
wave function with £'/2. It satisfies

R:PR. = £/?P,  RIQR. = ¢ Y?Q, RaR. = a,
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2.3.2. Weyl operators. A convenient way to construct states W§ satisfying the condition (2.16)
is by using Weyl operators. Introduce the shorthands

N N
=1 i=1

(a,0) = Z/dk ax(Wai(k), (o) = Z/dk T (k)ax (k)
A A

For U = (P,Q,a) and u = (p,q,«) we abbreviate
(U,u) == (Q,p) —1(P,q) + {(a,a) — {a,a) . (2.17)
For each u € X we define the Weyl operator
W(u) = U
It is easy to show that W (u) is unitary and satisfies
W(w)*UW(u) = U+u. (2.18)
Next, let ¥y be an arbitrary state and define
Ut = REW (e Y2u)0y. (2.19)
It follows that ¥y" satisfies (2.16).
2.3.3. Main result. Denote the quantum mechanical propagator by
US(t) = e ML,
We may now state our main result.

THEOREM 2.3. Let v € X© and ug € X'. Let u(-) be the solution of (2.3) with initial data ug.
Then for all t € R we have

sl W (e 2ug)" U (1) eV U (1) W (e 2ug) = e00).

e—0

REMARK 2.4. Theorem 2.3 may be rewritten in the original scaling of Section 2.3.1:

s—limW(s_l/Quo)* R. ol THH(U®) ((UF v) o—ie " H(T?) R W(€—1/2UO) = elu®)w)

e—0
where the variables U = (]35,@5,&5) = (eP,Q,<Y%a) are rescaled so that <\Ilé’u,(7€\llg’u> =
O(1), where W™ is defined in (2.19) In a state of the form (2.19) we have therefore

lim (g 00 g1 g = Gl
e—0 . 0 ’

REMARK 2.5. Theorem 2.3 is stated in terms of Weyl operators, but by superposition it may
be applied for instance to generic classical observables f(p,q) depending on the position and
momentum of the particles. Assume that the Fourier transform f € LY(R%N) so that we may
write

flp.a) = / dedr f(g,m) el =i
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The Weyl quantization of f is by definition

Setting v = (m,&,0) in Theorem 2.3, multiplying both sides by f(&,7), and integrating over &
and m yields (by dominated convergence)

s-lim W (e~ 2up)* US(t)" U () W (e Pug) = f(p(t),q(t)). (2.20)
REMARK 2.6. The previous remark may serve as a starting point for a Egorov-type formulation
of Theorem 2.3. This formulation is not entirely satisfying in that the electromagnetic field is
treated as an external parameter which must vanish at time t = 0.

On the classical phase space of the particles, RSN | we introduce the flow ¢y, defined through
ot(p,q) = (p(t),q(t)) where (p(t),q(t),a(t)) is the solution of (2.3) with initial data uy =
(p,q,0). Next, we need some smoothness of the map ¢;. To this end, we prove that VF¢; exists
for all t and k € N by differentiating the equation of motion (2.3) in the initial data, and by
applying a contraction mapping argument in the style of Lemma 2.2 to the resulting equation
of motion for V¥¢:(p,q); we omit the details.

Thus we find that ¢; is smooth. In particular, f o ¢; € CX(RON) if f € CX(RN) and
Theorem 2.3 yields, as in Remark 2.5,

sl W (e~ 2ug)* (F o dy). W (e Y2ug) = f(p(t), q(t)).

e—0

Subtracting this from (2.20) and setting ug = 0 yields

slim (US(0)" LU%(t) = (Foa).) = 0.

e—0

2.3.4. Outline of the proof of Theorem 2.3. The proof of Theorem 2.3 is based on a semiclassical
argument due to Hepp [Hep74]. The main technical difficulties arise from unbounded operators
acting on vectors of the form V' (¢, s)¥ (see below for the definition of V (¢, s)). The key tool for
dealing with these difficulties a Dyson expansion for V' (¢, s). This approach is better suited for
infinite-dimensional phase spaces, such as X!, than the approach of [Hep74] using symplectic
transformations. The drawback is that controlling decay and regularity of the wave function
of the particles requires more effort.

We start with a state of the form &5 := W (e~'/2ug) ¥ for some ¥ € . Tts time evolution
is given by ®="0(t) := U*® (t)@g’uo. The idea of Hepp is to consider the quantum fluctuations
around the classical orbit u(-). It is motivated by the following heuristics. We expect that

(@°0(0), UB0(1)) = O(2),
while the quantum fluctuations, described by U — e~/ 2u(t), satisfy
(@80(0), (U = 2u(t) 820(1)) = O(1).
For technical reasons, it is convenient to study the fluctuations using the bounded Weyl operator

e(U—a_l/Qu(t) ) ,
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where v € XY, Its expectation in the state ®%%0(¢) is equal to
(W, W (e 2ug)* US(8)* U==u00) = (1) W (=20 W) .
Next, we note that
W (e 2ug)* US (1) U= 2000 e () W (e 2ug) = VE(E0)" U0 VE(H,0),

where

VE(ts) = W Pu(t) U5t — ) W= Pu(s) e o7

and [ is any phase. The unitary family V¢(¢,s) satisfies VE(t,s)Ve(s,r) = VE(t,r) and
Ve(t,t) = 1. In order to understand its limiting behaviour for ¢ — 0, we compute its generator
(see Lemma 2.10 below):

%Ve(tas) = V(¢ s)D%(s),

where, provided the phase  is chosen appropriately, we have
d
De(t) = ie 'H(u(t) + U%) —ie 'H(u(t)) — ieild—gH(u(t) +¢U%)

Using Taylor’s formula we therefore find

De(t) = ia_lld—2 (u(t) + £U?) +iet0(3?) = iH(t) + O(eY/?),
2 de? o
where
H(t) := 1(1—215((u(75)+§U)‘
©2de? £=0

is a quadratic Hamiltonian independent of e. (Recall that U¢ = ¢'/2U.) Thus we have that
De(t) — iH(t) as € — 0. We therefore expect that Ve(¢,s) — V(t,s) as € — 0, where V(t,s)
is the propagator generated by H(t), i.e.

i0,V(t,s) = H(t)V(t,s), V(s,s) = 1.

In order to show this we estimate, using the fundamental theorem of calculus,

|V (£, 000 —VE(t,0)0]| < /0 ds ||[VE(t, s)(D°(s) — iH(s))V (s,0)¥]| .

The main work (Lemma 2.11 below) is to show that H(De(s) - iH(s))V(S,O)\IIH —0ase —
0. This shows that the quantum fluctuations around the classical orbit, measured by the
expectation of U — 8*1/2u(t), are of order one. Hence the expectation of U® — u(t) is of order
€172 from which the claim may be easily derived.
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2.3.5. Proof of Theorem 2.3. We start by recalling the natural isomorphism
FACN) = PEY).

given by identifying the vacuum of F, (C3V) with the Gaussian f(X) = 3N/ IXI/2 iy
L2(R3N), as well as the identification

0 1 1

P, = —ian- = ﬁ(am—afu), Qip = Xip- = ﬁ(aerafu);

ip

see e.g. [RS75]. Together with the identity F (h1 @ bho) = F1(h1) @ Fy(h2) this implies
H = F(h), b:=CYaL*R>xNy).

In the following we tacitly identify H with F, (h). We denote by Q the vacuum of H.
Much of the following is simplified by writing b as an L?-space and adopting a unified
notation for a;, and ay(k). To this end, we note that

h = L*(M.,dz), M = Ny x N3 U R? x Ny,

where the measure dz on M is defined in the natural way: R3 carries the Lebesgue measure
and N; the counting measure. We adopt the unified notation a*(z) and a(z) for the creation
and annihilation operators on H:

a(z) = @iy, if z = (i,u) € Ny x N3
ax(k) if z = (k,\) € R3 x Ny.

We have the canonical commutation relations
[a(2),a(2)] = [a*(2),a"(?)] = 0, a(z),a" ()] = 6(z = 2), (2.21)

where ¢ is the delta function on M with respect to the measure dz.
Let n € N and define the subspace HS" C H through HS" = @I _, P+h®™. Clearly, the
union

W o= [ JH

n=0

is dense in ‘H. The following lemma gives a bound (with the sharp constant) on the norm of a
“second quantized” operator.

LEMMA 2.7. Let p,q € N and B € L(P.h%%; P,h®P). Then for any n € N and ¥ € HS" we
have
H/dzl edzpdzy-odzg B2y, 2p5 20,05 2g) @ (21) - a” (zp) alzy) -+ - alz) \IIH

< YLD 5 ), (222

where B(z1, ..., 2p; 21, ., 2;) is the operator kernel of B.
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PROOF. Denote by dI'(B)¥ the expression inside the norm on the left-hand side of (2.22). It
is enough to show the claim for ¥ = (0,...,0, v o,. .. ) where ¥ ¢ P h®". Note first that
(®,dT(B)¥) only depends on ®™+P=9) ¢ P h®(+P=9). without loss of generality we assume
that other components of ¢ vanish. Let us write

1 * *
U = ﬁ/dzl---dzn T (2, z)a (z1) - a*(z0) Q,
1 - *
o = —— /d21 A2 ®PTD (2 ) a (1) 0 (Zapg) Q.
(n+p—q)
Then a simple combinatorial argument using the canonical commutation relations (2.21) yields

o = ()" oty oo morse e

Taking the absolute value followed by the supremum over ® yields the claim. U

Quadratic fluctuations around the classical orbit are described by the Hamiltonian

1 d2

(t) = §d—£2H(u(t)+§U)

£=0
Let us abbreviate

oF

k k

Vig)-QF = V() Oi O 2.23
(q) 8%‘1“1 . 8q1kuk (q) 1M1 kMK ( )

where a summation over all indices is implied. We get the explicit expression
H(t) = T+ H(t)

where
_ Z/dk k| a3 (K)ax (k) (2.24)
A

and
H(t) = Q2+§j — (i) Y0 + Y- Y1)

Here the vectors Y;(t), Y/(t) and Y/ (¢ ) are defined by

Yit) = Z / i ‘[ ex(k)oa(t, k)40 1 He

Y/(t) = P ezz / 27 x(k ’{e,\(k)eik'%(t)(a)\(k)+ioz)\(t,k)k-Qi)+H.C.]

Yi(t) = Z/ 27 /K] X N [Q(k)eik'qi(t) (2iax(k) k- Qi — an(t, k) (k - Q)?) +H-C-} ;

where “H.c.” denotes Hermitian conjugate. The propagator V (¢, s) satisfies
i0V(t,s) = Ht)V(t,s), V(s,s) = 1. (2.25)

We show its existence using its strongly convergent Dyson series. To this end, we record the
following estimate.



2.3. THE LIMIT 31

LEMMA 2.8. Let ug € XY/2. Then for n € N we have

H(t) : HS" — HS(H2)

and
< M(n+2)

B @],
for some constant M depending only on ug.

PROOF. Since H(t) is quadratic in a(z), a*(z), the first statement follows immediately. In order
to show the second, let W € HS". From now on, we tacitly apply Lemma 2.7. The first term
of H(t) is easily estimated:

[V2V(a(t) - Q* 9| < [V*V(g(t)] (n+2)P]|.
In order to bound the second, we note that
i)l < Ips()] + [[a(®)l] g2

as well as
1Y (9] < (14 [[alt)] g12) (n+2)[ 2.

Finally, we find

Y& S Vot 11+ el g2) -

Thus,
2
/(@) - Y/ S Vn+2vn+1(1+[la)llg2)”
By Lemma 2.1, sup;cg|/a(t)|| 512 < 0o and the proof is complete. O

The Dyson series for V (¢, s)¥, where ¥ € HS", reads

Z/ dro---/ dri 6(t —s—rg— - — 1)
0 0

k>0
% eiTTkﬁ'(s +ro+ -+ kal)efiTr’“*l .. f[(s + 7+ 7nl)efiTh[T[(s + To)efiTrO\I/ . (2.26)

Since e77" is an isometry that preserves the particle number, Lemma 2.8 implies that (2.26)

is bounded by
1 n k
Zﬁ\t—s\kMk(n+2)(n+4)---(n+2k) 1] < 27 (4]t —s|M)".
k>0 k>0

Thus (2.26) converges in norm for |t — s| < (4M)~!. By unitarity of V (¢, s) and density of H°
in H, it follows that V (¢, s) exists for all times ¢, s.
Next, we compute the time derivative of W (u(t)).

LEMMA 2.9. Let ug € X' and W € H°. Then W (u(t))V is differentiable in t and
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PRrROOF. Abbreviate
A5 = (U ult +9)

and write W (u(t + §)) = eo+(As=40) " This yields, for each K € N, the Dyson series

W(u(t+9))¥
K-1 .1 k
= Z / dzg - - - day 5< Z $z> erwk AO)erxk—l ... ooz (A5 — Ao)eAOJ:O\I/
k=00 i=0
1 K
+ / dzg---doeg 5<1 - Z CCZ> MUK (A5 — Ag)eorr—1 ... A0 (A5 — Ag)e0Tow . (2.27)
0 i=0

By (2.18), the k’th term is equal to

k

1
/ dxg - - - dxy, 5<1 — Z CCZ'>GAOB(5($0 +- 4 xk_q1) - Bs(xg + x1)Bs(xo) ¥V, (2.28)
0 i=0

where
Bs(x) = (U + zu(t), u(t +6) —u(t)) .
Let us assume that ¥ € HS". Then Lemma 2.7 yields

|Bs(z)¥|| < 2(Vn+ 14 |Ju(t)]xo0) Hu (t+0) — u(t HX0||\I'||

Since Bs : HS" — H<("*1) and e is unitary, we therefore find that (2.28) is bounded in norm
by
le(\/n—i-k—i-l—i-Hu( ) x0) " [[ult + 8) — u(®)|| %o W] < S — |||
The same estimate applies for the rest term in (2.27). Therefore the Dyson series (2.27) with
K = oo converges in norm.
Next, we observe that by Lemma 2.7 the map

X0 - #H° ur— (U, u)¥

where U € H°, is continuous for all ¥ € HY. Therefore, by assumption and Lemma 2.2,
Bs(z)W is strongly differentiable in €. A straightforward modification of the above estimate
of the Dyson series shows that, when computing %W(u(t + 9))¥, one may exchange the
order of the differentiation and the summation/integration. Thus, W (u(t + §))¥ is strongly
differentiable with respect to ¢ at 0, and only the term k = 1 survives in its derivative at § = 0.
We thus find

LW u(t + )] —/1d oS By(a)
do =0 Jo z et d5 6=0

— /1 dz e (U + zu(t),u(t)) ¥
0

- (v- @ () ),

where in the last step we used (2.18). O
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We now move on to discussing the quantum fluctuations around the classical orbit. Let
v € X% and up € X', and consider the solution u(t) of (2.3). Note first that we may write

W (e 2u0)* US (1) U= 2u®0) e () W (e Y 2ug) = VE(E0)* U Ve 0). (2.2

Here
Vet s) == W(e Y2u(t)* Us(t — s) W (e Y 2u(s)) e B
where
1d
At) = H(u(t)) - §d—£H(u(t)+£u(t)) o

is a phase. It is easy to see that V¢(¢,s) is unitary and satisfies
VE(t,s)VE(s,r) = VE(t,r), VeE(t,t) = 1.
Next, we compute the generator of Ve(¢,s).

LEMMA 2.10. Let ug € X! and @ € HO ND(T). Then VE(t,s)V is strongly differentiable with
respect to s and we have

%V‘f(t, $)U = Ve(t,s)D(s)¥,
where
De(s) = ie 'H(u(s) + U®) —ie ' H(u(s)) — ialdigH(u(s) +¢U°) o’ (2.30)

PrROOF. Note first that (2.18) implies that W (e~ "/?u(s))¥ is in the domain of H(U?). There-
fore Lemma 2.9 implies that

SVt )W = W () U - 5)
u(s)

X (ielH(UE) + 51<U€ - u(s)> - 15%(5)) W (e 2u(s)) e 8w

Using (2.18) we get therefore

%V‘E(t, s)U = V&(t,s) <if5_1H(U6 +u(s)) + 8_1<U6 + @ , u(s)> — i€_15(3)>\11. (2.31)

Next, note that u(t) satisfies the Hamiltonian equations of motion

is) =~ {u(s). i(s) = S (ul)).
als) = 15 (u(s)). s) = —15 (u(s)).

Recalling the definition (2.17), we therefore get

U its)) = ~igH(u(s) + €0)| .
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Inserting this into (2.31) yields

%Va(t, 8)\IJ — Ve(t, S) (ig_lH(UE + U(S)) - ie’:‘_ldigH(u(s) + §U6) £=0
ie—1
- ) + (s 1) ) v
= VE(t,5) (ialﬂ(Uf +u(s)) —ie ' H(u(s)) — iald%H(u(s) +EU7) 50)‘117
which is the claim. H

After these preparations we may prove our main lemma.

LEMMA 2.11. Let ug € X', U € H and t,s € R. Then

lim ||VE(t,8)¥ — V(¢,s)¥|| = 0.
e—0

PROOF. By density, is suffices to prove the claim for ¥ € H<" N D(T), which we assume from
now on. Also, since both V(¢,s) and V¢(t,s) are unitary, it suffices to prove the claim for
[t —s| < (4M)~!, where M is the constant from Lemma 2.8. To simplify notation, let us
assume that s = 0 and 0 < ¢ < (4M)~ L.

The idea of the proof is to write, at least formally,

V(00T — V(O = /t ds div%, $)V(s,0)0, (2.32)
0 S
and use Lemma 2.10 to get
V(t, 00 — VE(0) ¥ = /t VE(t,s)(D%(s) —iH(s))V (s, 0)V. (2.33)
0

Let us now justify the formal identity (2.32). In order to show that Ve(t,s)V (s,0)V is strongly
differentiable in s, it suffices to show that V' (s,0)W is in the domains of H(s) and D?(s). (That
Lemma 2.10 is applicable follows from a simple argument using the strongly convergent Dyson
series (2.26)).

We start by showing V' (s,0)¥ € D(H(s)). The Dyson series (2.26), combined with Lemma

2.8, immediately shows that V' (s,0)¥ € D(H(s)). It remains to ensure that V(s,0)¥ € D(T).
To this end we define the sequence of vectors

g0 = o Troy UF) = TR (g 4 - 4 ) WED
which depend on a sequence of real numbers rg,r1,.... Lemma 2.8 implies that
o) e sttt g < ME(n - 2)(n44) - (n 4 2K)]| | (2.34)
We may now rewrite the Dyson series (2.26) as
o o
V(s,0)¥ = Z/ drg - / dry, 6(s —rg — - - - 1) B F) (2.35)
070 0

Next, write

TOR) = =117 T, H(ro+--+ 1)) GE=D 4 o TR F (g 4 g )TUED)
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A straightforward calculation using the canonical commutation relations (2.21) and Lemma 2.7
yields the bound
H[T H |H<mH C(m+2),

where the constant C' depends only on H (ug). This yields

|TE® || < Cn+ 2k) || TE || + ||H(ro + -+ + 1) TTED)|

<
< CMMYn+2)(n+4) - (n+2k)|| || + M(n + 2k) |7V

where in the last step we used Lemma 2.8. Iterating this estimate yields
|TE®| < kCM* " (n+2)(n+4) - (n+ 2k) Y] + M*(n +2)(n +4) - (n + 2k)| TP

(kC
<2 <—||\P||+\|Twu>< MM,
Inserting this into (2.35) yields

kC
1TV (5,000 < Zzn<ﬁ\|\y\| +HT\I/\|>(4M5)’“ < oo,
k>0

by assumption. This concludes the proof of V(s,0)¥ € D(T).

We now move on to showing that V(s,0)¥ € D(D(s)), where D°(s) is given by (2.30).
The second term of D*(s) is bounded uniformly in time. Its third term is easily seen to be
finite when applied to the Dyson series (2.35), as it is linear in a(z),a*(z). Let us therefore
concentrate on the term ie ™1 H (u(s) + U®). It is easy to see, using the Dyson series (2.35), that
V(s,0)¥ lies in the domain of

N
S o (i) + PF — eiA(ails) + QF, a(s) +a9))°.
i=1

— Zmi

Similarly, since a(s) € X! and V(s,0)¥ € D(T) as shown above, it follows that V(s,0)¥ is in
the domain of

S [ kI (@3(5.k) + 5 (0) (an(5. ) + a3 (1)
A
It therefore remains to show that V'(s,0)¥ is in the domain of
Vig(s) + @) = 3 eiejuwlails) = a;(s) + Qf = Q5).
1<j

If (Ha) holds then w is bounded and the claim follows immediately. If (Hb) holds, we use
Hardy’s inequality
<71Z)’ |£C|_2¢> 5 _<71Z)’A71Z)> )

valid in L2(R?), to get

I o| 5 2 ipel, (2:36)
|QZ - "' Qa - Qﬂ
Hence,
N
[V(a(s) + Q) (s,0)¥|| < 2> | PV(s,009]. (2.37)

=1
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It is now easy to conclude from the Dyson series (2.35) that the right-hand side of (2.37) is
finite. This concludes the proof of V(s,0)¥ € D(D*(s)), and hence of (2.33).
Let us summarize. We have shown that

V(t,0)0¥ — VE(t,0)0 = /t VE(t,s)L(s)V (s,0)T, (2.38)
0
where
L(s) = ie Y| Hy(u(s) + UF) — Hy(u(s)) — iH (u(s) +&U%) - ld—2H (u(s) + £U)
w w d¢ w =0 9 d§2 w o
and
Ny ,
Hy(p,g,a) = Sy (pi — eiA(gi )" + V(q). (2.39)
i=1 """

Here we used that all terms that are quadratic in U€ vanish in D*(s) —iH(s), so that they may
be omitted from H. It is sometimes convenient to rewrite this as

1 1 [t
() = FO) = FO) - F0) - 370 = 3 [ acr©u-g?, @
0
where
F(&) = ie "Hy(u(s) + €U°).
Next, we decompose L*(s) = Lj(s) + L5(s) into two terms corresponding to the two terms
of (2.39). Let us start by estimating HLSV(S, 0)\IJH Explicitly,

15(s) = i (V{ale) + @)~ Vialo) - TV(alo) - @~ 5V lalo) - (@°F) )

i -1 1
= 5 | A=V (als) +€Q7) - (@ (242)

in the notation of (2.23). Let us assume fist that (Ha) holds. Then ||[V3V||o < oo and (2.42)
yields
[L5(s)V (5, 00¥ ]| < e2[VVol|QPV (5,0)¥]].
Using the Dyson series (2.35), we therefore get
lim || L5(s)V (s,0)¥| = 0.
e—0

The case (Hb) requires a little more work. Note first that there is a ¢ > 0 such that, in
the o-neighbourhood of the trajectory {q(s)}scr, V(¢) has bounded derivatives of any order.
Choose a smooth cutoff function ¢ : R — [0, 1] such that {(z) = 0 for z < 1/2 and ((z) =1 for
x > 1. Abbreviate ¢ := 1 — { and partition

I = ¢(1Q°I/o) +C(|Q/o).
The first resulting term, ||¢(|Q°]/o)L5V (s, 0)\I’H, vanishes faster than any power of €. To show
this, consider for instance the second term of (2.41). We have for any M

e H|¢(1Q%1/o) V(a(s) V (s, 0) ||
e sup|V((r)] [ <(1Q°1/o) V (5, 0) ¥
M ¢(1Q%N /o) e MV (s,0) 0|

2 2M
e”“(;) I v(s,0p¥],

NN

N

(2.43)
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where in the last step we used that e=1/2 < 20~1|Q| on the support of ¢(|Q¢|/o). By the Dyson
series (2.35), the right-hand side of (2.43) is finite. The second and third terms of (2.41) are
handled in the same way. In order to estimate the first term of (2.41) we start as in (2.43):

e H[¢(1@Ql /o) Vials) + Q) Vs, 008 < M H[V(als) + Q) C(1Q%/o) QI V (s, 0)¥]].
In a second step, we apply Hardy’s inequality (2.36) to get

e H[¢(1Q%1 /o) V(g(s) + Q%) V (s, 0)¥||
N
< MNP (@7 /o) QM V(s, 000

i=1

M3/QZ< sup|C'( )|H|Q|2MV(S,0)\IIH+HP¢|Q|2MV(5,O)\IIH>,

where the right-hand side is finite by the Dyson series (2.35). This concludes the proof of
lim [|¢(1Q7] /o) L5V (5, 0) ]| =
e—0
in the case (Hb). Let us now consider
16191/ L5V (5, 0)¥]| < [|Lgei<or L5V (s, 0¥

From (2.42) and by assumption on o, we get
e ezt 2 3
L g10: <oy 5V (5,009 || < == /O dé C(1 = &)°[|IQIPV (s,0) 7]

This concludes the proof of
lim|| L5V (s,0)¥|| =
e—0

in the case (Hb).
Consider now

et 1 2d3
Li(s) = e d¢ (1-¢) d—ggH (u(s) +&U7)
_ 161 d 1 2N 1
=), €O g

x (Y7"(&) - Yi(€) +3Y/"(€) - V(&) +3Y/(€) - Y] (§) + i(§) - V" () s (244)

here

Yi(§) = Z/ T X2|k [ A(k )ax(&k)eik'QZ'(OJrH'c'}’

with the shorthands

P() = p(s)+&P7, Q) = q(s) +£Q°,  a(§) = als) +&a”.
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We get the somewhat unwieldy explicit expressions

Y/ (§) = Pf(&)—e@-

e = —a X / o
x [eA(k)e Qi (Qik-Qfai(k)+a)\(£,k)(ik-Q§)2) +Hel,
e = —a X I T

y [eA(k)elk-Qi(ﬁ) (3%(1@)(11@ - Q9) + ax(&. k) (ik Qg)?’) n H.C.] .

Next, let ® € HS™. Let us estimate for example ||Y;(€)-Y/”(£)®]| (the other terms in (2.44)
are dealt with in the same way). Write

Yi(§) YO = (Yi() — Pi(¢)) - V") + P(g) - V" (§)®
= (Yi(§) = Pi(g)) - V" ()@ + Y" () - Pi(§)®, (2.45)
where the second step follows from a simple calculation using k - )(k) = 0. Let us assume

without loss of generality that ¢ < 1. Then, using Lemma 2.7, we may bound the second term
of (2.45) by

%[gx(m SO (a5 (k) + ik QF ax(6, K)) + He|

Ce’?(m +5)°2||®|, (2.46)

where C' depends only on H (ug). Writing all factors of the form ¢k Qi(©) on the left and applying
Lemma 2.7 implies similarly that the first term of (2.45) is bounded by (2.46). Thus we have
shown that

LS (s)@| < CeY*(m+5)52|@.

Hence the Dyson series (2.35) implies
| L5 (s)V (s,0)¥]| < Cel/?.
Let us summarize: We have shown that

lim || L5 (s)V (s5,0)¥|| =

e—0

Also, note that V¢(¢,s) is unitary and, as shown above, we have the bound
L5 (s)V(s,0)¥]| < C

for all € < 1. Thus, the claim follows by applying dominated convergence (for strong vector-
valued integrals) in (2.38). O

We may now complete the proof of Theorem 2.3. Let ¥ € H. We find
HW(eflﬁuo)* Us(t)* Um0 Us(t) W(Eil/Quo)\I/ — elul®) ’”>\I/H
= [|[W (e Pup)* U= ()" V"0 U= (1) W (e ?ug) ¥ — ||
= V@0 0 v 0)

by (2.29). Since s-lim. VE(t,0) = V/(£,0) by Lemma 2.11, and s-lim, e/*(U+*) = 1, the claim
follows.



CHAPTER 3

Limiting Dynamics in Quantum Lattice Models

In this chapter we study the limiting dynamics of various quantum lattice models.

Sections 3.1 and 3.2 are similar in spirit. In Section 3.1 we consider the large-spin limit
of a quantum spin system on a lattice; the limiting/quantization parameter is the inverse
magnitude of the spins. In Section 3.2 we consider the continuum limit of a quantum spin
system, where the magnitude of the spins remains fixed but the lattice spacing converges to
zero; the limiting/quantization parameter is a power of the lattice spacing. The strategy is
similar for both sections. We start by introducing a large class of quantum spin systems, as
well as the corresponding class of classical spin systems. We prove a Egorov-type theorem,
which we also extend to domains of infinite size. Our proof relies on a perturbative expansion
of the dynamics. As an application, we discuss the limiting dynamics of coherent spin states.
The physical interpretation in both cases is similar: In a macroscopic regime where quantum
spins form large clusters whose constituents cannot be observed individually, the spins behave
classically.

In Section 3.3 we extend the results of Section 3.1 to cover the limiting behaviour of time-
dependent correlation functions at a positive temperature. We prove that, in the large-spin
limit, correlation functions of the quantum spin system converge to correlation functions of
the corresponding classical spin system. The main ingredient of our proof is an expansion in
coherent spin states. Assuming the temperature is high enough (thus in particular ruling out
phase transitions), we extend this result to domains of infinite size using a quantum cluster
expansion.

Finally, in Section 3.4 we consider a Bose gas on a finite lattice, and prove results analogous
to those of Section 3.3. The limiting parameter is the inverse of the mean density of the Bose
gas; this corresponds to a mean-field limit. Although our strategy is similar to that of Section
3.3, we have to deal with additional technical difficulties arising from the unboundedness of
the particle density.

3.1. SPINS ON A LATTICE: THE LARGE-SPIN LIMIT

In this section we consider spins on an arbitrary, fixed lattice. We study their dynamics in the
limit where their magnitude tends to infinity. In this limit the behaviour of a quantum spin
becomes classical in the sense that its Cartesian components commute and take on continuous
values on the unit sphere. Thus one expects that the dynamics of the quantum spin system
should be governed by an equation of motion of a classical spin system. A typical example of

39
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such an equation is the Landau-Lifschitz equation
WM (t,x) = M(t,z) x Hy(t,x), (3.1)

where M denotes a classical spin field with values on the unit 2-sphere, x a point in the lattice,
and x the vector product on R3. The “exchange field” H is some (nonlocal) function of the spin
field M. It is responsible for the interactions between different spins. Equations of the type
(3.1) are widely used in the study of ferromagnetism and describe for instance the propagation
of spins waves in a ferromagnet. A standard choice for the exchange field is Hy = JAM,
where J € R is a coupling constant and A is the Laplacian. In this case (and its continuum
analogue, see Section 3.2), the evolution equation (3.1) has been studied in the mathematical
literature; see for instance [GKT07, KP06] and references given there.

Historically, the first mathematical results on the large-spin limit concerned aspects in-
dependent of time, such as the classical limit of quantum partition functions for spin sys-
tems [Lie73, Sim80]. Here we consider the dynamical evolution of quantum spin systems in
limiting regimes; see [MPS99, Vui80] for earlier results in this direction.

3.1.1. A system of classical spins. We start by introducing a system of classical spins. Consider
the infinite lattice! Z¢, where d > 1. Let A C Z% be a finite subset. A classical spin system on
A is formulated on the phase space

'y = HSQ,

TEA

where S? C R? is the unit two-sphere. It is well known that 'y is a symplectic manifold with
symplectic 2-form

3
w = =Y Y e Mi(x) M (@) @ dMy(x), (3.2)
€A i,j,k=1

where {M;(x)}zen i=1,2,3 are the Cartesian coordinate functions on I'y. Here gijk 1s the totally
antisymmetric symbol.
For our purposes it is convenient to work on the larger space

Ex = [ Bi(0),
zEN

where B1(0) C R3 is the closed unit ball. We also replace the coordinates {M;(z)}zen i=1.23
with )
My (z) = E(Ml(x)ing(x)), M, (z) = Ms(z). (3.3)

Thus, Z, is a Poisson manifold with Poisson bracket given by
kel

where 4,7 € I with I := {4, 2, —}. Here &;;;, is defined by €1+, = £1, é4.4 = F1, £.44 = £1,
and &;j;, = 0 otherwise. It is a simple matter to check that (3.4), when restricted to I'y, agrees
with the Poisson bracket of (3.2). One finds immediately that

IMi(z)] < 1, aeA,iel. (3.5)

"'We choose Z? for simplicity of presentation, but our results hold for any lattice.
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Here |-| denotes the Euclidean norm on R3.
Let us denote by 2, the space of polynomials in the variables {M;(z)}zeca,icr- Thus, A, is
Poisson algebra with Poisson bracket given by (3.4). We equip 2y with the norm

[Alloo := sup [A(M)].

ME:A

By the Stone-Weierstrass theorem, 2[5 is dense in the set A of continuous functions on Z4.

If Ay C Ay, a function A; € Ap, may be identified in the usual fashion with a function
Ag € ™Up, by setting Az = Ay ® 1y,\a,, where 1y,\,, is the unit function. In the following we
tacitly make use of this identification.

3.1.2. A system of quantum spins. The quantum analogue of the classical spin system described
above is formulated on the finite-dimensional Hilbert space

Hi = QH:.

zEA

where s = %, 1, %, ... denotes the magnitude of the spins. Here H3 := C**! carries the
irreducible s-representation of su(2), with generators S§(z),S5(x), S5(z). In the following we
drop the superscript s when it is not needed. The basis transformation defined by (3.3), when
applied to Sy(z),S2(x), S3(x), yields the generators Sy (x),S.(z),S_(z). Define the rescaled

generators

~ 1
Si(x) = =Si(x), iel,zeA.

s
The rescaling by s~ may be interpreted as semiclassical. Indeed, S has the physical meaning
of an angular momentum that possesses a well-defined limit as s — oo, and s~! plays the role

of h.
It follows {S;(x)} satisfy the commutation relations

Bi@), 5] = 3 oo, ) Sula), (3.6)
kel

where 7,5 € I. A simple computation shows that

~ 1 ifs>1
sl < {5070 o

Here ||-|| denotes operator norm. As we are interested in the limit s — 0o, we assume from now
on that s > 1. This avoids having to treat the case s = 1/2 separately when applying (3.7).
In analogy to 2, we denote by A the set of polynomials in the variables {@-(:ﬂ)}meA’ieL
Using Schur’s lemma and von Neumann’s bicommutant theorem we see that §lA is in fact equal
to L(H,), the space of operators on Hy.
If Ay C Ay, an operator A € §lA1 may be identified with an operator Ay € §lA2 by setting
Ay = Ay ®1),\4,- In the following we tacitly make use of this identification.
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3.1.3. Quantization. We now introduce a quantization mapping from A, to E/Z\lA. Since the
generators {:S'\Z(x)} of A do not commute, we introduce an ordering prescription for products
of generators. We say that a monomial S;, (1) - - - §ip (xp) is normal-ordered if iy, < i = k </,
where < is defined on I through + < z < —. We then define normal ordering :-: by

:gil(xl)'”gip(xp) = §io(1)(x0(1))"'§io(p)(x0(p))’

where o € S}, is a permutation such that the monomial on the right-hand side is normal-ordered.
We extend : -: to polynomials by linearity.

Next, we define quantization (/\) . Ax — Ay as the formal replacement M;(z) — Si(z)
followed by normal ordering. We also set 1= 1. Note that, by deﬁni/t\ion, (/\) is a linear map

(but, of course, not an algebra homomorphism) and satisfies (A)* = A. It is also easy to see
that, for A, B € A, we have

A.B] = ~L{A B} +0(:72),

o~

so that s~! is the parameter of (-).

We also remark that, while natural, the above choice of normal ordering is by no means
unique. Our results remain valid for any choice of normal ordering. It is sometimes useful to
also consider other orderings; we use the notation Q(go‘) to denote an ordering of a monomial

S defined by Q.

3.1.4. Hamilton function and dynamics. A fairly general class of Hamilton functions Hy
on Z5 may be conveniently written using multi-indices a € Nf XZd, which we write as o =
(@i(7))zezd ier- We only consider multi-indices o satisfying |a| < co, where

la| = Z Zai(:v).
zez7d i€l

The concept of the support of «,
[a] = {erd : Ji e I oy(x) #0},

is sometimes useful.
Next, we associate with each multi-index o the monomial

Moo= T[] Mi(z)>®). (3.8)
zeNiel

Consider a family (V(«))
on Zp is defined through

aeNTxzd of complex numbers. The associated Hamilton function H

Hy = Y V(e)M~. (3.9)
a:[a]CA

We impose the following conditions on the family (V («)). First, we require that V(a) = V(@).
Here the “conjugate” @ of a multi-index « is defined as @;(z) := o;(x), where the action of
~on [ is defined by (+,z,—) — (—, z,+). This condition ensures that H, is a real function.
Second, we assume that there is an r» > 0 such that

Wi = Z sup Z V()| e™ < 0. (3.10)
n N!L’GZd . —
€ a:lal=n,
l[a]3z
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If the condition (3.10) holds, it is easy to see that (3.9) converges in ||| for any finite A.
After a short calculation, we find that the Hamiltonian equation of motion reads

Miz) = Y V()Y i ay(z) MO0 (3.11)
a:a]CA J.k

where the multi-index 6;(z) is defined by [0;(x)];(y) := 6;;6(x,y). We record the following well-
posedness result for the dynamics generated by the class of Hamiltonians introduced above.

LEMMA 3.1. Let A be a (possibly infinite) subset of Z%. Let My € Zp. Then (3.11) has a
unique global-in-time solution M € CY(R;Z,) that satisfies M(0) = My. Here Zp carries the
[°°-norm. Moreover, we have the pointwise conservation law |M(t,x)| = |M(0,z)| for all t.

PRrROOF. Local-in-time existence and uniqueness follows from a simple contraction mapping
argument for the integral equation associated with (3.11). We omit the details. Also, continuous
dependence on M is a direct consequence of the contraction mapping argument. Finally, the
claim that |[M(0,z)| = |M(t,x)| for all ¢ can be easily verified by using (3.11), which implies
that %M(t, x) is perpendicular to M (¢, x). O

REMARK 3.2. Under our assumptions, (3.11) also makes sense for infinite A C 74, whereas
the Hamiltonian Hp does not have a limit when |A| — co.

REMARK 3.3. The last statement of Lemma 3.1 implies that the magnitude of each spin remains
constant in time, i.e. the spins precess. In particular, if My € T, it follows that M(t) € T'p
for all t. Mathematically, this is simply the statement that the symplectic leaves of the Poisson
manifold Zp remain invariant under the Hamiltonian flow.

REMARK 3.4. Time-dependent potentials V (t, ) may be treated without complications, provided
that the map t — V'(t) is ||-[|-continuous and sup, in (3.10) is replaced by sup, ;. The weaker
assumption that t — V (t,«) is continuous for all o implies Lemma 3.1 with the slightly weaker
statement that M € C(R,Zy) is a classical solution of (3.11).

EXAMPLE 3.5. Consider the Hamiltonian

1

Hp(t) = — h(t,x) - M(z) — = J(x,y) M(x) - M(y), 3.12
(t) x;\() ()QMZEA(?/)() () (3.12)
where M(x) = (My(x), May(x), M3(x)). Here h(t,z) € R3 is an “external magnetic field”
satisfying supsep yeza|h(t, )| < oo. We also require the map t — h(t,x) to be continuous
for all x € Z*. The exchange coupling J : Z% x Z¢ — R is assumed to be symmetric and to
satisfy J(x,x) = 0 for all x. Finally we assume, in accordance with condition (3.10), that

SUPgezd D _yezdlJ (2, y)| < oo. The corresponding equation of motion for M(t,z) is given by

d
G M) = M) x [hit.o)+ 3 S e.0)]. (3.13)
yeEA

the Landau-Lifschitz equation for a classical lattice spin system.

Next, we move on to discussing the dynamics of the quantum spin system. Its dynamics is
generated by the Hamiltonian Hj defined as the quantization of Hy. More precisely, we set

Hy = Z Via): 8 | (3.14)
o [a]CA
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and note that the sum converges in operator norm. One easily checks that Hy is a (bounded)
self-adjoint operator on Ha. Denote by Uy (t) the unitary propagator satisfying

isTLOUN(t) = Ha(OUA(t),  Ux(0) = 1.
If Hy is time-independent then Uy (t) = e—isfat,
Finally, we introduce a convenient shorthand for the time evolution of observables. For

A e Ap and A € A define

(TAA)(Mo) = A(M(t)),

?/t\A = Upa(t)" AUA(L),
where M (t) is the solution of (3.11) with initial data M. Note that both 7§ and 7} are
norm-preserving.

3.1.5. Dynamics in the large-spin limit. We are now ready to tackle the main subject of this
section: the convergence of the quantum dynamics. The following lemma is the main technical
result from which everything else follows easily.

LEMMA 3.6. Lete > 0, t € R and A € Aya. Then there exists a finite set B of multi-indices
and a family (va)aecn of complex numbers with the following properties:

AA = 3 L{ojca) v MO" <€ (3.152)
a€B ©
?/t\zzl\ — Z ]]-{[oz}CA} Vo Qa (§a) ‘ < g, (3.15b)

aeB
for all s = 1, ;’, ... and all finite A satisfying A € Ax. Here Qq (§°‘) is some ordering of the
monomial S°.

PRrROOF. Let A be finite and satisfy A € A5. For simplicity of notation we also assume, here
and in the following proofs, that Hp is time-independent. The main tool in the proof is the
(formal) Schwinger-Dyson expansion

1
A = S Lm0, (3.16)

where {4, B}(®) := Band {4, B} = {4, {A,B}(-1) }. Without loss of generality we assume
that A = MP? for some multi-index 8 € N/*A, In order to compute the nested Poisson brackets
we observe that

(M, MPY = 3" N g ai(w) By (w) MO0 =0 @) o) (3.17)
xzeNi,j,kel

as can be seen after a short calculation. (We recall that the multi-index 0;(z) is defined by
[0i(x)];(y) = d;j6(x, y)) Iterating this identity yields

{Hy, A}V = Y > > Z Liaticay  Liatjcay

al ol Tl T 81,8 J1ed1 KLk
l
H giqjqkq V(a :Cq |:5 + Z lr xT - 6jr (CCT) + 6k5r (:Cr)):| (:CQ)]
= Ja

Mﬁ+2r (a7 =61, (@)~ 6”(mr>+6mm), (3.18)
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This is manifestly of the form ) . p Ljajca} ca M for a countable set D.
In order to estimate ) . plcal|, we rewrite (3.18) using that

ZZZZ

ni,..n=1|al|=n; |at|=n,;

We then proceed recursively, starting with the sum over of

that

, T, 11, 71, ki and, at each step, using

> > Llai@) @) Vi)l < WIvI®

la|l=n z i,k

V™ = nsup Z

rEZ4

where

a:lal=n
[ozba:
In this manner we find that
dleal < D0 1BIUBIH 1) (1B 4 na 4 -+ ) [V v (0
aceD ni,...,n=1
1 - n n,
S X Asl ) V)
77/1,...,7”:1
[ —

< - Z ePUBlFnat=Fm) |1y () oy ()
77/1,...,7”:1

!
< C VL,
p

for any p < r. Therefore we find that the series on the right-hand side of (3.16) is equal to

> valt)Lfa)cayM®

0465

for some countable set D, where the coefficients Vo (t) satisfy

S loa(d)] < oo

a€D

provided that |t| < C(||V]|,). Thus the estimate (3.5) implies that the right-hand side of (3.16)
converges in ||-||c provided that [¢| < C(||V||;). An analogous estimate for the remainder of
the Lie-Schwinger expansion of 74 A shows that equality holds in (3.16) provided that [t| <
C(|IV|ly). This proves (3.15a) for small times.

The quantum-mechanical case is similar. Consider the (formal) Schwinger-Dyson series for
the time evolution of the quantum spin system:

> 4l

t
A =D = i (is)! [Ha, A]Y (3.19)

=0

where [A,B]) := B and [A,B]" : = [A,[A,B] (1*1)]. In order to estimate the multiple com-
mutators, we note, from (3.4) and (3.6) and the fact that both {-,-} and is[-, -] are derivations
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in both arguments, that (is)’ [ﬁA,A\J(l) is equal to the expression obtained from {HA,A}(I)

by reordering the factors of each monomial appropriately and by replacing M;(z) with §Z(x)
Therefore, repeating the above analysis almost to the letter, we see that the series on the
right-hand side of (3.19) is equal to

Z Ua(t)]l{[a]CA}Qa (Sa) ) (3.20)
aeD
for some family of orderings (Qa)q. Recalling the estimate (3.7), we see that if |t| < C(||V]|,)
then the right-hand side of (3.19) converges in norm and equality holds in (3.19). This proves
(3.15b) for small times.

In order to extend the result to arbitrary times we proceed by iteration. The crucial
observations that enable this process are that the convergence radius of the Schwinger-Dyson
series is independent of 3, and that 75 and 7} are norm-preserving. Let us assume that
t < C(||V]l;), so that both Schwinger-Dyson series converge. Choose £ > 0 and write

T/Q\tA = Tf\ Z ]]-{[a]eA}UaMa + T/t\Rl , (3.21)
aeB
where we used (3.15a) for small times. Here |R1]|c < € and hence ||7i Rl < e. The first
term of (3.21) may now be expanded using the Schwinger-Dyson series, so that we get
TR = Y L{aleaytaM® + R Ri + Ry,
acb’

where || Ra|[co < €. A similar iteration of the quantum Schwinger-Dyson expansion yields

= D LaeaythQa(5%) + FAR1 + Ra,

acB’
where |Ral|, |7k R1|| < . This proves the claim for the time 2¢. A straightforward extension
of this procedure yields the claim for arbitrary times. O

We may now state and prove our main result for the case of a finite lattice A. Roughly it
states that time evolution and quantization commute in the limit s — oc.

THEOREM 3.7. Let A € Apx. Then for any € > 0 there exists a function A.(t) € Ax such that
sup |75 A — A.(t)]|o < €, (3.22)
teR

and, for anyt € R,

J#iA- A < e+ <82 (3.23)

REMARK 3.8. The “intermediate function” A-(t) is necessary, as 74 does not leave Ap invari-
ant.

PRrROOF. The proof of Theorem 3.7 is an easy consequence of Lemma 3.6. For each ¢t € R set
= > Lojcayva M
acb
(in the notation of Lemma 3.6). Thus (3.22) holds trivially, and (3.23) follows from

o~ C(t,e
Z ]]-{[oz JcA} Vo Qa Sa Z ]]-{ [0]cA} Va * S H < ( ) s

S
aEB aeB

which itself follows readily from the commutation relations (3.6). O
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3.1.6. The thermodynamic limit. The above analysis was done for a finite subset A, but the
obtained uniformity in A allows for a statement of the result directly in the limit A — Z¢. Here
A — Z% means convergence in the sense of nets, where finite subsets A C Z% are ordered by
inclusion. We pause to describe how this works.

Concentrate first on the quantum case. Recall that, for Ay C Ay, we have the norm-
preserving mapping E/Z\lAl — E/Z\lAQ of the abstract C'*-algebras and the isotony relation EilAl - ﬁAQ.
Observables of the quantum spin system in the thermodynamic limit are elements of the quasi-

local algebra
G-\ A
ACZ? finite
which is the C*-algebra defined as the closure of the normed algebra generated by the union of
all 2,’s, where A is finite. The spins are represented on 2 by a family {S;(z) : i € I, x € Z}
of operators.

The dynamics of the system is determined by a one-parameter group (7!)1er of automor-
phisms of 2. Its existence is an easy consequence of the proof of Lemma 3.6.

LEMMA 3.9. Let A € §le for some finite Ag C Z% and t € R. Then the following limit exists
in the norm sense:

lim 7{A = T'A.

A—74
By continuity, 7t extends to a strongly continuous one-parameter group (?t)teR of automor-
phisms of 2.

PRrROOF. For small ¢, the Schwinger-Dyson series (3.19) is bounded in norm, uniformly in A,
and the representation (3.20) immediately implies that 74 A converges as A — Z4. Thus T*A is
well-defined for any polynomial A. By continuity, 7% extends to an automorphism of 2. Since
A € A and 7 is a one-parameter group, we may extend it to all times by iteration. Strong
continuity follows since 7'A, for small ¢ and polynomial A, is defined through a convergent

power series:
lim |7PA — A|| = 0.
t—0

By continuity, this remains true for all A € 2A. O

For classical spin systems and finite A we recall that 2, = C (er A T(O); (C), a commuta-
tive C*-algebra with norm || - ||oo. As above, for A; C Ag we have a norm-preserving mapping
Ar, — Ap, of the abstract C*-algebras and the relation 2y, C 2Ap,. Define the algebra of
polynomials in the thermodynamic limit as

A = \/ A,

ACZ4 finite

and denote by 2 its closure in ||-||so. The classical quasi-local algebra 2l is equal to the space
of complex functions on ], 74 B1(0) that are continuous in the product topology (this is an
immediate consequence of the Tychonoff and Stone-Weierstrass theorems).

The spins are represented on A by a family {M;(x) : i € I, x € Z"} of functions. Existence
of the dynamics follows exactly as above.

LEMMA 3.10. Let A € Ay, for some finite Ag C Z% and t € R. Then the following limit exists

in || Jloo
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By continuity this extends to a strongly continuous one-parameter group (74);cr of automor-
phisms of A. Furthermore, T'A = Ao ¢!, where ¢ is the classical flow on Z4a generated by the
equation of motion (3.11).

Then the proof of Theorem 3.7 may be easily extended to the thermodynamics limit.
THEOREM 3.11. Let A € . Then for any € > 0 there exists a function A.(t) € A such that

sup [7'A — A ()] < €, (3.24)
teR

and, for anyt € R,

— Oe,t)

|7 A - A (8] < e+ (3.25)

S
REMARK. In particular, the result applies to classical equations of motion of the form (3.13)
where the sum over y ranges over Z2.

3.1.7. Coherent spin states. We now move on to discussing coherent spins states. Aside from
providing a “down to earth” interpretation of Theorem 3.11, they are a powerful tool for proving
theorems.

Recall that S; = 8:9\@- is the unscaled spin operator in the spin-s-representation of su(2). A
coherent state is generated by the skew-adjoint operator A(f, o) on C?**! defined through

A(l,p) = % <ei“J S —e¥ S+> .

For the polar angles? (6, ¢) € [0,7] x [0, 27) corresponding to the unit vector M € S? we define
the coherent state

Wi o= U@0,9)ls),  UO,p) = 9. (3.26)

Here |s) is the normalized highest weight state in C2**!, characterized (uniquely up to a phase)
by S.|s) = s|s). The properties of coherent spin states that are of interest to us are summarized
in the following Lemma.

LEMMA 3.12. (i) The coherent spin states form a complete set in C***1, in the sense that

284:1/dM|WM><WM| = 1. (3.27)
In particular,
TrA — 28::1/dM (War, AWar) . (3.28)
(ii) For any unit vector M € S?, we have
(War, Siy - Sy War) = My, - My | < 22 (3.29)

ip| X \/g

*We use the convention where the “latitude” 6 is measured down from the north pole; see (3.32).
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PrOOF. For (i), see [ACGT72]. In order to show (ii), we note that
N 1
U SiU:ZH[...[Si,A],...,A]
k=0

yields the expressions

1 0 1 0 : :
U*S1U = sinfcosep S, + 7 cos? 3 (Sy+5-)— 7 sin? 3 (e72l“"5+ + te‘pS,) ,

1 . )
U*SyU = sinfsing S, + NG cos? g (S4 —S_) — — sin? 0 (eQW’SJr - e_QI“’S,) ,

1 . .
U*S3U = cosf S, — 7 sing (e 7S5} +e¥S_). (3.30)

We start by showing R
SiWy = M;Wy + R;, (3.31)

where ||R;|| < 1/4/s. Note first that S_|s) = /s |s— 1), where |s — 1) is a unit vector satisfying
S.|s — 1) = (s — 1)|s — 1); see e.g. [Mes00]. Thus, for any unit vector v € R3, (3.30) implies

R, = £a¢U|s—1>,
s

where

1 0 o 6 0 o .
a = E <0082 3 sin? 3 e?¥ | icos® 3 isin? 2 e He sinape‘“") )
Therefore |a;| < 1, and (3.31) follows. To conclude the proof, we note that (3.29) follows
immediately from (3.31). O

Another noteworthy consequence of (3.30) is

N sin @ cos
(War, SWyy) = | sinfsing | = M. (3.32)

cos 0

3.1.8. Time evolution of coherent spin states. Let M : Z¢ — S? be a configuration of classical
spins on the infinite lattice. Then M defines a state ppr on 2 as follows. For finite A, consider
the product state

WM7A = ®WM(1) € Hp.
zEA

Then, for A € é\lA, we set
prr(A) == Waa, AWpra),

and extend the definition of pys to arbitrary A € 2A by continuity.

Let M : R x Z¢ — S? be the solution of the Hamiltonian equation of motion (3.11) with
initial conditions M (0,z) = M (z). The following result links the quantum time evolution for
coherent spin states with the corresponding classical configuration in the large-spin limit.

THEOREM 3.13. Lett € R, A€ A and M : Z¢ — S?. Then
lim pa(F1A) = A(M(1)),

5—00

uniformly in t on compact time intervals.
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Proor. By Lemma 3.6, it is enough to show that

ZvaMa—pM<Zana(§a)>‘ -

aeB aEB

lim
S— 00

But this follows immediately from Lemma 3.12 (ii). The uniformity in ¢ on compacts is a
simple consequence of the form of time-dependence of the coefficients v,,. O

3.2. SPINS ON A LATTICE: THE CONTINUUM LIMIT

This section is devoted to the dynamics of a quantum spin system in the continuum (or mean-
field) limit. More precisely, we consider a system of quantum spins on a cubic lattice with
spacing h > 0. The magnitude s of the spins is fixed and we take the limit h — 0. In order
to obtain quantities that are well-defined in the limit h — 0, we smear out the spin operators
with continuous test functions on R?. One expects the smeared-out spin observables to behave
classically in the limit A~ — 0, in the sense that their Cartesian components commute. Indeed,
the contribution of products of spins on the same lattice site is subleading. Thus one expects
that the dynamics of the quantum spin system should be governed by a classical equation
of motion for continuous spin fields. A typical example is the continuum Landau-Lifschitz
equation

M (t,z) = M(t,x) x Hy(t,z), (3.33)

where M denotes a classical continuous spin field and z € R?. An example of exchange
interaction Hy; is Hyy = JAM, where A is the Laplacian. In this thesis we consider the
Landau-Lifschitz equation with an exchange field Hj; given by an integral operator applied to
M, along with nonlinear generalizations thereof. Equation (3.33) then takes the form

M (t,x) = M(t,z) X /J(w,y) M(t,y)dy. (3.34)

The integral kernel J(z,y) describes the exchange interactions between classical spins beyond
the nearest-neighbour approximation in the continuum limit. In a formal way, the Landau-
Lifschitz equation 0, M = JM x AM can be obtained from (3.34) with J = J(|x —y|) by Taylor
expanding M (t,y) up to second order in y — . This leads to ;M = JM x AM after rescaling
time according to ¢ — At, where A = 5 [ J(|z[)|z[* dz.

Our main result is again a Egorov-type theorem: The quantum dynamics approaches the
dynamics of a classical spin system defined on a continuum. This provides a rigorous justifica-
tion of the observation that, at scales large compared to the lattice size, spin systems such as
ferromagnets behave classically. The limiting/quantization parameter is h /s, where d is the
number of spatial dimensions. As in the previous section, we also discuss the thermodynamic
limit and the time evolution of coherent states.

3.2.1. A system of quantum spins on a lattice. We start by describing the quantum spin
system, which is very similar to the system of Section 3.1.2. Let A C R? be bounded and open.
We assign to each spacing h > 0 the finite lattice

AN = p7d A A,
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At each lattice site z € A there is a spin of (fixed) magnitude s = %, 1,2,.... The Hilbert
space of this quantum system is

[\

Hg\h) - ® CZs—i-l‘

zeAh)

The algebra of bounded operators on Hg\h) is denoted by E/Z\lg\h)

The spins are represented on %E\h) by a family {g( ) 1 i=1,2,3, z € AP} of operators,

where S; (z) is the ¢’th generator of the spin-s-representation of su(2 ), rescaled by h?/s. As
in Section 3.1.4, we replace the coordinates (Sy, s, S3) with (Si,S.,S_) defined through the
basis transformation (3.3). The new coordinates satisfy the bounds

~ he ifs>1
156 < i )
V2ht if s = 3
for i € I, where, we recall, I = {+, z, —}. The canonical commutation relations read

o~ o~ d o~
[8i(2), 8;(4)] = %@jké(:ﬂ,y) Gu(2), (3.35)

for i, 5,k € 1.

3.2.2. A continuum theory of spins. We now move on to discussing the continuum theory of
classical spin fields. Let A € R¢ be a bounded and open. A system of classical spins on A is
represented in terms of the Poisson “phase space”?

= {M e L®(NRY) ¢ |[M|lo < 1},

where R? carries the Euclidean norm. As in Section 3.1.1, we replace the Cartesian coordi-
nates (Mj, M, M3) with the complex coordinates (M4, M., M_), defined through the basis
transformation (3.3). The Poisson bracket on =, is defined by

{Mi(z), M;(y)} = i&;0(z —y) My(z), (3.36)
for 7,7,k € 1.

3.2.3. Classical observables. In order to describe a useful class of observables on Z,, we
introduce the space P, p € N, which consists of all functions f in C(RP%,C?) that are
symmetric in their arguments, in the sense that Pf = f, where

(Pf)il...ip(xla"'a = p' Z fz (1) Zo.(p)( (1) '-'axa(p))'

oES)

On the space Z") we introduce the norms

A = w3 N (@)l

0, ip€l 2q,... .z ERZA

IFleh = sup D0 AT ST gy ()],

1, 0p €l :BQ,...,:BPEth

3As in the previous section, one may introduce a symplectic phase space I's consisting of all M € =, such
that |[M(z)| =1 a.e.
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We are interested in observables associated with functions f € Z®) satisfying

limsup || £]|") < oo. (3.37)
h—0

Note that Fatou’s lemma implies that || f||; < limsup;,_,q Hngh)
We define 2(, as the “polynomial” algebra of functions on =, generated by functions of the
form

MA(f) = Z /Ap dxl..-dxp fil...ip(xla""xp) Mh(xl)"'Mip(xp)?

11,ee0lp

where f € #P) satisfies (3.37). Ay is clearly a Poisson algebra. We equip it with the norm
|Alloo = supyez, |A(M)] so that

[IMa (oo < [1f]]1- (3.38)

3.2.4. Quantization and quantum observables. For f € Z® let us define

SA(f) = Z Z fil...ip(xlw-- ,mp) Sil(ml) "'Sip(xp)- (3.39)
11,e.0lp xl,...,a:peA(h)
If f satisfies (3.37), we find that
ral h
1SN < I (3.40)
As above, quantization (\) t Ay — E/Z\lg\h) is defined by ZW/(\f )= : §A( f) : and linearity. Here
: denotes the normal—g\rdering of the spin operators introduced in Section 3.1.3. Also, we

set 1= 1. Again, (A)* = A. Furthermore one sees readily that h%/s is the parameter of ().

3.2.5. Hamilton function and dynamics. Let us now introduce a Hamiltonian for the classical
spin system. Consider a family V = (V("))Zozl of functions, where V(™ ¢ 2®) satisfies

v (x1,...,2n) = v (X1, ymp),

11...0n 01...0n

where, we recall, = on I maps (+,z,—) to (—, z,+). We define the Hamilton function on =x

through
o0
Hy =Y My(V™). (3.41)
n=1
Set
[ee]
h
IVI® =3 nem v, (3.42)
n=1
We impose the condition ||[V|| := limsup,_,o ||[V[|”) < oo. (Note that, as in Section 3.1.4,
one may generalize the class of allowed potentials by replacing ne™ in (3.42) with e for some
r>0.)

In the continuum limit, we observe that

Zne" sup Z /dxgdxn‘vz(ln)ln(x,xg,,xn)| < VI, (3.43)
n=1 r

ily---yin
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as can be seen using Fatou’s lemma. It now follows easily that, for each bounded set A, the
sum (3.41) converges in || - ||« on E5 and yields a well-defined real Hamilton function Hy.
The Hamiltonian equation of motion reads

%Mi(t,x) =1 Z n Z /dxg---dxn Vl(ln)ln(x,xg,,xn)
n=1  i1,...,in,J
5i1ij Mj (t, x) MiQ (t, $2) e Mln (t, CCn) . (344)

By a standard contraction mapping argument, we find the following global well-posedness result
for the equation of motion (3.44).

LEMMA 3.14. Let A C R? by an open (not necessarily bounded) subset of R? and My € Ej.
Then (3.44) has a unique solution M € CY(R,Z,) that satisfies M(0) = My. Here ZEp is
equipped with the L% -norm. Moreover, we have the pointwise conservation law |M(t,z)| =

|M(0, )| for allt.
REMARK 3.15. Time-dependent potentials V (t) may be treated exactly as in Remark 3.4.

EXAMPLE 3.16. Consider

Hy = - /Adw h(t,2) - M(z) - /AXAdxdy J(w,y) M(z) - M(y),

which yields the Landau-Lifschitz equation of motion

d

aﬂm@y:M@@xV@@+A®J@wM@w

with continuous integral kernel.

The quantum dynamics is generated by the Hamiltonian H A€ é\lg\h) defined as the quanti-
zation of Hy. More precisely, each term of Hy is quantized and it may be easily verified that
the resulting series converges in operator norm. The fact that Hj is real immediately implies
that H A is self-adjoint. As above we introduce the short-hand notation

ThA = Ao, A €Ay,
A = Us(t)*AUAt), Aecal.

Here, ¢!, is the flow on =, generated by (3.44), and U, (t) is the quantum mechanical propa-

gator, equal to olsh™"Hat if [ A 18 time-independent.

3.2.6. The continuum limit. We are now in a position to state our main result on the mean-field
dynamics of the quantum system on the finite lattice A in the continuum limit, as h — 0.

THEOREM 3.17. Let A C R? be open and bounded, s = %, 1, %, ... fixed, and A € Ap. Then for
any € > 0 there exists a function A.(t) € Ap such that

sup ||[ThA — Ac(H)]oe < €, (3.45)
teR

and, for anyt € R,
|FAA - A()|| < e+Cle,t)n?. (3.46)
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PROOF. One finds, for f € Z®) and g € #9,

{MA(f), Ma(9)} = pa Ma(f = 9) (3.47)

where f — g € Pt4=1 ig defined by

(f = 9irciippgor (T15 -0, Tpyg1)
= iP Zgijilfiig.__ip(xl, o Tp) Ghipieiprqor (T1 Tpils oy Tprgo1) - (3.48)
2

We have the estimate
1f—gllt < [fllec,1 lgll1s (3.49)

where

| flloo,1 = sup Z /dxg...dxp | firoip (T, 22, .. 2p)]

ily-"yip

Without loss of generality, we assume that A = My (f) for some f € %P satisfying the
bound (3.37). Iterating

{Hy, MA(f)} = > np MA(V™ = f)
n=1

we obtain that

o0

{HA,MA(f)}(l) = Z [pra] [(p+m1 — Dng] -+ [(p+n1 4+ +nmqg — L+ 1)ny

ni,...,n=1

MA<V(m) (V) ) f))) ,
with norm

H{HA,MA(f)}(l)HOO < Z [pra] [((p+n1 — ng] -+ [(p+n1 4+ — 1+ 1D)ny]

MN1y...3N

IV oot - IV oot 11l

+n -4 m) " n
<y vt 2 ny g VO oop - VO oo [1f 1

Il
MN1y..,Ng
l
< @ [Z ne uv<">uoo,1}
< vy’ (3.50)

by (3.43). Therefore, for |t| < ||V| =, the series
! 0
> o {Ha, A} (3.51)
=0

converges in | ||oo to T4 A.
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The quantum case is dealt with in a similar fashion, with the additional complication
caused by the ordering of the generators {S;(x)}. This does not trouble us, however, as an
exact knowledge of the ordering is not required. It is easy to see that, for f and g as above,

ish™|Sa(£), Sa(9)]
is equal, up to a reordering of the spin operators, to pqu(f — g). Iterating this shows that
(ish~4! [Hy, 4]

is equal, up to a reordering of the spin operators, to

[e.e]

Z [pnl} [(p—l—nl — 1)n2] [(p—i—nl + o4 — 1+ 1)711]

ni,...,n=1

§A<V("z) (V) () f))) ,
Consequently an estimate analogous to (3.50) yields, for s > 1,
P -~ l h
IGsh=)" [Ha, A]O|| < e I 2 (v,

which readily implies the bound

o ] R oo
|3 5 tishyt [, A < A S qel v (3.52)
=0 1=0

If s = 1/2, the first line of (3.50) gets the additional factor V2T g may be dealt

with by replacing the factor (p +ny + --- + ;)" in the second line of (3.50) with (rp + rng +
-+-+7ny)!/rl. The desired bound then follows for 0 < r < 1—1log2. Note that in this case the
convergence radius for ¢ is reduced to 7||V||~!. For ease of notation, we restrict the following
analysis to the case s > 1, while bearing in mind that the extension to s = 1/2 follows by using
the above rescaling trick.

Now, by definition of ||V||, for any [t| < [|V||~! there is an hg such that (3.52) converges in
norm to 74 A for all h < hg, uniformly in h and A.

In order to establish the statement of the theorem for short times |t| < ||V ™1, we remark
that the commutation relations (3.35) imply the bound

hd
|la-B| < = If1{",

for arbitrary reorderings, A and B, of the same operator §A(f), with f € Z®) for some p < 0.
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If we define 75 A through its norm-convergent power series, we therefore get
[75A — i A

hd o tl
S ?lng_! Z [pnl] [(P+n1—1)n2]---[(p+n1—|—---+nl_1_l_|_1)nl}

M ye.ayM

n h n h h
(n+ -+ = L+ D2 VOO oy e 8 3

hd & p+n1+---+nll+2 ) (h 1k A
< Dos Y B OI,e @
=0 1551
h (h) n i) |
< 5 Z|f|ep\|f\|1 (I+2)(1+1) Zne IVl
=0 n

hd -
< =AY Do+ 2+ 1) (e V™Y
=0
= O(h%),

where in the last step we have used the fact that the sum convergences uniformly in h, for A
small enough, as seen above.

Arbitrary times are reached by iteration of the above result, exactly as in the proof of
Lemma 3.6. U

3.2.7. The thermodynamic limit. The above result may again be formulated in the thermo-
dynamic limit as A — R Here the convergence A — R? is understood in the sense of nets,
where subsets A C R? are ordered by inclusion. We only sketch the arguments, which are
almost identical to those of Section 3.1.6.

The quantum quasi-local algebra is

o((h) . S (h
Al =\, A,
ACR4 bounded

The existence of dynamics is guaranteed by the following lemma.

LEMMA 3.18. Let h > 0 and suppose A € é\lg\ho) for some open and bounded Ag C R®. Then, for
any t € R, the following limit exists in the norm sense:

lim 7{A =: 7T'A,
A—R4

By continuity this extends to a strongly continuous one-parameter group (7Y ier of automor-
phisms of AW,

The classical quasi-local algebra is

A = \/ D/

ACR? bounded

LEMMA 3.19. Let A € p, for some open and bounded Ag C R%. Then, for any t € R, the
following limit exists in || - ||oo -
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By continuity this extends to a strongly continuous one-parameter group (74)icr of automor-
phisms of A. Furthermore, T'A = Aog!, where ¢! is the flow on Ega defined by the Hamiltonian
equation of motion (3.44).

Now, for f € 2®), M(f) and §(f) are well-defined in the obvious way. Define 21 as the
algebra generated by functions of the form M (f), where f satisfies (3.37).

THEOREM 3.20. Let A € A. Then for any e > 0 there exists a function A.(t) € A such that

sup [[7°A — Ac(t)]lo < €, (3.53)
teR
and, for anyt € R,
|74~ 20| < e+ Cle,t) . (3.54)

3.2.8. Evolution of coherent states. As an application of Theorem 3.20, we consider the time
evolution of coherent states. From now on we assume that test functions f have compact
support, i.e. belong to the space

B = BP) O CRMCY).

In addition, we require the interaction potential V' to be of finite range in the sense that there
exists a sequence R,, > 0 such that if |x;—x;| > R,, for some pair (7, j) then Vz(ln)zn (1,0 my) =
0.

Next, we take some initial classical spin configuration M € C(R%;S?), or, more generally, a
function M : R? — S? whose points of discontinuity form a null set. We shall study the time
evolution of product states pys on AM that reproduce the given classical state M. For open
and bounded A € R?, we define the product state

Wi = Q) W),
zeAM)

where Wy () is the coherent spin state corresponding to the unit vector M (z). For A € Eils\h),

define
pr(A) = (Warn, AWara),

which we extend to arbitrary A € A by continuity.
For our main result on the time evolution of coherent states, we first record the following
auxiliary result.

LEMMA 3.21. Let f € ,%’ép) satisfy (3.37). Then

lim pyr (S(£)) = M(f). (3.55)

ProoF. We first show the claim for f = f1®---® f,. Thus S(f)=58(f1)... §(fp). We proceed
by induction on p. The assertion for p = 1 follows easily from (3.32) and the fact that f has
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compact support. Consider now

m(S(f1) -+ 8(fpi1))
= > pu(fil@)-S@) - frralapn) - S(p))

T1,---Tp+1

= > > par (fi(@1) - S(x1) -+ fpgr (@pe1) - S(xp11))

Tl Tp Tpr1@{w1,...,wp}

+ Z Z par (fi(@n) - S(x1) -+ fpgr(@ps1) - S(api1)) -

L1y Zp Tpp1€{T1,..,Tp}
The second term is bounded by

P

wp il IT(0 5 1ol ).

q=1 rEhZd

Using the fact that f has compact support we see that the product converges to [[,[|fqll1, so
that the whole expression is of order O(h?). Since pys is a product state, we thus get

ot (S(f1) - S(fos1))
- Z Z PM(fl(wl) : 5(901) o fplmp) - g(xp))

T1yTp xpp1@{z1,....xp}
PM (fp+1(5'3p+1) ’ §($p+1)) +0(h?)
= > > pu(filwn) - S@a) - fplap) - Sap))

par (fpr1(zpr1) - S(apsr)) + O(h?)
= ot (S(f1) - 8(fp) par (S(fps1)) + O(RY),

where the second equality follows along the same lines as the previous estimate. From the case
p = 1 we get therefore

m(S(F) - 8(fpr1)) = par(S(f1) -+ S(fp)) Ma(fpr1) +o0(1).

In a second step, we approximate a general f € %ﬁp ) by product functions. Let & > 0.

There is a function

F=>Y fe-af,

where a ranges over a finite set and f* € ,%’ﬁl), such that ||f — f|i < e. Furthermore, from
(3.40) we get R o .
o2 (S(F)) = pa (SCH)| < If = fln-

Since both f and f have compact support, is is easy to see that there is an hy > 0 such that
h<h = If=fli < If=Ffli+e<2e.

From (3.38) we also get

|Ma(f) — Ma(f)| < €.
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Finally, the previous step implies that there is an hs > 0, independent of A, such that
h<hy = |pm(S(f)) = Ma(f)| < e.
Therefore for h < min(hy, hy) we have

loar (S(f)) — Ma(f)| < 4e. O
We may now state our main result for coherent spin states.

THEOREM 3.22. Lett € R, A € 2, and M as above. Let M(t) be the solution of (3.44) on R?
with initial configuration M. Then

li v (TPA) = A(M(t
hm%)/) ( 3 (M(t)),
uniformly in t on compact time intervals.

PROOF. The proof is a corollary of the proof of Theorem 3.17. First, let |¢t| < ||[V||~! and pick
an € > 0. Choose a cutoff such that the tails of the thermodynamic limits of the series (3.51)
and (3.52) are bounded by . We therefore have to estimate a finite sum of terms of the form

o1 (S(g)) — M(g)] .

where g € ,%’ﬁp(g” because of our assumptions on V. By Lemma 3.21, for A small enough, these
are all bounded by e, and the claim for small times follows. Finally, by iteration, we extend
the result to arbitrary times. O

3.3. TIME-DEPENDENT CORRELATION FUNCTIONS IN THE
LARGE-SPIN LIMIT

In this section we consider the quantum spin system introduced in Section 3.1. We consider
time-dependent correlation functions of the quantum spin system at some finite temperature,
and prove that they converge to time-dependent correlation functions of the corresponding
classical spin system. Our method relies on the Schwinger-Dyson expansion for the time evo-
lution of observables (Lemma 3.6) and an expansion in coherent spin states. Using a quantum
cluster expansion, we extend this result to an infinite lattice provided the temperature is high
enough.

3.3.1. Time-dependent correlation functions and main result. From now on we use the no-
tations and definitions of Section 3.1 without further comment. Let A C Z% be finite. For a
function A4 on I'y we set

1
(A = W/m dM A(M).

Here dM = T[], dM(z), where dM(z) is the uniform measure on S?. Similarly, for an
operator A on H, we set

<A>A = TrHAA.

(2s + 1)\A|
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Then (-)A in both cases is a state, i.e. a positive linear functional satisfying (1), = 1 (here
1 denotes the function 1(M) = 1 or the unit operator respectively). Moreover, we have the
estimates

[(Aal < [[Alleos (Al < [JA]] (3.56)

Next, let 8> 0, A C Z% be finite, A;,..., A, € Ay, and t1,...,t, € R. Then we define the
time-dependent correlation function of the classical spin system

1

paa((Aisti)iey) = %

(A (A e ™) (3.57)

where
Zga = (e PN)

is the classical partition function.

The time-dependent correlation function of the quantum system is defined similarly. Let
s = %, 1, %, ... be given, and define the time-dependent correlation function of the quantum
spin system

ﬁg,A((Aﬁti)?:l) [ —

Z\g A<(?f\1 121\1) i (?}t\"gn) e_ﬁH“>A,

where ~
7 ._ [o—BH
Zia = (7)),

is the quantum partition function. As before, we usually refrain from indicating the explicit

s-dependence when it is not needed.

We may now formulate our main result. Set ||«|| := |[a]|, where || denotes cardinality.

THEOREM 3.23. Assume that (3.10) holds, B > 0, A C Z% is finite, Ay,..., A, € Ay, and
t1,...,t, € R. Then we have

Tim 55 A ((Aista)iz) = paa((Aiti)ing) - (3.58)
Moreover, if B satisfies
B sup Z V()] el < g (3.59)
meZda:[an

for some a > 0 then the limits

Algrzld Pﬁ,A((AH tZ)zzl) ) Algrzl;d PB,A((Au tZ)zzl) (3.60)
exist and satisfy
. L Y _ Y
Jim - lim Pha((Aisti)izy) i oA ((Ai ti)iny) - (3.61)

Here A — 7% means convergence in the sense of nets, where the finite subsets A C Z¢ are
ordered by inclusion.

REMARK 3.24. One readily sees that, assuming (3.10), the left-hand side of (3.59) is finite for
a =r1/2. Hence, it is always possible to find § and a such that (3.59) holds.

REMARK 3.25. In the definition of A — A we impose normal ordering of the spin variables.
However, (3.6) immediately implies that Theorem 3.23 holds if normal ordering in the definition
of A is replaced by any other ordering.
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REMARK 3.26. To keep the presentation of the cluster expansion in the proof of Theorem 3.23
simple, we require the unnecessarily strong convergence condition (3.59). It may in fact be
replaced with the weaker condition

B sup Y Vel < a (3.62)

d
TELE o (o], ||al|>2

for some a > 0.
We sketch the (minor) modifications needed in the cluster expansion of Section 3.3.2 below.
Split
Hy = H{+ Vi,
where H/O\ contains all one-site interactions, i.e. contains the terms of the form V(a)M® where

[a] consists of a single lattice point. Without loss of generality, we assume that HR and fIR
are nonnegative. We then proceed as in Section 3.3.2, but instead of the full expansion (3.69)
we use the Dyson series

Zgn = 1+Z(—1)"/ dto---/ Aty 6(8 —to — - — tn)
0 0

n=1

" <e_t0ﬁg‘7Ae_t1ﬁg‘7A . e—tnflﬁgme—tnﬁﬁx '
Using the fact that PAIR leaves L(Hx) invariant for all X C A, we may follow the derivation of
Section 3.3.2 to get the cluster expansion (3.73) with “interaction picture” polymer weights

oX) = > (=™ > /Ooodto---/ooodtmé(ﬁ—to—---—tm)

m>=1 Q1,0 0m
X -connected
s |22 Vi

X <e_t°ﬁg D(an) e_tlﬁgq)(og) et IR D () e_t’”ﬁ9\> ;

X
see Section 3.3.2 for an explanation of notations.
The rest of the proof follows as in Section 3.3.2.

ExaAMPLE 3.27. Consider Example 3.5, i.e.

Hy = =3 hla) - M@) — 5 3 Jwy) M) - M)

zeA z,yeN

where we use the notation M (x) = (M (z), Ma(z), M3(x)). We assume that h(z) and J(z,y)
are real functions satisfying

sup h(z) < oo,  J(w,y) = J(yx),  [lees = sup > _|J(z,y)| < oo,
x€Z4 xezdyezd

This corresponds to the Heisenberg model. Condition (3.10) is satisfied for allr > 0. Condition
(3.62) reads in this case
B3¢ |/ < a.

Optimizing in a, we find that (3.62), and hence (3.61), holds provided that

1

< —
7S o] Tlmn
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3.3.2. Proof of Theorem 3.23. We start by proving the statement on a finite lattice, i.e. (3.58).

Convergence for finite A. The main idea is to approximate, uniformly in s, functions in p and
p with polynomials, whose limit may be handled with Lemma 3.12. After eventually adding a
constant to Hy and Hp, we may assume that both are nonnegative. Moreover, without loss of

generality we assume that A; = M for j = 1,...,n. Clearly, it suffices to show
. ~1 7 ~tn T\ —BH _ t tn —BHN(M
SILI&<(TA1A1)--- (Fir Ap) e A>A = <(TA1A1)---(TA A,) e PHA( )>A. (3.63)
Let € > 0. Lemma 3.6 implies, for each j =1,...,n,

?Kj;ij = Pj + Rj,

where -
Pj = > Liaeayvh QA(5%). IRyl < e
aEBj
Thus, R ~
|G AL) - (7 A,) —Pr- Py < 2°(1+e)" e, (3.64)
so that

‘<(’7/:}§1A\1) S (7/'7\”21\”) efﬁﬁA>A _ <P1 P, efBﬁA>A‘ < 2n(1 n 6)"715 .
Similarly, we find
T[fj Aj = Pj + Rj,

where

Pi= > Lagempvh M*,  |Rjlle < €.
QEBj

Therefore, in order to show (3.63), it suffices to show

lim (Py - P,e#i0) = (P... P e )

5§—00

Since Hp and H A are both bounded, we may expand the exponential on both sides. By
dominated convergence, it suffices to show

lim (Py---P, HY), = (PP, HY), .

S§—00

Next, let us write

Hy = Y V(M*+E, Hy =) V(a):5: +E
acC acC

where C' is finite, ||E||ls < ¢ and ||E|| < ¢ for all s. Thus,

k
<P1---Pan/’§>A—<P1---Pn (ZV(@) . §o :) >
A

aeC

< (L+e) 2 (|Hall + )" e,

for all s. A similar estimate holds for the corresponding classical expression. We conclude that
it suffices to show

lim (Q(S%)), = (M*),, (3.65)

§—00
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for an arbitrary multi-index « and ordering Q).
We show (3.65) using coherent spin states. For M € I'y define the coherent product state

Wy = ®WM(93) € Ha,
TEN

where W,y is the coherent state (3.26). From (3.28) we get

T T Q) = g [ A (¥ 287) W)

Now (3.29) implies R
lim (Wi, Q(S*) Wa) = M*.
S§—00
Therefore (3.65) follows by dominated convergence, and the proof of (3.58) is complete.

The thermodynamic limit. We now move on to showing the existence of the limits (3.60) as
well as the convergence (3.61). Let € > 0. Arguing as in the proof of Lemma 3.6 (see (3.64)),
we find that there is a finite set B such that

(Th Ay) - Zl{a]cA}vaMo‘H < e,
aEeB 0
( lAl) ( Z]]-{[acA}UaQa(Sa)‘ < €,
aEB

for all s and A large enough. Let us choose Ag so that [a] C Ag for all & € B. Then we have

'pBA( Azat i= 1 Z Uoz MOée—ﬁHA>A < g,
aeB A

paa((Asti)iey) — Z Vo 2 (Qa(5%)e BHA>A S €,
acB B:A

for all s and A D Ag. We conclude that it suffices to show that, for any multi-index «, the
limits 1 1 R
lim —— (M@ PHAY lim ——(:8%: ¢ PHa 3.66
A—77 Zﬁ A< >A A—7d ZB,A< >A ( )

exist and satisfy

lim lim ;<:§O‘: e_BﬁA>A = lim L<Mo‘e_BHA>

3.67
500 A—7d ZB,A A—7Z4 Zﬁ,A ( )

We do this with a quantum cluster expansion.

Setting up the cluster expansion. Let us concentrate on the quantum spin system; the classical
spin system is handled in the same way. Let A C Z? be finite. Note that (-)5 satisfies the
factorization property

(AB)A = (A)pA(B)y, (3.68)

whenever the supports of A and B are disjoint in A, i.e. whenever there exist disjoint sets
X,Y C A such that A € L(Hx) and B € L(Hy ).
Abbreviate
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and consider the partition function

Zoa = (PN = 14 Z DY (@(an) - Ban)), (3.69)

nx1 QAL,..5Qn

where the sum ranges over «; satisfying [o;] C A. In order to get a cluster expansion with
polymers given by the subsets X C A, we decompose |J;-_,[] in view of using the factorization
property (3.68).

We start with some notation. Define N,, := {1,...,n}. We use the symbol & to denote
disjoint union of sets. We use G(A) to denote the set of graphs on the vertex set A and
G.(A) C G(A) to denote the subset of connected graphs. The set of edges of a graph G, i.e. a
set of unordered pairs of vertices, is denoted by E(G). When writing A = I W --- W I, for a
partition of the set A into k subsets, we always mean that I; # 0 for  =1,... k.

Next, define
1 ifXNY #0

0 otherwise.

EX,)Y) = {

We also use the abbreviation X ~ Y to mean X NY # (. To avoid cluttering the notation,
we omit the brackets [] around multi-indices in expressions like {(«, X) and « = X. Now, for

any sequence o, ..., 0y, we have
1= > JI &y ] (O—=&a), (3.70)
GeG(Nn) {i,j}eE(G) {6.7}¢E(G)

since the summand is equal to 1 for exactly one G and 0 otherwise. Let us decompose the sum
over (G into a sum over partitions of the vertex set N,, = I} W --- W [, followed by a sum over
connected subgraphs within each partition. This yields

Z Z Dy, (a1,...,ap)

k:>1 IlLJ WIp=Ny,

k
< [1 Il &) [ Q-&oiap)|, (3.71)

=1 | Gege(I) {i,j}eE(G) {i.7}¢E(G)

where
Dy, (a1, ... 0p) = H H H &(as, aj)) (3.72)
1<I<lUkiel; jely
The following definitions will prove useful. We say that «y, ..., «, are connected if
> I dlenay I (Q—éleiay) = 1
GeGe(Nn) {i,j}eE(G) {ij}¢E(G)
compare this with (3.70). If «a,...,«, are connected and X = [aq] U -+ U [av,] we say that
ai, ..., aq, are X-connected. Thus,
- (=B)" = 1
T D=5 3R>
n>1 k=1 L wl=N,
k

Z Dll,...,lk (Oél, e ,an)<q)(a1) tee ‘I)(Oén)>A H ]'{(ai)ie[l connected } -

Q. Qiny =1
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By definition of Dy, 1, (a1,..., o) and the factorization property (3.68) we have

k
Dh,___Jk(al,...,an) <‘1>(a1)..-<1)(an)>A = D117~~J Al H<H‘1>(Oéz)> ,
A

=1 \iel,

where the product inside (-)A is in the same order as on the left-hand side. This yields

N O I D DD

n>1 k21 LWl =Np X1,.., X},
k
Z Dh,..-,fk(al" @ H {(e) ier, Xi- connected } H <I) Oéz
Q1,...,0n =1 1€1] A
-y YL Y Y
’I’L'
n>1 k=1 Lw-wly=N, Xi,..,X}
disjoint
k
Z H 1{(061')1’611 X-connected } H(I)(al) )
a1,...,0n (=1 1€]; A
by definition of Dy, ., (a1,...,0y). Using the renaming (a;)icr, — (al)‘Z lll we get
ZAERED S5 S D SIDS H( > <‘I’<a1>"'@<%>>A>
n>1 ! k=1 LWl =N, Xq,...,Xg =1 \ Q1|
disjoint Xj-connected
k
LN SIS > 2 I X (@) eam),
n>1 ! k=1 midetmp=n LWl =Np : X1,..,Xp =1 \ Q1ys0m,
[I;]=m; VI  disjoint X-connected
Sy EEs Ly A S e s,
L k>1 " midetmp=n m! X1, LXp l=1 \ Q1,0
disjoint Xj-connected

This yields the cluster expansion

Zn=1+Y 5 ¥ [T7c), (3.73)

k=17 Xq,..,X =1
disjoint

where the summation is restricted to X; C A. The polymer weights are given by

B(X) = Z(_j?m > (D) (o)) - (3.74)
mEL T onnected

Using the definition
((X,)Y) == —=¢(X,Y).

and renaming indices we may write (3.73) as

Zsp = 1+Z > Hw ) I @+ X)) (3.75)

n>1 " X1, XnCAi=1 1<z<]<n
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It is then well known (see Appendix A) that, at least as a formal power series,

_ 1 o
logZga = Y — Y eXi... X [[o(x), (3.76)
i=1

n2l " X1, XnCA

where
1 ifn=1

ZGegc(Nn) H{i,j}eE(G) C(Xi, Xj) ifn>2.

Convergence of the cluster expansion. A convenient way to address the convergence of (3.76)
is the Kotecky-Preiss criterion [KP86, Uel04]

o(X1,...,X,) = {

SB[ e < alX| VX, (3.77)
Y X

for some a > 0. The following Lemma is the main tool for controlling cluster expansions.

LEMMA 3.28. Let w satisfy (3.77). Then for all X1 we have

1 ~ P
LY gy 2 e Xl @) < e,
n>2 " Xo, X0

PRrROOF. See Theorem A.1 in Appendix A. O

In order to show (3.77), we note that the expression (3.74) for w(X) has the approximate
structure of a cluster expansion. It is therefore natural to estimate it using methods similar to
those employed to prove the convergence of cluster expansions. Let us abbreviate

Vola) = |V(a)|elol
The criterion (3.59) is equivalent to

B> Vala)elol < alx] VX, (3.78)
awX

LEMMA 3.29. Let V satisfy (3.59). Then for all oy we have

n—1
1+ Z:Q (nﬂ— 1)! Z Valog) - Vo) < elleal,

Qg,...,0
Qai,...,an connected

PRrROOF. Define

N+1

n—1
Kn(a) = 1+ (f_ SD DR ACSRRACHE
n=2

Q2,...,0n
ap,...,an connected

We need to show that Ky (ag) < e?loall for all ap and N. We do this by induction on N.
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Note first that if Ky (o) < edlotll then we have for all X

N+1 gn n
ST S X ) Vala) - Valaw)
n=1

n!
Aly..Qn =1
connected
N+1 g
= Z m Z §(X, 1) Va(ar) -+ - Va(an)
=t connected
= > &X,a1)BVa(an) Ky (a)
aq

< DT E(X, 1) BVa(an el

< alX], (3.79)

where the last step follows from (3.78).

Clearly, the claim Ky(a1) < e?l*1llis true for N = 0. For the induction step it is convenient
to rename the variables,

N 571
Ky(og) = ”ZH > Valon) - Valow,).
n=1

Q14O
aQ,...,an, connected

The idea of the induction step is as follows (see also [Uel04]). One considers the connectivity
graph of ag,...,q,, ie. the graph on {0,...,n} that contains the edge {i,j} if and only if
a; »~ a;. Removing the vertex 0 yields a graph that is in general no longer connected. One
then decomposes this graph into its connected components and applies the induction hypothesis
on each connected subgraph.

Using (3.71), we find for all ayg

511
Kn(ag) = 1+Z—, Z Va(oa) -+ Va(om)
n=1 n: 1, t
aQ,...,an, connected
1 k
X Z H Z Dll,...,lk (al, s ,an) H ]'{(ai)ie[l connected }
E>1 " L[wew,=N, =1
N 5,1
< 1+ZH Z Valan) -+ Valaw)
n=1 Al,..,0n ¢

aQ,...,an, connected

1

k
X Z E Z H []]'{HZEII 1Oéi°°040}]]'{(ai)i€1l Connected}]

k=1 LW--Wl=N, =1
1 N p !
DD DY )
n=1 k>1 mi+-tme=n [1y---WI, =N, :
| I1]=my Vi

N

k
X H Z ]]-{Hiele :aio@ao}]]-{(al,...,ozml) connected}va(al) e Va(aml) 5

=1 Q15 Oy
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by relaxing the connectedness condition on ayg, ..., a,. Thus,
n!
Kn(ag) < 1+ Z n' Z i Z e B
n=1 k>1 mi+-+mrp=n
k
X H [ Z ]]'{EiEle !Oéi*cm}va(al) t Va(aml)]
=1 L&15--,0emy
connected
N k
1 Bm
S 1+ Z E Z W Z ]]'{HiENm:aiwao}Va(al) T Va(am) .
k>1 m=1 (o5 WUTIY 20y
connected

By the induction hypothesis, Ky_1(ag) < e®l®oll for all ag. Thus, (3.79) yields

ALy Omy
connected

KN(OéO) < exp Z IB_ Z l{ﬂieNm:aiwao}Va(al)"'Va(am)]
Lm= 1

N m
< exp Z% > Z§(Oéoa06i)va(061)"'Va(am)]

toAl,e,0m j=1
connected

< etllooll 0

LEMMA 3.30. Assume (3.59). Then the Kotecky-Preiss criterion (3.77) holds.
PRrOOF. This is a simple consequence of Lemma 3.29. Note first that (3.79) implies

Z% SN X ai)Valar) - Valaw) < alX].

n>1 ’ ALy Qn g=1
connected

Thus,

Y X YeXnzl =~ QLeQn

Y-connected
Z 25—7; > Valon) - Valan)
g
- 2_

N

S ) < S ST e Viaw)] e

a1, 0n
Y -connected

> Lgien, :amxiValor) -+ Valan)

Toal,.,an
connected

DI D M SLESDIACNERAS

Toon,.ee,0n j=1
connected

< alX]. O

Ezpectation values in the thermodynamic limit. The quantum cluster expansion (3.76) with
polymer weights

B(X) = Zl(_nﬁu) ST Vi) Viam){: 8% S0y (3.80)
"= X-connedted
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has the classical analogue

1ogzﬁ7A:1+Z% S eX, X)) [[w(X), (3.81)

n>1 " X1,.,X,CA i=1

with classical polymer weights

w(X) = Zl(ﬁ) > Vi) Viem)(M™ - M) (3.82)
"= X-connected

The derivation is identical to the above derivation of the quantum cluster expansion. Moreover,
the bound (3.77) and Lemma 3.28 hold with w replaced by w.

Expectations of observables are conveniently computed by defining the perturbed Hamil-
tonian Ha(\) := Hp 4+ A : 5% : . Recall the identity

4
X

1
QAN _ / d o™ A o1-0A
A=0 0

where A = A(0) and A" = dA(0)/d\. Thus, by cyclicity of the trace, we find

1d 7 1 ~ 7
—=— log(e PHANY = _— (. G o7BHAY
ﬁd)\ \—0 < >A ZB,A< >A
Also, from (3.76) we get
L poglet My = Sl S o xS Tacx)
dA a0 n>1 n! X1, XnCA dA =0 i=1
1 N o
= (TL _ 1)| Z SD(XI’ ’Xn) w/(Xl) Hw(XZ) ) (383)
n>1 " X1,..,XnCA i=2

by symmetry of ¢. Let us therefore define

o 1 e TT
F(:8%:) =" oo Yo Xy, X))@ (Xl)Hw(Xi). (3.84)
n>1 X1,y X CZ4 =2
Similarly, using the perturbed classical Hamilton function Ha(A) := Hpy + AM®, we define

n

F(M®) := Zﬁ > e(Xy, X)W (X)) [Jw(Xa) . (3.85)

n>1( N )'Xl,...,xnczd i=2

LEMMA 3.31. If (3.59) holds, then the right-hand side of (3.84) converges absolutely and uni-
formly in s, and the right-hand side of (3.85) converges absolutely. Moreover,

1 PN = 1~ =
lim ——(:8%: e PHAY = __F(:8%: .
Jim, o S%:e N 5 (:8%:), (3.86a)
m (e BEYy  — _Lpige
Ali)n%d Zon (M%e N 5F(M )- (3.86b)
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PRrOOF. We only show the claims concerning F. We show that the right-hand side of (3.84)
converges absolutely and uniformly in s. Then (3.86a) follows immediately from the represen-
tation (3.83) and (3.84).

The right-hand side of (3.84) is bounded in absolute value by

n

St X bt Xla ol [loe

n>1 X1, Xn i=2
—~ 1 o
- D1+ oty X e [
X1 n>2 " Xo,.Xn i=2

< Y @' (X)X
X1

where in the last step we used Lemma 3.28. Let us therefore estimate

> ola'(x)]e¥ < Z “‘X'Z > Vi) [Vl
X m>1 ! Q5050 =2

X-connected

Using V'(a1) = Lig,—a} and | X| < [laq || + - + |loum || we get the bound

Z Beallal Z Z L{a=a) H Va(oy)

m>1 ! ALy Qm =2
X-connected

< ﬁeaHOéH Z Z ]l{al:a} ﬁVa(Oéi)

m>1 . Q1,..,0m 1=2
connected
,Bm 1
— gedlel (1 4 Z Al > HV (ci) )
m>2 A2,...,0m: =
Q2. Oy connected
< pealal
where in the last step we used Lemma 3.29. ]

We may now complete the proof of Theorem 3.23. What remains is to show that

lim F(:8%:) = F(M®).

5—00

By Lemma 3.31 and dominated convergence, it suffices to prove that

lim W(X) = w(X), lim @'(X) = w'(X),

§—00 §—00
for all finite X. We only show the first equality; the proof of the second follows along the same
lines. Using (3.10), one readily sees that the sum (3.80) is absolutely convergent, uniformly in
s; similarly the sum (3.82) is absolutely convergent. By dominated convergence, it is therefore
enough to show that

lim<:§°‘1 o Gom >X = <M°‘1---MO"”>

5§—00 X

But this is (3.65), which we have already proven. Thus the proof of Theorem 3.23 is complete.
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3.4. TIME-DEPENDENT CORRELATION FUNCTIONS OF A LATTICE
BOSE GAS

In this section we consider an interacting Bose gas on a finite lattice A, and prove a result
analogous to Theorem 3.23. We consider a regime where the density tends to infinity, which
corresponds to a mean-field regime.

Throughout this section we work on a fixed, finite subset A C Z%. As A is fixed throughout
the following, we systematically omit the subscript A.

3.4.1. The lattice Bose gas. The one-particle Hilbert space is
H o= 1*(A).
The n-particle space is the symmetric tensor product
WM = PO,

where Py is the orthogonal projection onto the subspace of symmetric tensors. Vectors in H )
are wave functions W) (1,...,2,) that are symmetric in their arguments z1,...,z, € A.
The many-body problem is formulated on the bosonic Fock space F := @n20 HM A
vector W € F is a sequence (\I/(”))n>0, where U e H() The space H(©) = C is spanned by
a single unit vector, €2, the vacuum. The Fock space F is a Hilbert space with scalar product

\I’l,\lfg Z Z \If(n)(xl, ey L )‘I’; )($1,...,$n).

n=20x1,...,xnEA

On F we have the creation and annihilation operators, a*(x) and a(z). They are defined
by

(a*(:v)\I’)(")(xl,...,xn) = Zé:ﬂ—xl)\I’(" U(xl,...,xi,l,le,...,xn),

\/_

where §(z) 1= 1y,_g) is the discrete delta function; also,

(a(z)®) ™ (z1,. .. 2n) = VR + 10D (@ 0 x,).

It is not hard to check that a*(x) and a(x) are both closable and each other’s adjoints (see
g. [BRO2]). Moreover, they satisfy the canonical commutation relations

[a(z),a*(y)] = 0(z —y),  la(x),aly)] = la*(z),a"(y)] = 0.

In the following the notation is somewhat streamlined by introducing the rescaled creation
and annihilation operators

A = —a'(x an(x ':Lam
G,N(.%') _\/N ()7 N() \/N ()7

where N > 0. They satisfy the commutation relations

[an(z),an ()] = 0@ —y), lan(z),an(y)] = lan(z),an(y)] = 0. (3.87)
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Let p € Nand b® ¢ E(H(p)) be a p-particle operator, with kernel b®) (1, Zps Y1y -5 Yp)-
Define its second quantization

ANy = 3" S P (@, mpiyn ) ai (@) - ai(@p)an (i) - an(yy) -

TLseesTp Y1yeesYp

It is easy to check that KN(b(p)) is a closable operator on F, whose action on the n-particle
sector is given by

R 2y p, (pP) @ 1P\ P, ifn >

ANy = {Np e (3.88)

0 otherwise .

The operation A ~(+) has the following important properties whose simple proofs we omit.

(i) I b® € L(HP) and @) € L(HD), then

~ ~ [N
AvOP)Ay(d@) = Y @ (g) ]Q— An (b o, @), (3.89)

where
b® e, D = P (P @10 (1P @ D) P, e L(HPTIT), (3.90)
Here we adopt the convention that (}) =0 for k ¢ {0,...,n}.

(ii) The operator Ay (b®) leaves the n-particle subspaces ’Hg? ) invariant.

(ii) If b® € £L(HP)) then

n p ( )
< (=) 1@ :
< <N> |6 | (3.91)

We introduce the notation
[b(p)’ C(q)] = pP) o, @ (D) o pP) (3.92)
Note that [b(p), c(q)]o = 0. Thus,

[KN(b(p)),KN(c(Q))] _ Z <P> <Q> ]C_L KN([b(p)’ C(Q)]T) ) (3.93)

T r
r>1

Next, we discuss the dynamics. As we are interested in the large-density limit of the Bose
gas, it is of some interest to consider a Hamiltonian with many-body interactions. Consider
a family V = (V(k)) of self-adjoint operators with V¥ e E(?—l(k)). Define a Hamiltonian

k=1
through
. 1 -~
Hy =3 Ay (V). (3.94)
k>1
We impose the condition
Vil = > e |[VW] < oo, (3.95)
k=1

for all r > 0.
Using Nelson’s analytic vector theorem (see e.g. [RS75]) on the set of vectors of finite particle
number, it is not hard to see that Hy is self-adjoint on F. The quantum time evolution of

observables is defined by
A . oINHNt A (—iNHnt
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3.4.2. The classical lattice gas. The theory of a classical gas on the finite lattice A is formulated
on the phase space

I = *(A),

whose points we denote by a. We denote by ||| the I2norm of a. The symplectic form on I'

is given by
Z da(z) Ada(z),
€A

which yields the Poisson bracket

In analogy to the second quantization Ay, we define the function A(b®P) : T' = C through

AP (o Z Z bP xl,...,xp;yl,...,yp)a(xl)---E(xp)a(yl)---a(yp).

T1s-Tp Y1s--Yp
We record the following properties of A.
(i) If b® € L(HP) and @ € L(H D) then
{A(b(p)) , A(C(Q))} = iqu([b(p) , C(Q)] - (3.96)

(ii) If b € £L(HP) then
AP (@)] < [B%|[laf*. (3.97)

The dynamics is generated by the Hamilton function

1 k)
- Z HA(V(

k>1

The Hamiltonian equation of motion,
ihe = 0gH (), (3.98)

has a globally well-defined solution for all initial data, as one easily sees using a standard
contraction mapping argument. (We omit further details; see also Lemma 3.36, whose proof
by expansion also yields a proof of the well-posedness of (3.98).) Moreover, it is easy to see
that ||| is conserved under time evolution.

For a function A(«) on I" we abbreviate

(T'A)(a) = Ala(t)),

where «a(t) is the solution of (3.98) with initial data «.
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3.4.3. Main result. We start with some notation. For a function A on I' we set
1
(A) = — [ da A(«a),
Al Jp
where dov := [, ., d(Re a(2)) d(Im a(x)). Similarly, for an operator A € L!(F) we set

(A) = A.

1
—N‘ A Tr
Assume that H and Hy are nonnegative, for all N > 0. Denote by A the function
N(a) = Y, cala(@)? Similarly, define the rescaled particle number operator Ny :=
D wen on(@)an (2).
Let 3>0,0< z<1andty,...,t, € R. Moreover, let pi1,...,p, € N and b; € H®) for
i = 1,...,n. Then we define the time-dependent correlation function of the classical lattice
gas, at inverse temperature § and fugacity z, through

1

p@z((bi, ti)?zl) = Zﬁ Z<(7-t1A(b1)) - (TtnA(bn)) efﬁHZ/V’> , (3.99)

where
Zg = (e PHN)
is the classical partition function. Similarly, we define the time-dependent correlation function
of the quantum Bose gas, at inverse temperature 8 and fugacity z, through
~ 1 SR B _BHN N
PR (i ti)im) = = (P RN () -+ (P Ry (b)) e v (3.100)

N
Zg.

where R L
Zé\fz = <e_5HNzNN>

is the quantum partition function.
We may now state our main result.

THEOREM 3.32. Let A C Z% be finite. Let B> 0,0< z <1 and ti,...,t, € R. Moreover, let
Py o €N and by € HP) fori=1,...,n. Then we have

Jim 05 (i t)iey) = pa-((bis ti)iy) -

REMARK 3.33. This is a result on the mean-field limit of the quantum Bose gas, in a regime
where the density of particles grows like N. Indeed, for large N the state

1 —~ —~
—BHN N,
A = (A e PHN N

25,z
has an expected number of particles proportional to N. This is an immediate corollary of The-
orem 3.32: The rescaled particle number operator Ny = N='Y" _\ a*(z)a(x) has ezpectation

of order one. Heuristically, this behaviour is already apparent in the case PAIN =0 and |A| =1,
where the expected number of particles is given by

Tuone®® 11 N +0(1)
Sas0 2N YN -1 —logz '
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REMARK 3.34. By the previous remark, the typical coAnﬁgumtz'on in the above state has n ~ N
particles. Thus, (3.88) implies that the expectation of Ax (b)) is of order one for all b®) € HP),
In particular, all terms of the Hamiltonian Hy have expectation of order one.

EXAMPLE 3.35. Consider V) = —A 4 v(x), where A is the discrete Laplacian (with arbitrary
boundary conditions) and v is some external potential. Set furthermore V) = w(x; — x),
where the interaction potential w is an even function. Set V%) =0 for k > 3. This describes
a lattice Bose gas with two-body interactions. The classical equation of motion is

i0a(z) = (—A +v(@)a(z) + > wlx - y)laly)Pa(z),
yeN

the discrete Hartree equation.

3.4.4. Proof of Theorem 3.32.

Preliminaries. We start with some notation. For n € N write

HE) = é?—[(i).

i=0
Also, for ¢ > 0 define the ball
Be = {ael: o) < ¢}
We control the time evolution with a Schwinger-Dyson-type expansion.

LEMMA 3.36. Let e > 0, t € R, ¢ > 0 and b®?) € H®) for some p € N. Then there exists an
L € N and a finite sequence (e(l))leo, where eV € HW | such that

L
AP = > A(eD) < e, (3.101a)
1=0 L>(B¢)
L
H (?’ffo(b(p)) - ZKN(eU)))‘ <e (3.101b)
H(SCN)

for all N large enough.

PROOF. We use a “one-loop” expansion for the quantum evolution. The fundamental theorem
of calculus yields

t R R o
FANODP) = Ay(b®) + / ds NN N [Hy | Ay (b®))] e 5NN

= ) + Z X / ds e*NAN i [A (V(k)),KN(b(p))] e IsNHN
k=1

= An( +Zk'/ ds 1kaSAN([V(k) b(p)h)

k>1

> Z/ 5 1( )<p>r!?ﬁN([v(’“),b(P>]r), (3.102)

k>1 r>2
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where the last step follows from (3.93). We now iterate this identity by applying it to the
second term on the right-hand side. This gives the series expansion

FRNBY) = TEOO) + T (00),
where

1
W) = S5 S e 3 g
1 ki>1

>0 k1>1
X 1p(p+ k?l - 1) tee (p—i— (kﬁl - 1) + - (kl—l - 1)) A\N([V(lﬂ),. .. [V(kl),b(p)]

(3.103)
and
L (b®)) = ZZL ZLZ/ dsy-- /Sl ldslkq"-kl—lL
ky! k! Nt
11 ki >1 k=1 r>2
k ki—1) 4+ (k-1
Xilp(p+k1—1)"'(p+(k1_1)+"'+(kl2—1))<Tl><p+(1 )+T ‘|‘(l 1 )>7°'

x P AN (V&) [vtk-o v @] )] ), (3.104)

where the term [ = 1 is understood to be the last line of (3.102). To simplify presentation, we
do not consider the rest term arising from a finite number of iterations; the following estimates
showing the convergence of (3.103) and (3.104), together with the fact that the time evolutions
are norm-preserving, also imply that the rest terms vanish.

In order to estimate the sums in (3.103) and (3.104) on the space H(S¢N) | assume without
loss of generality that ¢ > 1. Then, using (3.91), we find that the right-hand side of (3.103) is
bounded by

1 1L (ptkit-+k)
ZW Z G . Z O ( i ) ob ¢tttk |y )| v ) 6@ |
20 k1>l T k>l )

l
1
< @) Y JH (Z i 1)!ek<’“uv<’“>u> .

1>0 k>1

(3.105)

By assumption, the quantity in parentheses is finite, so that the sum converges for |¢| small
enough. Similarly, we estimate the right-hand side of (3.104), restricted to the space HSN),
Since 7! preserves the operator norm, we get the bound

It|! 1 1
e O e S LAl

I>1 ! k1>1 ki_1>1

k + ki 4tk
X Z (;) (p ! l>r!21 Hv(kl)H .. Hv(kz)HHb(p)H <p+k1+ +ky

r=2 "
1
< " . Ptk
Y e Y g S
>1 k1>1 ki_1> k=1

x 2k12p+k1+~~~+kl 21 ”V(kl)H L. HV(kl ||Hb ” Cp—i—kl—i- +k; ’
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where we used r < k; and ), (:f) = 2". Thus we get the bound

-1
PO S (Z - 1)!e’fzkc’fuv<‘f>u> (Ze’%’fc’“uvu““)) . (3100)

=1 k>1 k>1

By assumption, both terms in parentheses are finite, and the series converges for small ¢. Thus
all series converge if |t| < p((), for some positive convergence radius p({). Let us assume that
|t| < p(¢) and introduce a cutoff [ < L in the series (3.103) such that the corresponding tail
in (3.105) is bounded by £/2. Choosing N large enough that (3.106) is bounded by /2 yields
the claim (3.101b)
For [t| < p(C), the classical Schwinger-Dyson expansion (3.101a) is shown similarly. Iterat-
ing
t
TABP)) = AGB®P)) + / ds 7 {H, A(b®))}
0
and recalling (3.96), we find

tt 1 1
t )y — - ... iy S,
TP AW = E T E o kil kl!kl ki
=

>0 k1>1

Xilp(p—i—kl —1)--- (p+(k1 — 1)+ 4 (kg _1))A([V(kl)’___ [V(kl)’b(p)]ln_]l)_

Using (3.97) and the estimate (3.105), we see that this series converges in L°°(B;) provided
that |¢t| < p(¢). Therefore (3.101a) is proven for small times.
The extension to arbitrary times is done by iteration, as in the proof of Lemma 3.6. One

uses norm conservation, [[7'Aly e || = [|Alyeen || and [|7*Allze ) = [AllLe(s,), as well
as the fact that the convergence radius p(¢) is independent of p. We omit the uninteresting
details. 0

Next, we introduce and recall the key properties of two convenient families of basis vectors.
Let n = (n(z))zea be a family of nonnegative integers. Define the occupation number state

n@q. (3.107)

1 *
B, = H W(a (z))

TEA

It is not hard to see that {B),},cya is an orthonormal basis of F. It satisfies

NNB, = —”ZL\'['I B, (3.108)

where

Infly =" n(x).

TEN

Coherent states are another useful family of vectors; we refer to [Gla63| for proofs and
details. For o € I' define a(a) = > ) @(z)a(x); a*(a) is the adjoint of a(a). Define the
coherent state

W, = e (@-ale) g — o llel?/25a (@)

Coherent states form a complete set in F in the sense that

1
— [ da [Wy)(W,| = 1,
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where, we recall, do := [[,cp d(Rea(z)) d(Im a(z)). In particular,
1
TrA = — [ da (Wa, AW,). (3.109)
Al Jp

Coherent states also have the property

a(x)Wo = alz)W,. (3.110)
Finally, we have
(Bp,W,) = e llol? /2H (3.111)
zEA

Proof of convergence. We now have all the necessary tools to prove Theorem 3.32. Clearly, it
suffices to show

3 ~tL A ~tn A - ﬁ -/v — n —-B8H N
ngnoo<(7t1AN(b1)) (R AN (b)) e PN N> = <(7’t1A(b1))--- (T A(by)) e PH 2 >

(3.112)
Let & > 0. We begin by introducing a cutoff of order ¢ in the rescaled number of particles. To
this end, let x be a continuous function on R satisfying x(z) € [0,1], x(z) = 1 for x < 1/2 and
x(z)=0forz>1. Set Y :=1—x.

LEMMA 3.37. There is a ¢ > 0 such that
(<(T“A(b1)) (A b)) PN >‘ (3.113a)
{(FBn ) - (B Bn (b)) e T8 A (A /)] < e (3.113b)
for all N

PROOF. Let us start with (3.113b). Since Hy and b; are gauge invariant (i.e. they commute
with Ny), we find that the left-hand side of (3.113b) is equal to

(P (@ + M) R (b)) -+ 7 (1 + N) " R (b))
x e (14 K)o vy (W /)

Note that (3.88) implies
(L + Nn) P AN ()] < bl

fori=1,...,n. Recall also the inequality Tr(AB) < ||A||||B||;. Since 7" preserves the operator
norm we therefore get the bound

1
o]+ ol 5 T

(]1+/\7 )p1+ “+pn NN (NN/C)‘

= ol -+ ol <oz T (2 + M) P (A /) )

N\AI
Let us abbreviate
fe(N) = (1 NP A0 /C).
Thus we need a bound on
1
Sn(¢) =

S T W) = 3 < fellnla /)

neNA
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where we used the basis (3.107) for computing the trace. Then (3.113b) follows if we can show
that lim¢_,o, Sn(¢) = 0 uniformly in N. We do this by showing that, for all ¢ > 0, we have

Jim Sx(C) = S(0) / / IT dut) fe(lelh) (3.114)

TEN

where u = (u(z))zea and |lullt = > calu(x)|. Thus, since clearly lim¢_,o Soo(¢) = 0, we find
that (3.114) implies (3.113b).

In order to show (3.114) we note that Sy(¢) is a Riemann sum with mesh size N~
The somewhat delicate convergence of a Riemann sum on an infinite domain may in our case
be easily dealt with by using the fact that f; is monotone nonincreasing for large enough
arguments. For u = (u( ))zeA deﬁne [uly = ([uln(x))zen by setting [u]ny(x) equal to the
integer multiple of N~! nearest to u(x). Thus,

/ /Hdu ) £l ) -

zEA

Since clearly fe(||[uln][1) = fe(|Jull1) pointwise, (3.114) follows by dominated convergence if
we can find a function g such that f¢(||[u]n][1) < g(|Jul|1) for large enough N, and u — g(||u|1)
is integrable. Choose x > 0 large enough that f:(\) is nonincreasing on [k — 1,00) and set

SUDP[(_. it A<k
g(n) = Pl Se
feA=1) ifA>k.

It is easy to see that g has the desired properties. Hence the proof of (3.113b) is complete.
The proof of (3.113a) is similar to (in fact easier than) the proof of (3.113b). The claim
follows from lim¢_,o0 Soo(¢) = 0. O

By Lemma 3.37, Theorem 3.32 follows if we can prove

Jim (P9 Rx () -+ (7 R (bu) e 2 2 (Vi /) )
= <(7’t1A(b1)) ... (TtnA(bn)) e*ﬁHZNX(N/C)> (3115)

for arbitrary ¢ > 0. Let us consider the left-hand side of (3.115). Since X(Nn/¢) commutes
with all other factors, we may use Lemma 3.36 to expand the factors 7 iA ~N(b;) to get, just like
in Section 3.3.2,

<(?t1KN(b1)) (?tnKN(bn)) efﬁﬁNzﬁNX(/\A/N/Cw

Ly Ly —~ ~ ~
= > 3 (Al Au(elf)) e PN N (/) + B, (3.116)

11=0 ln=0

with [Ry| < e for N large enough. Next, (3.91) implies that, on the range of X(Nn/€), the

Hamiltonian H ~ is bounded uniformly in N. Thus we may expand e —BHN  We conclude: Up
to an error that is smaller than e, uniformly in N, (3.116) is of the form

(P(a}y,an) 2 x(Nn/Q)),
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where P is some polynomial in the rescaled creation and annihilation operators a}y(z), an ().
Repeating the above argument for the right-hand side of (3.115), we find using (3.101a)
that, up to an error term smaller than ¢, it is of the form

(P(@,a) 2N x(NV/Q)),

where the polynomial P is the same as above.
Thus it suffices to show

lim <P aN,aN) X(JVN/C» = <P(5,04) ZNX(N/C)>

N—o0
for an arbitrary monomial P. We start by anti- Wick-ordering P(aj,an), i.e. by using the
commutation relations (3.87) to write P(a};,an) as a sum of terms in which all creation op-
erators aj(x) stand to the right of the annihilation operators an(x). In the limit N — oo
the subleading terms vanish (as they are proportional to N~", where r > 1 is the number
of contractions arising from the ordering). What remains is the anti-Wick-ordered version of
P(a},an), which is of the form
an(z1) - an(zp)ay (y1) -~ an(y)

for some x1,...,2g,y1,-..,y; € A. The claim thus reduces to
tim (an (o) - an(o)ai(on) - ak(w) 2 XXy /)
N—o0

= (a(@1)---alep)aly) @) 2 XN/Q)) . (3.117)
By cyclicity of the trace we get

(an(@n)-- an(@)ai(mn) - ai () 2 x (Wi /)
— (a0 - aiy(o) 2 xR /C) ax(ar)-- ax(an)).

By (3.109), this is equal to
M/da <Wa Lai() - ar () 2 XN /0) aN(xl)---aN(:ck)Wa>
™ r
— ﬁ/rda <aN(y1)-..aN(yl)W\/Na AN YN /€) aN(xl)"'aN(xk)W\/ﬁa>,
after the variable transformation a + a/v/N. Using (3.110) we get
ﬁ /F dev afer) - alw)ay) - @) (W, e 2 XV /Q Wz, - (3.118)

To conclude the proof of Theorem 3.32, we need to show (3.117), i.e

lim A|/daa x1)--alzg)a(yr) - aly )<W\Fon X(JVN/C)W\/ﬁa>

N—oo
= 7T|A/do‘0“51 a(zp)aly) - aly) 2N W ()/¢) . (3.119)
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We do this by dominated convergence. Set f(\) := 2z x(\/¢). Then, from (3.111) and (3.108)
we get

W s 2 XN SO W ) = (W s SN W)
= > [(Ba Wyma) [ (Inll1/N)

neNA
Nl (N]a(z)?) n(z)
o= Nllall g\%g (o)l f(Inlli/N)
- /(HdMNJa(agw(U(x))) Fllull) (3.120)
xeA

where the measure py,s on R is defined by

_Ns Ns)™
i = e

m=0

where 4,/ is the delta mass at m/N. Clearly, uns is a probability measure. Moreover, a
short calculation shows that its mean is s and its variance s/N. Therefore py s converges to
ds in probability, and hence weakly, as N — oco. Since f is continuous and bounded, we get

lim (W0 2 XN /O Wyga) = flal?) = MO (@)/0).

N—o0

In order to find a function that dominates the integrand In(a) on the left-hand side of
(3.119), we estimate

In(@) = |a(ey)-alen)@ys) - @) (Wyma 2 XN /O Wz
< Nl Wy xas 2N Wma) -

From (3.120) we get

(W 28 W) = e Mal? 37T N|O‘<f“)2' Sl /v
neNA zeA n(x
“ 11 <e—Na<w>|2 ) (Wla@)l*)™ |O‘(“’”)|2)mzm/1v>
TEA m=0 m!

exp(—|la|*N(1 - /).

Since
N1 —2zYY)y = —logz+O(N™Y)

for N — oo, we conclude that, for N large enough,
2
In(a) < flaff*elel/z,

which is integrable over I'. Hence the proof of Theorem 3.32 is complete.
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3.4.5. A note on the thermodynamic limit. The arguments of the previous section rely crucially
on the fact that A is finite. A cluster expansion along the lines of Section 3.3.2, combined
with time evolution of observables, is difficult to control. However, if one introduces a cutoff
proportional to N in the particle density, the creation and annihilation operators become
bounded, and the problem essentially reduces to the spin system discussed in Section 3.3.

The obvious solution is to restrict the trace in (3.99) to the subspace F¢y of F that contains
at most (N particles per lattice site. While this approach works, it is unsatisfactory in the
sense that F¢y is not invariant under time evolution.

A better approach is to use a formulation in terms of quantum spins, thus reducing the
problem to a special case of the problem considered in Section 3.3. One takes a quantum spin

system with spins of magnitude s = (/N and defines ay(z) := \/%NS, (). The vacuum is
given by Q := |—s). It is easy to check that, on any subspace of bounded particle number,

ay and a}; satisfy commutations relations that go over to (3.87) as N — oc.



CHAPTER 4

The Mean-Field Limit of a Quantum Gas with
Coulomb Interaction

This chapter is devoted to the mean-field limit in quantum mechanics. We consider a quantum
gas in 3 dimensions (although our results may be trivially extended to higher dimensions),
consisting of N particles. The N-particle mean-field Hamiltonian is given by

N

Hy = Zhl + % Z w(xi — .%'j) . (4.1)

i=1 1<i<j<N

We consider interaction potentials w that exhibit at most Coulomb-type singularities |=|!,
and one-particle Hamiltonians of the form h = —A + v, where v is a weak external potential
(which in our case means that v € L3 + L°°). Here, for convenience, we choose physical units
in which the mass of the particles is 1/2.

In the case of a Bose gas, we prove that the mean-field dynamics is governed by the Hartree
equation. To this end, we state and prove a Egorov-type theorem (Theorem 4.13) and discuss
as an application the dynamics of coherent states (Theorem 4.15). In the case of a Fermi gas,
we prove that the mean-field dynamics is governed by the Hartree-Fock equation (Theorem
4.24). We also describe how the quantum many-body theory of a Fermi gas may be viewed as
the quantization of a “superhamiltonian” system, and prove a Egorov-type theorem (Theorem
4.28).

While the mean-field limit of a Fermi gas with Coulomb interaction potential has not been
previously considered in the literature, the study of the mean-field limit of a Bose gas with
Coulomb interaction potential has a (relatively short) history. The first result is due to Erdds
and Yau [EYO01]. This result was improved by Rodnianski and Schlein in [RS07] by deriving
explicit bounds on the rate of convergence to the mean-field limit; their method is inspired by
a semiclassical argument of Hepp [Hep74].

In this chapter we present a new, simple way of handling singular interaction potentials'. It
yields a Egorov-type formulation of convergence to the mean-field limit, thus obviating the need
to consider particular (traditionally coherent) states as initial conditions. Another, technical,
advantage of our method is that it requires no regularity (traditionally H'- or H?2-regularity)
when applied to coherent states. Our proof is based on a diagrammatic expansion of the
dynamics. We sketch its key ideas.

IThis method is inspired by [FGS07], where results were obtained for the quantum Bose gas with bounded in-
teraction potential. In [Sch07], partial results were obtained for the quantum Bose gas with Coulomb interaction
potential.

83
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(i) Use the Schwinger-Dyson expansion to construct the Heisenberg-picture dynamics of p-

particle operators
eitHN I/&N (a(p)) e—itHN

(in the notation of Section 4.1).

(ii) Use Dispersive estimates and combinatorial estimates (counting of graphs) to prove con-
vergence of the Schwinger-Dyson expansion on N-particle Hilbert space, uniformly in N
and for small |t|. Diagrams containing ! loops yield a contribution of order N~/

(iii) Show that the tree diagrams (I = 0) converge to the Schwinger-Dyson expansion of the
Hartree dynamics (in the case of a Bose gas) or the Hartree-Fock dynamics (in the case
of a Fermi gas).

(iv) Extend (ii) and (iii) to arbitrary times by using unitarity and conservation laws.

This chapter is organized as follows. In section 4.1 we introduce a general formalism which
is convenient when dealing with quantum gases. Section 4.2 contains an implementation of step
(i) above. The convergence of the Schwinger-Dyson series for bounded interaction potentials
is briefly discussed in Section 4.3. Section 4.4 implements step (ii) above. In Section 4.5, we
discuss the mean-field limit of a Bose gas, and prove convergence to the Hartree dynamics
as outlined in steps (iii) and (iv) above. Section 4.6 is devoted to the mean-field limit of a
Fermi gas; we prove convergence to the Hartree-Fock dynamics as outlined in steps (iii) and
(iv) above. Finally, Section 4.7 extends our results to more general interaction potentials as
well as nonvanishing external potentials.

4.1. QUANTUM GASES: THE SETUP

The setup is similar to the lattice Bose gas (Section 3.4.1). We use n to denote particle number,
as the variable IV is reserved for the inverse parameter of the quantization associated with the
mean-field limit (see Section 4.5).

We briefly review the main ingredients of many-body quantum theory, mainly in order to
establish notations (see [BR02] for more details). Throughout this chapter we consider the
one-particle Hilbert space

H = L*(R? dzx).
The n-particle space is Hg? )= Py H®" where Py is the orthogonal projector onto the symmet-
ric/antisymmetric subspace of H®". We often work on the Fock space Fi := @n>0 7—[2? ), where
we adopt the usual convention that ’Hf) = C. A state ® € Fy is a sequence ® = (), -,

with &) ¢ 7—[&1). The scalar product on Fy is given by
(®,T) = Z<¢(n),¢,(n)>‘
n=0

The vector 2 = (1,0,0,...) is called the vacuum. By a slight abuse of notation, we denote a
vector of the form & = (0,...,0, e 0, .. .) € F1 by its non-vanishing n-particle component
(") Define also the subspace of vectors with a finite particle number

Fl = {®dcFy: ®(™ = 0 for all but finitely many n}.
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On FL we have the usual creation and annihilation operators, a¢* and a, which map the
one-particle space H into densely defined closable operators on Fi. For f € H and ® € Fq,
they are defined by

(a*(f)fb) () (1‘1, - ,.%'n) = % Z(il)iil f(mz)q)(nil) (1‘1, SR T I 7 T ,I'n) R
=1

(@)2) Var,- ) 1= VAT [y TR g, ).

It is not hard to see that a(f) and a*(f) are adjoints of each other. Furthermore, they satisfy
the canonical (anti)commutation relations

() (@)], = (.91, [a*(N).at(9)], = 0. (4.2)

where [A, B]s := AB ¥ BA, and a# = a* or a. In order to simplify notation, we usually
identify ¢l with ¢, where ¢ € C.
For our purposes, it is more natural to work with the rescaled creation and annihilation
operators
A

a =
N \/N

where N > 0. We also introduce the operator-valued distributions defined formally by
aﬁ(:ﬂ) = aﬁ(&v)’

where ¢, is the delta function at . The formal expression aﬁ(w) has a rigorous meaning as a

densely defined sesquilinear form on Fy (see [RS75] for details). In particular one has that

on(f) = [de f@ata),  ak(f) = [ do f@)ailo).

Furthermore, the (anti)commutation relations (4.2) imply that

fax(@). ok )], = @ —v),  [df@).abw)], =0, (4.3)

In the following a central role is played by p-particles operators, i.e. closed operators a®)
on %(ip ). When using second-quantized notation it is convenient to use the operator kernel of
a'P). Here is what this means (see [RS80] for details). Let S(R?) be the usual Schwartz space
of smooth functions of rapid decrease, and S’(R?) its topological dual. The nuclear theorem
states that to every operator A on L?(R?), such that the map (f,g) — (f,Ag) is separately
continuous on S(R%) x S(RY), there belongs a tempered distribution (“kernel”) A € &'(R??),
such that .

(f,Ag) = Alf®g).

In the following we identify A with A. In the suggestive physicist’s notation we thus have

<f,a(p)g> = /dxl'”dxpdyl"'dypf(xl""’xp)a(p)(xl,'--axp;yly-"ayp)g(yl""’yp)a

where f,g € S(R%). It will be easy to verify that all p-particle operators that appear in the
following satisfy the above condition; this is for instance the case for all bounded a?) € E(?—[(ip )).
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Next, we define second quantization XN. It maps a closed operator on Hgf ) to a closed

operator on Fy according to the formula?

XN(a(p)) — /dm - odz, dyy - - dy,
ay(zp) - ai(x1) a® (1, .y, yp) an () - an(yp) . (4.4)
In order to understand the action of Ay (a®) on 7—[3? ), we write

n/2
oM = ]:[/m dzy---dz, @™ (21,00, 20) al(zn) - - aly(21) Q

and apply Ay (a®) to the right-hand side. By using the (anti)commutation relations (4.3) to
pull the p annihilation operators ay(y;) through the n creation operators ajy(z;), and an(z) Q =
0, we get the “first quantized” expression

. p—!(Z)Pi(a(p) @ 1=PHPL ifn>p

AN(a(p))‘H? — {NP

4.5
0, ifn<p. (4:5)

This may be viewed as an alternative definition of Ay (a®).

We define 2 as the linear span of {KN(a(p)) cpeN, aP ¢ E(Hg))}. Then 2 is a x-algebra
of closable operators on F2. We list some of its important properties, whose straightforward
proofs we omit.

(i) An(a®)" = An((a®)).

(i) If a® € L(HP)) and b@ € £(H?), then

min(p,q) |
~ ~ P q . -~
Ry (a®) Ay (@) — Z—:o <T> Q«)W R (a® o) @) (4.6)
where
a®) 0, 4@ = P (a® @10 ) (1P @bp@)py € L(HPTITT). (4.7)

(n)

(iii) The operator A(a®)) leaves the n-particle subspaces Hy’ invariant.

(iv) If a) € ﬁ(%ﬁf)) and b € L(H) is invertible, then
(b~ An(@®)T(b) = Ax((b71)%Pa® ®P) (4.8)
where I'() is defined on 7—[2? ) by b®".
(v) If a® € £(H) then

HKN(a(p)) |H(§)

< () 11, (49)

2Such an object is rigorously defined as a sesquilinear form on the space {® € F : &™) € S(R*") Vn}, on
which it is closable.
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Of course, on an appropriate dense domain, (4.6) holds for unbounded operators a® and b@
too. We introduce the notation

[a(p)’ b(q)} = V) o, p@ _ p(@) o ) (4.10)

T

Note that [a(p), b(q)]o = 0. Thus,

min(p,q)
An(@), Axp@)] = S <J;> <Q> ]Q_' An([a®,5@] ) (4.11)

r
r=1

Next, we move on to discuss dynamics. Take a one-particle Hamiltonian h() = h of the
form h = —A + v, where A is the Laplacian over R? and v is some real function. We denote
by V' the multiplication operator v(z). Two-body interactions are described by a real, even
function w on R3. This induces a two-particle operator W2 = W on H®2, defined as the
multiplication operator w(x; — x2). We define the Hamiltonian

fx = An(h) + %KN(W). (4.12)

Under suitable assumptions on v and w that we make precise in the following sections, one
shows that Hpy is a well-defined self-adjoint operator on FL. It is convenient to introduce

Hy:=N H ~. On Hg? ) we have the “first quantized” expression

1
HN{H? Zh +— Z Wij = Ho+ oW, (4.13)

1<1<j<n

in self-explanatory notation.

4.2. SCHWINGER-DYSON EXPANSION AND LOOP COUNTING

Without loss of generality, we assume throughout the following that ¢ > 0.

Let a?) € E(?—l(ip)) and w be bounded, i.e. w € L>=(R?). Using the fundamental theorem of
calculus and the fact that the unitary group (e *#0),cR is strongly differentiable one finds

oltHN KN(a(p)) e itHN g(n)

elsHNe—lsHoeltHo AN(a(p)) e—ltHo elsHoe—lsHN (b(n) |8:t

t
— AN(agp))@")%—/ ds eiSHNe—lsHolN {AN(W) AN( (P))} eiSHoe—iSHN q)(n)’
0

where (+); := T'(ei)(-)['(e7*") denotes free time evolution. As an equation between operators
defined on FY, this reads

iN

t
eitHN AN (a(p)) efitHN _ AN(agp)) + / ds GISHNe*ISHO 5
0

[AN(W) AN( (P))] eisHoefisHN.
(4.14)
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Iteration of (4.14) yields the formal power series

i /Alc( ) dt (IJQ\Qk [‘K‘N(Wtk)’ s [‘K‘N(th) AN( (p))] . ] . (4.15)
k=0 t

It is easy to see that, on ’Hg?), the k-th term of (4.15) is bounded in norm by

n2||wl|so M\
(tn*|lwlloo/N) <N> l|a?]|. (4.16)

k!

Therefore, on Hg? ), the series (4.15) converges in norm for all times. Furthermore, (4.16)
implies that the rest term arising from the iteration of (4.14) vanishes for & — oo, so that
(4.15) is equal to (4.14).

The mean-field limit is the limit n = vN — oo, where v > 0 is some constant. The above
estimate is clearly inadequate to prove statements about the mean-field limit. In order to
obtain estimates uniform in N, more care is needed.

To see why the above estimate is so crude, consider the commutator

iN [~ ~ ! i
T[AN(WS)’AN(G?))”HT - %@) Py Y [Wiysa ©@10P]Py.

1<i<y<n

We see that most terms of the commutator vanish (namely, whenever p < i < j). Thus,
for large n, the above estimates are highly wasteful. This can be remedied by more careful
bookkeeping. We split the commutator into two terms: the tree terms, defined by 1 < i < p
and p+ 1 < j < n, and the loop terms, defined by 1 < i < j < p. All other terms vanish. This
splitting can also be inferred from (4.11).

The naming originates from a diagrammatic representation (see Figure 4.1). A p-particle
operator is represented as a wiggly vertical line to which are attached p horizontal branches
on the left and p horizontal branches on the right. Each branch on the left represents a
creation operator a}(z;), and each branch on the right an annihilation operator an(y;). The
product Ay (a(p));‘; N (bl )) of two operators is given by the sum over all possible pairings of the
annihilation operators in Ay (a(P)) with the creation operators in Ay (b@). Such a contraction
is graphically represented as a horizontal line joining the corresponding branches. We consider
diagrams that arise in this manner from the multiplication of a finite number of operators of
the form Ay (a®).

We now generalize this idea to a systematic scheme for the multiple commutators appearing
in the Schwinger-Dyson expansion. To this end, we decompose the multiple commutator

(i)
9k

AW, . [AN(WH),KN(@?))} }

into a sum of 2¥ terms obtained by writing out each commutator. Each resulting term is a
product of k+ 1 second-quantized operators, which we furthermore decompose into a sum over
all possible contractions for which > 0 in (4.6) (at least one contraction for each multiplica-
tion). The restriction 7 > 0 follows from [a(®),b(@]y = 0. This is equivalent to saying that all
diagrams are connected.

We call the resulting terms elementary. The idea is to classify all elementary terms according
to their number of loops [. Write

(V)

k
S AN (W), .. KN(WH),KN(@?))}...} =Y S AN(ESY L @®), @17

A1t
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Wip+1,s

Figure 4.1: Two terms of the product ;‘:N(agp))KN(Ws), represented as labelled diagrams. A

tree term (left) produces a tree diagram. A loop term (right) produces a diagram with one loop.

where Ft(lfll)tk (a®)) is a (p+ k — 1)-particle operator, equal to the sum of all elementary terms

with [ loops. It is defined through the recursion relation (on Hgf +k_l))

FED @) = ik — 1= 1)y, F4TH @)

b1, le—1 1
(p+k—1 k—1,0-1
+ 1< 9 ) [Wtk,Ft(,tl,...,tk,)l(a(p))h
p+k—1-1

. k—1,
= IP:I: Z |:Wip+kfl,tk7 Ft(7t17.1..’72k_1 (a(p)) ® ]].} Pj:
=1

+iPe Y Wi BGLN D @) P (4.18)
1<i<j<p+k—I
as well as E(O’O) (a®)) = a,gp). Ifl <0,1 >k, orp+k—1>n then Ft(l;ltk (a®)) = 0. The
interpretation of the recursion relation is simple: a (k,[)-term arises from either a (k—1,1)-term
without adding a loop or from a (k — 1,1 — 1)-term to which a loop is added. It is not hard to
see, using induction on k and the definition (4.18), that (4.17) holds. It is often convenient to
have an explicit formula for the decomposition into elementary terms:

c(p,k,l)
kol k) (a
Ft(,tl,?..,tk(a(p)) = Z Ft(ytl,?.(.,t)k(a(p)),

a=1

where F}(lfll)(aé)k (a?)) is an elementary term, and ¢(p, k, 1) is the number of elementary terms in
D (p)
bt ety (@)

A1y

In olifder to establish a one-to-one correspondence between elementary terms and diagrams,
we introduce a labelling scheme for diagrams. Consider an elementary term arising from a
choice of contractions in the multiple commutator of order k, along with its diagram. We label
all vertical lines v with an index 4, € N as follows. The vertical line of a® is labelled by 0.
The vertical line of the first (i.e. innermost in the multiple commutator) interaction operator
is labelled by 1, of the second by 2, and so on (see Figure 4.2). Conversely, every elementary
term is uniquely determined by its labelled diagram. We consequently use o =1, ..., ¢(p, k,1)

to index either elementary terms or labelled diagrams.
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Figure 4.2: The labelled diagram corresponding to a one-loop elementary term in the commu-
tator of order 4.

Use the shorthand t = (¢1,...,;) and define
FED(q®)) = / dt F5Y (a®)y. (4.19)
AF(t)

In summary, we have an expansion in terms of the number of loops (:

oo k

. ~ . 1 ~

N Ry (a®) ety = 3N :mAN(E(k’Z)(a(”))), (4.20)
k=0 1=0

which converges in norm on Hg? ), n € N, for all times t.

4.3. CONVERGENCE FOR BOUNDED INTERACTION

For a bounded interaction potential, ||w|~ < o0, it is now straightforward to control the
mean-field limit.

LEMMA 4.1. We have the bound
k,l
|FED @] < eto, bl 1o, (4.21)

Furthermore,

c(p, k1) < 2k<’;> (p+k—D'p+k—1)--p. (4.22)

PRrROOF. Assume first that [ = 0. Then the number of labelled diagrams is clearly given by
2Fp .- (p+k —1). Now if there are [ loops, we may choose to add them at any [ of the k steps
when computing the multiple commutator. Furthermore, each addition of a loop produces at
most p + k — [ times more elementary terms than the addition of a tree branch. Combining
these observations, we arrive at the claimed bound for ¢(p, k, ).

Alternatively, it is a simple exercise to show the claim, with ¢(p, k, ) replaced by the bound
(4.22), by induction on k. O
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LEMMA 4.2. Let v > 0 and t < (8v|w||)”t. Then, on Hg.:VN), the Schwinger-Dyson series
(4.20) converges in norm, uniformly in N.

PROOF. Recall that p + k — [ < n for nonvanishing A y (F}Slz’l)(a(p))) |H(¢n) We find

o~ k

1 ~ kD)
i [t AN (FEO @) om ]|
;Z%Nl Ak () ! e
© k
(p+k—1) 1 K\ (p+k—1 _

< ZZ N ]l{m/laflgu]\/}E(QHU)Hoot)]C ; f kPR 6P|
k=0 1=0 ’

< Y rlwloct) (207 o]
k=0

= o P )]
1 —8v||w||eot ’

where we used that Zf:o (];) = 2% and in particular (];) < 2k, O

In the spirit of semi-classical expansions, we can rewrite the Schwinger-Dyson series to get
a “1/N-expansion”, whereby all I-loop terms add up to an operator of order O(N ).

LEMMA 4.3. Let t < (8v||w|/oo)™t and L € N. Then we have on ’H(iVN)

L—1 00
. ~ . 1 ~ 1
eltHN AN(a(p))efltHN _ § i § AN(Ft(k,l)(a(p))) + O(ﬁ) ,
=0 k=l

where the sum converges uniformly in N.

PROOF. Instead of the full Schwinger-Dyson expansion (4.15), we can stop the expansion
whenever L loops have been generated. More precisely, we iterate (4.14) and use (4.11) at
each iteration to split the commutator into tree (r = 1) and loop (r = 2) terms. Whenever
a term obtained in this fashion has accumulated L loops, we stop expanding and put it into
a remainder term. Thus all fully expanded terms are precisely those arising from diagrams
containing up to L — 1 loops, and it is not hard to show that the remainder term is of order
N-L

In view of later applications, we also give a proof using the fully expanded Schwinger-Dyson
series. From Lemma 4.2 we know that the sum converges on ’Hg_f N in norm, uniformly in N,
and can be reordered as

it N ;&N( () o~ 1tHN Z Z/ dt AN F(k‘ l)( (P))),
=0
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(vN

as an identity on Hy ), Proceeding as above we find

=L k=l’”
L oo~k . N ok )
S WL T Moty g@lell) ()7 R o]
I=L k=l
1 > =
< OGN SN+ b= DEEVwllset)* 20)7 )]
I=L k=l
1 e
= (vN)E Z Z(p + ]{;)L(8y||w||oot)k+l (2v)P ||a(p)||
I=L k=0
L 5 o L
< (8v||w][sot)’ )P [|a®||
T 0= sfulat

1 L Efwlet)”
= ONE O sufulonie 2 el

where in the second last step we used the following elementary lemma. O

LEMMA 4.4. Let |x| < 1. Then

o0

el L!

k L _k < —
2+ ket <
PRrROOF. Let first p = 0.
L!
(1— )Lt~ Zk — (b= Lt 1)zt
= > (k+L)-(k+ 12" > > krah.
k=0 k=0

Thus,

i(p‘{‘k)llxk — X L pL_lk‘lxk < i L pL—l /!
= l = l (1 — )l

k=0

4.4. CONVERGENCE FOR COULOMB INTERACTION

In this section we consider an interaction potential of the form

, (4.23)
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where k € R. We take the one-body Hamiltonian to be
h = —-A,

the nonrelativistic kinetic energy without external potentials. We assume this form of A and
w throughout Sections 4.4, 4.5, and 4.6. In Section 4.7, we discuss some generalizations.
4.4.1. Kato smoothing. The non-relativistic dispersive nature of the free time evolution e** is
essential for controlling singular potentials. It embodied by the following dispersive estimate,
which is sometimes referred to as Kato’s smoothing estimate, as it was first derived using
Kato’s theory of smooth perturbations; see [RS78,5im92|. Here we present a new, elementary
proof, which yields the sharp constant and may be easily generalized to free Hamiltonians of
the form (—A)7, where 1/2 < v < d/2.

LEMMA 4.5. For d >3 and ¢ € L*(R?) we have

[t o < el (4.24)

More generally, for d > 2 and v satisfying 1/2 < v < d/2 we have

[t el e S G < ey el (4.29

for some constant cq~ > 0.

REMARK 4.6. The constant in (4.24) is sharp. Indeed, (4.24) is saturated if ¢ is Gaussian. To
show this, consider the wave function

o = (&),

where a > 0. Note that the normalization of ¢ is chosen so that ||¢|| = 1. By Fourier
transformation we find

(e"2p) (@) = (%)dﬂm em(—ﬁl&:ﬁ).

This yields

d/2

—1itA |2 1 a a 5
= de — —MM — - -

[lef ™ <™ ] /x\x]2<7r(1+4a2t2)> eXp( 1+4a2t2|x|>

d—1 a Yo d-3 a 2
= 8| ————= dr r¢~ —_ )
| ’(7?(1 - 4a2t2)> /0 " exp( 1+ 4222 )

Here S is the unit sphere in R? and |S¥ 1| = 2742/T(d/2) its surface measure. After
evaluating the integral we get

d d/2—
(RIS G b YRR RN
(1 + 4a?t?) 2 a 2

S a  T(d/2)

27d/2 1+ 4at2 d/2 — 1
1 2a

d—21+4a22"
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Thus,

1 i ™
/dt H|x| 1etAgoH2 =213

REMARK 4.7. At the endpoint v = 1/2 the dispersion law of the time evolution is w(k) =
|k|. Thus all spatial frequency components have the same propagation speed, i.e. there is no
dispersion and the smoothing effect of the time evolution (which relies on the fast propagation
of high spatial frequencies) vanishes. It is therefore not surprising that the endpoint v = 1/2
is excluded in (4.25). Similarly, the claim is false at the other endpoint v = d/2. This can be
seen by noting that, for instance if ¢ is Gaussian, e (- Ay <p is nonzero in a neighbourhood
of 0 for small times. Since |x|~% is not locally integrable, it follows that the left-hand side of
(4.25) is oo.

REMARK 4.8. It is easy to see that our proof of (4.25) remains valid if the power law potential
v(z) = |x|~7 is replaced with a potential v satisfying

- 1

20| S [
where - denotes Fourier transformation.

PROOF OF LEMMA 4.5. The left-hand side of (4.24) defines a quadratic form in . By density,
if we prove (4.24) for all ¢ € S, it follows that (4.24) holds for all ¢ € L2, Let us therefore
assume that ¢ € S. By monotone convergence, we have

/ dt [llo)~ 2 " = tim £ (),
where
fn) = /dt H|:C|*1eimng o3 /dt <So,e—itA|x|7261tASD>e,gt2

In order to write the scalar product in Fourier space, we recall (see e.g. [LLO1]) that, for
0 < a < d, we have
T l—a d F(dia) 1
Rl = 202
(8 T

In particular,
— 27r)4/2 1
20 = o
(d — 2)|S9=1] [k[4-2

(27‘1’ d/2 / 142 / — 2 1 itp2
- dt d d wpy 1ps .
f(n) (27T)d/2 Sd 1‘ e 2 p1Ap2 (P(pl) e |p1 —p2|d_2 € 90(]72)

Using Fubini’s theorem we get

1 —_— 1 042 ip(p2_p2
f(77) = W /dpl dp2 @(pl)m@(pQ) /dte %t et(pl p2)

1
— 55 (P7—13)?

1 _ 1 1
(d—2)\Sd_1!/ Prdp2 (p1) o e lp) 2 e

2w / 1 1 L (p2—p2)2
S Toveer | rdp2 (o) (2 e 2 PIP2
(d =257 7] elenlleel g o
2 1 1

e 2 (pl pz)

[p1 — pa2|42 /2mn ’

< @aper [ e e
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where in the last step we used the inequality 2ab < a? + b? and symmetry. This implies

2 1 1 — L (p2—p2)?
fn <7tp28up/dp1 CRET A
) < @gEr el = b= a2 Vo

Let us write py = Ap and k := p;/\, where A > 0 and p € St Thus we get

< —————— sup dk e 20 .
< e W o, ] = v

We do the integral over k using polar coordinates:

Vot i1
kE = Ve, dk = 5 dvde, v € (0,00), €S,

where de denotes the usual surface measure on S%~!. This gives

o )\2 7ﬁ(v71)2
dv g(v e ,
/0 ( )\/27”7

where

S 1 B 1/ 1
N Sd—1

. de s == [ der—rrms.
o) 2 Jor Ve —plt? T 2 “le—p/vil

95

(4.26)

Next, recall Newton’s theorem for spherically symmetric mass distributions (see e.g. [LLO1]):

If 41 is a spherically symmetric, finite, complex measure on R%, then

1 1 1
/dﬂ(y) Ty Jai? /dﬂ(y) 1{|y<x}+/dﬂ(y) =2 Llyl>la) -

This yields

) = 1 ST o<l
o) = L
I 2 |4 ifo>1.

Thus, ¢ is continuous and takes on its maximum value at 1. Since

A2 e—%(v—l)2
V271

is an approximate delta-function centred at 1 it follows that

[o8) )\2 —ﬁ(v—l)Q o0 )\2 —ﬁ(v—l)Q
2 = 1. 2 g 1 .
Slip/o dv glv) Zo—e Jm o dvglv) e e = 9(1)
Thus,
1 2 d—1 2 m 2
< - = .

This completes the proof of (4.24).

The proof of (4.25) follows the proof of (4.24) up to (4.26). The claim then follows from

sup

1
de —————— <
v>0 /Sdl le = p/y/v]4=*

o0,

for p € S*1 and 2y > 1.
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In order to avoid tedious discussions of operator domains in equations such as (4.14), we
introduce a cutoff to make the interaction potential bounded. For € > 0 set

we(r) = w()L{jw@)<e1} >

so that ||w®|| < e~!. Now the Kato smoothing estimate (4.24) implies, for € > 0,

/]RHw6 itA <pH dt < /HweltAcpH dt < mr? H(sz (4.27)

An immediate consequence is the following lemma.

LEMMA 4.9. Let ™) ¢ Hg:l). Then
. 2
[lwg et o] ar < a2, (1.25)
R

PROOF. By symmetry we may assume that (4,j) = (1,2). Choose centre of mass coordinates
X = (z1 +x2)/2 and & = x9 — x1, set <I>(”)(X £, x3,... 1) = ®M (zy,. .., x,), and write

/HWE 7125H0(D /Hw QitAé é(n)“z dt,

since Hy = —A1 — Ay = —Ax/2—-2A¢ and [Ax,w®(§)] = 0. Therefore, by (4.27) and Fubini’s
theorem, we find

[ a a 2

/ddeg---dxn/dtdf ‘w":(g)emmE é(”)(X,f,xg,...,xnﬂ

7T/<L2

N

AX dryg oy [ A€ [N E v, )

2
ENTF YOITES 0
2

By Cauchy-Schwarz we then find that

(n 1/2 e ,—isHo 12 K%t 12 (n)
/H We, a0 ds < ¢ /HW e Pas) < (T2 et a0)

By iteration, this implies that, for all elementary terms «,

' ' (kd)(a).e bt s\ 2 -
[ [Can @@t < (T et a0
0 0

where the superscript € reminds us that F(k D(@)e (a(p)) is computed with the regularized po-
tential w®. Thus one finds

24\ k/2
HFt(k,l),s(a(p))H < clp, k1) (M) ||a(p)||,

forall e > 0

Unfortunately, the above procedure does not recover the factor 1/k! arising from the time-
integration over the k-simplex A¥(t), which is essential for our convergence estimates. First
iterating (4.28) and then using Cauchy-Schwarz yields a factor 1/v/k!, which is still not good
enough.

A solution to this problem must circumvent the highly wasteful procedure of replacing the
integral over A¥(¢) with an integral over [0,t]*. The key observation is that, in the sum over
all labelled diagrams, each diagram appears of the order of k! times with different labellings.
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4.4.2. Graph counting. In order to make the above idea precise, we make use of graphs (related
to the above diagrams) to index terms in our expansion of the multiple commutator

iN)F -~ ~ ~
( 213 Anv(,), ... AN(th),AN(agp))} } . (4.31)
The idea is to assign to each second quantized operator a vertex v = 0,..., k, and to represent

each creation and annihilation with an incident edge. A pairing of an annihilation operator
with a creation operator is represented by joining the corresponding edges. The vertex 0 has
2p edges and the vertices 1,..., k have 4 edges. We call the vertex 0 the root.

The edges incident to each vertex v are labelled using a pair A\ = (d,i), where d = a,c
is the direction (a stands for “annihilation” and ¢ for “creation”) and i labels edges of the
same direction; ¢ = 1,...,pifv=0and i = 1,2 if v = 1,... k. Thus, a labelled edge is of
the form {(v1, A1), (v2, A2)}. Graphs G with such labelled edges are graphs over the vertex set
V(G) = {(v,\)}. We denote the set of edges of a graph G (a set of unordered pairs of vertices
in V(G)) by E(G). The degree of each (v, \) is either 0 or 1; we call (v, \) an empty edge of v if
its degree is 0. We often speak of connecting two empty edges, as well as removing a nonempty
edge; the definitions are self-explanatory. B

We may drop the edge labelling of G to obtain a (multi)graph G over the vertex set
{0,...,k}: Each edge {(v1,\1),(v2, X2)} € E(G) gives rise to the edge {v1,v2} € E(G). We
understand a path in GG to be a sequence of edges in F/(G) such that two consecutive edges are
adjacent in the graph G. This leads to the notions of connectedness of G and loops in G.

The admissible graphs —i.e. graphs indexing a choice of pairings in the multiple commutator
(4.31) — are generated by the following growth process. We start with the empty graph Gy, i.e.
E(Gp) = 0. In a first step, we choose one or two empty edges of 1 of the same direction and
connect each of them to an empty edge of 0 of opposite direction. Next, we choose one or two
empty edges of 2 of the same direction and connect each of them to an empty edge of 0 or 1 of
opposite direction. We continue in this manner for all vertices 3,...,k. We summarize some
key properties of admissible graphs G.

(a) G is connected.
(b) The degree of each (v, \) is either 0 or 1
(c) The labelled edge {(v1, A1), (v2,A2)} € E(G) only if A\; and Ay have opposite directions.

Property (c) implies that each graph G has a canonical directed representative, where each
edge is ordered from the a-label to the c-label. See Figure 4.3 for an example of such a graph.

We call a graph G of type (p, k,l) whenever it is admissible and it contains [ loops. We
denote by G(p, k,1) the set of graphs of type (p, k,1).

By definition of admissible graphs, each contraction in (4.31) corresponds to a unique
admissible graph. A contraction consists of at least k and at most 2k pairings. A contraction
giving rise to a graph of type (p, k,[) has k + [ pairings. The summand in (4.31) corresponding
to any given [-loop contraction is given by an elementary term of the form

(iN)* 5 -
oF N Ay (bl =0y (4.32)

where the (p + k — [)-particle operator b®PHk=D ig of the form

b(p+k_l) — P:l: Wiljl,tvl e WiTjT7tUT (agp) ® ]]-(k_l)) WZ ; W

Zk]k 7t’Uk

Py, (4.33)

T+1jr+17tvr+1 :
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Figure 4.3: An admissible graph of type (p =4,k = 7,1 = 3).

for some r = 0,...,k. Indeed, the (anti)commutation relations (4.3) imply that each pairing
produces a factor of 1/N. Furthermore, the creation and annihilation operators of each sum-
mand corresponding to any given contraction are (by definition) Wick ordered, and one readily
sees that the associated integral kernel corresponds to an operator of the form (4.33). Thus we
recover the splitting (4.17), whereby Ft(,lfl’{)
elementary terms of the form (4.33).

As remarked above, we need to exploit that many graphs have the same topological struc-
ture, i.e. can be identified after some permutation of the labels {1,...,k} of the vertices cor-
responding to interaction operators. We therefore define an equivalence relation on the set of
graphs: G ~ G’ if and only if there exists a permutation o € Sy such that G’ = R,(G). Here
R,(G) is the graph defined by

t (aP)) is a sum, indexed by all I-loop graphs, of

veey

{(v1, A1), (v2,A2)} € E(R;(G)) <= {(a(v1), A1), (0(v2),A2)} € E(G),

where o(0) = 0. We call equivalence classes [G] graph structures, and denote the set of graph
structures of admissible graphs of type (p, k, 1) by Q(p, k,1).

Note that, in general, R,(G) need not be admissible if G is admissible. It is convenient to
increase G(p, k, 1) to include all R,(G) where o € Sy and G is admissible. In order to keep track
of the admissible graphs in this larger set, we introduce the symbol i which is by definition 1
if G € G(p, k,1) is admissible and 0 otherwise. Because R,(G) # G if o # id,

\g(p, k:,l)‘ = k! ‘Q(p, k:,l)‘. (4.34)

Our goal is to find an upper bound on the number of graph structures of type (p,k,[),
which is sharp enough to show convergence of the Schwinger-Dyson series (4.15). Let us start
with tree graphs: | = 0. In this case the number of graph structures is equal to 2¥ times the
number of ordered trees® with k 4+ 1 vertices, whose root has at most 2p children and whose
other vertices have at most 3 children. The factor 2* arises from the fact that each vertex
v =1,...,k can use either of the two empty edges of compatible direction to connect to its
parent. We thus need some basic facts about ordered trees, which are covered in the following
(more or less standard) combinatorial digression.

3An ordered tree is a rooted tree in which the children of each vertex are ordered.
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For z,t € R and n € N define

Ap(z,t) = — (”H”t) (4.35)

x4+ nt n

as well as Ag(x,t) := 1. After some juggling with binomial coefficients one finds
Z Ap(2, ) An—k(y, 1) = An(z +y,t); (4.36)
k=0

see [Knu98| for details. Therefore

S Ap(mt) - An(e,t) = Az oo+ 30 t). (4.37)

ni+--+n,=n

mo. B 1 IT+nm\ 1 nm
Ca' 1= An(lm) = 1+nm< n > N n(m—l)—i—l(n)’ (4.38)

the n’th m-ary Catalan number. Thus we have

)RR e RE Y — <r+"m>. (4.39)

r+nm n
ni+-+nr=n

Set

In particular,
> cm...omo=Cm. (4.40)
ni+-+nm=n—1

Define an m-tree to be an ordered tree such that each vertex has at most m children. The
number of m-trees with n vertices is equal to C]*. This follows immediately from C§* = 1
and from (4.40), which expresses that all trees of order n are obtained by adding m (possibly
empty) subtrees of combined order n — 1 to the root.

We may now compute |Q(p, k,0)|. Since the root of the tree has at most 2p children, we
may express |Q(p, k, 0)| as the number of ordered forests comprising 2p (possibly empty) 3-trees
whose combined order is equal to k. Therefore, by (4.39),

2p 2p + 3k

k,0) = 2" 503 = ok . 4.41

Q(p. k. 0) 2 Gl =2y (4.41)
ni+-+nop=

Next, we extend this result to all values of [ in the form of an upper bound on |Q(p, k,1)|.

LEMMA 4.10. Let p,k,l € N. Then

1Q(p. k)| < 2F (?) (21);%) (p+k-0" (4.42)

PROOF. The idea is to remove edges from G € G(p, k,l) to obtain a tree graph, and then use
the special case (4.41).
In addition to the properties (a) — (c) above, we need the following property of G(p, k,1):

(d) If G € G(p, k,1) then there exists a subset V C {1,...,k} of size [ and a choice of direction
0 :V — {a, c} such that, for each v € V, both edges of v with direction 6(v) are nonempty.
Denote by £(v) C E(G) the set consisting of the two above edges. We additionally require
that removing one of the two edges of £(v) from G, for each v € V, yields a tree graph,
with the property that, for each v € V, the remaining edge of £(v) is contained in the
unique path connecting v to the root.
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This is an immediate consequence of the growth process for admissible graphs. The set V
corresponds to the set of vertices whose addition produces two edges. Note that property (d) is
independent of the representative and consequently holds also for non-admissible G € G(p, k, ).

Before coming to our main argument, we note that a tree graph 7' € G(p, k,0) gives rise
to a natural lexicographical order on the vertex set {1,...,k}. Let v € {1,...,k}. There is
a unique path that connects v to the root. Denote by 0 = v1,v9,...,v4 = v the sequence of
vertices along this path. For each j = 1,...,¢ — 1, let A; be the label of the edge {v;,vj11}
at v;. We assign to v the string S(v) := (A1,...,A;—1). Choose some (fixed) ordering of the
sets of labels {A}, for each v. Then the set of vertices {1,...,k} is ordered according to the
lexicographical order of the string S(v).

We now start removing loops from a given graph G € G(p,k,l). Define R; as the graph
obtained from G' by removing all edges in (J,y, £(v). By property (d) above, R; is a forest
comprising [ trees. Define 77 as the connected component of Ry containing the root. Now we
claim that there is at least one v € V such that both edges of £(v) are incident to a vertex of
T;. Indeed, were this not the case, we could choose for each v € V an edge in £(v) that is not
incident to any vertex of 77. Call R) the graph obtained by adding all such edges to R;. Now,
since no vertex in V) is in the connected component of Ry, it follows that no vertex in V is in
the connected component R}. This is a contradiction to property (d) which requires that R}
should be a (connected) tree.

Let us therefore consider the set V of all v € V such that both edges of £(v) are incident
to a vertex of T7. We have shown that V # @. For each choice of v and e, where v € V and
e € E(v), we get a forest of [ — 1 trees by adding e to the edge set of R;. Then v is in the same
tree as the root, so that each such choice of v and e yields a string S(v) as described above.
We choose v1 and e(v1) as the unique couple that yields the smallest string (note that different
choices have different strings). Finally, set G equal to G from which e(v;) has been removed,
and V; :=V\ {v}.

We have thus obtained an (I — 1)-loop graph G; and a set V; of size | — 1, which together
satisfy the property (d). We may therefore repeat the above procedure. In this manner we
obtain the sequences v1,...,v; and G1,...,G;. Note that (; is obtained by removing the edges
e(vy),...,e(v) from G, and is consequently a tree graph. Also, by construction, the sequence
v1,...,v; is increasing in the lexicographical order of Gj.

Next, consider the tree graph G;. Each edge e(v;) connects the single empty edge of v;
with direction §(v;) with an empty edge of opposite direction of a vertex v, where v is smaller
than v; in the lexicographical order of Gj. It is easy to see that, for each j, there are at most
(p + k — 1) such connections.

We have thus shown that we can obtain any G € G(p,k,l) by choosing some tree G; €
G(p,k,0), choosing [ elements v; out of {1,...,k}, ordering them lexicographically (according
to the order of G;) and choosing an edge out of at most (p + k — [) possibilities for vy, ..., v;.
Thus,

1G(p. k)| < (?) (p+k—0"G(p. k,0)].

The claim then follows from (4.34) and (4.41). O

4.4.3. Proof of convergence. We are now armed with everything we need in order to estimate
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Jan 4t Fre P (@), Recall that

k,l 1 k,l
Fil @) = o 3 e FENG @), (4.43)
GeG(p,k,l)

where Ft(’];’?.(g)k(a(p)) is an elementary term of the form (4.33) indexed by the graph G. We
rewrite this using graph structures. Pick some choice P : Q(p, k,l1) — G(p, k,l) of representa-
tives. Then we get

iy
kool ! kl G
F3D o (@®) = 5 > Y ieH D ()
QeQ(p,k ) GEQ
i* k) (Ro (P
=5 Y Y ik FENE @) q0), (4.44)

QeQ(p,k,l) oE€S),
Now, by definition of R, we see that
F(k,l)(Ro(G))(a(p)) — p&D(G) (a(p)) )

(RPN Lto(1)s-sto (k)

Thus,
1 .
Jo AEEL @) = S S inmay [ atEETY, @)
AR QEQ(p,k,l) oES), Ak(t)

_ 1 (k‘l)( @)/ (p)
= — dt Fy (a'P’),
2 QEQ;ch,l) AG(®) Pt

where
A%(t) = {(tl,...,tk) :doe Sy iRg(P(Q)) =1, (to(l)a---7to(k)) € Ak(t)} C [O,t]k

is a union of disjoint simplices.
Therefore, (4.29) and (4.33) imply, for any @+ ¢ H(ierkfl), that

k.l - 1 (k,1)(P
Jor EFE e 0 < g S [ an ) a0

QeQ(p,k,l)
1 FEDPQ) -
<y X[ aEREO e
QeQ(p,k,l) [0,¢]*
1 TRt k/2 _
<3 X () e
QEQ(p.k.D)
2p + 3k\ [k 2\ /2
< (") () o0 (T) 1 ey,

where the last inequality follows from Lemma 4.10. Of course, the above treatment remains
valid for regularized potentials. We summarize:

1).e 2p + 3k\ [k AN
@) < (P (orr-0 (T an s
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for all € > 0.
Using (4.45) we may now proceed exactly as in the case of a bounded interaction potential.
Let

1
p(/‘i, V) = m . (446)
The removal of the cutoff and summary of the results are contained in
LEMMA 4.11. Let t < p(k,v). Then we have on H(iVN)
. R ) oo k 1 -
M An(a®)e iy = 37N An(FH(aP)), (4.47)
k=0 [=0

in operator norm, uniformly in N. Furthermore, for L € N, we have the 1/N -expansion

L—1 o]
. —~ . 1 1
eltHN AN(a(p)) e—ltHN _ z : N § k l) ))) + [0) <NL> (448)

(vN)

where the sum converges on Hy "’ uniformly in N.

PROOF. Using (4.45) we may repeat the proof of Lemma 4.3 to the letter to prove the state-
ments about convergence. Thus (4.47) holds for all € > 0.

What remains is the proof of (4.47) for ¢ = 0. Our strategy is to show that both sides of
(4.48) with € > 0 converge strongly to the same expression with € = 0.

We first show the strong convergence of Ft(k’l)’e(a(p)). Let &) ¢ ’Hg:l) and consider

075 = W 8| = [ ooy Wi 00 < W00

17,8

Since the right-hand side is in Ll([O, t]), we may use dominated convergence to conclude that

lim ds H

e—0 0

— Wis)2™| = o.

z]s

Now
/ds/ ds’ H ij,8 Z] S’q)(n) Wijvswi/j’,s/(b(n)u
< [Fas [ as g gy 0 - W W0t

/ dS/ ds H z] S Z_] s/(b( ) - Wij7SWi/j/7s/¢(n)H .

The first term is bounded by

2.\ 1/2 ft
(%) /Ods’ Wi @™ — Wiy ™| - 0,  e—0.

The integrand of the second term is bounded by 2||Wij7sWi/j/78/<I>(") | € L1([0,]?), so that dom-
inated convergence implies that the second term vanishes in the limit € — 0. A straightforward
generalization of this argument shows that

FEDE @)y k=) plED (@) gtk
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as claimed. Since the series (4.47) converges uniformly in e, we find that

ii%g (kl)f( ®))) ) ii%g kl)(a(p))) QN
k=0 1=0

k=0 1=0
as e — 0.

Next, we show that e tHyv®(™) — =N This follows from the strong resolvent
convergence of Hy to Hy as € — 0, by Trotter’s theorem [RS80]. Let W¢ := -, W, and
consider

N||[(Hy —)7'e™ — (Hy —i) o™ = ||(Hy — )" (W - W) (Hy — i)t

< (W = W) (Hy —i) e

Clearly ¥(") := (Hy —1)~1®™ is in the domain of Hy. By the Kato-Rellich theorem [RS75],
¥ is in the domain of W;; for all 4, j. Therefore,

|(Wij = W) (Hy = )7 ™| = [T, psey Wi ™| = 0

as € — 0. Therefore

oitHy AN(a(p)) e itHY (I)(n) _y oitHN ;&N(a(p)) e itHN (I)(n)

as ¢ — 0, and the proof is complete. O

4.5. THE MEAN-FIELD LIMIT OF A BOSE GAS

In this section we consider a quantum Bose gas and identify its mean-field dynamics as the
dynamics given by the Hartree equation.

4.5.1. The Hartree equation. The Hartree equation reads
i10;0 = ho+ (wx|p*)p. (4.49)

It is the equation of motion of a classical Hamiltonian system with phase space I' := H L(R3).
Here H'(R?) is the usual Sobolev space of index one. In analogy to AN we define A as the

map from closed operators on Hg{)) to functions on phase space, through
A(aP)(p) = (o™, a?) oP)
= /dxl---dxpdyl---dyp @(xp) - @(a1) a® (w1, .. wps g, up) (1) - o(Yp) -
We define the algebra of ”classical” observables 2l as the linear hull of
{A(@) : peN, a® e L(HP)}.

The Hamilton function is given by
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i.e.
1 1
Hip) = [do[Vel +5 [do@slolPlel = o.he) + 567 W) (@50

Using the Hardy-Littlewood-Sobolev and Sobolev inequalities (see e.g. [LLO1]) one sees that
H(yp) is well-defined on T

lo()? o (y)? 2 4
/dﬁﬂdyw S H|80|2H6/5 = HSDH%Z/EJ S el

where the symbol < means the left side is bounded by the right-hand side multiplied by a
positive constant that is independent of ¢.
The Hartree equation is equivalent to

The symplectic form on I' is given by
w= i/dx do(x) A de(x),

which induces a Poisson bracket given by

{op(),p(y)} = 0z —y), A{p),e)} = {o=),p(y)} = 0.

For A, B € 21 we have that

. 0A 0B B 0A
4.5y = / dr {w(:c) 55@) () dp(0)]

The “mass” function

N(yp) = /dx lol?

is the generator of the gauge transformations ¢ — e . By the gauge invariance of the
Hamiltonian, {H, N} = 0, we conclude, at least formally, that N is a conserved quantity.
Similarly, the energy H is formally conserved.

The algebra of classical observables 2 has the following properties.

(i) Aa®) = A((@")").
(ii) If a® € L(H'P)) and b € L(H), then
A(a®))(bp) = A((b*)@@pa(p)b@p)(@) )
(iii) If a®) and b9 are p- and ¢-particle operators, respectively, then

{A@@®),A®?)} = ipgA([a,b9)],). (4.51)

(iv) If aP) € E(?—lf)), then
[A@P) (@] < a® Il (4.52)
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The free time evolution .
#p) = ey
is the Hamiltonian flow corresponding to the free Hamilton function A(h). We abbreviate the

free time evolution of observables A € 2 by A; := Ao @Y. Thus, A(a®)), = A(agp )).
In order to define the Hamiltonian flow on all of L?(R3), we rewrite the Hartree equation
(4.49) with initial data ¢(0) = ¢ as an integral equation

p(t) = eith@—i/o ds ¢ (w x Jip(s) ) (s) - (4.53)

LEMMA 4.12. Let ¢ € L2(R3). Then (4.53) has a unique global solution ¢(-) € C(R; L*(R3)),
which depends continuously on the initial data . Furthermore, ||p(t)|| = ||¢]|| for all t. Finally,

we have a Schwinger-Dyson expansion for observables: Let a®) E(Hg{))), v>0andt <
p(k,v). Then

A(a®)(p(t)) = Z A(EFD (@®)) (p)

— (p)
Z /M(t dt {A(Wy,), ... {A(Wy,), )} e (4.54)

uniformly in the ball B, = {p € L*(R?) : [|p||?> < v}.

PrOOF. The well-posedness of (4.53) is a well-known result; see for instance [CGT75, Zag92].
The remaining statements follow from a “tree expansion”, which also yields an existence re-
sult. We first use the Schwinger-Dyson expansion to construct an evolution on the space of
observables. We then show that this evolution stems from a Hamiltonian flow that satisfies the
Hartree equation (4.53).

First, we generalize our class of “observables” to functions that are not gauge invari-
ant, i.e. that correspond to bounded operators a(®?) € L(HE;HE). We set A(al@P))(p) =
<<p®q,a(q’p)<p®p>, and denote by 2 the linear hull of observables of the form A(a(q’p)) with
al9?) € L(HE;HY).

It is convenient to introduce the abbreviations

1
G = {A(h), -}, D = §{A(W), 1.
Then ¢ is well-defined on 2 through (e“*A)(p) = A(e ), where A € 2. Note also that
1

Dy = e¥*De” G = SIAW), -3

Let A € 2. We use the Schwinger-Dyson series for e(¢TP)t to define the flow S(t)A through

Z/ dt Dy, --- Dy, e“tA
AF(t)

- Z/Ak( ) dt zik {A(Wtk)? s {A(th),At)} .. } . (4.55)
k=0 t

Our first task is to show convergence of (4.55) for small times.
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Let A= A(al®P)). As with (4.51) one finds, after short computation, that

1 q P
STAY), A(a@P)} = A(i > Wign (@ @1) —i) (o @ 11)Wl-p+1> . (4.56)
i=1 i=1
Thus we see that the nested Poisson brackets in (4.55) yield a “tree expansion” which may be
described as follows. Define Tt(,]g,...,tk (a®P)) recursively through
Tt(o)(a(q,p)) - agqvp)

)

q+k—1

k . k—1
Tt(,tl),...,tk(a(q’p)) = 1Py Z Wi gtk ty (Tt(,tl,...),tk,l(a(q’p)) ® ]1>P+
i=1
p+k—1

k—1)
—iP Z < t(th - (q’p))®1>Wip+k,tkP+-

Note that Tt(l:l)tk (a\?P)) is an operator from H(p+k) to H(q+k) Moreover, (4.56) implies that
1 k
S AAWL), - {AV,) A"} ) = A(T}tl{ " (a@vp))) . (4.57)

Also, by definition, we see that for gauge-invariant observables a?) we have

k k,
Tt(t) t (a(p)) = ng, 0?..%(@(1)))-

sU1seenll

We may use the methods of Section 4.4 to obtain the desired estimate. As shown in that
section, 7}(7];1)7__7%((1(1’)) is a sum of elementary terms, indexed by labelled ordered trees, whose
root has degree at most p + ¢, and whose other vertices have at most 3 children. From (4.39)

we find that there are
p+q (p +q+ 3/<:>

p+q+ 3k k
unlabelled trees of this kind. Proceeding exactly as in Section 4.4 we find that
24\ k/2
/ dt HT ,(a (qm)@(p%)H < <p+q+ 3k> (W“ t) lal@?) [||a®+R)||,
AR (D) ot k 2

where ®P+k) ¢ ngwrk)_ Let ¢ € L*(R3) with |l¢||> < v. Then |A(al%P)(p)] < [|al®P)||||p|PT4
implies

Lo
AF(t)

QLIC {A(Wtk)7 s {A(Wt1 7p } } ‘

24\ k/2
< <p+qk+3k> (Z) ™ patmprmorase

Convergence of the Schwinger-Dyson series (4.55) for small times ¢ follows immediately.
Thus, for small times ¢, the flow S(¢) is well-defined on 2, and it is easy to check that it
satisfies the equation

t
S(H)A = A+ / ds S(s) DeCt=) 4 (4.59)
0
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for all A € 2.

In order to establish a link with the Hartree equation (4.53), we consider f € L?(R3) and
define the function F; € 2 through F¢(p) == (f,¢). Clearly, the mapping f — (S(t)F})(y) is
antilinear and (4.58) implies that it is bounded. Thus there exists a unique vector <p( ) such
that

(SO Ff)(p) =t (f,p(t)).

We now proceed to show that (S(£)A)(¢) = A(p(t)) for all A € 2. By definition, this is true
for A = Fy. As a first step, we show that

S(t)(AB) = (S(t)A)(S(t)B), (4.60)

where A, B € 2A. Write

S(t)(AB) = Z /A » dt Dy, --- Dy, €“H(AB)

- Z/ dt Dtk A Dtl (AtBt) 5
AF(t)

where we used e“*(AB) = (%' A)(e“*B). We now claim that

/ dt Dy, -+~ Dy, (A By) = Z / dt / s (Dy - Dy Ay) (Ds,, -+ Ds, By)
AF(t) Al(t m(

(4.61)
where the sum ranges over [, m > 0. This follows easily by induction on k and using Ds(AB) =
A(DsB) + (DsA)B. Then (4.60) follows immediately.

Next, we note that (4.60) implies that (S(¢)A)(¢) = A(p(t)), whenever A is of the form
A = A(al9P)), where

o) = N "Pi|fle--o fi)de-og|P, (4.62)

where the sum is finite, and flj,gf € L*(R?). Now each a(P) ¢ E(’HS{)); ’HEE)) can be written
(q,p))
ne

as the weak operator limit of a sequence (ay
immediately that

n of operators of type (4.62). One sees
lim A(af) (1) = A ™) (p(t)).
On the other hand, uniform boundedness implies that suana P )H < 00, so that

<¢®(q+k) ’ Wi1j1,tv1 U Wirjrytvr (aslqm) ® ]]'(k)) Wir+1jr+17tvr+1 e Wikjbtvk S0®(10+k)>

< Hagbp) H HWirjhth e Wiljl,tvl <P®(q+k)

S e W s O (p+k
‘WZT+1]T+17tUT+1 Wlk]kvtvk(p ( )H

justifies the use of dominated convergence in

Lm(S(8)A(a{f))(¢) = (SE)A@®))(p).

n

We have thus shown that

(SHA)(p) = Alp(t)), VAed. (4.63)
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Let us now return to (4.59). Setting A = Fy, we find that (4.59) implies
, to1
o) = (o) + [ ds 5 (SO, (P} o)

= (f i) + /0 ds ({A(W), (Fp)i—s}) (9(5))

where we used (4.63). Using (4.56) we thus find

(f ot)) = (f,e ™) —i/ot ds (") f) @ p(s), We(s) @ ¢(s)) , (4.64)

which is exactly the Hartree equation (4.53) projected onto f. We have thus shown that ¢(t)
as defined above solves the Hartree equation.
To show norm-conservation we abbreviate F/(s) := (w*|¢(s)|?)@(s) and write, using (4.53),

le@1? ~ llell* = i/o ds [(F(s),e ™"p) — ("¢, F(s))]
+ /0 ds/o dr <eiShF(s),eith(r)>.

The last term is equal to

/ ds /8 dr [<eiShF(s),eith(7")> + <eith(r),eiShF(s)>] .
0 0

Therefore (4.53) implies that

le®)I? - ol = i /O ds (F(s), p(s)) — i /0 ds (ip(s), F(s)) = 0,

since (F(s),¢(s)) € R, as can be seen by explicit calculation. Thus we can iterate the above
existence result for short times to obtain a global solution.

Furthermore, (4.64) implies that ¢(t) is weakly continuous in ¢. Since the norm of ¢(t) is
conserved, ¢(t) is strongly continuous in ¢. Similarly, the Schwinger-Dyson expansion (4.55)
implies that the map ¢ — ¢(t) is weakly continuous for small times, uniformly in ||| in
compacts. Therefore, the map ¢ +— ©(t) is weakly continuous for all times ¢, and norm-
conservation implies that it is strongly continuous. O

4.5.2. Wick quantization. In order to state our main result in a general setting, we shortly
discuss how the many-body quantum mechanics of bosons can be viewed as a quantization
of the (classical) Hartree theory. The parameter of the quantization (the analogue of A in
the usual quantization of classical theories) is 1/N. We define quantization as the linear map
(/-\)N : 2 — A defined by the formal replacement ¢(z) — ay(z) and @(x) ay (z) followed
by Wick ordering. In other words,

Extending the definition of (-), to unbounded operators in the obvious way, we see that H N
is the quantization of H.
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Note that (4.6) and (4.51) imply, for A, B € 2,
Av.By] = XA B o=
[An,By] = T{ , B}y + ek

so that 1/N is indeed the parameter of (/5 N

4.5.3. The mean-field limit: a Egorov-type theorem. Let ¢; denote the Hamiltonian flow of
the Hartree equation on L?(R3). Introduce the short-hand notation

'A == Ao ¢y, Aed,

,7/:tA = eltNHN Ae_ltNHN, Aci.

We may now state and prove our main result, which essentially says that, in the mean-field
limit n = vN — oo, time evolution and quantization commute.

THEOREM 4.13. Let A € 2 and v > 0. Then for any € > 0 there exists a function A.(t) € A
such that

< g,

t
sup[[ A = Ae(t)| o,y <

as well as
Cl(e )

| Ax ~ D) om | < =+ T

REMARK 4.14. The “intermediate function” A(t) is required, since the full time evolution T

does not leave A invariant.

PRrROOF. Most of the work has already been done in the previous sections. Without loss of
generality take A = A(a®)) for some p € N and o) € E(Hg{’)). Assume that t < p(k,v).
Taking L =1 in (4.48) we get

T AN(

1
om Z An (G (@) ‘Hi”” + o<ﬁ> . (4.65)

Comparing this with (4.54) immediately yields
~ — 1
Ay @®) = [r'A@?)], +o<ﬁ>

on H&'N), where [TtA(a(p))]  1s defined through its norm-convergent power series. This is the
statement of the theorem for short times.

The extension to all times follows from an iteration argument. We postpone the details to
the proof of Theorem 4.15 below. In its notation A(t) is given by

Ki—1 Kin—1

Z Z A kmy G(km 1, ),..ngl,o)a(p)). Il

The result may also be expressed in terms of coherent states.
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THEOREM 4.15. Let aP) € E(?—Lg{))), o € L2(R®) with ||¢|| = 1, and T > 0. Then there exist
constants C, B3 > 0, depending only on p, T and k, such that

itHy A —i ¢
‘<¢®N , ltHN R (q@) o~ itHN S0®N> B <¢(t)®p’a(p)¢(t)®p>‘ < - la®)], te0,7].

Here o(t) is the solution to the Hartree equation (4.53) with initial data .

PRrROOF. Introduce a cutoff K € N and write (in self-explanatory notation)

K—-1

PAn(P) = Y Ay (FEO (@@)) +?;KKN(a<p>)+ — Ry (a®), (4.66)
k=0
K—-1

T A@P) = Y A(FFD(@P)) + 75 A(aP). (4.67)
k=0

(k,0)

To avoid cluttering the notation, from now on we drop the parentheses of the linear map Fs
We iterate (4.66) m times by applying it to its first term and get

Ki—-1 Km—1

(?S)WKN () Z Z AN( F(km,0) (m—170)...F§k170)a(p)>

k1=0 km=0
m—1Ki;—1

+(F) TR g A @)+ 30 T Z (77 A (RO RSO P00
j=1 k1=0 k;=0

m1K11

_(As)m 1RNs (p) +_ Z Z Z 7" ~1I Ry (stkj,o),..F§k170)a(P))‘ (4.68)

j 1 kl 0 k]—O

A similar expression without the third line holds for (7%)™A(a(®)).
In order to control this somewhat unpleasant expression, we abbreviate

Assume that z < 1. Then (4.45) and (4.48) imply the estimates, valid on ’HEFN),

[F&0 a@|| < 47)]a®)]| 2,
K

H?;KKN(G(M)H < 4pHa(p)” 190_ -

[Ru.s (@] < (4e)?[|a®)

(1—=)

Furthermore, (4.54) implies that

My < 4lla

172 A e
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We also need

(6™ R (@®)p®N) - A@aP)(p)| = |F N Pt

) 1‘|A(a(p))(<ﬂ)\

NP
p—1 . .
N---(N—j) N-(N—j+1)
< Z Ni+1 - N Ha(p)H
j=1
2
< Slla®]. (4.69)

Armed with these estimates we may now complete the proof of Theorem 4.15. Suppose that
1/2 <z < 1. Then

Ki—-1 Km—1

&N A (km,0) p(km-1,0) .. p(k1,0) ,(P) ) ,®N
L At o)

— A<F§km70)p§km71,0) . Fs(kho)a(p))((p)‘

< =(p+ K+ +Kp,)? gm(p+EKit+Km) Ha(p)H )

==

Similarly, the second line of (4.68) on %g_N) and its classical equivalent on B; are bounded by

m
Zij QPR K1) )1 @)

j=1

Finally, the last line of (4.68) on ’HE,_N) is bounded by

1 s
~ Z AGAD AR A+ KG-1) ()]
j=1

Now pick m large enough that 7' < ms. Then it is easy to check that there exist a1, ..., apn,
such that setting

K; = ajlogN, j=1....m

implies that the three above expressions are all bounded by CN~7||a)||, for some 8 > 0. This
remains of course true for all m’ < m. Since any time ¢t < T can be reached by at most m
iterations with 1/2 < z < 1, the claim follows. O

We conclude with a short discussion on density matrices. First we recall some standard
results; see for instance [RS80]. Let I' € £, where £! is the space of trace class operators on
some Hilbert space. Equipped with the norm ||T||; := Tr|T'|, £! is a Banach space. Its dual is
equal to L, the space of bounded operators, and the dual pairing is given by

(A,T) = Tr(AT), AeL,TeLt.
Therefore,

IDJs = sup  |Tr(AD)]. (4.70)
AeLl, ALl
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Consider an N-particle density matrix 0 < I'y € El(HSLN)) that satisfies TrI'y = 1 and is

symmetric in the sense that I'y Py = I'y. Define the p-particle marginals

Pg\];) = Trp+17._.7N PN s
where Tr, 11 .y denotes the partial trace over the coordinates p+1,..., N. Define furthermore

PN(t) — e—itHNFNeitHN ,

as well as the p-particle marginals I’%) (t) of 'y (2).
Noting that

Tr<:&N(a(p))I’N(t)> = ﬁ—;(f) Tr(a(p)F%)(t)) = Tr(a(p)F%)(t)) —|—O<%>

we see that (4.70) and Theorem 4.15 imply the following result.

COROLLARY 4.16. Let o € H with ||¢|| = 1, and let p(t) be the solution of (4.53) with initial
data . Set T = (|¢){@|)®N. Then, for any p € N and T > 0 there exist constants C, 3 > 0,
depending only on p, T and k, such that

[r @~ teeneon®], < x5, tel.

REMARK 4.17. Actually it is enough for Uy to factorize asymptotically. If (U'n)nen is a
sequence of symmetric density matrices satisfying

TS — 1)l = o,

lim
N—o0
then one finds
: Dy _
Jim [PQ0) — el =0, ter.

This is a straightforward corollary of the proof of Theorem 4.15. By a well-known argument
(see for instance Lemmas 5.1 and 5.8 in Chapter 5), this implies that

Im 19 @) = (et e ™| =0, ter.

for all p.

4.6. THE MEAN-FIELD LIMIT OF A FERMI GAS

In this section we consider a Fermi gas and show that its mean-field dynamics is governed by
the Hartree-Fock equation. The Hartree-Fock equation is a fundamental tool, used throughout
physics and chemistry, for describing a system consisting of a large number of fermions. Despite
its importance for both conceptual and numerical applications, many questions surrounding
it remain unsolved. One area in which significant progress has been made is the microscopic
justification of the static Hartree-Fock equation, which is known to yield the correct asymptotic
ground state energy of large atoms and molecules; see [LS77a,LS77b,Bac92,FS90,FS94, GS94].
The time-dependent Hartree-Fock equation, which is supposed to describe the dynamics of a
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large Fermi system, has received less attention. The only work in which this equation is derived
from microscopic Hamiltonian dynamics is [BGGMO03]. The Cauchy problem for the time-
dependent Hartree-Fock equation has also been studied in the literature; see [BPF74, Cha76]
and especially [Zag92], where the Cauchy problem is solved for singular interaction potentials.

A key assumption in [BGGMO03] is that the interaction potential be bounded. In this section
we extend the result of [BGGMO3] to a class of singular interaction potentials, which includes
the physically relevant Coulomb potential. We also describe how this mean-field result can be
formulated as a Egorov-type theorem.

Let us briefly sketch the main result of this section. Consider a sequence of N orthonor-
mal orbitals ¢1, ..., pnN, where @; is a one-particle wave function. This defines an N-particle
fermionic state through the Slater determinant

Let Wy () be the solution of the Schrédinger equation
i0:¥N(t) = HyUn(1), Un(0) = ¥,

where Hy is the mean-field Hamiltonian (4.1). In general, ¥y (¢) is no longer a Slater deter-
minant for ¢ # 0. However, one expects that this holds asymptotically for large V:

\I/N(t) =~ Lpl(t) AR /\(pN(t) .

Here the orbitals ¢1(t),...,on(t) are supposed to solve the Hartree-Fock equation

N
i0wpi = hpi + — Z (w * |@;]*) i Z (w = (¢i@))) ; (4.71)
] 1 Jj=1

Our main result (Theorem 4.24 below) is a precise formulation of this asymptotic behaviour.

This result is of some physical relevance for studying the dynamics of excited states of
electrons in large atoms or molecules in the Born-Oppenheimer approximation. Consider a
molecule consisting of K nuclei at fixed positions Ry,..., Rg € R?, as well as N electrons. The
Hamiltonian is given (in appropriate units) by

ex Nz e2
Z<A Z\xN—er> D e

i=1 1<i<j<N

Here, ey is the elementary electric charge which we rescale with IN. The electric charge of
nucleus k is ey Nz, where zq,..., 2k are constants chosen so that Zle z1 = 1. This means
that the molecule is electrically neutral. If we choose ey = eg/ VN, for some fixed eg, the
Hamiltonian becomes

e2z 1 e2
Z( A — Zmo l;%k‘> 3 A Z__Oxj’. (4.72)

— X
i=1 1<z<]<N

One problem in the above model, as well as in the works [LS77a,LS77b, Bac92, FS90,FS94,
GS94], is that, as N becomes large, relativistic effects should be taken into account. Indeed,
a simple argument shows that the average speed of the innermost electron of an atom with
atomic number Z behaves like Za (in units where the speed of light ¢ = 1). Another problem
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in applying the time-dependent Hartree-Fock theory to the dynamics of excited states is that
the interaction with the radiation field is neglected. This interaction is responsible for the
relaxation of excited states to the ground state of the molecule.

A physical scenario that is quite different from the large atom or molecule described above
is an interacting Fermi gas confined to a box of fixed size. As discussed in [NS81,EESY04], the
natural scaling in this situation may be viewed as a combination of mean-field and semiclassical
scalings. This problem was first studied in [NS81,Spo81]. The authors show that the limiting
dynamics is governed by the Vlasov equation. These results were somewhat sharpened in
[EESY04], where the authors compare the Hamiltonian dynamics with the dynamics of the
Hartree equation, and derive estimates on the rate of convergence.

4.6.1. The Hartree-Fock equation. For simplicity of notation, we only consider spinless fermions
in the following; the one-particle Hilbert space is H = L?(IR?). Merely cosmetic modifications
extend our results to the case of spin-s fermions for which the one-particle Hilbert space is
L*(R3) @ C?**1. To fix ideas, we consider the free Hamiltonian h := —A and a Coulomb
two-body interaction potential w(z) = k|z|~!. By the generalizations in Section 4.7 below, our
results remain valid for a free Hamiltonian of the form A = —A + v and a two-body interaction
potential w, where w is even and v,w € L™ + L3 are both real. In particular, we may treat
Hamiltonians of the form (4.72).

Some notation. It is convenient to state the time-dependent Hartree-Fock equation in terms
of an infinite sequence of orbitals ¥ = (1););eny which is an element of the Hilbert space

H = *(N; L*(R3) = *’(N)® L*(R?).
To simplify notation, we set o = (z,4) and write ¥(a)) = v;(z). Furthermore, we abbreviate
/da = Z/dx, Sla—a) = Gpd(x —a').
1€N

The scalar product on H is then given by
(0,0 — /da () V().

Let a?) € L(H®P) and define a®) € L(H®P) through

a® .= L2 (yyer ® a®)
We have the identity
la®( = ||a®]]. (4.73)
Furthermore,
<\If®p,&(p)\ll®p> — Z <7/)i1 R @Y, a® Vi, ® - ® T/Jip> ] (4.74)
il,...,ipeN

Hamiltonian formulation of the Hartree-Fock equation. The time-dependent Hartree-Fock
equation for ¥ reads

10pi = habi+ > (w [ = Y (w* (idhy)) 5 - (4.75)

jEN jEN
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It is of interest to note that (4.75) is the Hamiltonian equation of motion of a classical Hamil-
tonian system with phase space I' := [2(N) @ H!(R3).

Define the map A from closed operators A® on 7—23{7
space, through

)

to “polynomial” functions on phase

AAPY (W) = (woP AP ger)
= /dal...dapdﬂl--.dﬂp U(ap) - U(ar)AP (a1, ap; Bry e, By) W(B1) - T(By),

where A(p)(al, ., 0p; B1,. .., Bp) is the distribution kernel of AP We denote by 2l the linear
hull of functions of the form A(A®), with A®) ¢ E(?—lf)).

The Hamilton function is given by
~ 1
H = A(h) + §A(W), (4.76)

where

W = W(l-E)

with (E®)(z1,22) := ®(x2,21) and W is the two-particle operator defined by multiplication
by w(z1 — x2). Written out in terms of components, (4.76) reads

HE) = S (i hui) + 3 S (s @y, Wy @) — {1 @ 45, W oy @)

ieN i,jEN

Using Sobolev-type inequalities, one readily sees that H is well-defined on T'.
A short calculation shows that the Hartree-Fock equation is equivalent to

10,0 = 0gH(V).
The symplectic form on I' is given by

w = i/da d¥(a) Ad¥(a),

which induces the Poisson bracket

{¥(a), ¥(B)} = id(@—p), {¥(a),¥(B)} = {¥(),¥(B)} = 0. (4.77)

Thus, for two observables A, B € 4,

{4, BH(¥) = i/da (5\31(404) (\I])é\gfa) () - 53?04) (\11)551(406)(\110 '

The Hamiltonian equation of motion on I' is the Hartree-Fock equation (4.75).

The conservation laws of the Hartree-Fock flow can be understood in terms of symmetries
of the Hamiltonian (4.76). One immediately sees that (4.76) is invariant under the rotation
Ui (U® Lrogs))V, where U € L(I%(N)) is unitary. A one-parameter group of such unitary
transformations is generated by linear combinations of the functions Re(; , ;) and Im(¢; , 1;),
which Poisson-commute with the Hamiltonian (4.76). By Noether’s principle, it follows that
(¥i, 1) is (at least formally) conserved. The energy H is of course formally conserved as well.
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In order to solve the Hartree-Fock equation (4.75) with initial state ¥, we rewrite it as an
integral equation

Yit) = e My — i/o ds Y ((w [ (8))vils) — (wx (Wi(s)d5(s)) ¥s(s) . (4.78)
jeN
The Cauchy-problem for (4.78) was solved in [Zag92]. We quote the relevant results:

LEMMA 4.18. Let W € H. Then (4.78) has a unique global solution ¥(-) € C(R;H). Further-
more, the quantities (1;,1);) are conserved. In particular, |[¥(t)| = || ¥/|.

A Schwinger-Dyson expansion for the Hartree-Fock equation. Our main tool is the Schwinger-
Dyson expansion for the flow of the Hartree-Fock equation. We use the notation ()¢ to denote
free time evolution generated by the free Hamiltonian A(h). Explicitly,

A(Pr,aha,...) = Ale Mapy, ey, ).
LEMMA 4.19. Let A€ A, v > 0, and U(t) be the solution of (4.78) with initial data V. Then,
for small times t,
t 1 - -
A(P(t)) = At(\I/)—i—/ ds §{A(W),At_s}(\11(s))
0

_ ]i;k/w at {AOV,)..... {A0W,). 4/} (w)

uniformly for ¥ € B, :=={V¥ € H - P)? < v},

PROOF. The proof of Lemma 4.12 applies with virtually no modifications. One uses (4.73),
the identity

AWV = AW = A(W(1 - E))7),
and ||E|| = 1. O

4.6.2. The density matrix Hartree-Fock equation. From now on, we only work with orthogonal
sequence of orbitals belonging to

K = {UeH: (,v)=01i#j}.

By Lemma 4.18, ¥ € K implies that ¥(¢t) € K for all ¢. To each sequence of orbitals ¥ we
assign a one-particle density matrix

o = > ) (]

1€N
It is easy to see that this defines a mapping from K onto the set of density matrices
D= {yeLl'(H):v=0}.

Furthermore,
lywl = 119]*.
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Conversely, one may recover ¥ from 7y, up to ordering of the orbitals, by spectral decomposi-
tion. Furthermore, (4.74) implies that

A@EP)(®) = Te(aPgr) . (4.79)
Let ¥(¢) be a solution of (4.75) with initial data ¥ and write
Yt) = Y -
Then a short calculation shows that

0y = [h,]+Tra W,y ®1], (4.80)

which is the Hartree-Fock equation for density matrices. As an integral equation in the inter-
action picture, this reads

t
y(t) = e ithyeith i/ ds e E9R Try W, ~v(s) @ y(s)] T (4.81)
0

Sometimes it is convenient to rewrite this using the shorthand
Ft) = e y(t)e i, (4.82)

Then (4.81) is equivalent to

() = y—i /O ds Tra W, 4(s) ® 7(s)] - (4.83)

LEMMA 4.20. Let W(t) be the solution of (4.78). Then 7y solves (4.81).

PrOOF. Let a) =a € £(H). From Lemma 4.19 we get

A@(0) = M@0+ [ ds {A0D). Al H¥(). (4.89)

Now (4.77) and (4.79) imply

{A0V), A@}(w) = 1A(DV,a®1])(®)
iTr([W,a® 1]ve @)
= —iTr((a® )W, 79 @1]) -

Thus (4.84) reads
t
Tr(avew) = Tr(ayw) — i/o ds Tr((atfs ® 1) [W,V\I/(s) ® 7\1/(3)})
t
— Tr(ac™yge ) - i/ ds Tr (a e =9 Ty [W, 00y © (5] ei(t—s)h) .
0

Since a € L(H) was arbitrary, this is equivalent to (4.81). O
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4.6.3. Slater determinants. The Hartree-Fock equation naturally describes the time evolution
of quasi-free states [BR02]. Let w, be the quasi-free state corresponding to the one-particle
state v € D. Define

7(p)(331, T YL, Yp) = way (@ (yp) - at(yr)a(z) - a(zp))

where a*(x),a(z) are the fermionic creation and annihilation operators. The quasifreeness of
w~ means that

Y (@, gy, yp) = det (V@i yy), -

In other words, 4() is the operator kernel of

AP = Ao ®) (4.85)
where

»®) ._ p!P(p)‘
For the following calculations it is convenient to introduce the symbol azllf;’, which is equal
to sgno if iy,...,4, are disjoint and there is a permutation o € S, such that (i1,...,4,) =
(Jo(1)s- - Jo(p)), and equal to 0 otherwise. Also, for the remainder of this section, summation

over any index appearing twice in an equation is implied.
LEMMA 4.21. Let v € D with Try = 1. Then Tr~y®) < 1.

PROOF. There is an orthonormal basis (¢;);en and a sequence of nonnegative numbers (\;);en
such that >, \; = 1 and v = >, Ai|¢i)(¢i|. Therefore,

9 = I N e € @) o @ B 0|

i1..0p
This yields
Tr ’7(p) = 6jlf;>\z1 T >‘ip6hk1 e 6ipkp6j1kl e 6jpkp
S
11,...,%p disjoint
S Z)‘il"')‘ipzl' -
i1y

Next, we introduce a special class of quasi-free states, described by Slater determinants.
Let N € N and take an orthonormal sequence of orbitals ®x = (¢1,...,on). We define the
Slater determinant

S@y) = o1 A Aoy = VNIPY o0 wey € HWY.

Note that the normalization is chosen so that ||S(®y)|| = 1. The corresponding N-particle
density matrix is

Iy = [S(en))(S(Pn)]-
One finds for the p-particle marginals

% = Tr, NIy

1
= Trp-l—l---N N1 €. in€h1.gN {@il Q- ® <piN><(Pj1 Q- ® (ij‘

(N =p) i
= T S [P ® @9, ) (05 @ ® g, | (4.86)
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In order to relate the sequence @y to the results of the previous sections, we define the

normalized sequence
1

\/—N(Qpla"'a@]\f’
Thus, ¥y € K and ||Uy] = 1. It is trivial to check that ¥n(¢) is a solution of (4.75) if and
only if ®n(t) is a solution of (4.71). Similarly, ¥y (¢) is a solution of (4.78) if and only if
DN (t) = (p1(t),..., N (1)) is a solution of

Uy = 0,...). (4.87)

pilt) = e — / ds (e Pals) — @ (OB ). (49)

Next, from (4.86) we find

N
. 1
W= T = = Y ledlel = 2wl = ey
i=1 1€N
Thus (4.85) implies that
w _ 1 _ PLINN Lo
7]\1; - Np 511 Z;:‘SDZI ®SDZ;7><SD]1®®SD]P‘ - m<p Fjg . (489)

Thus, Slater determinants determine quasi-free states by their reduced p-particle marginals.
The normalization N—'p( ) differs slightly from the usual normalization 1 of quasi-free states,
but in the limit N — oo thls difference vanishes.

An immediate consequence of (4.89) is

(S(®n),An(a?) S(@x)) = Tr(aP7). (4.90)
Note also that )
Il = - (491)

This is a special case of the well-known statement (see e.g. [LLO1]) that HTrg N I‘H < N1 for
any N-particle density matrix I 4.

4.6.4. Proof of convergence and the mean-field limit. We now turn to our main argument.
We show that the Hartree-Fock time evolution is asymptotically (N — oo) given by the tree
terms (i.e. the terms [ = 0) of the Schwinger-Dyson series (4.20). This result is summarized in
Lemma 4.23 below.

Let ¥ = (¢4)2, € K, and denote by U(¢) the solution of the Hartree-Fock equation (4.78)
with initial data W. Let v(f) = vy () be the associated one-particle density matrix.

By choosing A = A(a®)), o) € E(’H(_p)), in Lemma 4.19 and mimicking the proof of Lemma
4.20 one finds that

Tr(a® 4(£)%) = Tr(al”7®?) / dsZTr( Trpﬂ[wipﬂ,y(s)@(wl)]). (4.92)

4This can also be inferred from (4.91) by writing T' as a linear combination of projectors.
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It is convenient to use the representation 4(t) defined in (4.82). Using the substitution a®) —
a(pt) in (4.92) we get

(o 5(0°7) = Te(a) i [ dszTr( ) Ty 1 Wi 55504 )
0

Recall that W;; = Wi;(1 — Ey;). Also, F;; commutes with W;; and with 5(s)®®+1). Thus,

E(_p)a(p) = pla® implies

szm, ()P = By | 2P (4.93)

)P ) = JeryP) _ / ds Trpi
=1

On the other hand, using
P
DL (1 - Z Ejp+1> »®)
j=1

we find

M@

P
Trpi ZWz‘pH,s,’Y(S)@(pH) E(p-l-l)] = Trpy ZszHsa ®(p+1)< Ejp+1>2(”)

i=1

<.
Il
—

M@

= Trp11 Z Wipt1,57 ®(p+1) <]1 - Ejp+1> E(—p) .

<.
Il
—_

Together with (4.93) this yields

5 ()®P »® — ~®P n® _ / ds Trpy ZWZP+13 5(5)®@+D) » P+ FR(t), (4.94)

=1

with an error term

t
Ry(t) = =i Y [ ds Trpm [WZPHS ()PPt }z“ (4.95)
1<ij<p 0

The partial trace is most conveniently computed using operator kernels. We find

<Wip+1,s’?(3)®(p+l)Ejp+1) (9017 e Tp13 Y1, - - 7yp+1)

Z/dzldzz LT A6 @i 0e) | Wals, wpy1; 21, 22) (5) (215 90) F(8) (55 Upr1) 7() (225 95)
r#£i,j

so that

Trp1 (Wip+1,s’?(3)®(p+1)Ejp+1) (T1, T3 YL, Yp)

= /dZ1d22d23 TT ) @rige) | Wi, 233 21, 22) () (215 90) () (55 23) 7(5) (225 95)
r#£i,j

= (ﬁ](S)WZ],S:)’/(S)(gp) (xla cee axp; Y1y .- ayp) .
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The second term of the commutator in (4.95) is the adjoint of the first and we get

Ry(t) = =i ) / s (5 ()W) % = ()P W 35 (s) ) =0

1<ij<p” 0

. / ds (35(5) Wiy, ()77 5D — 5()=P 0 35(s) ) (4.96)

1<i#j<p

We proceed to show that, up to an error term, the expansion of the Hartree-Fock time-
evolution is equal to the tree terms of the microscopic quantum-mechanical evolution. Let
a®) ¢ E(?—[(f))). Using (4.94) we find

Tr (a(p) y(t)®P E(,p)) = Tr <a,§p) F(t)®P E(,p))
= Tr <a§p) ®p2 > / ds ZTr <[ iptl, s,ag 2 ®1 ’y(s)®(p+1) E(_”+1)>
+ Tr <a§p) Rp(t)> .

Iterating this K times yields our main expansion

Ty (agp) ’Y( ®p2 Z /Ak(t dt TI‘ (k 0)( (p))7®(p+k)2(ﬁj+k))

+ Z > RE®), (4.97)

0 1<i#j<ptk

+ / dt Tr <Ft(t ; )(a(p))’?(tK)(g(erK)E(_erK))
AK(lf)

Rf(1) = i / dt Tr (55 (@P) 3 (t1) Wi, 3(t0)SF 0 200
Ak+1(t)

- k,0 - k
= Wijti 75 (tet1) Ft(,tl,-)..,tk (a®) (1) S FHR £ E )) :

We now derive a bound on Rfj(t) Let us concentrate on the first term, which we rewrite
using the renaming tx11 — s as

At
/. o | s T (D (05,0 Wi 3(s)°0 70 59 (4.98)

where At := min{t;,...,t;}. The idea is to use a tree expansion on ().

LEMMA 4.22. Let aP) € E(?—L(f))). For small times we have the tree expansion
Tr (a®5(2)2P ) Z / dt Te(TP (P22 ®)y (4.99)
Ak (L)

where Ti(k) is the linear operator defined by T (a?)) := o) and

p+k—1

k . ke—
Tt(l.?.tk(a(p)) =1 Z [Wierk,tk,Tt(l...t?,l(a(p))®1] .
i=1
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PROOF. Lemma 4.19 applied to A = A(a®)) yields
(p)= / dt T k) (P) )@ (p+k)
A(t E r( .
( Ak(t) ( g )

The claim then follows by noting that E(_p)a(p) = pla® and that ijLk* Wi p+k,t, commutes

with E(_p). The convergence of the series is shown below. O

Thus (4.98) is equal to
At
Z/ afas [ a (RGO W05 6w )y
Ak(t Ak/ ’

Next, we recall from (4.44) that thl;’?_)__,tk (aP)) can be written as a sum over tree graphs
Q € 9(p, k,0) of elementary terms of the form (4.33). Also, since the definition of 7}(5?_7%((1(1’))

is the same as the definition of Féif?..,tk (a(p)) with W replaced by W, we immediately get that
(k)
T,

e 7tk(a(p)) is equal to a sum over tree graphs @ € Q(p, k,0) of elementary terms of the form

P_ Wiljl, : Wirjrvtvr ( (p) ® ]]'(k l)) WZ ’ Wikjk’t“k P

tvl o r+1j7‘+17tvr+1 o

This implies that the series (4.99) converges for small times.
Applying the tree expansion to both Ft(,lzf{?.)..,tk (a®)) and 7(s)®P+*) in (4.98), we see that
(4.98) is equal to

co ikJrk’ ,
— 1010 dt/ ds/ dt
k;zm > Qiq /A o a

QeQ(p,k,0)Q'eQ p—l—k k,0)

Tr{A alP)

e BPYH55 (5 Wy C k)5

where A, B,C are operators that depend on (Q,Q’, k,k',t,t). A, B and C are each a prod-
uct of operators of the form W ,, or Wy ., where r stands for a time variable in the set
{t1,...,tg,t1, ..., txr }. Moreover, the product ABC contains k W’s and k¥ W’s. Finally, each
time variable in ¢, ... g, t1,...,tw appears exactly once in the product ABC.

Let ¢ € HOWPHE+E) and estimate

3 zQzQ, / dt / ds / dt’ AalP) | BPPTRy ()W, C o
N0 AK Pl

QeQ(pk,0) Q'€Q p+k k0

< dt/ ds/ t
Z /Ot [0,8]%'

QReQ(p,k,0) Q’eQ(p+k k.0

I::‘

BP(p+k) ( )WZ]SCQOH

We now perform all time integrations, starting from the left, and using at each step the Kato
smoothing estimate (4.24) as well as

/O dr | Wyl < VareZi o],
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which follows trivially from (4.24). Also, Lemma 4.18 implies that ||¥(s)|| = ||v||. Thus we find

that
) o2\ TR K2 )
<Y Y () end il

QEeQ(p,k,0) Q' €Q(p+k,k,0)
Using the bound
Q. k,0)| < 432",

which can be inferred from (4.41), we find

, 2t (k+1)/2 ’
r< st (T @) [ il

< 167V2r2t (64v2mr2t)" (32v21k2t) " a® |1l

Let t < (217k%)~"!. Now Lemma 4.21 implies that H7®(p+k+k,)2(,p+k)”1 < 1. Using the
inequality Tr(AT') < [|A||||T']]; we therefore find that (4.98) is bounded by

3\/7r/<;2)

-
16V la® ][Iy

167 2(32\/27“;215) (16v27r20)* @)l || = 16p(
kl_

The second term of Rfj (t) is equal to the complex conjugate of the first. We thus arrive at
the desired bound

32V 27Kt
IR0 < 2-16?1(_1651 ol (4100)

Therefore the last line of (4.97) is bounded by

2. 167 PN (v + k)? (32v2mk2t)*
k=0

1

. a
a

1 —16V2rk2t |

1 1 7 a1l

1 —16V27rk%t (1 — 32v2mk2t)

< 4-16PeP

where we used Lemma 4.4.

Next, we note that the second line of (4.97), i.e. the rest term, vanishes in the limit KX — oc.
The procedure is almost identical to (in fact easier than) the above estimation of ]Rf] (t)|. The
result is

32v2
/ dat Tr (Ft(f,o)(a(p)):Y(tK)®(p+K)E(_P+K))' < 2.16p( T ) H @) — 0,
AK(t) = 1—16v2
as K — oo.
Summarizing, we have proven:
LEMMA 4.23. Let aP) € E(?—l(,p)). Then, for small times,
Tr(ag ») ~ £)®P »®) > ZTT< a® ) ®(p+k)2(_p+k))‘ < Ha(p)H 9] C(p, 5, ),

for some constant C(p, k,t).
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4.6.5. Main result. We now have all the necessary ingredients to state and prove our main
result. Take some fixed orthonormal sequence ® = (¢;)ien. Denote by ®x the truncated
sequence Py = (p1,...,pn), and let @ (t) be the solution of the Hartree-Fock equation
(4.88) with initial data ®y. The N-particle density matrix evolved with the Hartree-Fock
dynamics is

In(t) = [S(@n(1)){(S(@n ()]

The N-particle density matrix evolved with the microscopic dynamics is
Tn(t) = e IN|S(DN)){(S(®n)|e V.
The p-particle marginals are defined by
TP®) == Trpr yIn(), TR = Ty nIn(d).
The one-particle density matrix satisfying (4.81) is

ww(t) = I

The quantities 'y](\];) (t) = E(,p)’yN(t)Q@p and f’%) (t) are asymptotically equal: (4.89) implies that

2

= p
2 -T2 @), < v (4.101)

Next, let a?) € E(?—L(f))). Setting L = 1 in (4.48) yields
eitHN KN(a(p)) e—itHN _ Z :&N (ng,(]) (a(p))) + LN(t) ’ (4102)

k=0
where Ly (t), corresponding to the sum of all “loop terms”, satisfies the estimate

ILN@®) < C(p.k,t)a® N7, (4.103)

for small times ¢. Thus (4.90) implies for small times

Tr (KN(a@))rN(t)) = (S(®y), eV Ay (aP) e N (D))

= S (S(), A (FE (@) 8(@x)) + (8(8), Liv(1) S(@))
k=0

_ iTr <Ft(k’0)(a(p))'y](§+k)> + <S(<I>N),LN(t) S(@N)> .
k=0

Using Lemma 4.23 and (4.91) we therefore get that, for small times,
C(p, 5, t)
N

Since the quantum-mechanical and the Hartree-Fock time-evolutions preserve the trace norm,
we may iterate the above result, like in the proof of Theorem 4.15, to get: For all times t € R

la®]I.

Tr (agp) ’y](\l;) (t)) —Tr <KN(a(p)) FN(t)) ‘ <

we have that
Tr (o) = Tr (Ax@®) T (1)) | < Clor ) ]| F(N),

with limy o0 f(IN) = 0. Thus, the duality £ = (£!)* implies the following result.
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THEOREM 4.24. Let p € N andt € R. Then
IT9 @6 -1, — 0, N oo.
In particular, if a?) € ﬁ(’H(_p)), we have
(TN G(@ ), An(alP) e NS (D)) — (S(@n (1), An(al?)) S(@N (1)) — O,

as N — oo.

REMARK 4.25. The limit N — oo ofl’gg) (t) does not exist in ||-||1. Indeed, limNHOOHI’g\I;) ) =0
but Tr FE\I;) (t) =1 (similarly for f’%) (t)).

REMARK 4.26. As in Theorem 4.15, one can show that the function f is a power law: f(N) ~
NP with B(t) > 0 for all t. However, B(t) — 0 as t — oo. Our bound on the rate of
convergence is therefore far from the expected optimal rate B(t) = 1, which we only obtain for
short times.

REMARK 4.27. Although the exchange term —% Zjvzl (w * (pipj)) p; is essential for our proof,
it is not clear from our analysis whether it is of leading order as N — co. The exchange term
is known to be of subleading order in the scaling of [NS81], and hence in that case it does not
play a role in the limiting dynamics (see [EESY0}]).

4.6.6. A Egorov-type result for small times. In this section we describe how the many-body
dynamics of fermions may be seen as the quantization of a classical “superhamiltonian” system,
whose dynamics is approximately described by the Hartree-Fock equation.

A graded algebra of observables. We start by defining a Grassmann algebra of anticommuting
variables over the one-particle space H = L%(R?), and equip it with a suitable norm. Formally,
we consider the infinite-dimensional Grassmann algebra generated by {t(z),1(x)},cps. As it
turns out, this algebra can be made into a Banach algebra under a natural choice of norm.
This norm is most conveniently formulated by identifying elements of the Grassmann algebra
with bounded operators between L2-spaces.
Let
a = (@P9), en,  a® e L(HD; 1P, (4.104)

be a family of bounded operators. Such objects will play the role of observables in the following.
By a slight abuse of notation we identify a»? with the family obtained by adjoining zeroes to
it.
Define
B = {a=(aP?) : oD =0 for all but finitely many (p,q)}.

We introduce a norm on B through

lalls = Y la®]], (4.105)

p,qEN

and define B as the completion of B.
We also introduce a multiplication on 9B defined by

(ab)P9) = Z (=1)p2lprta) p_(gP1a) @ plP22))p_ (4.106)

p1+p2=p
q1+492=q
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The seemingly odd choice of sign will soon become clear. It is now easy to check that 9B is an
associative Banach algebra with identity

]]_(p,q) = 5p0 5q0 .

Note that B bears a Z-grading, with degree map
dega®? = p—gq.
An observable is gauge invariant when its degree is equal to 0. One readily sees that

ab = (_1)dega degbba )

We now identify B with a Grassmann algebra of anticommuting variables. For f € H

define ¥(f) € L(H;C) C B through

V(f)g = (f9) (4.107)

and ¥ (f) € L(C;H) C B through
W(f)z == fz. (4.108)

We may now consider arbitrary polynomials in the variables {¢(f),%(f) : f € H}. It is a
simple matter to check that

W) () + (@) 0(f) = V()Ylg) + () v(f) = V() (g) +d(g)d(f) = 0,

for all f,g € H. Furthermore, we have that

(L) B(f)(g1) (g = PP IA@ @ L) g1 @ @ gy PV (4.109)

Linear combinations of expressions of the form (4.109) are dense in B (in the strong operator
topology). It is often convenient to write a family a of bounded operators using the “Grassmann
generators” {1, }. To this end we set

U(@) = Y(0),  Y@) = Y(0),

where 0, is Dirac’s delta mass at x. Expressions of the form (4.109) are now understood as
densely defined quadratic forms. One immediately finds

a = A(a) = Z/dml...dxpdyl...dyq
Py

X P(xp) (1) aPD (21, xps s yg) b(y1) - U(yy) . (4.110)

We use the notation A(a) to emphasize that the family a is represented using Grassmann
generators.
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A graded Poisson bracket. Next, we note that 9 carries the graded Poisson bracket
s 5
a,b ::i/dx [a — b+a — b, 4.111
{a,5} 5@ 3@ T 5@ s ey

where a,b € B. Here we use the usual conventions for derivatives with respect to Grassmann
variables (see e.g. [Sal99], Appendix B). In terms of kernels the graded Poisson bracket can be
expressed as

{¥@). o)} =iz —y)  {v@).v0)} = {$@).¥)} = 0. (4.112)
We now list the important properties of the graded Poisson bracket.
(i) {a,b} = (—1)\+degadesbrp 4y
(ii) (—1)degb(degatdege)fy £ 11 + cyclic permutations = 0.
(iii) {a,bc} = {a,b}c+ (—1)desadeebply c}.

PROOF. Let us start with (i):

a =i Tzl (= deg a+1 oa ob _1\dega+1 da ob

o = [( S Sewe T R w(x)]
- i 2 | (—1)dega degbtdegb ob oa __1\dega deg b+degb b da
- [( e S @ T ﬂ(x)éw(x‘)]

— (_1)1+dega degb{b, a} )

In order to show (ii), we note that the left-hand side can be written as a sum of three terms,
the first of which contains second derivatives of a, the second second derivatives of b and the
third second derivatives of c¢. Let us consider the third one. It is equal to the terms containing
second derivatives of ¢ of

(_1)degb(dega+degc){a, {b, C}} + (_1)degc(degb+dega){b, {c,a}}

— (_1)deg b(dega-{—degc){a’ {b, C}} + (_1)degc(degb+dega)+1+degc dega{b’ {a,c}},

where (i) was used. Define the derivation Lb := {a,b}. Thus we need to compute the terms
containing second derivatives of ¢ of

(_1)dega deg b+deg b dechaLbC - (_1)degb degCLbLac )

Since we are only considering terms containing second derivatives of ¢, both derivations L, and
Ly must act only on ¢, and one finds

(_1)dega deg b+deg b dechaLbC _ (_1)dega deg b+deg b dechaLbC — 0.
We omit the straightforward proof of (iii). O
Furthermore, one finds by explicit calculation

{A(a(p17q1))’A(b(pQ,QQ))}
— i(_1)(p2+1)(p1+q1)q1p2A[(a(m,ql) ® ]l(pzfl)) (l(qu) ® b(pQ’qQ))}

_i(_1)(q1+1)(p2+q2)p1q2A[(b(m,qz) ® 1(1)1—1)) (1(q2—1) ® a(pl,ql))} . (4.113)
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States. With the algebra of observables (%5, ||-||ss) is associated the space of states
R = (B)".
By using the standard argument of the proof that (I')* = I* (see e.g. [RS80]), one finds that

R = {p=(p"D)gen : p? € LHDHP), |pllor < 00},

where

Ipllz = sup [|p®9|;
p,q€EN

and
IpPD |y = sup{|Tr(p®Dal@P)| : a@P) € LAHP, HDY, laleP)|| < 1}.

Note that if p = ¢ then ||-||; is the usual trace norm. The dual action is given by

(p,a) = Z Tr(p®9a(@)) .

p,gEN

We abbreviate p®?) = p®) in the case of gauge invariant states. Next, we note that (4.109)
implies that the operator kernel of p”9) may be expressed as

p(p,q)(xh ey Tpi YLy e 7yq) = <p7E(yq) o E(yl)w(xl) e ¢(1'p)> ) (4114)

There is a particular subset of gauge invariant states that is of interest for studying the
Hartree-Fock dynamics. Let v € D be a one-particle density matrix. Define the state p,

through pf(yp’q) =0if p # q and
pgp7p) = 4P (4.115)

where v(?) is defined in (4.85). One immediately finds |p, |1 = |[7]1-

Hamilton function and dynamics. Let h be the one-particle Hamiltonian and w the two-body
interaction potential. We define a Hamilton function on (a dense subset of) the phase space R
through

H o= A(h)+%A(W)

= [ e dy T has) vw) + 5 [ e dy BT v -9 b, (@110
The Hamiltonian equation of motion reads
a = {H,a},

where a € B. Instead of the “Heisenberg” evolution of a we consider the dual “Schrodinger”
evolution of states:

(p(t),a) == (p,a(t)).

The equation of motion for states reads

p q
iatp(nq)(xla"'axp;yla"'ayq) = (thi_Zhyi>p(p7q)(xla"'axp;yla"'ayq)
i=1 =1

P q
+ /du <Z w(u — x;) — Zw(u - yz)> pPTLI D (g sy, Y u) . (4.117)

i=1 i=1
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This has the form of an infinite hierarchy, which decouples over subspaces of different degree.
In order to show (4.117) we compute

{H, ¥(yg) - dy)v(ar) - d(ap)} = (Z ha; — Zhyi> V(yg) - Yy () - (ap)

+ [au (wa — ) = Y wlu- y») Pd(yg) - By )b(ar) - (ap)(w).

Then (4.117) follows from (4.114) and

i0p P (@1, . xpiyn, . yg) = 10, 0 (yg) - ()Y (ar) - b(zp))
= (p,i{H,P(yq) - P(y)v(a1) - (ap) }) -

Next, we outline how to solve the equation of motion (4.117). Let us first rewrite it as

P q
i0,pP0) = Z Zp(p D py
i=1 1

=
P q
+ Z Trps1,6+1( 2p+1P(p+1’q+1)) - Z Trpi1441 (P(pH’qH)Wqurl) .

i=1 i=1
We may now proceed exactly as with the density matrix Hartree-Fock equation (4.80), i
express it as an integral equation in the interaction picture. This yields a tree expansion for
the quantity Tr(p(p’q) (t) a(q’p)), where p(0) € . We omit the uninteresting details. As above,
the tree expansion converges if ¢ < T', where

T = (2Y7k?)~L. (4.118)

Unfortunately, the time evolution (4.117) does not preserve the norm of p, which means that
we cannot iterate the short-time result.

From now on, we only consider gauge invariant quantities. Take some gauge invariant state
p=(p® Jpen € R. For simplicity, we assume that the sequence p is finite (as is the case if p is
defined by a Slater determinant, see below). Let us denote the Hamiltonian flow on 2R by ¢;.
We have seen that ¢; is well-defined by its tree expansion for ¢ < T. The solution of (4.117)
with initial data p, p(t) = ¢¢(p), satisfies the equation

pr(t) = / ds ZTrp+1 Wiptrs a7 (s)] (4.119)

where p(P) () := el 2i it p(P) () e=12i hit| Let us take a gauge invariant observable aP?) = a(P) €
2, where
= {ae®B:aPD=0ifp+#£q}

is the set of gauge invariant observables. Thus (4.113) implies

{A(@®), A®\?)} = ipgA([a®,b];). (4.120)
Next, we note that (4.119) implies

Tr(a?p® (1)) = Tr (agp)ﬁ(p) (t))

= Tr (ag )p / ds ZTr([ 2p+1s,a§ )®]l] (p+1)( ))
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Iteration of this identity gives

Tr (a® p) (1)) = ZTr(E(k,O)(a(p))p(p+k)>.
k=0

Summarizing:
<a(p)o¢t,p> — <a(p),p(t)> — Tr(a(p)p(p)(t))

_ iTr(Ft(k’o)(a(p))p(p-Fk)) _ <i FEO) (g0)) | p>_
k=0

k=0

This series converges for t < T, uniformly for bounded [a® || and ||p|j. Therefore we get
the norm-convergent series

Aa®)og = S A(F @), (4.121)
k=0

provided that ¢t < T.

Finally, we discuss the relationship between the Hartree-Fock dynamics and the dynamics
generated by (4.117). Take a density matrix v € D and consider the state p = p, defined in
(4.115). If one chooses a sequence 7y such that |[|[yy|| — 0 as N — oo (e.g. a sequence of Slater
determinants), then Lemma 4.23 implies that (4.117) and the Hartree-Fock equation describe
the same dynamics for large N.

Quantization and a Egorov-type theorem. Next, we introduce a Wick quantization of the above
“superhamiltonian” system and formulate the mean-field limit as a Egorov-type theorem.

We define quantization as the linear map (-)y : A — 2A defined by the formal replacement
Y(z) = an(z) and ¥(z) — a’y(z) followed by Wick ordering. In other words,

—

(Oy : A(a(p)) s KN(a(p))_

Using (4.113), it is easy to see that, for A, B € 2,

~ o~ N—1 — B
[An,Bn], = T{AaB}N+O(N %).
This identifies N~! as the parameter of (/\) N-
Extending the definition of (), to unbounded operators in the obvious way, we define a
Hamiltonian Hy on F_ as the quantization of the Hamilton function H defined in (4.116).

When restricted to H(_N), NHy is equal to the mean-field Hamiltonian (4.1).
Now (4.102), (4.103) and (4.121) yield the following Egorov-type theorem.

THEOREM 4.28. Let A€ A and t < T, with T defined in (4.118). Then

H <eitNﬁN Ay e itVAx _ (m)N> C

gﬁa

ey

for some C > 0.
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4.6.7. A comment on the Hamiltonian formulation for density matrices. In Section 4.6.1, we
chose a Hamiltonian formulation of the Hartree-Fock equation (4.75) in terms of sequences of
orbitals. Alternatively, we could just as well have used a Hamiltonian formulation in terms of
density matrices. To see how the density matrix Hartree-Fock equation (4.80) can be written
as a Hamiltonian equation of motion of a classical Hamiltonian system, consider the Hilbert
space

H o= L2H),
the space of Hilbert-Schmidt operators, with scalar product
(5,p) = Te(sp).

We write the density matrix v € D as v = kk*, where k € H. The classical phase space is then
given by a Sobolev-type space of Hilbert-Schmidt operators

T = {re H o Tr(k*(1 — A)k) < 00} .
We define polynomial functions on r through
B(a®)(k) := <K®p,a(p),i®p> ,

where aP) € £L(H®P) is understood to act by left-multiplication.
The affine space I' carries a Symplectic form defined by

w = —i/dx dy di(z,y) A dk(z,y),

where k(z,y) is the operator kernel of k. The Poisson bracket then reads

(@), @y} = 0

{k(@,y),5(",y)} = —i0(z —a")o(y — /).
The Hamilton function is defined by
1
H := B(h) + §B(W) .

By using Sobolev-type inequalities one readily sees that H is well-defined on T. After a short

computation, one finds that the Hamiltonian equation of motion,

Or(e9) = s = i{H. k(@)

reads

0k = hk+ Tro( Wk ® (kK")) .

It follows that v = kK™ satisfies (4.80).
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4.7. SOME GENERALIZATIONS

In this section we generalize all results of this chapter to a larger class of interaction potentials,
and allow a weak external potential. For this we need Strichartz estimates for Lorentz spaces
from Appendix B.

For a map f : R — LP9, where LP? denotes a Lorentz space (see Appendix B), we define
the space-time norm

1/r
T [ [ uf<t>uzp,q} |

Let us now invoke theorem B.6 with H = Ag = L?, A; = L'. We choose U (t) = e and recall
the standard estimate ||U(t)f|loo < [t]7%/2||f]l1. Setting o = 3/2 and r = 2, we therefore get
from Theorems B.6, B.4, and B.5 that

62 f [l p2pon S 112 s (4.122)

We are now set for proving a generalization of (4.24).

LEMMA 4.29. Let w € L3 + L*. Then there is a constant C' = C(w) > 0, such that

1
/O lwd™ gl dt < gl

PRrROOF. Let w = wy + wy with w; € L and wy € L‘Z}. Then

[ SDHLngc < June®® 30HL§L§ + [Jwne®® SDHLngc :

The first term is bounded by ||w1 | ze||¢||z2. To bound the second we use Theorem B.1 and

(4.122) to get
e O T T = N [ e =

Therefore,

Hweim@HLgL% < VO(W) el - O

Now let us assume that v,w € L> + L3. Set Hy| = > —A;. Then the required

+
generalization of Lemma 4.9 is

LEMMA 4.30. There exists a constant C = C(w,v) such that
! - 2
/ |Wij e o™t < Cl|e™|?,
0
1
/ [Vie e Fat < Cfe)?,
0

where ®™ ¢ %(in) .

PrOOF. The claim for V follows immediately from Lemma 4.29. The estimate for W follows
similarly by using centre of mass coordinates. O
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Finally, we briefly discuss the changes to the combinatorics arising from an external poten-
tial. We classify the elementary terms according to the numbers (k,l, m), where k is the order
of the multiple commutator, [ is the number of loops, and m is the number of V-operators.
Thus, instead of (4.18), we have the recursive definition

pklm) (@?) = ilp+k—1—m—1) [WtMF(k—Ll,m) (a(p))]

tt1,.lk tit1,.otk—1 1

k—1— 1i—1.m
+i<p+ m) [Wtk,F(k 1,0-1, )(a(p))]

9 byt —1

Filp+ k= 1= m) Vi, By M D ()|

byt —1

2

1
ptk—l—m—1

. k—1,1,
= 1P Z [Wip+k—z—m,tk,Ft(,tl,.l..,t:i)l(a(p)) ® 1] Py
=1
: k—1,1—1,
+iPs Z [Wij,tw Ft(,tl,...7tk_:n)(a(p))]Pi

1<i<j<p+k—l-m

p+k—l—m
+iPe Y0 Vi By i @) Py
i=1

as well as Ft(o,o,o) (aP) = agp). We also set thlzl’l”_@k(a(p)) =0 unless 0 <1 < k—m. It is again
an easy exercise to show by induction on k that

. ko k—l

(AN)F ~ ~ 1~ kd,m

S An (e [An ), Ax(af)] ] = D037 Aw(F5, (a).
=0 m=0

Note that E(,];{l,7m,1)tk (aP)) is a p + k — I — m particle operator.

The graphs of Section 4.4 have to be modified: Each vertex corresponding to a V-operator
has one edge for each direction d = a, ¢ (see Figure 4.4).

Figure 4.4: An admissible graph of type (p =4,k =7,1 =2,m = 2).

Let us first consider tree graphs, [ = 0. Take the set of trees without an external potential
as in Section 4.4. By allowing each vertex v = 1,...,k whose edges (a,2) and (¢, 2) are empty
to stand for either an interaction potential W or an external potential V', we count all trees
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with an external potential. Thus, for a given m, there are at most ( :L ) |G(p, k,0)| tree graphs
contributing to Ftsl;’?’n?gk (a(p)). If I > 0 we repeat the argument in the proof Lemma 4.10, and

find that the number of graph structures contributing to Ft(lzllm%k (a®)) is bounded by

() () (7 1%) -1

Putting all this together, we find that

. BN (kN [2p+ 3k
@) < (BY(5) (7)ot k-t miccnse .

Using the condition p + k — 1 —m < n, it is then easy to see that all convergence estimates
remain valid with the additional factor 2*.
In summary, all of the results of this chapter hold if

v,w € L3+ L.



CHAPTER 5

The Mean-Field Limit: Singular Potentials and
Rate of Convergence

In this chapter we study the mean-field time evolution of coherent states of a Bose gas. The goal
of this chapter is twofold. First, we treat a large class of external and interaction potentials.
Second, we derive explicit bounds on the rate of convergence to the mean-field limit.

We consider a system of N identical bosons in d dimensions, described by a symmetric wave
function ¥y € Py L*(R?,dz)®N. The mean-field Hamiltonian is given by

N

Hy = Zhﬁ—% S ww— ), (5.1)

i=1 1<i<j<N

where h; denotes a one-particle Hamiltonian h (to be specified later) acting on the coordinate
x;, and w is an interaction potential. The time evolution of ¥y is governed by the N-body
Schrodinger equation

0 UN(t) = HyUn(t),  Un(0) = Typ. (5.2)

We consider factorized! initial data Wy o = QD(?N for some ¢y € L?(R%) satisfying the normal-
ization condition [[¢o[2(ray = 1. As discussed in Section 1.1.3, one expects that for large N
the wave function Wy (t) is approximately factorized in the sense that?

W) = (le®) () (5.3)

for all k£ € N, where o(t) is a solution of the Hartree equation

10p(t) = ho(t) + (wx|ot)*)e(t),  ¢(0) = . (5.4)

In order to make quantitative statements about the rate of convergence, we need a means
of measuring the error in (5.3). There are two commonly used indicators: the projection

E](\’f) - 1_ <¢®k’%(5)80®k>

"More generally, we consider initial data that factorizes asymptotically for large N, in the sense that

(cpo,fy](\%)(O)cp()) — 1 as N — oco. Here 71(\})(0) is the reduced 1-particle matrix of Uy q.

2We recall that the reduced k-particle density matrix is defined by

A() = Trprr, o [Un () (TN ()]

135
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and the trace norm distance
R k k ®
5\/) = H )](V) (|¢><SD|) kHl’

where we suppress the time index t to avoid cluttering the notation. It is well known (see
e.g. [LS02]) that all of these indicators are equivalent in the sense that the vanishing of either
RE\];) or E](\];) for some k in the limit N — oo implies that limy Rg\l;,) = limy E](\];I) = 0 for
all k¥'. However, the rate of convergence may differ from one indicator to another. Thus,
when studying rates of convergence, they are not equivalent (see Section 5.1 below for a full
discussion).

In the past few years considerable progress has been made in strengthening results on the
mean-field limit in mainly two directions. First, the convergence limy R%)(t) = 0 for all ¢ has
been proven for a wide variety of one-particle Hamiltonians h and singular interaction potentials
w. As we saw in Chapter 4, the proofs for singular interaction potentials such as the Coulomb
potential are considerably more involved than for bounded interaction potentials. The first
such result was the treatment of nonrelativistic bosons with Coulomb interaction potential by
Erd6s and Yau [EYO01]. In [ES07], Elgart and Schlein extended this result to the technically
more demanding case of a semirelativistic kinetic energy, h = v/1 — A and w(x) = Az|~L.
This is a critical case in the sense that the kinetic energy has the same scaling behaviour
as the Coulomb potential energy, thus requiring quite refined estimates. Another approach
was adopted by Rodnianski and Schlein in [RS07]. Using methods inspired by a semiclassical
argument of Hepp [Hep74] focusing on the dynamics of coherent states in Fock space, they
show convergence to the mean-field limit in the case h = —A and w(x) = |z|7L.

The second area of recent progress in understanding the mean-field limit is deriving esti-
mates on the rate of convergence to the mean-field limit. Methods based on expansions, as used
in [Spo80] and Chapter 4, give very weak bounds on the error Rg\l,) (t), while weak compactness
arguments, as used in [EYO01] and [ES07], yield no information on the rate of convergence.
From a physical point of view, where N is large but finite, it is of some interest to have tight
error bounds in order to be able to address the question whether the mean-field approximation
may be regarded as valid. The first reasonable estimates on the error were derived for the case
h = —A and w(z) = A|z|~! by Rodnianski and Schlein in their work [RS07] mentioned above.
In fact they derive an explicit estimate on the error of the form

rP @) < S oatnr

VN

for some constants C (k), C2(k) > 0. Using a novel approach inspired by Lieb-Robinson bounds,
Erd6s and Schlein [ES08] further improved this estimate under the more restrictive assumption
that w is bounded and its Fourier transform integrable. Their result is

RP(e) < SLeletst,
for some constants C7,Cy, C3 > 0.

In this chapter we adopt yet another approach based on a method of Pickl [Pic]. We
strengthen and generalize many of the results listed above, by treating more singular interac-
tion potentials as well as deriving estimates on the rate of convergence. Moreover, our approach
allows for a large class of (possibly time-dependent) external potentials, which might for in-
stance describe a trap confining the particles to a small volume. We also show that if the
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solution ¢(-) of the Hartree equation satisfies a scattering condition, all of the error estimates
are uniform in time.

The outline of this chapter is as follows. Section 5.1 is devoted to a short discussion of the
indicators of convergence E](\];) and Rg\l;), in which we derive estimates relating them to each
other. In Section 5.2 we state and prove our first main result, which concerns the mean-field
limit in the case of L?-type singularities in w; see Theorem 5.5 and Corollary 5.6. In Section
5.3 we state and prove our second main result, which allows for a larger class of singularities
such as the nonrelativistic critical case h = —A and w(x) = A|z|~%; see Theorem 5.16. For an
outline of the methods underlying our proofs, see the beginnings of Sections 5.2 and 5.3.

We adopt the following conventions throughout this chapter. Except in definitions, in
statements of results and where confusion is possible, we refrain from indicating the explicit
dependence of a quantity ax(t) on the time ¢ and the particle number N. When needed, we use
the notations a(t) and al; interchangeably to denote the value of the quantity a at time ¢. To
simplify notation, we assume that ¢ > 0. Integer indices on operators denote particle number:

A k-particle operator A (i.e. an operator on H(k)) acting on the coordinates x;,, ..., z;, , where
i1 < --- <1, is denoted by A;, ;. . Also, by a slight abuse of notation, we identify k-particle
functions f(x1,...,z) with their associated multiplication operators on H*). The operator

norm of the multiplication operator f is equal to, and will always be denoted by, || f|c-

5.1. INDICATORS OF CONVERGENCE

This section is devoted to a discussion, which might also be of independent interest, of quanti-

tative relationships between the indicators E](\];) and RE\];). Throughout this section we suppress
the irrelevant index V.

Take a k-particle density matrix v*) e E(?—[(k)) and a one-particle condensate wave function
¢ € L?. The following lemma gives the relationship between different elements of the sequence
EMW E® . where, we recall,

E® = 1 (p® AP @k (5.5)

LemMA 5.1. Let v%) € L(H®)) satisfy

Let ¢ € L? satisfy ||p|| = 1. Then
E® < kEW . (5.6)

PROOF. Let (q)l(-k)) be an orthonormal basis of H¥) with @gk) = % Then

=1

®k (k)

(5,20 6%) = oo oY 00 0 o) - T(pm o 10 o 0l )

i>1 i>2

= (p, 7V ) =S (el 1B g el

122
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Therefore,

(7Y @) — (p®F HP) O

_ Z@@ @Ek—l) AW o cI)Z(k—l)>

122

<Y Y (e el W el @ o)
i>2 j>1

C IS 5 0l 000 6 gy S a5, 400 00
i>1 j>1 =

= 1 (B0 D) By

This yields
E®) < pt-1) 4 p()

and the claim follows. O

REMARK 5.2. The bound in (5.6) is sharp. Indeed, let us suppose that E®) < k f(k) ED) for
some function f. Then

E®) 1—(1—a) 11— (1-a)
> sup ———— > lim ——— =1,
(k) kE®) 0<a<l ko a—0 ko

where the second inequality follows by restricting the supremum to product states y*) = (|1h) (p|)®*
and writing o = EW.

The next lemma describes the relationship between E*) and R*), where, we recall,
RO = /™ — (o)) ®* ], -
LemMA 5.3. Let v%) € L(H®)) be a density matriz and o € L? satisfy ||¢|| = 1. Then
E® < Rp®) (5.7a)

R® < V8E® . (5.7b)

PROOF. It is convenient to introduce the shorthand
p® = (o))"
Thus,
E® — 1 _ <¢®k,7(k) 80®k> — Tr(p(k) _ p(k)y(k)) < ||p(k)HHp(k) _ 7<k)H1 = R®
which is (5.7a). In order to prove (5.7b) it is easiest to use the identity
P =2, = 2{[p® =AM (5.8)

valid for any one-dimensional projector p*) and nonnegative density matrix v*). This was first
observed by Seiringer; see [RS07]. For the convenience of the reader we recall the proof of (5.8).
Let (An)nen be the sequence of eigenvalues of the trace class operator A := ~®) — pk) - Since
p#*) is a rank one projection, A has at most one negative eigenvalue, say A\g. Also, TrA =0
implies that > A, = 0. Thus, > |\,| = 2|Ao|, which is (5.8).
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Now (5.8) yields

RO = [[p® —® = 2)p® — 4B < 2 \/Tr(pm )2
Then (5.7b) follows from
Tr(p(k) _ ,Y(k))2 - 1_ 2Tr(p(k)fy(k)) + Tr(fy(k‘))Q < B® — Tr(p(k)fy(k‘)) +1 = 2%

Alternatively, one may prove (5.7b) without (5.8) by using the polar decomposition and
the Cauchy-Schwarz inequality for Hilbert-Schmidt operators. O

REMARK 5.4. Up to constant factors the bounds (5.7) are sharp, as the following examples
show. Here we drop the irrelevant index k. Consider first

(),

where 0 < a < 1. As above we set p := |¢)(p|. One finds

E =1—(p,v7p) = a, R = |p—1l1 = 2a,

so that (5.7a) is sharp up to a constant factor.
It is not hard to see that if v and p commute then (5.7b) can be replaced with the stronger
bound R < E. In order to show that in general (5.7b) is sharp up to a constant factor, consider

1 B 1—a +Va-—a?
=) 7= \veme . )
where 0 < a < 1. One readily sees that v is a density matriz (in fact, a one-dimensional
projector). A short calculation yields

E=1-(p,79) =a
as well as
[v@ =), = Va.

Using

Iva=p)|, = |lv—p+p—p|, < 2lp—7l1
we therefore find
Vi _ VE

2

R = ||p—7||1 P N =

as desired.

5.2. CONVERGENCE FOR L’-TYPE SINGULARITIES

This section is devoted to the case w € L% + L°°.



140 5. THE MEAN-FIELD LIMIT: SINGULAR POTENTIALS AND RATE OF CONVERGENCE

5.2.1. Outline and main result. Our method relies on controlling the quantity
an(t) = By (). (5.9)
To this end, we derive an estimate of the form
an(t) < An(t) + By(t) an(t), (5.10)

which, by Gronwall’s lemma (See Appendix C), implies

t t t

an(t) < an(0)elo By +/ An(s)els BV ds . (5.11)
0

In order to show (5.10), we differentiate an(t) and note that all terms arising from the

one-particle Hamiltonian vanish. We control the remaining terms by introducing the time-

dependent orthogonal projections

p@t) = le)(e®],  q(t) = 1-p(t).

We then partition 1 = p(t) + ¢(t) appropriately and use the following heuristics for controlling
the terms that arise in this manner. Factors p(t) are used to control singularities of w by
exploiting the smoothness of the Hartree wave function ¢(t). Factors ¢(t) are expected to
yield something small, i.e. proportional to ay(t), in accordance with the identity an(t) =
(Un(t), () Un(1)).

For the following it is convenient to rewrite the Hamiltonian (5.1) as

N
1 W
Hy = Zhi—i—ﬁ Z Wi = HY +HY, (5.12)
i=1 I<i<j<N
where Wi; = w(x; — ;). We may now list our assumptions.

(A1) The one-particle Hamiltonian h is self-adjoint and bounded from below. Without loss of
generality we assume that h > 0. We define the Hilbert space® Xy = Q(HR,) as the
form domain of H]({, with norm

Illxy = [[(1+HR) 2.
(A2) The Hamiltonian (5.12) is self-adjoint and bounded from below. We also assume that
Q(HN) C Xn.

(A3) The interaction potential w is a real and even function satisfying w € LP' + LP2 where
2<p1 <p2 <00

(A4) The solution ¢(-) of (5.4) satisfies
o(-) € C(R; X1 N L) N CYR; X7),
where 2 < g2 < ¢1 < oo are defined through

L. l—i-l, i=1,2. (5.13)
2 P 4
Here X} denotes the dual space of X7, i.e. the closure of L? under the norm lollxy ==
I(L +R) 2.

3Note that, as a form, HY is closable (see [RS75], Theorem X.23), so that X is indeed a Hilbert space.
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We now state our main result.

THEOREM 5.5. Let o € Q(HN) satisfy ||Ynpol = 1, and po € X3 N LI satisfy ||¢ol| = 1.
Assume that Assumptions (A1) — (A4) hold. Then

an(t) < <aN<o>+i) Fey

where

t
o(t) = 32lw|Ler 1 Lr2 /0 ds (le(s)llgr + lle(s)llge) -
We may combine this result with the observations of Section 5.1.

COROLLARY 5.6. Let the sequence o € Q(Hn), N € N, satisfy the assumptions of Theorem
5.5 as well as

1
EP0) < =.
Then we have

EQ(®) S %e(ﬂ”, RV < 1/%e¢<t>/z,

REMARK 5.7. Corollary 5.6 implies that we can control the condensation of k = o(IN) particles.

REMARK 5.8. Assumption (A3) allows for singularities in w up to, but not including, the type
|x|_3/2 i three dimensions. In the next section we treat a larger class of interaction potentials.

REMARK 5.9. Assumption (A4) is typically verified by solving the Hartree equation in a Sobolev
space of high index (see e.g. Section 5.2.2). Instead of requiring a global-in-time solution, it is
enough to have a local-in-time solution on [0,T) for some T > 0.

REMARK 5.10. If sup; ¢(t) < oo, or in other words if ||p(t)||q, and ||¢(t)|q, are integrable over
R, then all estimates are uniform in time. This describes a scattering regime where the time
evolution is asymptotically free for large times. Such an integrability condition requires large
exponents q;, which translates to small exponents p;, i.e. an interaction potential with strong
decay.

REMARK 5.11. The result easily extends to time-dependent one-particle Hamiltonians h = h(t).
Replace Assumptions (A1) and (A2) with

(A1) The Hamiltonian h(t) is self-adjoint and bounded from below. We assume that there is
an operator hy > 0 that such that 0 < h(t) < hg for all t. Define the Hilbert space

XN = Q(Zl(ho)z) as in (A])

(A2’) The Hamiltonian Hy(t) is self-adjoint and bounded from below. We assume that the
form-domain Q(Hpn(t)) C Xy for all t. We also assume that the N-body propagator
Un(t,s), defined by

iatUN(taS) :HN(t)UN(taS)’ UN(S’S) =1,
ezists and satisfies Un(t,0)¥ o € Q(Hn(t)) for all t.

It is then straightforward that Theorem 5.5 holds with the same proof.
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REMARK 5.12. In some cases (see e.g. Section 5.2.2 below) it is convenient to modify the
assumptions as follows. Replace Assumptions (A3) and (A4) with

(A83°) The interaction potential w is a real and even function satisfying
2 2 2
[w* el < Klelx, (5.14)
for some constant K > 0. Without loss of generality we assume that K > 1.
(A4’) The solution ¢(-) of (5.4) satisfies

p() € C(R; X1) N CH(R; X7) .
Then Theorem 5.5 and Corollary 5.6 hold with

t
o) = 32K [ ds el
The proof remains virtually unchanged. One replaces (5.33) with (5.14), as well as (5.29) with

Jw o], < 2K |loll%,

which is an easy consequence of (5.14).

5.2.2. Examples. We list two examples of systems satisfying the assumptions of Theorem 5.5.

Particles in a trap. Consider nonrelativistic particles in R confined by a strong trapping
potential. The particles interact by means of the Coulomb potential: w(z) = A|z|~!, where
A € R. The one-particle Hamiltonian is of the form h = —A + v, where v is a measurable
function on R3. Decompose v into its positive and negative parts: v = vy — v_, where
vy,v_ > 0. We assume that v, € L and that v_ is —A-form bounded with relative bound

loc
less than one, i.e. there are constants 0 < a < 1 and 0 < b < oo such that

Thus h + b1 is positive. Moreover, we claim that h is essentially self-adjoint on C2°(R3). This
follows by density and the fact that the equation (h + (b + 1)1)¢ = f has a unique solution
o € {p € L? : hp € L?} for each f € L?. In order to show this, define the Hilbert space
Hp :=D((h+ (b+ 1)]1)1/2) with scalar product (f,g)n := (f,(h+ (b+1)1)g); see Theorem
X.23 in [RS75]. Then the map g — (f,g) is in K, so that Riesz’s representation theorem
implies there is a unique ¢ € Hy, such that (g, f) = (g,¢)n for all ¢ € Hp. The claim now
follows from the density of Hj, in L?.

It is now easy to see that Assumptions (A1) and (A2) hold with the one-particle Hamiltonian
h 4 c1 for some ¢ > 0. Let us assume without loss of generality that ¢ = 0. Next, we verify
Assumptions (A3’) and (A4’) (see Remark 5.12). We find

)\2
/ dy —2 o) S (0, -Ag) < (0. ko) + (020) = ol

Hw2*‘(‘0‘2Hoo = sgp iz — y[2

where the second step follows from Hardy’s inequality and translation invariance of A, and the
third step is a simple consequence of (5.15). This proves Assumption (A3’).
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Next, take ¢g € X;. By standard methods (see e.g. the presentation of [Len07]) one finds
that Assumption (A4’) holds. Moreover, the mass |¢(¢)|?> and the energy

B0 = |(puhe + 5 [ ety wlo - et Pletl]

t

are conserved under time evolution. Using the identity |z|~! < ]l{|m|<€}e|x|_2 + ]l{‘xbe}s_l and
Hardy’s inequality one sees that

le@®l%, < B@)+ lle@)]?,

and therefore [|¢(t)||x, < C for all t. We conclude: Theorem 5.5 holds with ¢(¢t) = Ct. This
example generalizes the results of [EYO01], [RS07], and Chapter 4.

More generally, the preceding discussion holds for interaction potentials w € L2 + L>. This

follows from the following lemma by setting f = w?.

LEMMA 5.13. For d = 3 we have that

/dﬂf [f@)lle@)]* < Cllfllsam (0 —Ap).

PROOF. Let f* be the symmetric-decreasing rearrangement of f, defined by
o0
f*(x) = /0 dt ]1{\x\<Rt}’

where Ry is defined through Qg RY := ‘{x S f(z)| > t}‘ and g is the volume of the unit ball
in d dimensions. See [LLO1] for more details. First, we claim that

ff(x) < CH]QH;/;U ) (5.16)

Indeed, by definition of the weak LP-norm, we have

p
Qg R = {{x : \f(x)\>t}{ < %7

from which we get

. B 00 00 1/p Hprvw
fr(z) = /0 At Ljaj<riy S /0 Y <o ey < e

as claimed.
Thus, using Theorem 3.4 and Remark 3.3(v) in [LLO1], we find

/wumwwﬁ</Mf@WWWﬂ=/Mfwwww

< Hf”?)/Z,w dz ’1“2 < Hf”?)/27w<(p ’ ¥ > < Hf”?)/27w<(pa <P>,

where we used (5.16) with d = 3 and p = 3/2, Hardy’s inequality, and the fact that rearrange-
ment decreases kinetic energy (Lemma 7.17 in [LLO1)). O
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A boson star. Consider semirelativistic particles in R? whose one-particle Hamiltonian is given
by h = v/1— A. The particles interact by means of a Coulomb potential: w(x) = Az|~!.
We impose the condition A > —4/7. This condition is necessary for both the stability of the
N-body problem (i.e. Assumption (A2)) and the global well-posedness of the Hartree equation.
See [LY87,Len07] for details. It is well known that Assumptions (A1) and (A2) hold in this
case.

In order to show Assumption (A4) we need some regularity of o(-). To this end, let s > 1
and take pg € H®. Theorem 3 of [Len07] implies that (5.4) has a unique global solution in H*.
Therefore Sobolev’s inequality implies that Assumption (A4) holds with

Thus ¢; > 6, and Assumption (A3) holds with appropriately chosen values of pi,ps. We
conclude: Theorem 5.5 holds for some continuous function ¢(¢). This example generalizes the
result of [ESO7].

On may in fact derive an explicit upper bound on ¢(t) as follows. Assume that s < 3/2. In
order to get an estimate on ||¢(t)||4,, we note that Lemma 3 of [Len07] yields the bound

t
Il s < HonHer/O ds [lo(s) /2 Nl (s) -

As in the previous example, conservation of energy implies that ||g0(s)\|§{1 5, < C. Thus
Gronwall’s lemma yields
le@llms < ol e

Therefore Sobolev’s inequality and interpolation imply that Theorem 5.5 holds with ¢(t) =
C1€9?t. The obtained bound is far from optimal. This deficiency is a manifestation of the fact
that it is in general very hard to derive sharp estimates on the growth of high Sobolev norms
of solutions of nonlinear Schrédinger equations.

5.2.3. Proof of Theorem 5.5, part I: a family of projectors. Define the time-dependent projec-
tors

p(t) = o)) e®)],  q) == 1—p(t).
Write
1= (pr+aq) - (py+an) (5.17)

and define Py, for k = 0,..., N, as the term obtained by multiplying out (5.17) and selecting
all summands containing k factors ¢. In other words,

N
Po= > I[w 4 (5.18)
ac{0,1}V . i=1
> ai=k
If k#{0,...,N} we set P, = 0. It is easy to see that the following properties hold:
(i) Py is an orthogonal projector,

(ii) PoP = 6Py,

(iii) Y, P = 1.
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Next, for any function f : {0,..., N} — C we define the operator
f=> k)P (5.19)
k
It follows immediately that

fg = fg,

and that fcommutes with p; and P,. We shall often make use of the functions

m(k) = n(k) = /—.

k
N’ N

We have the relation
1 1 1 ~
N ZQi = szquk = NZkPk =m. (5.20)
7 k1 k
Thus, by symmetry of ¥, we get

a = (U, 0) = (T,m0). (5.21)

The correspondence g1 ~ m of (5.20) yields the following useful bounds.

LEMMA 5.14. For any nonnegative function f :{0,..., N} — [0,00) we have
(U, fq¥) = (¥, fmv), (5.22)
~ N -
(U, frga¥) < N1 (U, fm*v). (5.23)

PROOF. The proof of (5.22) is an immediate consequence of (5.20). In order to prove (5.23)
we write, using symmetry of ¥ as well as (5.20),

<\I],]/C\QIQ2\I’> = mz<\l’,fqiqj\l’>
i#]
1 N ~
mz@’fqi%@ = ¥ (v FRt),

0]

<

which is the claim. O
Next, we introduce the shift operation 7,,, n € Z, defined on functions f through
(raf)(R) = f(k +n). (5.24)
Its usefulness for our purposes is encapsulated by the following lemma.

LEMMA 5.15. Let 7 > 1 and A be an operator on H"). Let Q;, i = 1,2, be two projectors of
the form

Qi = #1- #r,
where each # stands for either p or q. Then

Q1AL fQy = QiTufArL Q2

where n = no — ny and n; is the number of factors q in Q;.
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PRrOOF. Define

N
Pl = Z H P gl

ac{0, 1}V i=r+1

> ai=k
Then,
Qif =D fR)QiP = > f)QiPy,, = > f(k+n)QiPf .
k k k
The claim follows from the fact that P; commutes with A . O

5.2.4. Proof of Theorem 5.5, part II: a bound on &. Let us abbreviate
W% = wx|pl?.

From Assumptions (A3) and (A4) we find W¥ € L™ (see (5.29) below). Then i0,p =
(h+W*%)p, where h + W¢ € L£(X7; X7). Thus, for any ¢ € X; independent of ¢ we have

10, pv) = (@, [h+ W7, plih).

On the other hand, it is easy to see from Assumptions (A3) and (A4) that m¥ € Q(H).
Combining these observations, and noting that ¥ € Q(H) C X by Assumption (A2), we see
that « is differentiable in ¢ with derivative

& = KV, [H—H? m|¥),
where H? := >~ (h; + W°). Thus,
1 ~
Q= i<\1!, [NZWM—ZWf , m}\I’>

1<J 7

By symmetry of U and m we get
& = %(m, (N =)Wy, — NWF — NWE,m]0). (5.25)

In order to estimate the right-hand side, we introduce

1 = (p1+q)(p2+q)

on both sides of the commutator in (5.25). Of the sixteen resulting terms only three different
types survive:

%(‘I’,pm (N —1)Wiy — NWY — NWS, i) qp2¥) (I
%(‘I’,Chpz (N —1)Wis — NWY — NWY ,m]qi1g27) (IT)
%(‘I’,pm (N =)Wy — NWY — NWS, | qig2¥) (I11) .

Indeed, Lemma 5.15 implies that terms with the same number of factors ¢ on the left and on
the right vanish. What remains is

& = 2(I) 4+ 2(IT) + (III) + complex conjugate .
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The remainder of the proof consists in estimating each term.

Term (I). First, we remark that
paWiaps = paWy . (5.26)

This is easiest to see using operator kernels (we drop the trivial indices x3,ys, ..., 2N, yN):

(p2Wiapa) (@1, 2231, y2) = / 0z (22) (=) wlan — 2) 61 — 1) 9(=) B(y2)

= o(22) B(y2) (1 — 1) (w * [@|*) (1) -

Therefore,

I = %(‘I’,pmz[(N—1)Wf—NWf’ﬁ]CJ1p2\I’> = _71<‘1’,mp2[Wf’ﬁ]Q1p2\I'>-

Using Lemma 5.15 we find

—i P —i
I = 7<\I/,p1p2Wf"(m—T_1m)q1p2\I/> = ﬁ(maplpzwa1p2\I’>-
This gives
1 1 )
|(I)| < WHW“)HOO = ﬁHw*I@I Hoo
By Assumption (A3), we may write
w=w® +w?®, Ww® e P (5.27)

By Young’s inequality, ' '

[w® x o] o < Nw@plel?

where 71,79 are defined through

1 2
1= —4—. (5.28)
Dpi T

Therefore,

2
[ Lol < NwWllpallll?, + oMl llellF, < (0@ llpy + 10 ) (lelley + llolla)”

Taking the infimum over all decompositions (5.27) yields

2
Weloo = [Jwlol|l < llwllzerszea (lollry + lela)” (5.29)
Note that Assumptions (A3) and (A4) imply
2 << q, (5.30)

so that the right-hand side of (5.29) is finite. Summarizing,

1

2
(D] < grllwlorsre (el + llellr) (5.31)

Term (IT). Applying Lemma 5.15 to (II) yields

(In) = %(\I’,qlm((N — DWiz = NWF) (i — 71m) 1429

i N -1
= (W Wy — WY )\
2< ) C]1p2< N 12 2 >Q1Q2 >,



148 5. THE MEAN-FIELD LIMIT: SINGULAR POTENTIALS AND RATE OF CONVERGENCE

so that
1 1
()] < §|<‘I’,Q1P2W12Q1Q2‘1’>| + §‘<‘I’,Q1P2Wqu2‘1’>‘ : (5.32)

The second term of (5.32) is bounded by
1 ® 2 1 2
IVl ln@I° < S llwllze ooz (lell + llellr) " e,

where we used the bound (5.29) as well as (5.21).
The first term of (5.32) is bounded using Cauchy-Schwarz by

1 1
5\/<‘I’,Q1P2W122p2Q1‘I’>\/ (V,q1q2V) = 5\/(‘1’,@11292 (w? * |@|?) P21 V)V (¥, 12 V) .

This follows by applying (5.26) to W?2. Thus we get the bound

1 1
Sy < fol2ll . = Say/lu? ¢ o2,

We now proceed as above. Using the decomposition (5.27) we get

lw? 10l < 20l D)5l + 2] (@) o] -
Then Young’s inequality gives

@™ o, <l

2 2
2 gl
which implies that
2
Jw? * e[| o < 2lwlZo e (lollgr + llllgs) - (5.33)

Putting all of this together we get

1 2
)] < Sl [ V2(lella + Ille) + (el + lellr)?] o

Term (III). The final term (III) is equal to
i . i o
§<‘1’,P1p2[(N —DWig, m]q1g2¥) = §<‘1’,P1p2(N — D)Wig(m —7—om)q1¢27)
N-—-1
N

(U, p1p2Wi2q142%)

=1

where we used Lemma 5.15. Next, we note that, on the range of ¢, the operator n=' is

well-defined and bounded. Thus (III) is equal to

N -1 P .
= (U, pipoWio i 'qige¥) = i

N -1
N

(U, p1pe Ton Wia i 'q1ga¥),
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where we used Lemma 5.15 again. We now use Cauchy-Schwarz to get

|| < \/<\I’,p1p2 T W3, @mpz\l'}\/(\l' 1 2q1020)

- \/<\I”plp??2ﬁ (w? * [o]?) Eﬁplpz\lf>\/<\ll,m*1q1q2\1/>
I <GP ey s )
\/M\/g (U, m¥)y/a
\/m\/%\/@,mm + % Ja
(o ).

Using the estimate (5.33) we get finally

N 1
)] < 23wl (el + el 727 (@ 5 )-

Conclusion of the proof. We have shown that the estimate (5.10) holds with

N

N

N

Bu(t) = 2wllis oo [(l®)lry + le@les) + 600 las + l0)lgs)]

By (t)
N

An(t) =
Using L?-norm conservation ||¢(t)|| = 1 and interpolation we find [|(t)[|2. < [|¢(t)/lq,- Thus,

By (t) < 16]lwllLertrea (lle)llgn + llo(t)lg2) -

The claim now follows from the Grénwall estimate (5.11).

5.3. CONVERGENCE FOR STRONGER SINGULARITIES

In this section we extend the results of the Section 5.2 to more singular interaction potentials.
We consider the case w € LP° + L, where

(5.34)

For example in three dimensions py = 6/5, which corresponds to singularities up to, but not
including, the type |ﬂ:|_5/ 2. Of course, there are other restrictions on the interaction potential
which ensure the stability of the N-body Hamiltonian and the well-posedness of the Hartree
equation. In practice, it is often these latter restrictions that determine the class of allowed
singularities.
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In the words of [RS75] (p. 169), it is “venerable physical folklore” that an N-body Hamil-
tonian of the form (5.12), with h = —A and w(z) = |2|=¢ for ¢ < 2, produces reasonable
quantum dynamics in three dimensions. Mathematically, this means that such a Hamiltonian
is self-adjoint; this is a well-known result (see e.g. [RS75]). The corresponding Hartree equa-
tion is known to be globally well-posed (see [GV80]). This section answers (affirmatively) the
question whether, in the case of such singular interaction potentials, the mean-field limit of the
N-body dynamics is governed by the Hartree equation.

5.3.1. Outline and main result. As in Section 5.2, we need to control expressions of the form
lw? * |¢|?||o. The situation is considerably more involved when w? is not locally integrable.
An important step in dealing with such potentials in our proof is to express w as the divergence
of a vector field ¢ € L?. This approach requires the control of not only a = |l¢; ¥||? but also
V1q1 V||, which arises from integrating by parts in expressions containing the factor V-£. As
it turns out, [, defined through

Bn(t) = (Un,nUy)

(5.35)

t )

does the trick. This follows from an estimate exploiting conservation of energy (see Lemma
5.21 below). The inequality m < n and the representation (5.21) yield

a < 3. (5.36)
We consider a Hamiltonian of the form (5.12) and make the following assumptions.

B1) The one-particle Hamiltonian h is self-adjoint and bounded from below. Without loss of
p J
generality we assume that h > 0. We also assume that there are constants ki,ke > 0
such that

—A < K1 h+ ko,

as an inequality of forms on H1).

(B2) The Hamiltonian (5.12) is self-adjoint and bounded from below. We also assume that
Q(Hy) C Xy, where Xy is defined as in Assumption (Al).

(B3) There is a constant k3 € (0,1) such that
0 < (1 — Hg)(h1 + h2) + Wio,
as an inequality of forms on H®.

(B4) The interaction potential w is a real and even function satisfying w € LP + L*°, where
Po<p<2.

(B5) The solution ¢(-) of (1.26) satisfies
p() € CR; X7 NL®)NCH(R; L?),
where X? := Q(h?) C L? is equipped with the norm

el == [|(1+n%)2].
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Next, define the microscopic energy per particle as

1
Ex(t) = ~ Un. Hy U,

as well as the Hartree energy

B0 = [(uho + 5 [ oty wlo — et Pletl]

t

By spectral calculus, E}{’[(t) is independent of ¢. Also, invoking Assumption (B5) to differentiate
E¥(t) with respect to ¢ shows that E¥(t) is conserved as well. Summarizing,

Ex(t) = EX(0),  E®(t) = E®(0), teR.
We may now state the main result of this section.
THEOREM 5.16. Let U o € Q(Hn) and assume that Assumptions (B1) — (B5) hold. Then
there is a constant K, depending only on d, h, w and p, such that

Bn(t) < <5N(0) +EY —FE¥+ %) K o(1)

where
p/po—1

~ 2p/po—p/2 -1

(5.37)

and
o) = [ as (1+1e)gnin )

REMARK 5.17. We have convergence to the mean-field limit whenever limy E}{’, = FE¥ and
limy By (0) = 0. For instance if we start in a fully factorized state, ¥y o = <p8§N, then Bn(0) =
0 and

1
Ey - E? = N (P0 @0, Wiz o @ o)
so that the Theorem 5.16 yields

1
B (1) < Bu(t) $ ~7e 0,

and the analogue of Corollary 5.6 holds.
REMARK 5.18. The following graph shows the dependence of n on p for d =3, i.e. po = 6/5.

0.5 T T T

04 .

03 | 1

01| 1

1.2 1.4 1.6 1.8 2
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REMARK 5.19. Theorem 5.16 remains valid for a large class of time-dependent one-particle
Hamiltonians h(t). See Section 5.3.5 below for a full discussion.

REMARK 5.20. In three dimensions Assumption (B1) and Sobolev’s inequality imply that ||¢|lcc S
[l x2, so that Assumption (B5) is equivalent to ¢ € C(R; X2)NCHR; L?).

5.3.2. Example: nonrelativistic particles with interaction potential of critical type. Consider
nonrelativistic particles in R? with one-particle Hamiltonian h = —A. The interaction potential
is given by w(z) = A|z|~2. This corresponds to a critical interaction potential in the sense that
the kinetic and potential energies have the same scaling behaviour. We require that A > —1/2,
which ensures that the N-body Hamiltonian is stable and the Hartree equation has global
solutions. To see this, recall Hardy’s inequality in three dimensions,

(p,]7]72p) < 4{p,—Ap). (5.38)

Using (5.38), one easily infers that Assumptions (B1) — (B3) hold. Moreover, Assumption (B4)
holds for any p < 3/2.

In order to verify Assumption (B5) we refer to [GV80], where local well-posedness is proven.
Global existence follows by standard methods using conservation of the mass ||¢||?, conservation
of the energy E¥, and Hardy’s inequality (5.38). Together they yield an a-priori bound on
[l x,, from which an a-priori bound for ||¢|[x2 may be inferred; see [GV80] for details.

We conclude: For any 1 < 1/3 there is a continuous function ¢(t) such that Theorem 5.16
holds.

5.3.3. Proof of Theorem 5.16, part I: an energy estimate. In the first step of our proof we
exploit conservation of energy to derive an estimate on ||V1q1 V||

LEMMA 5.21. Assume that Assumptions (B1) — (B5) hold. Then

1
2 v 2
Vi S B = B2+ (14 Doligore) (5 + )

PrOOF. Write .
EY = (p,he) + 5{p. W¥e), (5.39)
as well as
EY ::<@,h1@>+-§%%l(@,ﬂﬁ2@>. (5.40)
Inserting
1 = pip2+ (1 — pip2)

in front of every ¥ in (5.40) and multiplying everything out yields

(U, (1 = pip2)ha (1 — pip2)¥)

= EY — (¥, p1pohipip2 V)
N -1

— (U W- \
5N (U, p1paWiap1p2 V)

— (U (1 — p1p2)hap1p2¥) — (¥, p1poha (1 — p1p2) V)

N-1 N -1
— (¥, (1 — p1p2) Wiap1p2¥) — W@,mme(l — pip2) V)

2N
N -1
(U, (1 = pip2)Wiz(1 — pip2)¥) .

2N
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We want to find an upper bound for the left-hand side.

153

In order to control the last term

on the right-hand side for negative interaction potentials, we need to use some of the kinetic

energy on the left-hand side.
1 = ks + (1 — k3). Thus, using (5.39), we get

k3(P, (1 = pip2)hi (L — pip2) V)

To this end, we split the left-hand side by multiplying it with

= EY - F¥
— (¥, p1p2hip1p2V) + (@, he)
E(g, W o) 4 1< W* o)
ON yP1p2Wi2p1p2 5 12 12
— (W, (1 = pip2)hap1p2¥) — (¥, pipohi (1 — p1p2) V)
N -1 N
- W@’ (1 — p1p2)Wiap1p2¥) — —<‘I’ p1p2Wia(1 — p1p2)¥)
N -1
— 5 (U (@ = pip)Wia(L = pip2) W) — (1 = kg)(¥, (1 = pip2)a (1 = p1p2)¥) . (5.41)

The rest of the proof consists in estimating each line on the right-hand side of (5.41) separately.
There is nothing to be done with the first line.

Line 6. The last line of (5.41) is equal to

N -1

2N
N -1

2N

N

(W, (1= pip)Wis(L — prp2)¥) —

%(1 — 13)(W, (1 — p1p2)(h1 + ho) (1 — p1p2) V)

<‘I’ (1= pip2) [(1 = K3)(h1 + ha) + Wia] (1 — p1p2)‘I’> < 0,

where in the last step we used Assumption (B3).

Line 2. The second line on the right-hand side of (5.41) is bounded in absolute value by

(0, h) — (U, prpahip1paV)|

NN

where in the last step we used (5.36).

— <(p7h@ { \I}7 1- plpZ \II>‘

(. ho) (U, (q1p2 + P1a2 + q12)P)|
3a (e, he)
3B (e, hp),

Line 3. The third line on the right-hand side of (5.41) is bounded in absolute value by

W?p)

2 W- )\
N (¥, prp2Wiap1p2 >‘

N

N

1 N -1
316020)| 1= S0 pupaw)|

(U, p1p2¥)

==

1
5”W¢\\w‘<‘1’7 (q1p2 + p1g2 + Q1qQ)\If> +

3 1
— 14 -
2190+ )

3 1
< 2w — ).
\2H Hoo<,8—|-N>
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As in (5.29), one finds that

W < llwllpryroellolfange -

Line 4. The fourth line on the right-hand side of (5.41) is bounded in absolute value by

(W, (1 = pip2)hapipa¥)| = (¥, (q1p2 + p1g2 + q1g2) Pap1p2¥)|
= (¥, q1hipipa¥)|
= (O, 222 hypipo )|
= (¥, qa Y2 hy 7t pipa 0|

where in the last step we used Lemma 5.15. Using Cauchy-Schwarz, we thus get

(W, (1 = pip2)ipipa¥)| < \/<\I’7Q1ﬁ’1\ﬂ> \/<‘I’,P1p2 2 2 At pipa W)

— \/(\If,ﬁ\Il>\/<<p,h2ap>\/<\1’,ﬁﬁp1p2‘1’>7

where in the second step we used Lemma 5.14. Using

(k) = T3 < nlk)+

(W, (1 = pip2)apip2¥)| < /By <¢ah2<ﬂ>\/<‘p7ﬁ‘1’> + L
v(w,hZ@\/B(\/ﬁJr —

we find

N1/4

5

<2 <<p,h2¢><5+ %)

Line 5. Finally, we turn our attention to the fifth line on the right-hand side of (5.41), which
is bounded in absolute value by

(W, p1paWia(1 = pip2)¥)| = (¥, p1paWia(p1ge + qip2 + 1g2¥)| < 2(a) + (b),
where
(a) = |[(¥,p1paWiaqip2¥)|, (b) == [(¥,p1p2Wi2q1¢2¥)]| .
One finds, using (5.26), Lemma 5.15 and Lemma 5.14,
(a) = (¥, pip2WY V)]
(U, pipo W A2 72 g )|
= (¥, pipo YA ST aV)|

< WPl /(2 7R E) /(2,71 g, 0)

< HWﬂ\oo\/w,mH%N (U7 0)
o L)

< 2w m(mﬁ |
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The estimation of (b) requires a little more effort. We start by splitting
w = w® 4w w®) e 1P w(>®) e L.
This yields (b) < (b)® + (b)) in self-explanatory notation. Let us first concentrate on (b))
) = (U, pipaW 5 q1g20)|
= |<‘I’,P1PQW1(§O)ﬁﬁfl n1q2?)|
= (U, pipe T W 7 qrga )|

< WO o0 202 W) /(0,772 1)

2
< '™ loo /ot 1 Ve

2
< (c0) i B

Let us now consider (b)(p ). In order to deal with the singularities in w®, we write it as the
divergence of a vector field &,

wP) = V.¢. (5.42)

This is nothing but a problem of electrostatics, which is solved by
x
— O xw® ’
$T O

with some constant C' depending on d. By the Hardy-Littlewood-Sobolev inequality, we find

1 1 1
I€llg < Hw(p)Hp’ 5 = ;—g (5.43)

Thus if p > pp then ¢ > 2. Denote by X;2 multiplication by &(x; — x3). For the following it is
convenient to write V - & = VPP, where a summation over p = 1,...,d is implied.
Recalling Lemma 5.15, we therefore get

(b)® = K‘I’,ppoWg)ﬁﬁ_lqu‘Pﬂ
= (U, pipe o W 5 qr1go W)
= (¥, p1p27an (VIXP) 120 ' q1qe )| .
Integrating by parts yields
(0P < (VTR pipe¥, XG0 q1gaW) | + [(Tnpipe ¥, X5 VE A o W)] . (5.44)

Let us begin by estimating the first term. Recalling that p = |¢)(p|, we find that the first term
on the right-hand side of (5.44) is equal to

(XL p2 (VPP Tan U, 0 1o W) | < \/<(Vpp)1?£ﬁ U, pa X0 X0 p2(Voph1an ) [ qrg ¥ ||

Vel &2 IVl el |a qg ||

2
S llella llell 2z lelxy/ o+ 5 Ve,

N
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where we used Young’s inequality, Assumption (B1), and Lemma 5.14. Recalling that 5 < «,
we conclude that the first term on the right-hand side of (5.44) is bounded by

1
il (8+ 37 )

Next, we estimate the second term on the right-hand side of (5.44). It is equal to

(X pip2Tan U, ViR g W)| < \/<?£ﬁ U p1pe Xopipe Tn V) ([ Vi~ g 0|

< /el € I @) [Vin! qig2 ¥ ||
2 A_
< |€llg llellp2npe g/ o+ N V17 ! nq2?

We estimate HV1 nt qlqg\IJH by introducing 1 = p; + ¢; on the left. The term arising from pq
is bounded by

|P1Via " 1| = ||premin ' Vi ¥
< \/<V1Q1\I}7QQ?1%72 Vi ¥)
Lo
= <V1Q1‘I’ N1 iZQ% i V1Q1‘1’>
| &
< <V1Q1‘I’ N Zq@' i V1Q1‘I’>
i=1
= \/<V1Q1‘1’,ﬁ2 n 2 Vig )
< Vi)

The term arising from ¢; in the above splitting is dealt with in exactly the same way. Thus we
have proven that the second term on the right-hand side of (5.44) is bounded by

1
CH“PHLQHLOO B+ N HV1q1\I/H .

Summarizing, we have

1 1
)P < Jloll%, Az <ﬁ + N) + lellz2an=1/ B + N [Vig1 ]|

Conclusion of the proof. Putting all the estimates of the right-hand side of (5.41) together, we
find

(U, (1 = pip2)ha (1 — pip2)¥)
1

S EBY - B+ (1 + llelkense) (ﬁ VI

1
)+ el + 3 90l (649
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Next, from 1 — p1p2 = p1g2 + q1 we deduce

IVhia®|| = ||[Vhi(1 = pip2)¥ — Vhp1go¥ | < |[Vhi(1 = pip2) ¥ + |[VEpra2 ¥ | -

Now, recalling that p = |¢)(p|, we find

IVhipi@¥]| < [Vipllle®ll < llellx /B

Therefore, )
Vg ¥|? < [V (L = pip2)®[|” + [lellk, 8-
Plugging in (5.45) yields

1 1
“\/EQI‘I’HQ S EY-EY+ (14 ||80||§(§QL00) <5 + ﬁ) +llellL2nreet/ B + ~ Vi1V

Next, we observe that Assumption (B1) implies

IVig®|| < ||[Vhia¥| + /8,

so that we get

1 1
Vil B = 57+ (14 lolBgogee) (8+ 2 ) + lelsnney/B + 7 IVl

Now we claim that

Vil 5 B* = 57+ (14 loligo=) (5 + 7<) (5.46)

1
VN
This follows from the general estimate

? < C(R+ar) =— 2° < 2CR+C%?,

which itself follows from the elementary inequality

1 1
C(R+ax) < CR+ 502(12 + 5352.

The claim of the Lemma now follows from (5.46) by using Assumption (B1). O

5.3.4. Proof of Theorem 5.16, part II: a bound on 5 We start exactly as in Section 5.2.
Assumptions (B1) — (B5) imply that S is differentiable in ¢ with derivative

i

B = (U,[(N—1)Wip — NWY — NWy 7] ¥)

2
= 2(I) 4+ 2(II) + (III) + complex conjugate, (5.47)
where
i ~
@) = (¥, pip2[(N — 1)W1 — NWY — NWY 2| qip2¥)

2
(1) = %<‘I’,Q1P2 (N —1)Wiy — NWY — NW5 7] q1g27)
i

(1) = §<‘1’,p1P2 (N = 1)Wiz — NWY — NWY | q1g2V ) .
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Term (I). Using (5.26) we find

2‘(1)‘ = |<\I’,p1p2[(N— 1)W12 —NW{p—NWf’ﬁ]qlp?yM
(P, p1p2 [ WY, 0] q1p2¥)|
= (¥, 12V (A — 710) 1p2¥)

)

where we used Lemma 5.15. Define

VN .
k) = N(nk) — (ron)(k)) = ———— < n Y k), k=1,....,N. (548
Hk) = No(k) ~ (ram)(®) = e < 7 R) (5.48)
Thus,
1 o
(D] = N|<‘I’7P1P2W1 iqip2¥)|
1
< T v [ee) \Ij 02 \II
Wl (0, 72 01 )
1 _
< SIWeley (0,272, 0)
1
S 2 Ielans
by (5.22).

Term (II). Using Lemma 5.15 we find

2((I)] = (¥, qup2[(N — 1)Wia — NWS 7| q1g2 V)| (5.49)
N -1 N

= '<‘I’ ) mm(TWu - Wf) MQ1qQ\I’>‘ (5.50)

< (0, qip2Wis ﬂQ1Q2‘I’>‘J+ {<‘I’,Q1P2W§0ﬁqw2‘1’>‘l- (5.51)

=:(a) =: (b)

One immediately finds

(b)

N

IW¥lo |l V(Y B201429) S ll@llFempef-

In (a) we split

w = w? 4w, w? e P w>®) e 1>,

w
with a resulting splitting (a) < (a)® + (a)®). The easy part is
(2)°) < 0™l lln ¥ 5 5.

In order to deal with (a) ) we write w® =V - ¢ as the divergence of a vector field &, exactly
as in the proof of Lemma 5.21; see (5.42) and the remarks after it. We integrate by parts to
find

(a)! (U, q1p2(VIX )12 i qrg2 V)|

) _ ‘
< (V@2 , X0 i quq2 V)| + [{qup2 ¥, XP, VI i qrqe )| . (5.52)
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The first term of (5.52) is equal to

(XD VW A qge®)| < (V50 ¥, p2 X0, X0pa Vi) /(¥ 72 12T
< VIE Pl V1019 /(2,772 g1go0)
N -
VI TP 19109 | g (0 720)

<
S 1ellg el 2nzoe V101 %] /B
S IVia )2 el zznze + B llell L2nze

where in the second step we used (5.48), in the third Lemma 5.14, and in the last (5.36),
Young’s inequality, and (5.43). The second term of (5.52) is equal to

(ap2¥, X0y (p1 + 1) Vi 12 V) |
< [{ap2¥, X5p Tia Vi V)| + [(ap2 ¥, Xihq Vi P)|, (5.53)

where we used Lemma 5.15. We estimate the first term of (5.53). The second term is dealt
with in exactly the same way. We find

{(p1 X0qp2¥ , T Vi1 V)| < \/<‘1’,Q1P2X122P2Q1‘1’> \/<V1Q1‘1’,Q2 T Vi ¥)

VIE  ToPloe llar ¥ (V101,772 V11 %)
N

1 .
S N€llg el 2mre v N1 Z<V1Q1‘I’an_2 V1)
=2

N

N

1 _
S lellzznr=v/B mZ<V1Q1‘I’,n_2qu1Q1‘I’>
i=1

N o~
= H<P”L2nLoo\/B\/m<V1Q1‘I’,n_2 n2vig¥)
N H‘P”LQOLOO\/BHVNH\I}H
< Bllellzenre + IVian ¥l lloll 2 -

In summary, we have proven that

[ID] $ Blielrenze + Vi@l loll 2n e -

Term (III). Using Lemma 5.15 we find
2] = (N = D), pip2 [Wiz, 1] q1g2V)| = (N — D)|(¥, p1paWia (7 — T2n) 192 9| -

Defining

VN

= — Y < n k), k=2,...,N, 5.54
NN =) (k) (5.54)

v(k) == N(n(k) — (1—on)(k))

we have
2|/(I)| < [V, p1paWi2 U qig2V)|
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As usual we start by splitting
S R CS SN (O DS SN S
with the induced splitting (IIT) = (IIN)® + (I11)°°). Thus, using Lemma 5.15, we find
21D | = [(W, pipaW s 52125 qrgoW)|
= (U, pipon'/? Wi a1/ Uq1gaV)|

[0 o /(0 77 W) (W, 7152 1)

\/r\/ U, 73 q1g0)
v s

< 8+ —
\/N
where in the fifth step we used Lemma 5.14.
In order to estimate (IH)(p ) we introduce a splitting of w® into “singular” and “regular”
parts,

N

N

N

w? = P 4 y®2) = 4, P) L{jw®|>a) + w® L) <a} » (5.55)

where a is a positive (N-dependent) constant we choose later. For future reference we record
the estimates

o ® 1l

[ ®2)]|2

al=P/Po ||p®) Hg/po ’ (5.56a)

<
< ! 7P |lw@) P2 (5.56b)

The proof of (5.56) is elementary; for instance (5.56a) follows from
Hw(p,l)Hgg — /dm ‘w(p)‘p {w(P)‘PO*p ]]'{|w(1’)|>a}
< apop/dx ‘w(p)|p Lo |sa) < apop/d;c ‘w(p)‘p‘
Let us start with (IIN"Y. As in (5.42), we use the representation
w?l) = v €.
Then (5.43) and (5.56a) imply that
léllz S Mlw®Dpy S a'P/re. (5.57)

Integrating by parts, we find

2| PV = [(W, pipWEHY 7 g1g20)]
(W, p1pa(VIXTy) U q1q2W)|
< [(VIppa¥, X000 q1g2W)| + [(p1p2 ¥, X0,V D g )| . (5.58)
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Using ||Vp|| = ||V¢|| and Lemma 5.14 we find that the first term of (5.58) is bounded by

A

\/(prl‘I’,P2X1ngf2P2V‘fP1‘I’> \/(‘1’,32611Q2‘1’> S VelellsollEll2 Ve
Vel [l a PP /B
IVl [l (B8 + a®~2P/P0)

NN

where in the second step we used the estimate (5.57). Next, using Lemma 5.15, we find that
the second term of (5.58) is equal to

[(p1p2¥ , X0y (p1 + )V D qug2 V)|
< 2V, X0op1 71 Vigu@e W) | + |[(p1p2 ¥, X a1 U Viqig2 V)| -

We estimate the first term (the second is dealt with in exactly the same way):

|(p1p2¥, X0op1 710 Vigiga¥)| < \/<\I’7P1P2X122p1p2\11> \/<V1Q1‘I’ T eVig¥)

N
1 .
</ lIp2Xtopo|| mzxvlfh‘IHn_Z Vi1 ¥)
i=2
< lllzliellooy | 77— Z(Vm\I’ n2¢Viq1 )
S @Il g (T, Vi)
< llelloo (a® 2p/p°+HV1(J1‘I’H )

Summarizing,

®] S gl (Bllellx, + V122 + > #/™ gl x, )

Finally, we estimate

I ®2 = (O, pipaWE? 7 q100)| = (T, pipeWE? 5 (XD + xP)q1eW)|,  (5.59)
where

is some partition of the unity to be chosen later. The need for this partitioning will soon become
clear. In order to bound the term with x(), we note that the operator norm of plngl(Q’Q)qlc_IQ

on the full space L? (RdN ) is much larger than on its symmetric subspace. Thus, as a first step,

we symmetrize the operator p1p2W1(§ ’2)q1q2 in coordinate 2. We get the bound
72 - ,2 -~
(W, p1paW 52 Dy W) = N1 <‘If S oW gign x O Vqﬂlf>‘
=2

N

1 . = _

S N1 17 @ ¥|| E <‘I’,p1piW1(f’2)Q1qz'X(1) Q1C]jW1(f 2)pjp1‘1’>-
ij=2
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Using
7@ < I 'qV| <1
we find - 1
|<‘I’,P1PQW1(§’2)3X(1) nqe¥)| < N—lVA+B’ (5.60)
where
A=) (v, pip W2 g1 XD q]W(”’ 'pip1 ),
2<i£ <N
N ——
2 2
B = (0, pipW P q1gi O WP pip1 0).
i=2
The easy part is
N
2)\ 2
B < Z(‘I’,plpi(Wl(f’ )) pip1¥)
i=2
< ZH :2)° 4] | (¥ p1pi¥)
< ( — Dllep1Z w®?3
S Na*Plell3, -
Let us therefore concentrate on
2 DN 2
A=Y (WP g XD XD W ppy w)
2<i£j<N
= > (¥, pipigj raxV Wl(f’Z)mW( 2 2@ ) gipi;1 )
2<i£j<N
= A1+ A,

with A = Ay + A, arising from the splitting ¢; = 1 — p;. We start with

|A;] < Z !(‘I’,pwz’q}'sz(l)Wl(f’Q)Wl(f’Q)sz(l)Qipjpl‘lf>|

2<iZI<N

= > (¥, ppig; x @y wi? V Wl(f’Q) V W1(?2)\/ Wl(f’Q) ToxM qipjp1 V)|
2<iZI<N

S Z <\Il ) TQX(l) ijlpi|W1(f72)HW1(§?’2) ‘plpiqj 7'2x(1) \IJ> ,
2<iAI<N

by Cauchy-Schwarz and symmetry of W. Here /- is any complex square root.
In order to estimate this we claim that, for ¢ # j,

oo WP W | < w2 5 22, (5.61)

Indeed, by (5.26), we have

P1pz’{W1(i ’2)HW1(§)’2)‘P12% = plpi‘Wff’Q)‘pi‘ij’z){pl = pipi (Jw®?] * |90|2)1{W1(j’2){p1-
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The operator pl(‘w(p’2)| * \4,0\2)1 ‘Wl(f’z) ‘pl is equal to f; p1, where

flz;) = / dey o) (|w®?)]  []?) (1) 0P (21 — )| o(ae1)

Thus,
2
1£lle < lw®2]« ol
from which (5.61) follows immediately.
Using (5.61), we get

| A1

N

S @] o2 frax D]
2<iAJKN

NP3 el Eenze (¥, m2x® a1 ¥)

N2 ol 32mnee (U, XD A2 W)

AN/

Now let us choose
for some § € (0,1). Then

(TQX(l)) n? < N7°
implies

-4
A1l < Nlellzanpe N*7°.

Similarly, we find

A2l < >0 (W4 7ox D pap Wi W pp; max (D ,)|
2<iAJKN
<X [t e P D g1 )
2<iAJSN

4 -4
S NQHSDHL%LOON
—0
= llelzenpe N7
Thus we have proven
Al S llellzanp=N"""

Going back to (5.60), we see that
2) ~ M — _ -
‘<\I’7P1P2W1(g’ DX 012P)| < el2ene N2 + o)l N2 a! 7P/
What remains is to estimate is the term of (IH)(p 2) containing x (),

N

- 1 —= g
‘<‘1’,P1P2W1(2’2) X qgp¥)| = N1 <‘I’ ; meiwl(fz) g x@ D2 D12 Q1‘I’>‘
i—2

N
1 R — _
S NC1 H’jl/z a Y| Z <‘I’,p1pz’W1(i 2 g1g; X VC]1C]jW1(f 2)pjp1‘1’>-

1,j=2
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Using
Hﬁl/qu\I’H < /<\I,’ﬁ—1ﬁ2\p> — \/B
we find /B
|<‘I’,P1PQW1(§’2)3X(2) @g2V)| < N_ﬁlx/A—i—B, (5.63)
where
A= Z <\I’7P1pz‘W( )fh%X( )VQJW( )pjpl\I’>,
2<iAj<N
N —_—
B = Z<\I’ W q1gi @ ﬁwl(f’z)l?ipl\l’> :
=2
Since
XD (k) = 1> N1-6y
we find

Thus, ||q1q; x® 7| < N%? and we get

N
2
B < N2, pips (WD) pipn ) < N[ (w2 ol
=2
< N2 Pl S N2 o|l3,
by (5.56b).
Next, using Lemma 5.15, we find
A= > (U, p1pig; WP x@ 9172 gy x (@ 51/ Wl(f’z)qz‘pjpl‘ll>
2<i£j<N
= > (W pipig; rox @ P WD WP 1ox @ w5t 2 gippy )
2<i£j<N
= Al + A2,

where, as above, the splitting A = A + Ay arises from writing g; = 1 — py. Thus,

|A1] < Z ‘<‘I’,P1PinT2X(2)7fz\l/l/2Wl(f’Q)Wl(f’Q)TzX(Q)@l/zqz'pjpﬂI’ﬂ

2<iZj<N

= 3 (@ pipigy ox® 702\ WD S w2 fwr X @ 702 gipipy )|
2<i#JSN

S Z (¥, QJTZX(Z)TZV/ plpz‘Wl(f’ HWp’)|piP1T2X(2)T/2\Vl/2qj‘\I’>7
2<i£I<N

by Cauchy-Schwarz and symmetry of ¥. Using (5.61) we get

Ar] < N2 ||[w®? | 0|2 (¥, 720 g1 0)
< Nzllw(’”?)lli )| 72np00 (¥, 7 F)
<

N? ||l 72
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Similarly,

As] < 30 (W, pigy ox@ 2 gy WD oy WP py max @ 502 gip; 0|

2<iZT<N
< D0 (WP s e, B g w)
2<iZj<N

< N Zllel7an (2,7 0)
S N lellzenpee 8-

Plugging all this back into (5.63), we find that
!(‘I’,p1P2W1(§’2) 9;2\) Q1QQ\I’>| S Bllelliane + lelloo) + lplloca PN/21
Summarizing:
I P2| S (14 1plZange) (8 + a2 P NO271 4 N2 4 N7121012)
from which we deduce

(ID)P| < [llloo | V1g2 1
+ (14 [lellxinze<) <ﬁ +a® PN N2 N 2GRl a2_2p/p°) :

Let us set @ = ay = N¢ and optimize in § and ¢. This yields the relations

_ _ O el
ce-p+s =1, -5 =x(1-2).

which imply
6  p/pp—1

2 2p/po—p/2—-1"

with § < 1. Thus,

(P S @l V1192 + (1 + lellxunze) (8+ N7)
where 7 = 0/2 satisfies (5.37).
Conclusion of the proof. We have shown that

B S ellzn=lIVign)? + (1 + ollxinze=) (8 + N7") .

Using Lemma 5.21 we find

. 1
b5 (1+ el (B + Y = B2+ 57 ). (5.64)

The claim then follows from the Grénwall estimate (5.11).
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5.3.5. A remark on time-dependent external potentials. Theorem 5.16 can be extended to
time-dependent external potentials h(t) without too much sweat. The only complication is
that energy is no longer conserved. We overcome this problem by observing that, while the
energies EY(t) and E¥(t) exhibit large variations in ¢, their difference remains small. In the
following we estimate the quantity EVY () — E¥(t) by controlling its time derivative.

We need the following assumptions, which replace Assumptions (B1) — (B3).

(B1’) The Hamiltonian A(t) is self-adjoint and bounded from below. We assume that there is
an operator hy > 0 that such that 0 < h(t) < ho for all t. We define the Hilbert space
Xy = Q(X;(ho)i) as in (A1), and the space X7 = Q(h§) as in (B5) using ho. We also

assume that there are time-independent constants k1, ko > 0 such that
-A < K h(t) + Ko

for all ¢.

We make the following assumptions on the differentiability of A(t). The map t —
(1, h(t)y) is continuously differentiable for all ¢ € X, with derivative (¢, h(t)y) for

some self-adjoint operator h(t) Moreover, we assume that the quantities
(p(),h()o(t), (@ +h()"2h(t) (L + h(t) "
are continuous and finite for all ¢.

(B2’) The Hamiltonian Hy (¢) is self-adjoint and bounded from below. We assume that Q(Hy (t)) C
Xy for all t. We also assume that the N-body propagator Uy (t, s), defined by

i0:Un(t,s) = Hn(t)Un(t, s), Un(s,s) =1,
exists and satisfies Un(t,0)Un o € Q(Hp(t)) for all t.
(B3’) There is a time-independent constant x3 € (0,1) such that
0 < (1 —r3)(ha(t) + ha(t)) + Wiz
for all ¢.

THEOREM 5.22. Assume that Assumptions (B1’) — (B3’), (B4), and (B5) hold. Then there is
a continuous nonnegative function ¢, independent of N and ¥y o, such that

vit) < o) (5w0) + RO - B0+ 1),
with n defined in (5.37).

PROOF. We start by deriving an upper bound on the energy difference £(t) := EY(t) — E?(t).
Assumptions (B1’) and (B2’) and the fundamental theorem of calculus imply

5@=5@+Am«mwM@mm—@@ﬁ@ﬂw)

=:G(s)
By inserting 1 = p1(s) + q1(s) on both sides of h;(s) we get (omitting the time argument s)

G = (U, pihipV) — (o, h) + 2Re(T, privng V) + (U, q1hnq1 V) . (5.65)
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The first two terms of (5.65) are equal to
({2, p1®) = 1) {0, hp) = alp.he) < Bl(p,he)l.
The third term of (5.65) is bounded, using Lemmas 5.14 and 5.15, by

2 (W, prhy PR )| = 2|(hapy an'/? v, a2 Q)|

< \/(ﬁﬁl/Q\I’,mh%mﬂﬁl/Q\P} |22 0
< Ve 2] /(v 7 w) (v, 7Ly w)
. 1
< /e, h2e)] 5+ﬁf,
) L)
< Vit so>|(/3+m .

The last term of (5.65) is equal to

(U, q1(1+h)2(@+0) " 2hy (14 b)) Y21+ h) V2 T)
< ||@+m) V2R )TV + b)Y

Thus, using Assumption (B1’) we conclude that

1 2
6t < c(50 + = + 0 e (5:66)
for all t. Here, and in the following, C'(¢) denotes some continuous nonnegative function that
does not depend on N.

Next, we observe that, under Assumptions (B1’) — (B3’), the proof of Lemma 5.21 remains
valid for time-dependent one-particle Hamiltonians. Thus, (5.46) implies

I P @w @l 5 €0+ 0+ Ieg0,-) (50 + ).

Plugging this into (5.66) yields

G(t) < C(t) <5(t) + \/LN + 5(t)> .
Therefore, .
Et) < £(0)+ /0 dsC(s) (ﬁ(s) +E&(s) + \/%) , (5.67)

Next, we observe that, under Assumptions (B1’) — (B3’), the derivation of the estimate
(5.64) in the proof of Theorem 5.16 remains valid for time-dependent one-particle Hamiltonians.
Therefore,

() < BO) + /O ds C(s) <5(s)+5(s)+%). (5.68)

Applying Gronwall’s lemma (See Appendix C) to the sum of (5.67) and (5.68) yields

Bt)+E@1) < (ﬁ(0)+5(0))ef50+$/0 dsC(s) el €.
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Plugging this back into (5.68) yields

which is the claim.



APPENDIX A

A Short Review of Cluster Expansions

In this appendix we give a summary of cluster expansions. We first give an overview of the
algebraic setting underlying cluster expansions, and, in a second part, deal with the convergence
of cluster expansions. In this appendix only we use lowercase letters z,y,... instead of the
usual uppercase letters X,Y,... to denote polymers. Uppercase letters X,Y,... are reserved
for sets of polymers.

Some definitions. Let X be a finite set and denote by Z?(X) the set of partitions of X; a
partition of X is a set of nonempty disjoint subsets of X whose union is equal to X. We use
the symbol W to denote disjoint union. We abbreviate N,, := {1,... ,n}.

A graph G is a pair (V(G), E(G)). Here V(G) is a finite set of vertices; E(G), the set of
edges, is a set of unordered pairs of vertices {z,y}, where z,y € V(G). An edge e € E(Q) is
incident to a vertex x € V(G) if x € e. Two edges e, ¢’ € E(G) are adjacent if ene’ # (.
A graph G is connected if, for any two points z,y € V(G), there exists a sequence of edges
e1,...,en such that e; is incident to x, e, is incident to y, and e; and e;;1 are adjacent for
i=1,...,n—1. Denote by G(X) the set of graphs on the set of vertices V(G) = X. Denote
by G.(X) C G(X) the subset of connected graphs.

A.1. THE ALGEBRA OF CLUSTER EXPANSIONS

In this section we describe the algebra of cluster expansions, without worrying about conver-
gence of formal power series.

A.1.1. The connected part of an n-point function. Let X be an arbitrary set of polymers
whose elements we denote by z. Let X — f(X) be a function of the finite nonempty subsets
X C X. Thus, f can also be viewed as a symmetric function of a collection of polymers:
flzy,...;zn) = f(X) for X = {x1,...,z,}. To each function f we assign the connected part
of f, denoted by f.. It is defined recursively through

fx) = > 1] rv).
PeP(X)YEP

For example,
fel@) = f(@),  felz,y) = f(z,y)— f@)f(y).

In order to get an explicit formula for f., we extend the definition of f by setting f(() := 0.
Next, introduce the multiplication

(fisf)(X) == > [(X)fa(Xa).

XiwXo=X

169
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It is easy to see that the set of functions f(X) is an associative, commutative algebra with
multiplication *. It has a unity 1 defined by

1(X) = {1 if X =0,

0 otherwise.

Since f.(0) = 0, the formal power series exp, f. is well-defined, and we find

(exp. f(X) = LX) + Y0 125(X)

k>1

= ) + Z Yo felX0) fe(Xa)

k>1 XlU UXk X

=1+ > ][ fm

k>1Pe2:|P|=kYEP

= 1(X) + F(X).
By inversion of formal power series, we get the explicit (“Mdbius inversion”) formula
fe(X) = log,(L+ f)(X)
-y

k>1

= SRR Y A A
k>1 X1 WXp=X

= > o gp - [T o)
Pe?(X) YepP

For example,

fc(ac,y,z) - f(m,y,z) - f(x,y)f(Z) - f(y7 Z)f($) - f(Z,%')f(y) + 2f(x)f(y)f(z) :

A.1.2. The graph expansion. Let us now assume that f is generated by graphs, i.e.

) = 3w,

Geg(X)

for some weight function z satisfying z(G1 U G2) = z(G1)z(G2) whenever V(G1) NV (G2) = 0.
Here G1 UG5 denotes the graph whose set of vertices is G1 UG2 and set of edges E(G1)UE(G2).
For instance we may take

= > Jlww I <@,

GeG(X) zeX {z,y}€E(G)

for some complex functions w(z) and ((z,y) = ((y, x).
Now we claim that
fX) = ) 2(a).

GeGe(X)
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Indeed, let us verify the definition of f.:

> = > 11 > &= > =0,

PeP(X)YeP PeP?(X)YEP GeG.(Y) Geg(X)

where the last step follows by decomposing G € G(X) into its connected components, as well
as the factorization property of z.

A.1.3. Moments, cumulants, and generating functions. Let A = (\;),ex and consider a gener-
ating function y(A) defined on the set

{A : Ay =0 for all by finitely many x € X}.

The generating function x(\) defines a function (“moment”) f, (X) through

fulX) = (H - >x<A>

zeX

We use the natural convention f, () = x(0).
Next, let us take two generating functions, y; and ys. The moment corresponding to their
product is given by

leXQ(X) = <H 8?\ )XI(A)X2(>‘)

zeX

R (615 ER (0 Sl

= Z le(Xl)fXQ(X2)

X1WXo=X

= (fX1 * fXQ)(X)

Therefore the mapping x + f, is a homomorphism of associative commutative algebras. In
particular, if x(0) = 0 and hence f, () = 0, we find

A=0

fepr = €XP, fx-

Also, f1 = 1. This implies that

€XPy fx =1+ fexpx—l )

from which we deduce

fx = (fepx—1)c-
We may rewrite this as

(fx)e = flog(1+x) :

Here is a typical example. Let (F,),ex be a family of random variables and set

X(\) = E[eZzewa} —1.
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Thus, x generates the moments

=E HFm

reX

and
Xe(N) = logE[ereXAze}

generates the corresponding cumulants (fy)e.

A.1.4. The cluster expansion. Now let us assume that the set X is a measure space (X, F, ),
with some complex measure p. Let f(X) be a function on the finite subsets of X. Consider
the partition function

::1+Z /d,uxl dp(zn) f(x1,...,x0),

n>=1

understood as a formal power series'. We assume that all integrals are absolutely convergent.
For I C N finite denote by x; the set {z; : i € I}. Then we find

Z=1+% 0 2 [duten - duw) [] sien)

o1 " PeP(N,) Iep
MDY /dﬂ 1)+ dplan) [ felar)
n>1 " k=1 Pep(Ny): Iep

|P|=k

SEDID D N LTSI ERERp | 0

n>1 k>1 e Wl=
Ig#@Vﬁ

k
— 1+Z Z Z ml,nilmk, ﬁ/du(ml)"'dﬂ(xmg)fC(xlv"'7xm£)
=1

n>1 T k=1 ! mi+--+mi=n:
me=>1Ve

k
Z /d,u 3:1 (xm)fc(xla e axm)>

m>1

=1+ = <

k>1
= ex du(z dp(xm) fe(xq, ... ,xm)> .
p<mz>:1 / w(z1) 1

Thus we obtain a formal power series expansion for log Z.

A.2. CONVERGENCE OF CLUSTER EXPANSIONS

We now prove a general estimate that implies the absolute convergence of the cluster expansion,
and can also be used to easily prove the existence of the thermodynamic limits of the pressure
and correlation functions, as well as exponential decay of correlations in various lattice models.

'For simplicity of notation, the parameter of the formal power series is absorbed into .
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Let ((z,y) be a complex function that is symmetric in its arguments. We also assume that
1+ ¢(z,y) < 1.

Let us choose f of the form

flan,omn) = [ U+l ay)

so that

= 1-1-2 /d,u x1) - dp(zy,) Z H C(xi, ).

n>1 GeG(Np) {i,j}eE(G)

We have proven that
log Z = Z /d,u x1) - dp(zy) Z H C(x4,25)
1 GeGe(Nn) {i,j}€E(G)
as a formal power series. We often use the shorthand
(X1, ) = Z H C(xs, xj) .
G€Ge(Nn) {i,j}EE(G)

A very convenient way to show the convergence of the cluster expansion is the Kotecky-
Preiss criterion. Assume that there exists a nonnegative function a on X, such that

[ 16wl < at). (A1)

For lattice polymer models, where polymers x are subsets of some lattice L, one usually
takes a(z) = a|z| for some a > 0, where |z| denotes the cardinality of the set . What follows
is a heuristic argument justifying this choice as essentially the only possible one. The measure
1 is given by a weighted counting measure:

[ dut@) @) = 3 wl@ola).
for some weights w(z) € C. The function (¢ is a “hard-core” repulsion of polymers, given by

Cloy) = {—1 ifaeny#0

0 otherwise .

We use the shorthand x ~ y to denote x Ny # (). The Kotecky-Preiss condition reads

Y lw()e® < a(a).

Yy»x

The rough idea of the argument is

D lw@)e™™® 3> Juw(y) e’ = Clal,

Yy»x lex yo¢l
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where £ € L denotes a lattice point. Here, and throughout the argument, we assume translation
invariance. Let us be a little more precise:

Y lw)le® > 3 jw{e})ed = Claf,

y»x lex

which shows that a(z) > C|z|. On the other hand, one typically has |w(z)| ~ e~ ¢l#l. Thus, if

Z|w a(y) ~ Ze—Cly\ ey)

Y~x YT

is to be finite, we have to have a(x) < C|z|.
Next, we address the convergence of the cluster expansion. The following theorem gives a
bound sufficient for all practical purposes.

THEOREM A.1 (CONVERGENCE OF THE CLUSTER EXPANSION). Assume that (A.1) holds.
Then we have

1 +Z /d|lu’|($2) d|M|($n) |Q0($1,...,xn)| < ea(;pl).

PrOOF. We follow the clever and elegant proof of [Uel04]. Let N € N and define

Kn(n) = 1+Z 5 [ ) dil@) ool (A2

Clearly, it is enough to show that Ky (z1) < e®1) for all N and x1. We show this by induction
on N. Note first that, assuming Ky (z1) < e*®1) we get for all z

N 1 n
S [l - dulen) DI oGz
n=1 i=1

N

= > [l Al ) oG )
n=1 .

— /d’M’(ﬂﬂl) |C(x,21)| Kn (1)

/d|Ml(ﬂf1) (@, )] )
< a(z), (A.3)

N

by the Kotecky-Preiss criterion (A.1).

Clearly, the claim is correct for N = 1. The idea of the induction step is as follows. Recall
that ¢ is a sum over connected graphs G. We remove the vertex 1 from each graph G. What
remains is a graph that is in general no longer connected. We decompose this graph into its
connected components, and apply the induction hypothesis on each connected component.

Let us focus on the sum over connected graphs G in

K (o) :1+Z [ )il | T G| ()

G€EGe(Np) {i,j}EE(G)
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Call G’ the graph obtained from G by removing the vertex 1. Decomposing G’ into its connected
components yields a partition {2,...,n} = [ W --- W I, as well as a set of connected graphs
G1,...,Gy satistying Gy € G.(I;) for I =1,...,k and G =Gy U --- U Gy.

The sum over connected graphs G can thus be rewritten as a sum over partitions Iy & -- -
I, = {2,...,n}, followed by a sum over connected subgraphs G; € G.(I;) within each partition
1;, followed by a sum, for each [ = 1, ..., k, over nonempty subsets J; C I; of vertices connected
to 1. This gives

Z H C(wi’xj)
GeGe(Nn) {i,j}€E(G)
k
5 H( > 1l <<wiawa‘>H<(””1’xi)>'
1

k>1 LW Wlp={2,...,n} 1 €G.(I)) 0£J,CI; {i,7 YEE(Gy) 1€J)

Next, note that

S Il ¢ e) = JI0+¢ena) — 1.
icl,

D£J,CI; i€

A repeated application of

n n—1
[[a+e) -1 = <H(1+a,~)—1>(1+an)+an,

i=1 i=1
combined with the estimate |1 + ((z;, ;)| < 1, yields
> T ¢Enen| < D I¢@, =)l
0#£J,CI; i€J; i€l

Therefore,

Z H C(wi’xj)

GEG:(Ny) {i,j}€E(G)

SR SN

k>1 " LWewl={2,...,n} (=1

Gi€Gc(I) {i,}€E(G))

-y X ﬁ(\s@((wi)ienﬂ Z‘C(ml,mi)o .

k>1 IlU Ulk {2, ,n}l 1 ie]l

Z|C(ﬂ?1,$z‘)|> :

€1y

Next, recall that there are m(ln,_ )k, partitions I} W --- W I, = {2,...,n} such that |[;| = m; for
I =1,...k. Inserting all this into (A.4) and changmg variable names yields

N
Exo) < 14334 %
n=2k>1 ~  mi,.,mu>1

mi+-+mp=n—1

x H( /d|M| y1) - - dlpl(ym,) 1@0(y1,-.-,yml){ZIC(:vl,ym) :
i=1
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Relaxing the constraint on mq +---+mp < N—1tom; < N —1forl=1,...,k yields

1 k N-1 1 m
Kn(a) < 1+ZHH<Z ) ) \so<y1,...,ym><Z\cm,yi)\)
m=1 1=1

k=1 1=1

< ea(xl) ’

where in the last step we used the induction assumption Kn_1(z1) < eU®1) as well as (A.3).



APPENDIX B

Tools from Harmonic Analysis

B.1. COMMON LP-INEQUALITIES ON RY

Name Conditions Statement

0<p,qr<oo

Holder ! gl < 11 lgll
r p q
Interpolation (or 0<pigr<oo
_ 1 _ < 6 1-6
log-convexity) of 1 _ Q n 1 9, 0<h<1 £l < Hf”p”f”q
LP-norms r oD q
I<pgr<oo
Young Ll 1% gl < 171l
r p q

Generalized Young 1 1 1 I1f * gllr < Cpgll fllpllgllg,w

Weak Young LRIy 1 %l < Coall el

r p q
l1<pg<oo, 0<A<d

Hardy-Littlewood- |f(@)]lg(y)]
1 1 A dzd <C

Sobolev ,o 1 1) Javay T <, sl
p q d

Generalized Hardy  0<s < § (172 ) < Coa (7. (A1)

177



178

Sobolev embedding 1 1 p If

B. TOOLS FROM HARMONIC ANALYSIS

r < CpsdlllVIESllp

Remarks.

(i)

(i)

(iii)

Any condition in the above table that is expressed by an equality is clearly necessary, as
can be seen by considering the scaling f — Ry f, where (R)f)(z) := f(\x).

Sharp constants are known for many of listed inequalities; see [LLO1] for more details.
Of particular interest is the sharp constant for the generalized Hardy inequality [Her77],

I((d—25)/4)
<28F((d + 2s)/4) > ' (B-1)

Csd =

)

The weak LP space, denoted by L%, is defined for 0 < p < oo as the space of functions f
satisfying
171 = supt?I{1f]> )] < . (B2)
>

where |{|f| > t}| denotes the Lebesgue measure of the set of x € R? satisfying | f(z)| > t.
Note that ||-|[p,w is not a norm (however, as we shall soon see, if 1 < p < oo then |||, w
is equivalent to a norm). The definition of |-||,., implies that ||Rxfllp.w = A™YP(| fllp.w,
so that ||||p.w and |||, have the same scaling behaviour. The space L%, consists of
functions whose LP-norm diverges at most logarithmically. This follows from the “layer
cake representation” (a direct consequence of Fubini’s theorem)

1115 :/0 dt pt" ' |{| | > t}]. (B.3)

Generally, one has
1fllp = 11fllp.w

i.e. LP C L%,. This follows by taking the supremum over ¢ in

If1l5 = /dx P Lgpsg = PRI > 8-

The standard example for f € L%, \ LP is f(z) = |z|~%/7.

The Hardy-Littlewood-Sobolev inequality is an immediate consequence of the generalized
Young inequality and the Holder inequality. Similarly, the Sobolev embedding may be
easily derived from the generalized Young inequality. Indeed, note that for 0 < s < d we
have

—8 _ Cd,s
|v| f - |£E|dis *fa

as the Fourier transform of |k|™* is Cd78|:c|5_d. The generalized Young inequality yields
therefore

INVIT fllpr < Cpsall fllp
, s and d satisfying the conditions of the Sobolev embedding.

*

with p, p
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(v) An immediate consequence of the log-convexity of LP-norms and the Sobolev embedding
is the Gagliardo-Nirenberg inequality. Assume that

l<p<g< o and 0 < s <

iSERSH

Choose 0 € [0, 1] such that

Os
7

==

1
q
Then

1£llg < Cosallflly " MIVEFIG < Cpsa (1f 1o + VI fl1p) -

In particular, W*P C L% with continuous injection for all ¢ € [p, p*].

B.2. LORENTZ SPACES AND REAL INTERPOLATION

Lorentz spaces are Banach spaces that interpolate between LP and L%,. We refer to [BL76] for
a thorough discussion. Recall first from (B.3) that

< qt 1/p
11l = pl/p( / — ' 1{I/] >t}\) = 7|t 1A > 7 o gy

Similarly, we get from (B.2) that

1o = (> 7] s -

This motivates the following definition. For 0 < p < oo and 0 < ¢ < oo define the Lorentz
space LP4(R? dz) = L9 through

1l = P> 7] g an (B-4)

By definition we have
P = [P, Lr> = Lb. (B.5)

Although |||, 4 is in general only a quasi-norm (the triangle inequality fails), for p > 1 it is
equivalent to a norm; see Theorem B.2.

Several important properties of LP-spaces have counterparts for LP>%-spaces. In the following
we denote by p’ the conjugate exponent of p, defined by 1/p' +1/p = 1.

THEOREM B.1 (HOLDER’S INEQUALITY FOR LORENTZ SPACES). Let 0 < p,p1,p2 < oo and

0 < q,q1,q2 < o0 satisfy
1 1 1 1 1 1
+ — - -
p b1 b2 q q1 q2
Then we have

HngILq < Cpipangr g Hprhqungzqu .

PROOF. See [O’N63|. O
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THEOREM B.2 (DUAL CHARACTERIZATION OF LP9). Let 1 < p < o0 and 1 < g < oco. Then
there exist constants Cy,Cy > 0 such that

Cilflpa < suwd| [ az o] lallrr <1} < Callf

PROOF. See [Tao06]. O

In particular, LP? is a normed space for 1 < p < co. Thus the weak LP-space is a normed
space if p > 1.

In order to discuss further results related to the Lorentz spaces, it is useful to introduce the
real interpolation method (see [BL76] for details). For 1 < ¢ < oo and 0 < 6 < 1 we define the
real interpolation functor (-, -)g 4 as follows. Let Ag and A; be two Banach spaces contained in
some larger topological vector space A. Define the real interpolation norm

lallag, e, = Kt 0| Loge, aie
where

K(t,a) == _inf (faolla, +tlarla,) -

a=ap+

Define (Ao, A1)gq as the space of a € A such that [[al[(4,4,),, < 0c. Then (Ag, A1)gq is a
Banach space.

THEOREM B.3 (THE DUAL OF AN INTERPOLATION SPACE). Let Ag N Ay be dense in Ay and
Aj. Assume that 1 < g < oo and 0 <60 < 1. Then

(A07A1);7q - (AaaAT)aq/ .
PROOF. See [BL76]. O

THEOREM B.4 (INTERPOLATION OF LORENTZ SPACES). Let 0 < po,p1,90,q1,9 < oo and
po # p1. Write 1/p=(1—0)/po+ 0/p1, where 0 < 6 < 1. Then

(Lp07q0’Lp17q1)0 — P9

)

PROOF. See [BL76]. O
In particular, we get the alternative definition of Lorentz spaces by interpolation:
LP9 = (LP0 [PV, ,
where 0 < pg,p1 < 00, po # p1, and 1/p=(1—0)/po+ 6/py for 0 < 6 < 1.
THEOREM B.5 (DuAL oF LP?). Let 1 <p < oo and 1 < g < oo. Then
(Lp,q)* — gpa
PROOF. A simple application of Theorems B.3 and B.4. U

Strichartz estimates yield bounds on space-time norms by exploiting the dispersive nature
of time evolution. A version suitable for our needs is the following theorem. For f : R — A,
where A is a Banach space, introduce the space-time norm

[ fllzra = HHf(t)HAHLP(R,dt) :
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THEOREM B.6. Let o > 0, H be a Hilbert space and Ay, A1 be Banach spaces. Suppose that
for each time t we have an operator U(t) : H — A{ satisfying

L,

[t —s|77.

1O 2r:45)

S
IU@U ()" llzaap S

Denote by Ay the interpolation space (Ao, A1)g2, where 0 < 0 < 1. Assume that 2 < r = %

and (r,0,0) # (2,1,1). Then we have

U@ fllzrag < Il -

PROOF. See [KT98]. O
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APPENDIX C

Gronwall-Type Inequalities

In this appendix we collect some Gronwall-type inequalities, which are useful in various situa-
tions where one needs to control time-dependent quantities.

THEOREM C.1. Let 5(t) > 0. If

u(t) < a(t)—i—/o B(s)u(s)ds

then t t
u(t) < a(t)+/ a(s)ﬂ(s)eﬁﬁds = G(O)efotﬁ—k/ o'z(s)efstﬁds.
0

0

Moreover, if
ut) < aft) + B(t) u(t)
then

PRrROOF. Define

0
Thus
t
ot) < e hBa()a().
The first claim follows by integration. The rest follows by integration by parts. U

The second statement is a special case of a more general principle.

THEOREM C.2. Let X € CH(R?%;R). Assume that u(t) satisfies
at) < X(u(t),t).

Denote by v the solution of

Then u(t) < v(t) fort in the common domain of u and v.

183
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PRrROOF. Note that the assumption on X guarantees that © = X (v, t) has a unique local solution.
Denote by ¢! the solution map on R. Let a(u,t) be defined through ¢‘(a(u,t)) = u. By
the standard theory of ordinary differential equations, a € C'(R?;R). Thus, differentiating
a(v(t),t) = v(0) yields

Oua(v,t) X (v,t) + dra(v,t) =0.

Combining this with the assumption on u, we get

d
— <
dt@(U(t),t) ~ 07

which implies a(u(t),t) < a(u(0),0) = a(v(t),t). Since the map u +— a(u,t) is clearly monotone
increasing (the solutions of an ordinary differential equation do not cross), the claim follows. [

Sometimes the assumption of the previous theorem is too strong. An important example
is the differential inequality
i < Vu, u(0) = 0. (C.1)

One would therefore like to have a Gronwall-type estimate for situations where the local unique-
ness of solutions to the corresponding differential equation breaks down. For example, the
following theorem yields: (C.1) implies u(t) < ¢2/4.

THEOREM C.3. Let u — fs(u) be a continuous, positive, increasing function for each s. If u
satisfies

u(t) < a(t)+/0 fs(u(s))ds,

then
u(t) < x(t),

where x(t) is the largest solution of the equation
t
x(t) = a(t)—|—/ fs(x(s))ds.
0

PROOF. Define the map u — ®[u] through

B[ul(t) = alt)+ /0 Fuu(s)) ds.

Thus, u < ®[u] and, since f is increasing,

@M@ga@+fﬂmwm@,

Thus, the sequence ®"[u] is increasing and hence has a pointwise limit u, = lim,, ®"[u] with
values in [0, co]. Also, monotone convergence implies that

Ou,] = @[lim @"[u]} = lim " [®[u)] = u.,

n—oo n—o0

i.e. u, satisfies .
wi(®) = alt)+ [ fulun(s)) ds.
0
The claim follows. O
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