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Abstract

This thesis is about the derivation of effective mean field equations and their next-order
corrections starting from nonrelativistic many-body quantum theory. Mean field equations
provide an approximate ansatz for the description of interacting many-particle systems. In
this ansatz the interaction between the particles is replaced by a self-consistent external po-
tential leading to an effective one-body description of the many-particle system. Next-order
corrections provide an approximation which goes one step further and tries to capture also
subleading effects that are not resolved by the mean field ansatz. We present mathematical
proofs for the validity of such effective theories for different models that are motivated, e.g.,
from the theory of ultracold atoms (the bosonic Hartree equation and the corresponding
Bogoliubov theory) and from plasma physics (the motion of a tracer particle through a de-
generate and dense electron gas). Starting from a many-body Schrédinger equation, our goal
is to show that the solutions converge in a particular limit to the solutions to an effective
mean field equation and its next-order corrections. After a short introduction and a sum-
mary in Chapter one, we present the main part of this work in three self-contained chapters.

In Chapter two we analyze the dynamics of a large number N of nonrelativistic bosons in
the weak coupling limit, i.e., for a coupling constant gy = N~'. It is well known that in the
limit of infinite particle number, the Hartree equation emerges as an effective one-particle
theory of the Bose gas. This is closely related to the remarkable physical phenomenon of
Bose-Einstein condensation at low temperature, namely that the majority of particles in a
Bose gas occupies the same copy of a single one-particle quantum state. Our emphasis lies
in the description of the few particles that fluctuate around the Bose-Einstein condensate.
We show convergence of the fully interacting dynamics to an auxiliary time evolution in the
norm of the N-particle space. This result allows us to prove several other assertions. Among
other things, it is used to derive the Hartree equation with optimal speed of convergence
N~ for initial states that are close to ground states of interacting systems and also to
prove convergence of the N-particle solution towards a time evolution obtained from the
Bogoliubov Hamiltonian on Fock space.

Chapter three is about the low energy properties of the weakly interacting homogeneous
Bose gas. Here, we derive a novel estimate for low energy eigenfunctions stating that the
probability for finding [ particles out of their total number /N not in the condensate is expo-
nentially small in the number . Using this bound, we then prove that the ground state wave
function of the microscopic model satisfies certain quasifree type properties. The exponen-
tial decay is moreover used to provide an alternative proof for the validity of Bogoliubov’s
approximation for the low-lying energy eigenvalues. Bogoliubov theory states that the ex-
citation energies of the Bose gas are given by excitations of free quasiparticles obeying an
effective energy-momentum dispersion relation which is linear for small momentum. The
linearity of the effective dispersion relation is an essential ingredient for the explanation of
the superfluid character of the Bose gas.

In Chapter four we study the time evolution of a single particle coupled through a pair
potential to a dense and homogeneous ideal Fermi gas in two spatial dimensions. This type
of model is well known in plasma physics where it is used to describe the energy loss of ions
moving through a dense and degenerate electron gas. We analyze the model for a coupling
parameter ¢ = 1 and prove closeness of the time evolution to an effective dynamics for
large densities of the gas and for long time scales of the order of some power of the density.
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The effective dynamics is generated by the free Hamiltonian with a large but constant
energy shift. To leading order, this energy shift is given by the spatially homogeneous mean
field potential produced by the gas particles, whereas at next-to-leading order, one has
to consider an additional correction to the mean field energy which is due to so-called
recollision processes.



Zusammenfassung

Die vorliegende Arbeit handelt von der Herleitung effektiver Mean-field-Gleichungen (auch
Molekularfeld-Gleichungen genannt) und deren Korrekturen ausgehend von der nichtrela-
tivistischen Vielteilchen-Quantenphysik. Mean-field-Gleichungen stellen einen Ansatz zur
naherungsweisen Beschreibung wechselwirkender Vielteilchensysteme dar. Dabei wird die
Wechselwirkung zwischen den Teilchen durch selbstkonsistente externe Potentiale ersetzt,
was zu einer effektiven Einteilchenbeschreibung des Vielteilchensystems fiihrt. “Korrekturen
in néchster Ordnung” bieten eine Ndherung, welche einen Schritt weiter geht und Effek-
te zu beschreiben versucht, die durch die Mean-Field-Néherung nicht erfasst werden. Wir
préasentieren rigorose Beweise fiir die Giiltigkeit solcher effektiver Theorien fiir verschiede-
ne Modelle, die u.a. motiviert sind aus der Theorie der ultrakalten Gase (die bosonische
Hartree-Gleichung und die entsprechende Bogoliubov-Theorie), sowie aus der Plasmaphysik
(die Bewegung eines Testteilchens durch ein entartetes und dichtes Elektronengas). Ausge-
hend von einer Vielteilchen-Schrodinger-Gleichung besteht unser Ziel darin, die Konvergenz
der Losungen gegen Losungen der einfacheren Mean-Field-Gleichung sowie deren Korrek-
turen nachzuweisen. Nach einer kurzen Einleitung und Zusammenfassung in Kapitel eins,
stellen wir den Hauptteil der Arbeit in drei voneinander unabhingigen Kapiteln dar.

In Kapitel zwei analysieren wir die Dynamik einer grofien Anzahl N nichtrelativistischer
Bosonen im Schwachen-Kopplungs-Limes, sprich, fiir Kopplungskonstante gy = N~!. Es ist
bekannt, dass das Bosegas im Limes unendlich vieler Teilchen durch die effektive Einteilchen-
Hartree-Gleichung beschrieben wird. Dies steht in engem Zusammenhang mit dem inter-
essanten physikalischen Phédnomen der Bose-Einstein-Kondensation bei niedrigen Tem-
peraturen, nidmlich, dass die Mehrheit der Teilchen im Bosegas denselben Einteilchen-
Quantenzustand besetzt. Unser Augenmerk liegt auf der Beschreibung der wenigen Teilchen,
die sich nicht im Bose-Einstein-Kondensat befinden. Wir zeigen, dass die Losung der voll-
wechselwirkenden Theorie in der Norm des N-Teilchen-Hilbertraums gegen eine einfachere
Hilfsdynamik konvergiert. Dieses Resultat erlaubt uns, eine Reihe von weiteren Behauptun-
gen zu beweisen. Unter anderem wird es verwendet zur Herleitung der Hartree-Gleichung
mit optimaler Konvergenzrate N ! fiir Anfangszustinde, die den Grundzustéinden wechsel-
wirkender Systeme dhnlich sind. Auflerdem zeigen wir die Konvergez der N-Teilchen-Lésung
gegen eine Zeitentwicklung, die durch den Bogoliubov-Hamiltonian auf dem Fockraum be-
schrieben wird.

Kapitel drei handelt von den Niedrigenergie-Figenschaften des schwach-wechselwirkenden
Bosegases. Wir beweisen eine neuartige Abschitzung fiir Niedrigenergie-FEigenfunktionen,
welche aussagt, dass die Wahrscheinlichkeit dafiir, [ der N Teilchen nicht im Kondensat
zu finden, exponentiell (in der Zahl ) abféllt. Ausgehend von diesem Resultat beweisen
wir, dass der Grundzustand des mikroskopischen Modells bestimmte “quasifreie” Eigen-
schaften erfiillt. Der exponentielle Abfall wird auflerdem verwendet, um einen alternativen
Beweis fiir die Richtigkeit der Bogoliubov-Néherung fiir niedrigliegende Energie-Eigenwerte
zu préasentieren. Die Bogoliubov-Theorie besagt, dass die Anregungsenergien des Bosegases
durch Anregungen freier Quasiteilchen beschrieben werden, welche eine effektive Energie-
Impuls-Dispersionsrelation erfiillen. Die effektive Dispersionsrelation der Quasiteilchen ist
fiir kleine Impulse linear, was als wesentlicher Aspekt bei der Erkldrung der suprafluiden
Figenschaften des Bosegases eingeht.
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In Kapitel vier analysieren wir die Zeitentwicklung eines einzelnen Teilchens, welches durch
ein Paarpotential an ein dichtes, homogenes ideales Fermigas gekoppelt ist. Ahnliche Mo-
delle werden in der Plasmaphysik verwendet, um den Energieverlust von Ionen, die sich
durch dichte, entartete Elektronengase bewegen, zu beschreiben. Wir analysieren das Mo-
dell fiir einen Kopplungsparameter ¢ = 1 und beweisen die Ndhe der Zeitentwicklung zu
einer effektiven Dynamik fiir hohe Dichten des Gases und fiir lange Zeitskalen, die mit einer
bestimmten Potenz der Dichte anwachsen. Die effektive Dynamik wird hierbei durch den
freien Hamilton-Operator mit einer groflen, aber konstanten Energiekorrektur erzeugt. In
fithrender Ordnung ist die Energiekorrektur durch das homogene Mean-field-Potential der
Gasteilchen gegeben, wiahrend in der néchsten Ordnung zusétzliche Terme aufgrund von
sogenannten Rekollisions-Prozessen beriicksichtigt werden miissen.
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Chapter 1

Introduction

Many interesting physical systems are made up of a large number of particles. Microscopic
elements (electrons, atoms or molecules) are the basic building blocks of all states of matter,
viz., gases, fluids, plasmas and solids. Their number may range from thousands in a dilute
gas up to the Avogadro number na o 102 in a chemical sample or a solid. On the atomic or
molecular level the behavior of the particles is described by a linear many-body Schrédinger
equation. When the number of particles is very large, however, direct analytical and numeri-
cal attempts for solving the many-body Schrédinger equation are completely impracticable.
This forces one to resort to approximate and effective models which are more tractable and
thus necessary for predicting and explaining the physical phenomena of interest. Such effec-
tive theories are much simpler because they do not describe the motion of every individual
particle. Instead, they focus on few collective degrees of freedom which become relevant
from a coarse grained perspective when the system is seen as a whole (properties, e.g., like
pressure, temperature or coarse grained density). The list of effective theories known for
instance in physics and chemistry is incredibly long. The ideal gas equation, the Vlasov
and the Boltzmann equations as well as the three laws of thermodynamics, fluid mechanics,
plasma equations, Hartree and Hartree-Fock theory (which explain, e.g., many phenomena
in the theory of ultracold gases as well as in chemistry), and practically all models used in
solid state physics, and many more. From a pragmatic point of view, such effective theories
are often presented as the starting point of the analysis. However, one should be aware that
there is always a more fundamental theory behind these effective equations. The quest for
understanding the relation between the microscopic laws and the effective models which
emerge on a macroscopic scale is very old yet still a current field of research. It goes back at
least to the works of J. C. Maxwell [90] and L. Boltzmann [23] who argued (in the second
half of the 19th century) that gases were made up of microscopic atoms. Even though this
idea was not widely accepted at their time, it helped Boltzmann to give a convincing expla-
nation of the second law of thermodynamics as an effective theory which emerges from the
Newtonian motion of a large number of atoms. The paradigm of a mathematically rigorous
derivation of an effective equation came many decades later and is due to H. Grad [59] and
O. E. Lanford [74]. They made the arguments proposed by Boltzmann mathematically pre-
cise in a certain dilute limit and proved the validity of the Boltzmann equation as the coarse
grained description for the empirical density of a rarified gas of small hard spheres (their
derivation holds at least for short times whereas for longer times this is still considered
to be an interesting and difficult open problem, see, e.g., [111]). Since then many rigorous
results regarding the derivation of all kind of effective equations (e.g., mean field, kinetic,
hydrodynamic) have followed, both in classical and quantum mechanics. It has become one
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of the central themes of statistical physics to provide mathematically precise justifications
of macroscopic, effective models starting from a first principle many-body theory.

In this work, we present the rigorous derivation of different bosonic and fermionic mean
field models (and their next-order corrections) starting from a nonrelativistic many-particle
Schrodinger equation. In the remainder of this chapter, we introduce the basic principles of
many-body quantum mechanics, we explain the general idea of the mean field ansatz and
summarize the relevant aspects of the models and the physical situations that we have in
mind. Eventually, we give an outline of the main part of this thesis including a summary
of our main results.

1.1 Many-body quantum mechanics

In nonrelativistic quantum mechanics an N-particle system is described by a complex valued
wave function ¥ = ¥(xq,...,zy) € L2(QV) where L? denotes the space of square-integrable
functions ¥ : O — C and Q c R? or Q = R? for spatial dimension d. Internal degrees
of freedom like spin are neglected throughout this work. We abbreviate the scalar product
resp. the norm on the Hilbert space L2(QV) by

<\I/,q)> = o \I/(it‘l, ...,xN)<I>(x1, ...,J}N) d:pl...de, H\I/H = <\I/,\I/>, (11)

where ¥ denotes the complex conjugate of W. It is always assumed that ||¥| = 1 such
that |W(z1,...,zn)|? can be interpreted as the probability density of finding particle one
at position x1, particle two at position z and so on. Quantum mechanics postulates a
simple rule for the statistical description of outcomes of repetitions of experiments. Most
physical quantities of interest, e.g., position, momentum and energy are associated with
a self-adjoint operator A (possibly unbounded) on the given Hilbert space. The two most
relevant objects to characterize the statistical outcome of an experiment are the average
value and the variance. For an operator A and a system described by the wave function W,
they are defined as!

Eyld] = (0,AT),  Varg[A] = (¥, (A~ Ey[4)) w). (1.3)

Relevant operators are, e.g., the differential operator p,, = —iVy,, i.e., ¢ times the gradi-
ent acting on the variable x;, which is associated with the momentum of the ith particle
(throughout this work, we use units such that the Planck constant /& and the mass m of
the particles satisfy i = 2m = 1), the multiplication operator z; related to the position
of the ith particle, real valued and even functions v : £ — R (also acting as multiplica-
tion operators) describing the potential energy between two particles, and many others. A
particularly important operator is the Hamiltonian H which represents the total energy of

'Denoting by Y, 4 Pa the orthogonal projector onto the spectral subspace of L?(Q") which corresponds
to a given subset A C spec(A) of the spectrum spec(A) C R of the self-adjoint operator A, one can also
define the probability for the event that the quantity associated to the operator A assumes a value which
lies in the set A. This probability is given by the “mass” in the normalized wave function ¥ that lies in this
spectral subspace, i.e.,

Pu(A€A) =Eo| > P] = (w, (Y P)w). (1.2)

acA acA
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the system. For N nonrelativistic particles (without magnetic potential) it has the general
form?

H=Y ( YN Wext(mi)) ton Y oz ). (1.4)

i=1 1<i<j<N

Here, —A,, =iV, - iV, denotes the Laplace operator (with appropriate boundary condi-
tions on 9Q) and >, (—A,,) corresponds to the total kinetic energy. The function Wt :
) — R describes an external potential and gy € R denotes the coupling constant which
characterizes the strength of a collision between two particles. In all models that we are
going to consider, W' and v are such that the Hamiltonian H is bounded from below and
self-adjoint on an appropriate dense subset.

For computing average values like in (1.3), one requires information about the wave
function ¥ that describes the system of interest. An important class of wave functions are
the so-called stationary states for which the expectation value and the variance are time-
independent quantities (for time-independent operators). Such stationary states solve the
time-independent Schridinger eigenvalue equation,

HU =EV, EcR, UeclL?Q"). (1.5)

The ground state wave function, e.g., if it exists, is the solution to the eigenvalue equation
for the smallest possible value E. It is of particular interest because in many experiments,
one starts, e.g., with an ultracold gas of atoms and the idea is that at very low temperature
the particles should be correctly described by the wave function corresponding to the lowest
possible eigenvalue of H. Stationary states are of course very special and in general, the
time evolution of a system is nontrivial. Nonstationary wave functions evolve according to
the time-dependent Schrédinger equation,

0V, = HU,,  U,_g= U, e L2(QV). (1.6)

Unique solutions of the time-dependent Schrodinger equation are given via Stones’s Theo-
rem by U, = U; ¥y where {U, }1cr is the strongly continuous one-parameter group of unitary
operators associated with the self-adjoint operator H. In the case that the Hamiltonian is
time-independent, the time-evolution is generated by U; = et

For many situations the relevant operators act only on a small subsystem out of the total
N particles. In such a case it is useful to introduce so-called k-particle marginals yf;) of the
wave function ¥ (also called k-particle reduced density matrices). vy~ : L2(QF) — L2(QF),
k € N, is an integral operator which is defined through its kernel

k
’7\(11 )(‘Th s Ths Y1, 7yk) ==

/N . U (1, ooy Tt 1 eees TN) UYLy ooy Yky Thot1 ey TN ) AT 1. dT N (1.7)
ON-—

The average value of a k-particle operator A* (note that we always use the same notation
for A and A* = A% @ 19N=F where 1 denotes the identity on L?(Q)), can be expressed in

2In Chapter 4 we study an N+1-body system (one particle plus a fermionic reservoir) where a single
tracer particle interacts through a pair potential with NV gas particles. There the Hamiltonian has a slightly
different form compared to (1.4), see (1.39).
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terms of the k-particle marginal,
(0, A"w) = Te [ ARy, (1.8)
where TrB* denotes the trace of a trace-class operator B, i.e.,

TI‘Bk = TTL2(Qk)Bk = Z <77Z)za Bk¢z>L2(Qk) (1'9)
i>1

for some orthonormal basis {1;};>1 of L2(QF). In order to predict the r.h.s. of (1.8), it is
now sufficient to have knowledge about ’yfIl,‘) instead of the complete wave function ¥. Our
chosen normalization is always such that Tryy’ = ||| = 1.

According to a very elementary principle of quantum theory, all particles in nature
fall into two distinct groups: bosons and fermions. The difference between bosonic and
fermionic particles is captured in the symmetry property of the corresponding wave func-
tion. A wave function W, describing N indistinguishable bosonic particles is symmetric
under any permutation of two of the particle coordinates 1, ..., zy. On the other hand, for
indistinguishable fermions, the wave function ¥, is required to be totally antisymmetric
under pairwise permutations of the variables:

‘115(951,3:2, ...,xN) = \Ifs(a:g(l),xo(Q), ...,$U(N)) Vo € Sy, (1.10)
\I/a(fL'l,.’L'g, ...,xN) = (—1)J\I/a(xo(1),l‘a(2),...,(L‘U(N)) VYo € Sy, (1.11)

where Sy is the symmetric group of the set {1,..., N} and (—1)? denotes the sign of the
permutation o € Sy. The postulate that fermionic wave functions are antisymmetric is also
referred to as Pauli principle or exclusion principle. Below we explain that the Pauli principle
can be relevant for the physics of a many-particle fermion system. The correct Hilbert spaces
for describing bosonic and fermionic systems are thus the symmetric resp. antisymmetric
subspaces L2(QY) = {¥ € L2(QV) : ¥ obeys (1.10)} and L2(QY) = {¥ € L*(QY) :
U obeys (1.11)}. Everything that has been discussed above is equally true if one replaces
L?(QN) by its symmetric or antisymmetric subspace. Let us also mention the important
fact that the symmetry property of a given initial state W is always preserved under the
time evolution in (1.6), i.e., the action of the group {U;}icr leaves the (anti)symmetric
subspace of L%(QY) invariant. This follows from H being a symmetric expression in the
coordinates x1, ..., .

1.2 The mean field approximation

After a brief explanation of the general idea behind the mean field ansatz, we discuss the
so-called weak coupling (Hartree) limit for bosons as well as for fermions. The weak coupling
limit is defined by the assumption that the strength of the interaction decreases with the
number of particles in the system. This type of situation provides the prime example of a
many-body model for which an effective mean field description (Hartree theory) emerges
in the limit of large particle number (the weak coupling assumption is also meaningful
for classical particles where the corresponding mean field theory is given by the Vlasov
equation). For fermions, we then introduce another microscopic model for which the mean
field ansatz can be expected to make correct predictions. We call this situation the “high
density limit for fermions”. Contrary to the weak coupling limit, the interaction does not
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decrease with the number (or the number per unit volume) of particles in the system. In
this model, the Fermi pressure plays a crucial role for the emergence of the effective mean
field behavior.

The list of physical models for which the mean field approximation is sensible is of course
much longer than the few examples that are discussed or analyzed in this work. Among
many others, the most famous ones are the Ising model and many of the related variants
of lattice spin systems for which the mean field ansatz provides a main tool of analysis.

1.2.1 The general idea

The major difficulty in solving Schrodinger equations like (1.5) and (1.6) for many particles
is the interaction term in the Hamiltonian H which causes the wave function ¥ to be in
general a highly entangled object, i.e., it does not factorize as a function of the variables
(x1,...,ZN) € Q. This makes even numerical attempts for solving the Schrédinger equa-
tion impossible because of the large dimension d/NV > 1 of the underlying space. The mean
field ansatz is a famous approach for an effective and approximate description of inter-
acting many-particle systems. Originally, it has been introduced by P. Curie [32] and P.

Weiss [121] in the context of explaining ferromagnetic properties. For bosons it was first
used by E. Gross [63] and L. Pitaevskii [105] whereas for fermions it goes even further back
to D. Hartree [64], V. Fock [50] and J. Slater [117]. The basic idea behind the mean field

approach is to assume that the particles are independent of each other and evolve in an ef-
fective, self-consistent external one-particle potential (the independence assumption makes
sense for bosons but can not hold in the fermionic case for which we explain the necessary
generalization below). In this ansatz, the many-body Hamiltonian H is replaced by a set
of one-particle Hamiltonians which are in general nonlinear. The hope or belief is that the
nonlinearity of the effective equation reproduces the relevant effects which are due to the
interaction in the original many-body model. The complexity of the problem is significantly
reduced by the mean field ansatz and in principle the effective equations are suitable for a
numerical or analytical analysis.

Having the underlying N-particle theory in mind, this poses the problem of understand-
ing the wvalidity of the mean field approximation. One has to answer the question of how
independence between the particles can arise an persist in interacting systems. This cer-
tainly happens only under particular physical conditions and on specific length and time
scales. For a sharp definition of these conditions and also the correct scales, one studies the
interacting many-body model in a particular limit where one or more physical parameters
go to infinity (or to zero). One possible such parameter is the particle number N or the av-
erage density p = N/|Q| (|2| being the volume of Q) tending to co. The conditions and the
relevant time and length scales for which one may expect, or can even prove, the validity of
the mean field ansatz are then formulated in terms of specifying their limiting behavior, the
scaling properties w.r.t. this limit. One may adjust the mass of the particles, the strength
of the interaction, the range of the potential, the volume to which the particles are confined
to, the correct time scale, and possibly others. Let us emphasize that it may already be
a nontrivial problem to find interesting situations under which a sensible and nontrivial
mean field limit can be expected to emerge from the microscopic theory. The mathematical
part of the program is to formulate and prove a theorem which assures that under the
specified conditions (e.g., an appropriately scaled Hamiltonian and proper initial data) the
solution of the many-body Schrédinger equation converges w.r.t. a meaningful notion of
distance to the solution of the corresponding effective mean field description. First rigorous
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results in this regard have been derived by Hepp and Braun [25] and Neunzert and Wick
[98] who proved the accurateness of the Vlasov equation starting from Newton’s equations
for N weakly interacting particles. For quantum systems, the first theorems were proven
by Spohn in the bosonic and fermionic case [121] as well as by Narnhofer and Sewell [97]
for fermions.

1.2.2 Weak coupling limit for bosons

The idea of independent particles moving through an effective external potential produced
by the other particles can only be true, or approximately true, if the strength of the in-
teraction is on the one hand not too strong (single collisions are not allowed to matter as
they would destroy independence between the particles) but on the other hand also not too
weak (such that the effect due to all other particles sums up to an effective potential). On
a heuristic level, this can be understood with the law of large numbers. If we assume an
exact product wave function ¥ = p®V and a weak coupling constant gy = (N — 1)7!, the
interaction term in H corresponds to a scaled sum of N independent random variables.?
The potential acting, e.g., on the first particle at position x, thus satisfies

N N
7]\;1_ 1 > vlxi—2)~ ]\,1_12/(10(-%‘ —y) le(y)® dy = /Qv(a: — ) le)|? dy, (1.12)
1=2 i=2

which holds with large probability w.r.t. the distribution |[¢®~=1|2. The r.h.s. depends now
only on the single variable x and the expectation is that one can describe the wave function
U ~ 0@V in terms of the solution of an effective one-particle equation, the Hartree equation,

ep = (—AI+WeXt(:U)+ (v*|gp\2)(:ﬂ))<p, ¢ € R, /Q\go(x)|2dx: 1, (1.13)
i0y0p = (— Ay + W () + (v |gpt|2)(:v))<,0t, w0 € L2(9), (1.14)

for the stationary as well as the time-dependent case, respectively. By x we denote the
convolution of two functions defined on €2, i.e.,

(f % g)(x) = /Q f(@ - y)g(w)dy. (1.15)

The validity of the mean field ansatz can be studied in the stationary as well as in the time-
dependent setup. For the time-independent case, one has to prove that, e.g., the many-body
ground state wave function obeys the assumed product structure. The situation is slightly
different for the dynamical problem where one wants to show that starting with independent
particles, the independence property (the product structure of the wave function) is pre-
served under the time evolution. The latter is often referred to as propagation of chaos. In
both cases, however, one has to be cautious about the meaning of “¥ ~ ¢®V”. One should
not expect that for interacting particles, the wave function is close to a product in the
sense of the L? distance of the full N-particle space. We will later see that this is wrong for
stationary wave functions as well as for time-dependent solutions of the Schrodinger equa-
tion. Due to the interaction between the particles, the many-body wave function will always
develop weak correlations which are not described by the Hartree ansatz. The Hartree equa-
tion holds rather in a coarse grained sense, namely for the reduced densities which have

1

3Note that any coupling gn that approaches zero as N~' when N tends to co would be equally fine.
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been defined in (1.7). Proving the validity of the Hartree equation for the ground state
wave function UY (and analogously for other low energy eigenfunctions) would consist in a
statement of the form

lim Ty [Ak (7;’“0) - VL’EN)} —0, (1.16)

with k& € N, and where A* belongs to a suitable class of k-particle operators. ¥y is here
the (N-dependent) ground state wave function of the many-body Hamiltonian H, and ¢y
is the ground state solution to the stationary Hartree equation (1.13). Another possible
meaning of the mean field approximation for the ground state is a comparison of the energy
per particle, i.e., limy_,o, E°/N = ey for the N-particle ground state energy E° and the
lowest possible value of the Hartree energy functional,

ew=_nf {(W, ( AW %(v " W))@ : /Q lo(2) Pdz = 1}. (1.17)

Note that (1.13) is the Euler-Langrange equation to the Hartree energy functional <<p, (—A—i—
wext 4 1(vx ©?))¢). For the case that the Hamiltonian H does not posses a ground state,
one similarly defines the ground state energy as the infimum of the corresponding energy
functional, i.e., E? = inf [w]=1 <\IJ, H \I’>, and one would still expect the comparison between
the energies to hold in the limit of large N. Similarly, for the time-dependent setting, a
possible criterion for the validity of the mean field ansatz is defined by the convergence of
the reduced density at times ¢, given that the initial state satisfies the same “factorization
property”, namely

R R | L P I
with £ € N, and where ¥; solves the time-dependent many-body Schrédinder equation
for initial condition W, while ¢; is the solution to the time-dependent Hartree equation
(1.14) with initial condition ¢g. Assertions like (1.16) and (1.18) mean that the majority
of particles in the gas behaves according to the mean field approximation in the sense that
one can predict the average values of a suitable class of operators in terms of the product
wave function p®V, cf. (1.8). This is what one refers to as condensation of the Bose gas
into the one-particle state ¢. Let us stress that the weak coupling assumption for bosons is
of twofold importance for the mean field approximation. On the one hand, gy = (N —1)!
is the typical choice for the law of large numbers in (1.12). On the other hand, it guarantees
that the potential energy of the system is compatible with the kinetic energy, i.e., of the
same order in the particle number N.* The kinetic energy is expected to be of order N (due
to the N summands in the kinetic term in H), whereas the interaction term in H contains
a double sum and thus the potential energy is on average of order

N(N

N1 ) (0 xoP)e) = O(nN?).  (1.19)

gn (0™ vlai — 25)®N) = gv——

1<j

Only for gy = O(N 1), neither the kinetic energy nor the potential energy is dominant in
the large N limit. On the level of the mean field equation: a different choice of gn would
imply an additional factor g (N — 1) in front of the effective potential which could cause

“We say that a function f(N) is of order g(N), or in short f(N) = O(g(N)), iff there exist two N-
independent positive constant C, D such that Cg(N) < f(N) < Dg(N) for all N larger than some No.
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the latter to be either subleading or superleading compared to —A,.

The weak coupling (Hartree) model as presented can be used, e.g., to describe bosonic atoms
for which the number of electrons is proportional to the nuclear charge [19, , 9, 12, 71],
and similarly for the description of stars where the Hartree equation is related to the so-
called Chandrasekhar Theory describing the collapse of dense stars [$8]. More importantly,
however, we think of the weak coupling assumption as a meaningful prototype model for a
more realistic (and also more involved) microscopic theory which is capable to explain the
remarkable phenomenon of Bose-Finstein condensation in a dilute gas of ultracold atoms.
Bose-Einstein condensation is the name for a low temperature phase of a dilute Bose gas in
which a macroscopic fraction of the atoms occupies a single one-body wave function. The
existence of this phase was experimentally observed for the first time in the 90s in systems
of cooled alkali atoms [, 34]. The theoretical possibility of this effect was already explained
about 70 years earlier by A. Einstein [38] (and for massless particles also by S. Bose [21]).
Such condensates exhibit many interesting properties that are known to be accurately de-
scribed by a nonlinear one-particle model which is defined by the so-called Gross-Pitaeuvskii
Hamiltonian (first introduced by Gross [03] and Pitaevskii [105]),

PEPE = — A, + W (@) +alp(@), aeR. (1.20)

Describing the Bose gas in terms of the effective Gross-Pitaevskii Hamiltonian leads to
many correct predictions about its nontrivial physical behavior. Among others, the effective
description is capable to explain the appearance of vortices in rotating condensates® (see,
e.g., [31] for the mathematical analysis and [I] for experimental evidence) as well as the
time evolution of initially trapped condensates (see, e.g., [73]). Bose-Einstein condensation
occurs in dilute gases where the atoms interact strongly but very rarely. Even though this
is very different from the physical picture behind the weak coupling limit — a dense gas
of particles with weak and long-range pair interaction—, the microscopic interaction results
in a similar nonlinear effect (formally, one obtains the Gross-Pitaevskii Hamiltonian from
the Hartree equation if one chooses v(z) = ad(x)). This analogy can be seen as our main
motivation for studying the less complicated weak coupling limit of the Bose gas. A more
detailed explanation of the connection between the weak coupling limit and the N-particle
model that describes a dilute gas of atoms and from which the effective Hamiltonian (1.20)
can be derived, is given in Appendix A.

A list of references and remarks about known results for the derivation of the Hartree
equation starting from the many-body theory in the weak coupling limit is given in Section
2.1.1 for the time-dependent case and in Section 3.1 for the stationary problem. Let us also
mention the excellent summary about recent rigorous results by Lewin in [76], from which
some of the ideas explained in this and the following subsection are motivated.

1.2.3 Next-order corrections in the weak coupling limit for bosons

The bosonic mean field ansatz provides also the correct starting point for the explanation
of collective phenomena that go beyond the mean field description. E.g., the emergence
of interesting effective energy-momentum dispersion relations like the phonon dispersion

5Note that in order to describe the appearance of vortices, one needs to include a vector potential in
the Gross-Pitaveskii Hamiltonian, i.e., one replaces —iV, — —iV, + A(z) with A : R — R? modeling the
rotational forces in the condensate.
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relation (for small momentum), or the so-called phonon-maxon-roton dispersion relation®
(see, e.g., in [122, 70]). Both effects are predicted by means of an effective description of
the Bose gas in terms of the quadratic Bogoliubov Hamiltonian,

Hpog = /Qai( — A+ (v el?) (z) — %@, (v* |s0|2)s0>)ax dx (1.21)

+ /Q /Q o(z)v(z — y)@a;ay dxdy + ;/Q/Q (go(:c)v(:c - y)cp(y)a;a;; + h.c.)d:cdy,

acting on the bosonic Fock space over L?(Q2) with the Hartree mode ¢ removed (a* and
a, denote the usual creation and annihilation operators and h.c. stands for the hermitian
conjugate). This approximation can be understood as the next-order description of the
Hartree equation and was first introduced by Bogoliubov in [22] in order to explain the
superfluid property of the Bose-Einstein condensate (which follows essentially from the so-
called Landau criterion which is satisfied for a linear dispersion relation, see, e.g., [106,
Chapter 6]). Similarly as for the mean field ansatz, it poses the question of understanding
its validity and its precise relation to the interacting many-body theory. Bogoliubov theory
will be introduced in more detail and analyzed for the time-dependent setup in Chapter 2
resp. for the stationary setting in Chapter 3.

1.2.4 Weak coupling limit for fermions

The basic idea is the same as in the bosonic case. Due to the Pauli principle, however,
fermions can not be described by a product (or approximate product) wave function and
thus fermionic particles can not be independent of each other. The simplest type of wave
functions (which is the correct generalization of the product state since it describes nonin-
teracting particles) is given by an antisymmetric product of N pairwise orthonormal one-
particle orbitals {pg}k>0, wr € L*(€2). We denote the normalized antisymmetric product
by

o) (@h)s (1.22)

I>-
AS)
|
2~
M
||':]2

where Sy denotes the symmetric group of integers {1,..., N} and (—1)? is the sign of
the permutation o € Sy. Note that the set of N orbitals has to be linearly independent
since otherwise the wave function /\fgf:1 ¢ would be identically zero. In analogy to the
bosonic case, one wants to approximate the solution to the N-body Schrodinger equation
by a “product” wave function of the form (1.22) for which the orbitals solve a set of
selfconsistent coupled nonlinear mean field equations. The most natural set of such equations
for N orbitals are given in the stationary case by the time-independent fermionic Hartree
equations,’

SA phonon energy-momentum dispersion relation is characterized by its linearity for small momentum,
i.e., the energy depends linearly on the momentum. The phonon-maxon-roton dispersion relation possesses
a local maximum in the energy momentum relation which is followed by an additional local minimum. For
reasons of illustration, we included some pictures of the excitation spectrum of the Bose gas at the end of
Appendix 3.B.

"Let us mention that another possible mean field description for fermions are the so-called Hartree-Fock
equations for which the effective potential contains an additional exchange term, namely

(9w Zv*ls&z )@kH(QNZN:(U*IM (#)r — (gn Zv*w% )¢ (1.23)

=1 =1
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N
kP = (— Ay + W (@) +gn ) (v !sol|2)(l‘))<ﬂk, er €R, e L*(Q), (1.24)
=1

for {gpk}fj:l such that <g0k, gol> = 0y, and similarly in the time-depending setting by the
time-dependent fermionic Hartree equations,

N
101k, = ( = DNp + W (2) + gn Z (v * [ore]?) (x))SOk,t, Pri—0 € L*(9), (1.25)
=1

with {¢k 0}, pairwise orthonormal (note that the orthonormality of the initial orbitals is
preserved which follows readily from 8t<g0k,t, gol’t> = 0). The fermionic Hartree and Hartree-
Fock equations (and many related variants thereof) have numerous applications in theoreti-
cal physics and theoretical chemistry. Most importantly, they are used for the computational
analysis of the electronic structure of large atoms and molecules. Moreover, they are widely
applied in many related areas as, e.g., in solid state physics, in atomic theory as well as in
nuclear physics. Since the number of references that can be easily found with regard to the
application of the fermionic Hartree(-Fock) approximation in any of the mentioned fields is
immense, we refrain from providing any reference here.

The rigorous derivation of the fermionic Hartree equations in the weak coupling limit
(i.e., for gy — 0 when N tends to oo) starting from a many-body Hamiltonian H of the
form (1.4) is well understood in two interesting regimes (see below and for more details, in
Appendix B). The choice of the correct coupling constant gy for which the kinetic energy
and the potential energy are compatible is, however, more subtle than for bosons. This
additional difficulty is a consequence of the so-called kinetic energy inequality (a variant of
the Lieb-Thirring inequality, cf. [$4, Chapter 4.2]) for antisymmetric wave functions. The
kinetic energy inequality states that for any ¥, € L2(QV) with Q C R?, the average kinetic
energy is bounded from below by

N[V, |2 > CylQ N a, ¢y > 0. (1.26)

As an example, think of N particles confined to a region Q C R? with |2| = 1. In this case,
the kinetic energy of any antisymmetric N-body wave function is necessarily of order N%/3
or larger which is much more compared to N bosons having kinetic energy oc N. In order
to guarantee that many fermions have compatible energies, one has to choose the coupling
strength gy and also the volume to which the fermions are confined to very carefully. In
Appendix B, we give a brief presentation of two different limits for which the kinetic and
potential terms scale in the same way and for which the rigorous derivation of the fermionic
Hartree equations is well understood. Both models were originally introduced by Narnhofer
and Sewell [97] and have been subject also to more recent analysis, e.g., [39, 18, 51] as well
as [101, 11, 100].8

e The so-called semiclassical limit for which the particles are confined to a volume of
order one and gy = N~'. Here, one has to replace —Ag, — N_2/3Axi and 0; —

in (1.24) resp. in (1.25). To our knowledge, however, in the microscopic regimes for which the Hartree-Fock
equations have been derived so far, the exchange term turned out to be only a subleading correction to
the leading order Hartree description (one may think of this as an interesting open problem, i.e., to find
a meaningful limit for which the exchange term in the Hartree-Fock equations is of leading order in the
approximation).

8Note that the derivation of the fermionic Hartree equations is not further investigated in this thesis.
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N=1/39; (for the time-dependent case) in the microscopic Schrédinger equation as
well as in the Hartree equations. This regime corresponds to a semiclassical limit (one
can think of the additional prefactors as a small Planck constant h = Ay oc N=/ 3,
and at leading order, the system can be also approximated by the Vlasov equation
(the mean field description of N weakly interacting classical particles). The fermionic
Hartree equations provide a subleading correction to the classical approximation. We
explain some more details in Appendix B.1.

e Fermions that occupy a region Q C R3 of large volume |Q| o« N and that interact
through a Coulomb potential v(x) o< |z|~! (here, the average density is of order
one and the mean field effect is due to the very long range of the interaction). The
coupling constant has to be chosen as gy = N~2/3 such that the kinetic energy and the
potential energy are compatible, both being proportional to the number of particles
N. Even though the potential energy is as large as the kinetic energy, the particles
behave approximately freely in this limit because the average forces are of subleading
order. The fermionic Hartree equations provide a subleading correction to the free
time evolution. For more details, we refer to Appendix B.2.

1.2.5 High density limit for fermions

Another interesting consequence of the antisymmetry of the wave function is the so-called
Fermi pressure. The Fermi pressure can be interpreted as a force between the particles which
is present even for noninteracting fermions and which becomes very strong in a dense Fermi
gas. That it may drastically change the statistical properties of the particles can be easily
seen already from a very simple example. Think of a one-dimensional unit box with periodic
boundary conditions and noninteracting particles in their lowest possible energy state. We
ask for the probability for finding the particles on the left side respectively the right side
of the middle of the box. For a single particle in the box, the correct wave function is the
constant function (a plane wave with zero momentum) and there is no difference between
a boson and a fermion. The probability to find the particle on the left or the right side is
one half for the boson as well as for the fermion. Putting two identical particles inside the
box there is already a significant difference. The bosonic two-particle state is the product
of two constant functions which immediately leads to

Py, (both on the left) = Py, (both on the right) = 1/4, (1.27)
Py, (one on the left, one on the right) = 1/2. (1.28)

For fermions, the two-particle ground state is more complicated. Due to the antisymmetry,
the particles can not be both described by the constant wave function. The wave function
corresponding to the lowest energy is given by the antisymmetric product of the constant
function and the plane wave with momentum equal to 2, i.e.,

1 /. A
Vol 02) = 5 (ezml - eﬂm). (1.29)

The corresponding probabilities are given by

Py, (both on the left) = Py, (both on the right) = 1/4 — 1/27?%, (1.30)
Py, (one on the left, one on the right) = 1/2 4 1 /72, (1.31)
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where we have used that
b d
Py (particle one in [a, b], particle two in [c,d]) = / dxl/ dao|U (21, 22)|?. (1.32)

The probability of finding both fermions on one side of the box is suppressed compared to
the bosonic case and it seems that fermions tend to repel each other. If we proceeded with
the indicated example, we would see that the strength of this repulsion becomes stronger
when the number of fermions that are concentrated in a given volume increases. It is this
effect that causes dense fermion systems to be distributed much more rigidly compared
to bosons. In Appendix 4.A, we give an illustrative example of how strong this repulsive
effect can become for large densities. For an ideal Fermi gas with average density tending
to infinity, we show that a large extent of the particles behaves almost like a rigid body and
that there remain only relatively few particles that deviate from to the average distribution.
Density fluctuations are thus strongly suppressed in a dense Fermi gas compared to a Bose
gas where the fluctuations behave at best according to the square root of N law of i.i.d.
particles (what happens is exactly the same as indicated in (1.30), namely that additional
contributions due to the antisymmetry of the wave function diminish the probability for
particles randomly building clusters).

In Chapter 4 we present a model of a tracer particle coupled to the ideal Fermi gas in
the high density limit. In this model, the mean field description (modified by a compara-
tively small next-order correction to the mean field energy of the system) provides a good
approximation even for a “strong” coupling constant g = 1. Since the mean field potential
(and also the next-order energy correction) is spatially constant, the time evolution of the
system is effectively free. In plasma physics, such a behavior is known for degenerate elec-
tron gases which for large density lose their ability of stopping ions that move through the
electron gas (see, e.g., [33] and for more references, Section 4.1.2). This is very different
from the motion of a tracer particle through a dense homogeneous Bose gas in which the
free time evolution (the mean field description) would be disturbed already after a very
short time ¢ = ¢(p) which approaches zero when the density p increases. The reason for this
different behavior are the strong fluctuations in the Bose gas for coupling constant g = 1.

1.3 Outline and summary

In the remainder of this work, we analyze the weakly interacting Bose gas (in the station-
ary and also in the time-dependent setting) as well as the dynamics of a tracer particle
“strongly” interacting through a pair potential with an ideal Fermi gas in the high density
limit. The different chapters are self-contained and can be read independently of each other.
Here, we provide a short summary of our main results.

Chapter 2: Time evolution of the Bose gas

We study the Bogoliubov corrections and the trace norm convergence for the Hartree dy-
namics. The microscopic model is defined by a Hamiltonian Hy of the form (1.4) with
gy = (N —1)7! and v, e.g., the Coulomb potential. Hatree theory states that the many-
body solution is approximately given by a product wave function ¥y ; ~ gp?N (under
the assumption that the initial state has the same product structure) where ¢; solves the
nonlinear Hartree equation (1.14). The meaning of approximation is here in the sense of
reduced densities like for instance in (1.18). We first show convergence of an auxiliary time
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evolution to the fully interacting dynamics in the norm of the N-particle space. To this
end we introduce an effective N-particle Hamiltonian f[}f\, Denoting the projector onto the
one-dimensional subspace spanned by ¢:(z;) as pt = |pi(x;)){¢(z;)| and its orthogonal
complement as ¢/ = 1 — p!, one obtains fffv from the original Hamiltonian Hy,

N
Hy = ; ( — A, + We"t(mi))
1

+N—1

> @+ a0+ gl — 2) () + g (05 +qb),  (1.33)
1<i<j<N

by neglecting all terms that contain three or more ¢'-projectors. For particular initial con-
ditions (summarized in Assumption 2.2), we prove that the true dynamics is well approxi-
mated by the effective time evolution, i.e.,

_ C(1+1)?
L2(R3N) — \/N ’

where 7T is the time-ordering operator, i.e., {Te™ Jo Hicds }er stands for the unitary group
generated by H. The notion of closeness is here much stronger compared to reduced den-
sities. From (1.34), we derive further results. On the one hand, we show for the reduced
one-particle density that

H (efiHNt _ Tefifg ﬁi,ds)glj\f’t:o‘ (134)

C(1+t)?
1 1 e
TY‘%(I;L,t - végN‘ SN (1.35)
where N1 is the optimal convergence rate, as well as
TrvVI— A AW VI—A| < eCtH? 1.36
r‘ - (’Y\I/N7t - fy(p?N) - ) = \/N . ( . )

For both estimates, it is relevant to have information about the next-order corrections from
(1.34). On the other hand, we show that the fluctuations around the Hartree product in W,
are correctly described by a Bogoliuvov Hamiltonian on Fock space. The main results are
stated in Theorems 2.6, 2.7 and 2.9.

Our results in Chapter 2 extend and quantify several previous results regarding the deriva-
tion of Hartree and Bogoliubov theory starting from the N-particle Bose gas. A summary of
known results together with a list of references is given in Sections 2.1.1 and 2.1.2. We pro-
vide the physically important convergence rates, we include time-dependent external fields
and also treat singular interactions like Coulomb. Moreover, our results allow more general
initial states compared to previous results, e.g., those that are expected to be ground states
of interacting systems. The techniques that we employ in this chapter consist to a large
extent of a generalization of the method that was introduced by Pickl in [103]. In Section
2.2.4 we use also ideas from Lewin et al. [30].

Chapter 3: Low energy properties of the Bose gas

We analyze the properties of eigenfunctions and eigenvalues of the homogeneous weakly-
interacting Bose gas on the unit torus. The Hamiltonian has the same form as in (1.4).
However, we set the external potential equal to zero and the pair potential has to sat-
isfy further assumptions. In particular it is required to be of positive type, i.e., 0 > 0.



14 1. Introduction

Hartree theory describes the leading order contributions of eigenfunctions as well as eigen-
values. E.g., all energy eigenvalues E}; close to the ground state energy of Hy satisfiy
limy o0 (EN/N — en) = 0 where ey = 0(0)/2 is the lowest possible Hartree energy. This
can be shown to imply that the corresponding eigenfunctions U™ are to leading order de-
scribed by the Hartree product, namely, im0 Y50 = |on){¢n|, where @y is the ground
state solution to the stationary Hartree equation. In our main theorem of this chapter, we
prove that for any low energy eigenfunction ¥, of the Hamiltonian Hy, the probability for
finding [ particles not in the Hartree state is exponentially small in the number [, i.e.,

Pyn (I particles not in the Hartree state) < Ce Pl (1.37)

with positive (/N-independent) constants C, D. From this bound, we then derive certain
quasifree type properties of the ground state \IIS)V of the microscopic system which were
so far only known for the corresponding Bogoliubov ground state. Such quasifree type
properties are important for the analysis of the time-dependent Schrodinger equation (cf.
Chapter 2) as they appear exactly as the required assumptions on the initial wave functions.
We also use the exponential decay in order to provide an alternative strategy for proving
the validity of Bogoliubov theory for the low energy spectrum of Hpy (the original proof
was given by Seiringer in [116] and then extended into various directions by Grech and
Seiringer [60], by Lewin et al. [31] and by Dereziniski and Napiérkowski [37]). Bogoliubov
theory states that the low energy excitations of the N-particle system are given by the set
of numbers,

{ zjj Vkild + 20(k;) k]2 : ks € 2020\{0}, ] € N}, (1.38)
i=1

which can be interpreted as excitation energies of noninteracting quasiparticles that obey
an effective energy momentum dispersion relation e(k) = \/|k[* + 20(k)|k[2. We formulate
our main results in Theorem 3.1, Corollary 3.6 and Theorem 3.7.

Chapter 4: Free dynamics of a particle coupled to a dense Fermi gas

The motion of a tracer particle in a dense homogeneous Fermi gas is considered. Here, the
problem is simplified by coupling only one particle to a gas of noninteracting fermions.
On the other hand, the problem is made harder by considering a thermodynamic limit,
without scaling of the interaction parameter. Differently stated, we analyze the model in a
regime of “strong” coupling (g = 1) where the interaction strength does not become weaker
with increase of the density. Due to the antisymmetry of the wave function, however, the
interaction of the gas with the tracer particle turns out to be effectively weak, which is in
strong contrast to a bosonic or classical gas. The motivation of this model comes from the
phenomenon, known in plasma physics, that the ability of a degenerate electron gas to stop
ions is decreasing with increasing gas density. This is the opposite of the expectation from
classical physics, and also from bosonic systems. There, the higher the density of the gas,
the more collisions the ion undergoes and thus the more it is disturbed in its motion. In
fermionic systems, it is the Pauli principle or the Fermi pressure that changes the situation
drastically by limiting the number of possible interactions and their effective strength. The
motion of a tracer particle in a homogeneous ideal electron gas is described by a Hamiltonian

N N
Hyi1 = _Ay - Z Aaci + ZU(:CZ - y), (1'39)
=1 =1
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where x1, ..., zy denote the gas variables and y the tracer particle variable. As initial state
we assume a wave function ¢ ® Q where ¢ € L2([0, L]?) and Q € L2([0, L]%") is the ground
state of the free Fermi gas in the box [0, L]d with periodic boundary conditions. We prove
that for d = 2 (in Appendix 4.C, we derive a similar statement also for d = 1) and for a
certain class of compactly supported potentials v(z),

Njw

< w, (1.40)

. —iHpy 1t _—iHRE ¢
A He (p@ o) — TV (9 & Do) L2(O.LI42N) T pE

N—o00
0=N/L2=const

where € > 0 is a sufficiently small number and C. denotes an e-dependent positive constant.
The effective Hamiltonian given by Hy". | = —A, — Zf\il Az, + 00(0) — Ey is equivalent
to the generator of the free dynamics. Here,

N

00(0) = Z <QO) v(w; — y)QO>L2([O,L]2N) (1.41)
i=1

is the spatially constant mean field potential felt by the tracer particle due to the gas par-
ticles and F,. > 0 is a next-order energy correction which comes from so-called immediate
recollisions diagrams. Eq. (1.40) states that for large densities, the tracer particle moves ef-
fectively freely through the electron gas on the relevant time scale. The result is noteworthy
because it provides an explicit example which shows that the mean field approximation is
valid for fermions far beyond a weak coupling limit ¢ — 0 (note that the inclusion of the
next-order correction in the energy is important for the derivation of the stated result; nev-
ertheless, the energy correction does not change the physical behavior since it only provides
a constant phase factor). The proven statement can also be interpreted as a derivation of a
long-lived resonance of the initial momentum distribution of the tracer particle. We state
our exact result in Theorem 4.1.






Chapter 2

Time evolution of the Bose gas

This chapter is organized as follows. In Section 2.1 we introduce the model and explain
the Hartree and Bogoliubov ansatz for the description of the weakly interacting Bose gas
including a short summary of existing results. Section 2.2 contains our main theorems re-
garding the derivation of the Hartree and Bogoliubov approximation. All proofs are deferred
to Section 2.3.!

2.1 Introduction

A system of N spinless bosons in nonrelativistic quantum mechanics is described by a wave
function ¥y € Hy with

HN = Lg(RgN;dxl,...,d$N), (21)

the subspace of square integrable functions that are symmetric under permutations of the
variables z1,...,zy € R3 (we only consider three dimensions here but the analysis is the
same for any dimension). We always assume that ¥ is normalized, i.e., |¥ x| = 1, such that
|U N (21, ..., z5)|? can be interpreted as the probability density of finding the particles at po-
sitions x1, ..., znx. The time evolution of the wave function is governed by the nonrelativistic
many-body Schrédinger equation

10 WNy = H\ Uy, (2.2)

where the Hamiltonian operator HY, is of the form

N
H}V:Zh;ﬂ—)\]\/ Z v(z; —xj). (2.3)

i=1 1<i<j<N

Here, hl = —A; + W/ denotes a one-particle operator, A; is the Laplacian describing the
kinetic energy of the i-th particle and W} = W'(z;) a possibly time-dependent external
potential. The interaction between the gas particles is described by a real-valued function
v = v(x), e.g., the Coulomb potential v(x) = 1/|z|. The coupling constant in front of the
interaction will be chosen as Ay = 1/(N — 1) which ensures that the average interaction

!Note: The content of the present chapter is a revised version of the work presented in [92]; the main
results being the same as in [92]. While the three authors (Soren Petrat, Peter Pickl and the author of this
thesis) contributed equally to obtain the results of this work, its presentation is due to the author of the
thesis.

17
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energy is of the same order as the average kinetic energy, namely of order N. In this
situation, a nontrivial behavior of the many-body system can be expected for large particle
number N.?

Our goal in this chapter is to investigate the large /N limit of solutions to the Schrodinger
equation and, in particular, the corrections to the leading-order mean field component of
such solutions.

The physical setting we have in mind is that the gas is initially trapped in a confining
potential W9 and cooled down, such that Wy, is close to the ground state of HR[. By
removing or changing the external field W', the ground state of HY is in general not
an eigenfunction of HY for ¢ > 0 anymore, so the time evolution is nontrivial. To our
understanding, this is the picture behind the experiments of ultracold gases exhibiting the
phenomenon of Bose-Einstein condensation, see, e.g., [20] and references therein.?

2.1.1 The Hartree equation

It has been established in many different settings that Hartree theory emerges as the macro-
scopic description of the low temperature many-body Bose gas in the mean field regime,
i.e., for N — oo, NAy — 1. Hartree theory is defined by the one-body Hamiltonian

e =ht vox|p? —p?,  ¢e L*R3), (2.4)

where * denotes the convolution of functions on R?, and the phase factor u% = % [ dx (v
l|?) ()| (x)|? is chosen for later convenience. In order to understand the relation between
the microscopic model defined by (2.3) and Hartree theory, think of a completely factorized
N-particle wave function Uy = ¢®V for which the potential term in Hy corresponds
to a sum of identically and independently distributed random variables with probability
density |¢|?. Tt follows from the law of large numbers that the potential felt by, e.g., the
first particle, at position z is given by the average value (v * |p|?)(z); cf. (1.12). The N-
particle Hamiltonian Hpy is hence expected to act as a sum of N one-body Hamiltonians
each given by (2.4). In more precise terms, the Hartree Hamiltonian governs the leading
order dynamics of a wave function which is initially close to a condensate (,D?N , €.g., in the
sense of

. 1 . 1
Jim T ’y‘(I’sz,o —lo){pol| =0 = lim Tr %(m)v,t = [pe) (el | =0, (2.5)

where Tr denotes the trace, and the one-particle state ¢; solves the nonlinear time-dependent
Hartree equation

i@tgot = ht’(ptg()t (26)

with initial condition ¢g. The operator 7\(1,112] . L*(R?) — L?(R?) is the one-body reduced

density matrix of ¥y € L2(R3V), defined by its kernel

’Y\(I}]z,(x?y) _/\I,N($7x27'“7$N)\IIN(y7x27"'7$N)dx2"'dwN7

2This is not necessarily true for fermionic many-body systems. As we will see in Chapter 4, an interesting
mean field type behavior can emerge even when the potential and the kinetic energy do not scale in the
same way with the relevant parameter which tends to co.

3Note, however, that for actual experiments the Gross-Pitaevskii limit is more relevant, which is more
involved than the mean field limit we are considering in the present work. A brief discussion of the Gross-
Pitaevskii limit and its relation to the weak coupling regime can be found in Appendix A.
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and |¢;) (4| is the one-body reduced density w.r.t. to the state oV € L2(R3*Y). Implica-
tions like (2.5) are referred to as propagation of chaos or persistence of condensation, and
have been proven in different and very general settings. Without claim for completeness,
let us mention the following results.

e The first rigorous result was derived by Spohn [I21] for bounded pair potentials
v approaching the question in terms of the Bogoliubov-Born-Green-Kirkwood-Yvon
(BBGKY) hierarchy, a set of coupled equations for the k-particle marginals of W;.

e The same method was then used to derive bosonic mean field equations for singular
(Coulomb like) potentials in [14, 48] and for semirelativistic systems in [11].

e In [2, 10, 3, 45, 46, 47], Spohn’s approach was applied to the Gross-Pitaevskii regime,
i.e., for pair potential v(z) replaced by vy(x) = N3v(Nz), for which the Gross-
Pitaevskii equation was derived in the large N-limit.

Note that the approach using the BBGKY hierarchy is based on an abstract com-
pactness argument and therefore no explicit error bounds are obtained. The speed of
convergence in (2.5) is thus not known (this is different in the original work by Spohn
where a Duhamel expansion was used in order to obtain an explicit error bound; the
requirement that the Duhamel expansion converges, however, restricts the validity of
the derivation to short times).

e A different approach, the so-called Hepp method or coherent state approach, goes back
to the works by Hepp [66] and also by Ginibre and Velo [56, 57] about the classical
limit of bosonic systems. This method makes use of a Fock space representation of
the many-body Bose gas. The use of Fock space allows one to analyze coherent states
(with nonfixed particle number) which, in turn, facilitates the separation of the mean
field component from the microscopic time evolution and allows one to control the
fluctuations around the Hartree equation.

e The coherent state approach has inspired many works about the derivation of the
Hartree equation, among others the work by Rodnianski and Schlein [115] who first
derived the Hartree equation with explicit convergence rate,

Ct

&
Tr prl])v,t — o) (]| < Nk (2.7)

holding for factorized initial data and interaction potentials v? < C(1 — A).

e Analogous techniques were used in order to improve the error term to N~! (for initially
factorized data) in [29] for the same class of potentials v2 < C'(1 —A) and also in [30]
for potentials v € L3(R3) + L>®(R3).

e The coherent state approach turned out to be fruitful also for a quantitative derivation
of the Gross-Pitaevskii equation by Benedikter et al. in [16].

e Starting from initially factorized data, the optimal convergence rate N~! in the
Hartree limit was moreover obtained in [14] for bounded potentials and in [75] for
the semirelativistic case (i.e., for —A replaced by v/1 — A) of gravitating particles.
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e In [55], Frohlich et al. explain that the mean field limit can be understood as an
Ergodov type statement meaning that the time evolution of observables commutes
with the Wick quantization up to an error that vanishes in the mean field limit.
They prove the accuracy of the time-dependent mean field equation for the Coulomb
potential.

e Another recent approach (providing explicit error terms) was introduced by Pickl [103]
where the Hartree equation is derived through an ad hoc counting of the number of
particles leaving the condensate at a given time. This new technique was applied, e.g.,
in [72] to derive the Hartree equation for very singular potentials including the critical
case v(z) = |z|72 and in [104] for deriving the Gross-Pitaevskii equation with time-
dependent external potentials. As one of our main lemmas (cf. Lemma 2.3) is based
on a generalization of the method introduced by Pickl, we give a short exposition of
its basic ideas below the mentioned lemma.

e In [5, 6] the propagation of Wigner measures was studied in the mean field limit.
This idea was used in [1] for deriving the Hartree equation with optimal rate N~ for
bounded potentials.

The question whether it is reasonable to assume that the initial condition is factorized in
the first place is answered by Hartree theory as well. Indeed, under suitable conditions,
the ground state of a weakly interacting Bose gas exhibits Bose-Einstein condensation: The
wave function \119\, corresponding to the lowest eigenvalue of a Hamiltonian of the form
(2.3) factorizes into an N-fold product of a single one-particle wave function g which is
determined by minimizing the nonlinear Hartree functional

Enoelp) = {0, h0%0) s o € H'(R), [lell = 1. (2.8)

The condensation property holds again in the reduced sense (here we assume that a unique
minimizer exists), i.e.,

lim Tr|38) — o) (ol | = 0. (29)
N—o00 N

It further holds for a comparison of the energies, i.e., EY = Nepy + o(IN) where E?V denotes
the infimum of the spectrum o(HY,) and ey the infimum of (2.8) (the symbol o(Ay) stands
for terms with o(Ayx)/Any — 0 for N — 00). The rigorous analysis of this question goes
back to [19, 88]. For recent results and an extensive list of references, we refer to [77]. For
the special case of a homogeneous Bose gas in the box, we study the stationary problem
in Chapter 3. For this case, it is shown in Appendix 3.A that energies close to the ground
state energy are given at leading order by Ney; the corresponding next-order contribution
o(N) is analyzed in detail in Section 3.2.3.

2.1.2 Different notions of distance

The notion of distance in (2.5) and (2.9) is equivalent to convergence of bounded k-particle
operators with norm of order one (for fixed £ when N tends to 0o). This, in turn, is strong
enough to imply a law of large numbers type result for such observables. E.g., in the case
k =1 and a one-particle operator A (A4; acting on the ith particle), it implies that for all
6 >0,

N
- 1
Jim Py, (‘N ;Ai _ <¢t,A¢t>) > 5) —0. (2.10)
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In order to control unbounded observables like energy or momentum, a stronger statement
than (2.5) is needed. A suitable generalization is given by

i Tr‘\/7<’y\1,m !got><g0t>\/1—7’—0 (2.11)

i.e., convergence in the so-called energy trace norm. Questions in this direction have been
studied in [91, 89] and more recently in [7].

Yet another natural notion of distance, much stronger compared to convergence in terms
of reduced densities, is the L?-norm on the full N-particle space L?(R3"). In the interacting
case, i.e., for v # 0, the ground state is not close to a product of one-particle wave functions,
and neither does the initial product structure survive the dynamics in the L? sense. If only
a single particle is not in the correct condensate wave function, there is no closeness in L?-
norm. On the other hand, condensation is a macroscopic phenomenon, i.e., it still holds, even
if a few out of a very large number IV of particles are not in the condensate. The property of
condensation, and persistence of condensation, is therefore correctly understood in terms of
reduced densities, e.g., in the sense explained in (2.5) or (2.11). An approximation in terms
of the L?-distance of ¥ ~,¢ or the ground state \IJ(])V is nevertheless very interesting. A large
N approximation in L?(R3%) is for instance closely connected to the analysis of low energy
excitations which play a crucial role in the explanation of superfluidity and other collective
phenomena of Bose-Einstein condensates. Such an approximation can be understood as the
next-to-leading order correction to Hartree theory; it is generally known under the name of
Bogoliubov theory [22].

Such a norm approximation in terms of Bogoliubov theory was rigorously derived by Lewin
et. al. in [30] (and similarly for the NLS equation* by Nam and Napiérkowski [05, 96]). Their
main result is a full characterization of fluctuations in ¥y ; around the Hartree product
PN Tt was shown that

N
i o= 32 (60 o), -

|
o

(2.12)

where ®, stands for the normalized symmetric tensor product, cf. (2.47), and the correlation
(k)) (k)

functions (x} k>0, Xy € L2(R3%), solve a Schrodinger equation on the bosonic Fock space
of excitations with an N-independent, quadratic Hamiltonian.

2.1.3 Objective of this chapter

Our goal in this chapter is to contribute to the understanding of (2.5), (2.11) and (2.12).
Besides that, we introduce a first quantized version of Bogoliubov theory.

Our strategy is to first show norm convergence of ¥y ; towards the solution ] N, of a
Schrédinger equation with a simpler Hamiltonian H ~,¢+ wWhich is quadratic in a sense that
we explain below. If we denote by p! = |¢¢(;)){p:(z;)| the orthogonal projector in the
variable x; onto the condensate state ¢; and by qf =1- pf, then the Hamiltonian IA{T}V is

“The NLS or nonlinear Schrédinger limit is defined by Hy as in (2.3) but with the function v replaced by
an N-dependent pair potential vy (z) = N*?v(NPz) for 8 € [0,1] and v € Co(R?). For 8 = 0, one recovers
the Hartree limit for bounded potentials, whereas for 8 = 1, it coincides with the Gross-Pitaevskii limit (cf.
Appendix A). For 8 € (0,1), the NLS limit defines a model between the Hartree and the Gross-Pitaevskii
regime for which the limiting equation is given by the Hartree equation with v replaced by |[v|16(z).
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obtained from the original Hamiltonian (2.3),
N
il = S hte
i=1

v > B )@+ a) (v — v e lerlE = v Ll + 200) (0 + a0+ ), (213)
1<i<j<N

by discarding all terms that contain three or four ¢'’s. For wave functions that are, in a
suitable sense, sufficiently close to the Hartree product, the Hamiltonian HY will be related
to the usual Bogoliubov Hamiltonian on Fock space (see (2.51)) by a unitary transformation.
After showing in Theorem 2.6 that

[Ons — Pnllaey < exp (C(+8)}) N2 (2.14)
where ¥ N, solves the Schrodinger equation with Hamiltonian ﬁf\,, we derive

1. in Theorem 2.7 that 7\(1112, , converges to |¢) (¢ in trace norm with optimal rate 1/N,

as well as in energy trace norm with rate 1/v N,

2. in Theorem 2.9 the approximation of ¥y ; in terms of correlation functions (X(tk)) k>0
in the sense of (2.12), with expected optimal rate.

Both points provide extensions of known results. Convergence in trace norm with rate 1/N
was shown in [14, 29, 30, 75] for initial wave functions that are completely factorized, and in
[1] for more general initial conditions but only for bounded pair potential v. It is interesting
to note that for our proof, the Hartree approximation is not sufficient to derive (2.5) with
optimal rate (this is in agreement with previous results for unbounded v). Instead, one
also needs information about higher-order corrections to the Hartree approximation. In [7],
convergence in terms of the energy trace norm was derived by means of an abstract argu-
ment, without explicit error. The characterization of ¥y ; in terms of correlation functions
(X(tk))kzo was first studied in [30]. Here, we derive the optimal error of this approximation
which was not included in the analysis of [30, cf. Remark 3].

From the technical point of view, our approach consists of a generalization of the method
that was used by Pickl resp. Knowles and Pickl to derive the Hartree equation in [103, 72].
We expect this approach to turn out stable and versatile and therefore also useful in order
to derive similar results for more complicated situations, in particular for the NLS and
Gross-Pitaevskii limit.

Next-to-leading order corrections in Wy ; have been studied in [95, 96] for the NLS
1

equation with 0 < 8 < 5. Let us note that there are also very strong results about the
L?-approximation for states on Fock space, derived by means of the coherent state method
that goes back to Hepp [66]. These results cover the weakly interacting case [62] as well as
the NLS limit for all § < 1 [21] (a detailed list of references can be found in [95, Section
1.2]). The initial states are here coherent states in Fock space, or slight generalizations
thereof. These results also give convergence in L?-norm for initial N-particle states, with
a weakened rate of convergence. It is unclear whether the results also imply convergence
of initial N-particle ground states, like we consider in this work, or that were considered
in [0, 95, 96]. For a detailed comparison of the two different approaches, we refer to [30,

Section 3.
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2.1.4 Notation

e | - | denotes the standard norm on C¢ for arbitrary dimension d.

e For k € {0,1,..., N} we denote the Hilbert space of square integrable wave functions
by Hy, := L2(R3;dxy, ...,dz)). The scalar product on Hy, is denoted by (-,-)3;, and
the norm by || |3, . We usually omit the subscript Hy, since it is clear from the context
which space is meant.

e By H” (k = 1,2) we denote the symmetric (first resp. second) Sobolev space, i.e., the

set of wave functions ¢ € L7 for which the Sobolev norm [|¢|| g = [|(1 + | - \2)§@Z||L2
is finite, where ¢» € L? denotes the Fourier transform of 1.

e For any linear operator A : L2(R") — L?(R"™) we define the operator norm by

[Allop = sup. A9 ]]. (2.15)

e The letters C' and D are used to denote positive constants with numerical values that
may change from one line to the other. We emphasize that all constants denoted by
C and D are independent of the relevant parameters N and ¢.

2.2 Main results

We consider Hamiltonians HY; of the form (2.3) with external potential W’ : R3 — R and
pair interaction v : R® — R satisfying

Assumptions A.1. (The model)

1. The mapping t — W is C1(R, L>(R3)),

2. v(r) = v(—z) and v? < C(1 — A) for some C > 0.

Note that due to Hardy’s inequality, |-|~2 < 4(—A), this includes the physically important
Coulomb interaction v(z) = |z|~1.

Next we summarize known results about well-posedness of the many-body Schrédinger and
the Hartree equation.

Well-posedness of the N-body time evolution. It follows from the standard Kato-
Rellich argument that under Assumptions A.1, the Hamiltonian HY is self-adjoint on
H2(R?N). In particular, Hy = HY — Zf\i L W(z;) ¥y is time-independent and self-adjoint
and thus generates the unitary time evolution e “*~*, Due to A.1.1. we have that the map-
ping ¢t — Zf\il W(z;)¥y is Lipschitz continuous for any Wy € Hy. According to [61,
Theorem 2.5], this is sufficient for HY to generate a unitary time evolution in the follow-
ing sense: For any T > 0 there exists a unique two-parameter family of unitary operators
Un(t,s) : Hy — Hp, satisfying the following properties:

(a) Un(t,s)H2(R3N) c H2(R3N) for all s,t € [0,T], and the map (0,T) > t = Un(t,s)¥y
is continuously differentiable for any s € [0,7] and ¥ € HZ(R3Y), with

10 (UN(tv S)\IIN) - H}t\f (UN(t7 S)WN)7
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(b) Un(t,t) =1 and Un(t,7)Un(r,s) = Un(t,s) for all r,s,t € [0,T],
(c) (t,s)— Un(t,s)¥y is strongly continuous on [0,7] x [0, T].

Well-posedness of the Hartree time evolution. Given Assumptions A.1l, it follows,
e.g., by adapting the techniques used in [28] to our setting, that for every wave function
o € H'(R3), the Hartree equation (2.6) admits a unique global solution ¢; € H'(R?) for
all t > 0. It is also well-known that mass and energy of the Hartree solution are conserved
quantities — modulo the change of the time-dependent external potential —, i.e., for any
t > 0, we have

{pt,0t) — (@0, 0) =0, (2.16)

t
{p1, ¥ty — (o, K0 pg) = /O {ps, (0sW*®) s )ds. (2.17)

Moreover, one finds the following bounds for the H'- and the H?-norm, respectively,

leelizn = IVeel® + lleel® < (1 + 1), (2.18)
leellZre = Al + [IVeell? + [liel|* < D+, (2.19)
where C' = C(||¢ollf1) and D = D(]|pol|z72) are time-independent positive constants with
D < oo for g € H%(R3). In the latter case, (2.19) guarantees that ¢; € H?(R?) for all later
times. The H'-bound is a direct consequence of (2.17), and for details about the derivation
of the H2-bound we refer to [28, Section 3]. Let us also remark that for time-independent

external potential W' = W, one obtains the above estimates with the factor (1+t) replaced
by one.

Invoking the assumed bound on the pair potential v, together with (2.18), one readily finds
that

lv % e lloo < CVI+1, [v? * [ Plloe < C(1+1), (2.20)

for some time-independent constant C' = C(||¢ol g1)-

We now define some operators we will use throughout this chapter. Let ¢; denote the
solution to the Hartree equation for given initial condition pg € H(R3) with ||| = 1.

Definition 2.1. For any 1 < i < N, we define the time-dependent projectors
Pl HN = Hy, piUN(T1, . TN) = %(%)/%(%)‘I’N@h s TN )T, (2.21)

and ¢/ = 1—p!. At some points we use the more convenient braket notation, i.e., p* = ;) (]
(when acting on the one-particle space) respectively pt = |o¢) (pili = [pi(@i)) (pe(xi)| (when
acting on the many-particle space).

Note that p' and ¢ satisfy Heisenberg type equations of motion, namely,

i0p' = [ht’“"t,pt], i0,q" = [ht’%,qt]. (2.22)
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Definition 2.2. For every ¢t > 0 we define an N-particle auxiliary Hamiltonian by
N N
HY = Z hoPt b AN Z [(pfqﬁ-vijqu; —i—pfp;vijqfq;) + h.c.}7 (2.23)
i=1 1<i<j<N

with v;; = v(z; — 2;), Ay = (N — 1)71, and where h.c. stands for the Hermitian conjugate
of the preceding expression.

Well-posedness of the auxiliary time evolution. Using (2.20), together with
oI5, < 19'0°P llop = 1D llop(pe, v?02), (2.24)

it follows that the time-dependent part in (2.23) is bounded and hence, fIfV defines a self-
adjoint operator on HZ(R3V). Furthermore, one shows with (2.22) and (2.24) that for any
T > 0, the mapping (0,7) 3 t — (fffv + ZZ]\LI A;)¥ N is Lipschitz continuous for any
Uy € H2(R3N). We can thus use again [61, Theorem 2.5] implying that for any interval
[0, T, there exists a unique group of unitary operators U ~N(t,s): Hy — Hp, such that

(a) Un(t,s)H2(R?*N) ¢ H2(R3N) for all s, ¢ € [0, 7], and the map (0,T) 3 t — Un(t,s) ¥y
is continuously differentiable for any s € [0, 7] and ¥ € HZ(R3V), with

0 (Un(t,5)¥n) = Hy (Un(t,s)Tn),
(b) ﬁN(t,t) =1 and ﬁN(t,T)ﬁN(r, s) = I?N(t,s) for all r,s,t € [0, T,

(c) (t,s)— Un(t,s) is strongly continuous on [0,7] x [0,T].

From a straightforward computation, which we postpone to Appendix 2.A, it follows that

7 1 3q,t 4q,t
1<i<j<N
with
”é?’q’t) — U](-?‘Lt) = qiq; (Uij — 0 — U} + 2ut> (ip} + pid}) +hec,, (2.26)
e (vij — v — v + 2ut) dlq, (2.27)

and ! = (v * |g0t|2)(a:i) and p' = %f (v * \gotP)(:c)|<pt(x)]2dx.

Remark 2.1. Note that there are no terms on the r.h.s. in (2.25) that are linear in pt. The
operator ITIfV contains only quadratic terms while the remainders are cubic or quartic. The
reason for the linear terms to not appear is the correct choice of the phase factor uf in the
Hartree Hamiltonian.

2.2.1 Norm convergence of Vy; towards @N,t

The key ingredients for our first main result are Lemmas 2.3 and 2.4.



26 2. Time evolution of the Bose gas

Lemma 2.3. Let ¢; be the unique solution of the Hartree equation (2.6) with initial
condition oo € H'(R?), |lpoll = 1, and let Y € Hy, |¥n| = 1. Then, for DNy €
{Un(t,0)¥y, ﬁN(t,O)\IJN} with t > 0, and any fized integer n < N, there exists a positive
constant C,, such that

n

<(I)N,ta (H q;-)(I)N,t> < cC+)32 Z Ni’il <\IIN, (H q?) \IIN>. (2.28)
J=1 j=1

=0

The quantity <\IJN¢, ¢ \IIN¢> = apn(t) for Ut = Un(t,0)¥ N counts the average relative
number of particles outside the condensate in Wy ;. In [103, 72], it was shown by Pickl resp.
Knowles and Pickl that for appropriate initial conditions ay(t) < e“*N~!. This was in turn

used to prove fy\(I,lj)V . = 1) (| by means of the relation

an(t) < T}, = leo (| < vBan(®), (2:29)

which was derived, e.g., in [72, Lemma 2.3|. Since the strategy for proving Lemma 2.3 is the
same as in the derivation of the bound for ay(t), let us explain it in some detail. The idea
is to control ay(t) via a Gronwall argument, i.e., to show that dyan(t) < Clay(t) + N71)
from which one infers the desired bound, namely ay(t) < e“*(an(0) + N71).5 For the
simplest case ¥y = cp%@N, we have q?\I/N = 0, and thus ay(0) = 0. The time-derivative of
an (t) has an obvious physical meaning, namely the rate of particles leaving the condensate
wave function at time ¢. It is not difficult to find (for details, we refer to Lemma 2.15) that
it is given by

oy (t) =2Im (U ¢, i ph (U(fﬂl — 1) — (v |<Pt|2)(931))Pt1P§‘I’N,t>
+2Im (W, gigho(z1 — 22)piph U,
+2Im (U, g1 g <v(x1 —x9) — (v \@t\Q)(wl))pﬁqng7t>. (2.31)

The three terms represent the different processes which cause particles to deviate from the
mean field evolution ;. In the first line (gpvpp), two particles both in ¢, collide with each
other leaving one particle inside and one particle outside the condensate wave function;
in the second line (qqupp), two particles in ¢, collide with a resulting correlated pair.
Eventually, in the third line (¢gqupq), one mean field particle collides with a particle which
is already not in the condensate leaving both particles outside ¢;. The imaginary part
indicates that also the reverse processes are taken into account. All other possible collisions
do not alter the overall number of particles in the condensate and thus do not appear in
dyap (t). Now, the first term is identically zero because phvioph = (vx|ps]?)(z1)ph is cancelled
exactly by the mean field potential. The second and third terms are small because of the
two respectively three ¢'’s. In the last line (assuming here [v]|o < C for simplicity) it
follows immediately with Cauchy-Schwarz that

‘ Im (U ¢, g} g (vlz — vk \%\%)Piq;‘I’Nﬂ‘

< CldigaUnall IP1aa ¥ nvell < CllaiUnvell* = Can(t),

5Gronwall’s inequality states that if the derivative of a function f : R — R, t — f(t), satisfies the estimate
e f(t) < C)(f(t) +6(¢)) for continuous functions C(t) : R — Rt and §(¢) : R — R*, then f(¢) is bounded

from above in terms of

1) < (99 £(0) + / " (s)eli O g, (2.30)
0
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as || Wn.? = <\I'N7t, qf\IJN,t>. In the second term we can not directly apply Cauchy-
Schwarz since both ¢'’s are on one side of the scalar product. This term is indeed not small
for all wave functions in L?(R3") and the symmetry of ¥ Nt becomes crucial. For symmetric
wave functions, one can show that commuting one of the ¢’ from the left to the right side
effectively costs an error proportional to N~!:

N
1
’ Im (U 4, nggvlzpﬁpg‘l’N,O‘ = ‘ﬁ Im (¢} Uy, ( Z q;mjp;)pﬁ ‘IfN,t>’
=2

N
P bont e
j=2

VN (VN + Nldhwal) < C(an() + =),

IN

which leads to the bound for d,an(t). The proof of Lemma 2.3 is a generalization of this
argument.

The derivation of mean field equations via the Gronwall argument for ap(t) is both very
simple and effective. It is comparatively simple because no propagation estimates for the
microscopic solution ¥y ; are needed and thus also no expansion in terms, e.g., of the
BBGKY hierarchy appears. It is effective because it yields with very small effort explicit
error terms. The latter are important from the physics point of view where IV is consid-
ered to be large but always finite. Moreover, one can modify the definition of ax(t) such
that the approach is applicable also to more complicated situations. Along with the nec-
essary modifications, this approach has been used to derive the time-dependent Hartree
equation for very singular potentials (including the critical case of the Hartree equation

v(z) = |2|72) [72, Section 4], the Hartree equation in a large volume mean field limit [37],
the NLS equation without positivity condition [102] as well as the Gross-Pitaevskii equation
with time-dependent external potentials [104]. It is also applicable for fermions to derive

the Hartree and Hartree-Fock equations in the corresponding mean field limit [101, 11, 100]
(for a short discussion of the fermionic weak coupling limit, see Section 1.2.4 and Appendix
B).

We next analyse the structure of the auxiliary Hamiltonian in more detail. Therefor
note that each term in the effective two-body potential in ﬁ}f\, contains exactly two ¢'’s
and two p'’s. This is a crucial property, as it directly implies that the number of particles
inside the condensate is changed always in steps of two. More generally it means that under
the time evolution generated by the auxiliary Hamiltonian, there is no mass flow between
the orthogonal subspaces in ‘Hy that correspond to an even respectively an odd number
of particles outside the Hartree state. In order to make this observation precise, let us

introduce the projectors f71, Jeven © N = Hn by

N k

N
vy o =3 (I1a T1 #), o (232

k=0 =1 j=kt1 =~ O™
k odd

N k

N
Uy s f2L Uy = Z (HQf H p;) m‘I’N, (2.33)

. . sy
k=0 =1 j=k+1
k even
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where (-)sym abbreviates the symmetric tensor product, cf. (2.92). It follows directly that

L Fer L T o Bor o= Fer e Zor For T
— Jodd even’ odd’/even — JevendJ odd? evenJeven — Jeven»
N Fot : . .
and the same also for fJ;;. The operator f’ . Jeven projects on the subspace in Hy with

odd /even number of particles that do not occupy the product wave function ;. For instance,
FEane?N = PN since in PV there is an even number of particles (zero particles) that do
not belong to the condensate. We summarize the parity argument that we explained above
in the following lemma.

Lemma 2.4. Let o € H'(R®) be the solution to the Hartree equation (2.6) with initial
datum oo € HY(R3), and let U € Hy and Unt=Un(t,0)¥y. It holds that for all t > 0

1 f&en¥ Nl = 1 &Y I, 1 oaa¥nell = 1 oqa¥ - (2.34)

The proof of the lemma is a consequence of the vanishing of the commutators
_ N N N
[Hftv S (ﬁd} =0= [va =Y “”Jn} (2.35)
=1 i=1

The parity property (2.34) is important for estimating expectation values of operators like
qt Aypt, which effectively measure the overlap between even and odd parts in Wy . Starting
from wave functions whose mass is initially located in only one of the two sectors, the
parity argument turns out to be useful to improve certain estimates. We will use it for
instance to get optimal control — optimal in the sense of its N-dependence — of the quantity
(Unt, ¢4 (—A1)p ¥ e)|. The latter is important for bounding the kinetic energy of the
particles in Wy ; which are outside the condensate; see Theorem 2.6 and its proof.

Since we want to obtain an L?-approximation of ¥ N, it is necessary to have good
control of the behavior of all N particles. This means that also good control of particles
outside the condensate is required. For bounded potentials, one can use the fact that the
number of such particles is small compared to IV, and that they can therefore not disturb the
other particles too much. For singular potentials, however, already a few badly behaving
particles can in principle cause problems when they come close together and generate a
large potential energy. That such behavior is very unlikely is due to energy conservation.
In order to deal with singular potentials, the idea is thus to use energy conservation to
obtain sufficient control of V1¢{ Uy, i.e., to control the regularity of the part of Wy,
which describes particles outside the Hartree product. This, in turn, leads to appropriate
bounds on the potential energy of these particles, since we assume that the pair potential
is dominated by the kinetic energy.

Definition 2.5. We define the energy per particle w.r.t. H% by
Eng t HY(R¥™N) 5 R, Uy — Eny(Un) = N (Ty, HyUy), (2.36)
and the Hartree energy by
Euye: H'(R®) = R, ¢ Euy(p) := (@, h"%0) = |[Verl|* + (0, Who) + . (2.37)

From now on, let ¢; € H'(R®) be the unique solution to the Hartree equation (2.6) with
initial condition pg € H(R3), [0l = 1, let ¥y = Un(¢,0)¥y and ¥y, = Un(t,0)¥y
with Uy € Hy, [|[Tn] =1, and let the initial wave functions ¢g, ¥ satisfy
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Assumptions A.2. (Initial conditions)

1. g € HQ(Rg), Uy € Hsl(R?’N), and ‘51\770(\111\]) — 5&0((,00)‘ < CNfl,
2. (Wy, (Hg;l q?)\IIN> <CN~™forn=1,2,3,

-~ 1
3. 1 fe, Nl < N3,

Remark 2.2. Instead of Assumption 2.2.3, one could equivalently assume that the even part
of the wave function is initially small, i.e., || f&en U n| < CN ~3. This would lead to the exact
same results with all proofs being completely analogous (therefore we restrict ourselves to
Assumption 2.2.3).

A more detailed explanation of Assumptions A.2 is given in Section 2.2.2.

Now we can state our main result. It gives a bound for the difference between Wy ; and
Uy, in terms of the L?-distance of the full N-body space.

Theorem 2.6. Let pg, Vi satisfy Assumptions A.2. Then there exists a time-independent
constant C > 0 such that for allt > 0,

exp (C(l + t)2)
N )

N — \T/N,t| 2+ | Vigi W ? <

(2.38)

Remark 2.3. 1) Going through the proof of the theorem, it seems likely that the N-
dependence of the error in (2.38) can not be further improved. Let us also note that in
the case of a static external potential, the time-dependent factor exp(C(1 + t)?) would be
replaced by exp(C(1 + t)).

2) To obtain convergence of ¥y ; towards T ~,¢ for a bounded pair potential v is straight-
forward. The idea is to apply Duhamel’s formula, which leads to

~ t o~ o~
[y — Wnal* = —2/ Im (U, (stv - st\/> U s )ds,
0

and then use Ay = 1/(IN — 1), together with the fact that each term in H — flf\, contains
three or four ¢*’s, cf. (2.25). For a bounded potential, convergence then follows immediately
from Lemma 2.3 (however, not directly with the rate above).

3) Similar estimates for the quantity |[Vig}¥n||* were derived before, e.g., in [72, 104].
The main difference here is that the explicit error on the r.h.s. is of order 1/N instead of
1/V/N as, e.g., in [72, Lemma 4.6]. This improvement of the N-dependence is due to the
control of the norm difference which gives us additional information about the structure
of the state Uy ,;. We use in particular the fact that f]}v does not couple the odd and
even sectors in H . Correlations between the two sectors which appear in expressions like
(U, P (—A1)gi U ,)| lead to an error proportional 1/v/N when estimating ||V1qi Wy 4|2
like in [72, Lemma 4.6]. That such correlations are surpressed by an additional factor 1/v/N
can of course not directly be inferred from the time evolution of the full Hamiltonian HY;.
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2.2.2 Discussion of the initial conditions

Before we go on with two applications of Theorem 2.6, we discuss the meaning of Assump-
tions A.2 in some more detail.

A simple example of an N-particle wave function that satisfies all assumptions is the
complete product state Uy = apgg’N . Ground states of noninteracting bosons, e.g., are given
by such exact product wave functions. For interacting systems, however, it is well under-
stood that the ground state obeys the product structure only approximately since weak
correlations between the particles are present. In the sense of the L?-distance, the true
ground state of an interacting system is not close to the product wave function. Therefore,
we give some comments on the relevance of Theorem 2.6 for initial states that are given
by ground states of interacting, trapped systems, or other systems with suitably attractive
external fields, e.g., bosonic atoms.

A.2.1. The first assumption states that the energy per particle w.r.t. the initial state ¥y
is given by the Hartree energy w.r.t. ¢g, up to an error of order N~!. In other words, the
average energy of the system equals N times the Hartree energy plus some N-independent
correction at leading order. This next-to-leading order correction is expected to be correctly
predicted by a Bogoliubov approximation for the fluctuations around the condensate. For
ground states of confined systems, this is known to be true in several cases: Seiringer and
Grech have shown in [60] that A.2.1 holds for bounded pair potentials, whereas Lewin et.
al. have generalized the statement in [31] to a more general setting, including the Coulomb
case v(x) = 1/|z| for confined bosons and also for bosonic atoms.

A.2.2. This inequality is equivalent to the requirement that the expectation value of the
first three moments of the number of particles outside the condensate is of order one. Bose-
Einstein condensation is usually associated with a bound for the first moment, namely that
1 — (Un,p)W ) = O(N7!), which means that only a finite number — uniform in N — of
particles in W does not occupy the state ¢g. The constraints on the higher moments can
be interpreted as requiring a higher purity of the condensate described by W¥y. That such
bounds hold for the ground state of a trapped system can be verified, e.g., by applying
techniques used in the proofs of the main theorems in [60, 81]. In Chapter 3, we explain
that for IV bosons in a box, the probability of finding k£ particles in the ground state outside
the condensate is exponentially small. From this, it follows directly that the expectation
value of the n-th moment for any n > 1 is of order O(N™").

A.2.3. Here it would be equally fine to assume Hj?ven‘l}NH = O(Nfé) instead of the odd
part being small. Theorem 2.6 holds in this case as well with the corresponding proof being
completely analogous.

In order to see that the third assumption is distinct from the previous two, let us consider
a simple example: We choose the wave function

(N=3)

1
Hy 3> Uy = —@2N 4 o ®s xP, (2.39)

V2

with |jeoll = 1, x® € Hz, [XP|? = 1, and where ®, denotes the normalized, symmetric
tensor product, cf. (2.47). If we take x®) sufficiently regular, it is not difficult to verify that
Assumption A.2.1 is satisfied. This is because

(oSN HRo§N ) = NEwo(po)-
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Moreover, Assumption A.2.2 holds also true. Assumption A.2.3, however, does not hold for
Ty as in (2.39) since the norm of the odd part of ¥y equals ||x®|| = 1/1/2, while the norm
of the even part is also equal to 1/ V2.

Remark 2.4. In [30], the norm approximation (2.12) was shown for initial N-particle states
that are built up from quasifree excitation states on Fock space. This was mainly moti-
vated from the results in [31] where it was shown that in the ground state of a trapped
system (and similarly for other systems with appropriate external potentials), the excita-
tions can be approximated by a Bogoliubov ground state which is a quasifree state. Here
we focus on initial states satisfying Assumptions A.2. In Corollary 3.6, we show that for
the homogeneous bose gas on the unit torus, the ground state satisfies Assumptions A.2.

2.2.3 Trace norm convergence

Using the bound for ||[¥y; — CI}N7t” together with Lemmas 2.3 and 2.4, we can show that
7\(1,1])\” — |@¢)(p¢| in trace norm distance with optimal error which is of order N~1. We
emphasize that for our proof, it is crucial to control not only the relative number of particles

in the condensate but the full norm approximation, i.e., also the fluctuations around the
(1)

Uy, 18 close to

condensate. Using in addition the estimate for |V1qi ¥y ||, we show that v
| o) (4| also in terms of the energy trace distance.

Theorem 2.7. Let @g, ¥y satisfy Assumptions A.2. Then there exists a constant C' such
that for allt > 0,

exp (C(1+t)?)

Tr”yélj)v,t - ’(Pt><90t|’ < N : (2.40)
exp (C(1+1)?)
Tr m(y&’w - Ww)m] < o N (2.41)

Remark 2.5. 1) For a proof of the first statement, we actually require less regularity of g
than stated in Assumptions A.2. To this end note that one finds a similar norm approxi-
mation as in Theorem 2.6, using an effective Hamiltonian defined by

~ 4q,t
Hy+an Y o™, (2.42)
1<i<j<N
with vl-(;lq’t) defined as in (2.27). In this case, one would not need Assumption A.2.1 to derive

a bound for ||Un ¢+ — v ~.t|| analogous to the one in (2.38), and therefore it is sufficient to
assume @o € H'(R3). We omit further details since the indicated argument can be readily
verified along the steps of the proof of Theorem 2.6 when HY; is replaced by (2.42).

2) The vanishing of the r.h.s. in (2.40) for N — oo is a well-known result. For unbounded
v, the optimal rate has to our knowledge only been derived so far for initial conditions
equal to the full Hartree product [14, 29, 30, 75]. Theorem 2.7 holds for more general wave
functions, and in particular, for the ground state of a trapped, interacting system. That it
is not possible to improve the error further, can be inferred from (2.29). The Lh.s. in (2.29)
converging faster than 1/N would imply that the wave function ¥+ were close to the state
go?N in L?-sense. The latter is false for interacting systems, as can be inferred, e.g., from
(2.38). The rate in (2.41) is not expected to be the optimal one. To obtain an error of order
N1 also for the energy trace norm will be addressed in a future work.
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3) Following the argument from the proof of (2.40), one can show as well that for any fixed
integer k, the k-particle reduced density, %(I,kart : Hy — Hp, defined by its kernel

k
’7\(1/]3,#(1.17 vy Ty Y1, 7yk) ==

/ Uni(x1, . Ty T 1 ZN)YN (Y15 -0y Yky Tht1---ZN ) AT g1 ... dT N, (2.43)

converges to the k-fold product of the Hartree density, i.e.,

o] 2 L+

e, — len (e (2.44)

2.2.4 Bogoliubov corrections on Fock space

We define the set of correlation functions (X(k) )N o ng)t € (¢...qp) My, by

~(k
XEV,)t(xh ceey J}k) =

k N
\/@ (Hq;t) / ( H SDt(fL’z)) ‘T’N,t(xh ey TN) dTpyq - . dT . (2.45)
=1 i=k+1

By means of the partition 1 = Z,ivzo(q’i...q,tfpzﬂ...pﬁv)sym, cf. Definition 2.11, one can show
that the following time-dependent decomposition of T N,t, in terms of ¢; and the correlation

(k)

functions Xy}, holds as an identity at each time,

Uy = Z¢®(N Y @, Xy (2.46)

Here, ®; stands for the normalized symmetric tensor product between () € H; and v*¥) ¢
‘H;. defined by

> O LoV ™ (Zo11)s s Toin))-  (247)

1/,(1) ®s w(k‘)
\/k‘l' kE+1)! cePri

It follows from (2.45) that the Xgé)t are orthogonal to ¢ in every coordinate and at all times,

as well as that H)Z%;)tHz equals the probability of finding exactly k particles in Wy, which are
not in the condensate wave function. The idea of decomposing an N-particle wave function
according to (2.46) and to study the thereby defined k-particle correlation functions was
introduced in [31] where it was used to describe the low-energy spectrum — eigenvalues and
eigenvectors — of the Bose gas in the mean field limit. The idea was then used to study
the time evolution in [30] for the mean field limit and similarly in [95, 96] for the NLS scaling.

We next introduce a hierarchy of equations, called Bogoliubov hierarchy, which determines

(k)

the time evolution of an infinite set of correlation functions which we denote by (x; )k>o0,

Xﬁk) = ng)(acl, oy Tk) € Hp:

ZatXt \[//KQ t‘r y )(:L‘,y)da:dy, (248)
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i0p (1) = (A (1) + KO () )iV ()

+ ?//K(Q)vt(a:, y)ng) (21, z,y)dzdy, (2.49)
and for all k£ > 2,
b k
00 @1, ) = 3 (W2 (@) + KO ) ) 3P, o)
i=1
Z xlax])X1§k_2)(x17 7'%']{?\'%.7,\'%'])

2 v o 1 1<z<]<k
VkE+1)(k+2 —
+ ( + 2)( i )//K(Q)vt(a:,y)xgkﬁ)(a:l,...,xk,x,y)dwdy. (2.50)

Here we introduced the following operators: KMt : 3, — 1 is given by Kt = th(l)’tqt

where KW+ : 3, — H; is defined via its integral kernel f(( Wz, y) = oi(y)v (x —y)pi(z).
Further, K&t : H, @ H1 — ¢'H1 ® ¢¢Hy with KOt = ¢t @ th(Q)t where K2t (x,y) =
v(z = y)pi(x)ei(y)-

(k)

Remark 2.6. 1) (Equivalence to Bogoliubov theory on Fock space) Interpreting (x; * )r>0 =
Xt as an element of the time-dependent Fock space Fs(¢'H1) = @ o(¢h...q1 Hi) the above
hierarchy (2.48-2.50) is equivalent to the Schrédinger equation

iatxt = H%ngt, (251)

where HE

Bog 15 & quadratic, nonparticle conserving Hamiltonian given by

1
IHItBog = /a;; (ht’% (z) + K(l)’t(m))az dx + 2// [K(Q)’t(w,y)a;a; + h.c.|dzdy.

The operator-valued distributions a, a, are defined by

k
1
(a;X)(k) (.’El, ceey .’Ek) :ﬁ Z 6(331 - :E)X(k_l) (1‘17 ) xk‘\l‘l)a
i=1
(a.IX)(k)(xla ey xk) =Vk+ 1/X(k+1)(x17 ...,[I}k,l')dl',

with x = (x®)kz0 € Fs.

2) (Equivalence to Bogoliubov theory for density matrices) Yet another way to understand
the Bogoliubov hierarchy was considered, e.g., in [95], motivated by ideas from [62]. If one

defines the density matrices v : H(D+ — HDt and a; : HOE - HDt b

<f7 7t.g> = <Xt> a*(g)a(f)xt>]:s7 <f7 at§> = <Xt7 a(g)a(f)xt>]:s7

the hierarchy (2.48-2.50) is equivalent to the pair of coupled equations for v, and «y,

iy = (ht,% +K(1),t> 7,yt(ht,80t + KWt ) + K@t o — o Kt
iy = (h9 4+ KO ey 4 ay (h90 4 KON T4 KO KOS 4y k@,

A similar system of Bogoliubov type equations was recently studied also in [10].
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3) Well-posedness of the Bogliubov hierarchy (2.48-2.50), or equivalently of the Schrodinger
equation (2.51) has been shown in [30, Section 4.3]. The main difficulty is the time-
dependence of HB og? and one essential ingredient is to show that K )t ig a Hilbert-Schmidt
operator. This corresponds to the physical fact that only a finite number of correlations —
particles in Fy(g{H1) — is created during time evolution.

Our last goal is to show that the corrections to the Hartree product in ¥y ; are effectively
described by the solutions of the Bogoliubov hierarchy, i.e.,

N
. R(N—k
A}E\T}m ‘\I’N,t - kE_O <(Pt ( ) ®s Xt )” =0. (2.52)

k) _ (&)

To this end, it remains to show that limy_so X3 = X¢

Lemma 2.8. Let o, Y satisfy Assumptions A.2. If (XNt) "o 15 given by (2 45) and

(Xg ))kzo solves the Bogoliubov hierarchy (2.48) with initial condition XE) ) = XNO for all

0<k<N, and Xék) =0 for all k > N + 1, then there exists a constant C' such that for all
t>0,

Z I, - xiOppe < SR, (2.53)

Remark 2.7. We emphasize that the elements of the tuple ()?S\I;,)t)i\]:o depend explicitly on N

(k)

whereas the time evolution of the sequence (x; ' )r>0 is N-independent, and the sequence
depends on N only through the initial condition.

A quantitative version of (2.52) follows as a corollary of Theorem 2.6 and the previous
lemma.

Theorem 2.9. Let pg, Uy satisfy Assumptions A.2. If ( )k>0 solves the Bogoliubov
hierarchy (2.48) with initial condition

k N
X(()k) _ \/@ (Hq?) /( H @0(%’)) Un(21, ., ZN) dTpyy - .. dey
=1 i=k+1

for0<k <N, and XE) ) =0 for all k > N +1, then there exists a constant C' such that for
allt >0,

H‘I’N,t _ i (cpg@(zv_k) ®, Xﬁk)) H2 < &P (C](\} + t)2)‘ 2.54)
k=0

2.3 Proofs

We first state a technical lemma from which the proofs of the theorems then follow more
easily. It can essentially be read as estimates for terms like |<<I> N [q‘f, Al] o N>\, where A
is a one-particle operator and Py, &)N wave functions that are symmetric in almost all
coordinates. To have control of such terms is important in order to use each of the ¢*’s that
are available in the terms that need to be estimated. We defer its proof to Section 2.3.3.
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Lemma 2.10. Let ¢ € Hi, @N,@N € Hn, and pf = |p(z:)){e(xi)|, ¢ =1 —pf as in
Definition 2.1. Let further fodd, feven as in (2.32) and (2.33) with p; replaced by .

1. Let A be an operator on Hy with || Ap?|2, + [[p* Al2, < co. Then,

(@, af Avpf ) + (@, pEArgf o)

< Hffdd(I)NH2

1
< Sl 10()14p 12, + 9P Al ) (2laf n ]2+ 1 )- (2.55)

N

2. Let v be a real-valued and even function satisfying v? < D(1 — A) for some D > 0.
Then,

’<5N,qfq§ (z1 — 22)q] 43 CI)N>‘
Vil e + llgf Pn |

< O(Nlafa§a§ @ + llafas o) + ~ (2:56)
for some positive constant C.
3. Let Aig = Agy be an operator on Ha with || A12p3 |lop + P53 A12]lop < 00. Then,
’<CI)N7 <q1 43 A1247p5 + h.c. )‘I)N>’
< Hffddq)N‘P;Hfodd(I)NP n CN(HA121?§OH2 S Aw2, ) <qu EqED |2
Tl ataf B + 1L ‘I)N”Q;H%Q SN, lof <I>NH2AJ;2||(J fon|? W) (257

2.3.1 Proofs of Theorems 2.6, 2.7 and 2.9

Without further mentioning, we will frequently apply Lemmas 2.3 and 2.4 throughout the
following proofs. Together with Assumptions A.2, they imply

(@, (Nah + N2gigs + Naighat ) Ona) < exp (C(1+6)2) (2.58)
where ®n; € {Uny, \AIVJNﬁt}, as well as

2<ONTY | FRUN R <2 Uny — Ung]? + CNTL (2.59)

H odd

Proof of Theorem 2.6. Let By (t) == [|[¥n ¢ — U i
that

LWy ¢|?. Our strategy is to show

t ex 2
0§CABM$%+ pw2+w) (2.60)

and then conclude by means of the integral version of Gronwall’s inequality. By a standard
density argument, we can assume that Wy = Wy o € H2(R3V).6

For given Uy € H (R3Y), we choose U5 € HZ(R3N) with for instance |¥Tn — U%| < N72. One can
now carry out the argument with W% € HZ2(R3Y) since Uy (t,0)¥% and Un (t,0)¥% are differentiable w.r.t.
to t, and then one concludes by means of unitarity that |Un; — U] < |(Un(t,0) — Un(t, 0)) T | +2N 2.
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Bound for ||[¥y,; — \AI;N7t|\2. Using that HY and IA{T}V are self-adjoint, together with (2.25)
and symmetry of the wave functions ¥y ¢, ¥y, we find for the time-derivative
O Uny — Unel? =2Tm (U y — Uy, HyUny — Hy W)
= —2Tm (Ty,, (H}V - fi}fv) Ty
— —NTm (T, 03y, (2.61)
=~ 4
— NTm (U, 050y ), (2.62)

with vgq’t) and v%%t) defined as in (2.26) resp. (2.27). For the first line, we apply inequality

(2.57) with [[(v12 — 9} — 95)phllop < Cv/1+ . Then with (2.58) and (2.59), we obtain

- cC(1+1)3/2
2.61)] < O — Tyl + (2.63)
In the second line, we find on the one hand that
" ) eC(1+t)3/2
N‘<\IJN,taq]iqgvl2nggqlN,t>‘ < |VigiOne|” + — N (2.64)

where we used inequality (2.56), and then applied again (2.58). On the other hand, we
directly obtain

~ cC(1+1)3/2
N’<\I/N,ta 419 (@i + U5 — 2ut>q'iQE\IfN,t>‘ <——
since ||0%]|oo + pt < CV/1 +t.

Bound for |Vi¢!¥y.|/%. The argument consists of two steps. First, we show that the
"bad part” of the kinetic energy can be bounded as follows:

. ) 1 - ) ~ eC’(l+t)2
[Vigi¥n.l” < 5||‘1’N,t—‘1’1v,t!| + |EN (W) — Emlepr)| + N (2.65)
where
. - . 1
Eni(Unyg) i= NN Wp,, HyUn ) = (U, (h’i’“"t + 54?”)%,9 (2.66)

denotes the energy per particle w.r.t. IA—IZ}f\, Here, and also below, we are using the abbrevi-
ation

2q,t 2q,t
o3 = o = (haboraiph + plpboragiah) + hic. (2.67)

In the second step, we then use energy conservation of the original Hamiltonian HY -
modulo the change due to the external potential W* — in order to show that the energy
difference that appears on the r.h.s. in (2.65) can be approximated in terms of

‘gN,t (‘I/N,t) - gH,t(SDt) ‘
C(1+t)?
N

(&

t ~
< Jewo(wn) — Enolen)| + [ 10— TolPds + (269)
0
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To obtain the first inequality, we multiply each of the ¥ ; in (2.66) by 1 = (p! +¢})(ph+¢5),
and extract the "bad part” of the kinetic energy:

Ent(Uny) — Em(or) = Vi Tyl

+ (YNl (Wf + ﬁi)Q'i‘IfN,t) (2.69)
+(Une, (plht i1 — (e, h1’%90t>>‘I’N,t> (2.70)
+2Re (T, (plh o t)\l'zm (2.71)
+2(Un, (piqgvuﬁpé)‘PN,O (2.72)
+2Re (W, (phphoiaa]as ) Ue). (2.73)

All but the first line on the r.h.s. can be estimated using simple algebra together with (2.58)
and (2.59):

2:69)] < (I o + 7] )l Wl < 00N 2,
|(2.70)] = (s hf* 1) laf v ]® < COHDY* N1
1(2.72)| < 2||vi2pblopllai 2 < (CO+)Y2 -1
(2:73)] < 2lorophlop ] ab OO+ -1,

For the remaining line, we apply inequality (2.55) with A = hb%t and use (2.59):

C(14t)%/2

C e

2.1<7\1/ — Uy Rberpt |2 2.74

TV < g — Bl + o+ I, (274)

Noting that ||h5?tpt|lep < Cllgllpz < exp(Ct(1 + t)) completes the proof of inequality
(2.65).

In the second step, we estimate the energy difference on the r.h.s. of (2.65). For that,

we add and subtract Ex¢(Vn ), and use the fact that only the time-dependent external

potential causes a change in the energy, i.e.,

t
5N,t(\I/N,t) — SN,O(\IIN) = / <\IIN,S7 (6SWS(.’E1>>\I/N75> ds. (275)
0
Together with the analogous relation for the Hartree energy, cf. (2.17), we thus find

)gN,t(\PN,t) - EH,t(tpt)‘ < ‘5N,0(\I/N) - 5H,0(<P0)‘Jr

+ B —Enatwno)] + sl (U (W7 = (le))un ) @76)

where W$ = 9,1W5. We proceed with

(UnN.s, (Wf - <<P57WS<PS>)‘I’N,S>
( Ui s, <p§Wfpi - <905Wfsos>)\I’N,s>

‘<\I/N 55 <p1W1 C.h)‘I’N s>

(W, (@i Wiad) W)
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1 ~ -
< L1 = TP exp (COL+ )N,

where we used that W is bounded, and applied one more time inequality (2.55). Eventually,
we note that

. 1 . ) eC’(l-i-t)Q
_ < = c 7 ,
ENt(¥nt) 5N,t(‘1’N,t)‘ <N (Ilvlql‘l’N,tH +— ) (2.77)

which one verifies following the same steps as in the estimates for (2.61) and (2.62).

Conclusion. Adding everything up, we obtain (2.60) and can apply the Gronwall argument
which proves that Sn(t) < exp (C(1+1t)*) N1 O

Proof of Theorem 2.7. Bound for the trace norm. We start from the fact that

Teh§), — el = sup [Te(4q0) - Al )| (2.78)

where the supremum is taken over compact operators A acting on H; with norm smaller or
equal to one (the identity follows from duality between trace class operators and compact
operators). Inserting 1 = p! + ¢! around A;, we find

TY(A’Y\(I}J)V’t - A“Pt><§0t‘) = (Une, A1V ) — (o1 Agr)

= (Unug, PLADPTI N ) — (o8, Arer) + (Una, i A1gi Uy (2.79)
+ (U, pi A1 U N ) + (U, i Ap Uy ). (2.80)
The first line is small, since using p{ A1p} = (o1, Ap)pl, 1 —pt = ¢}, ||Allop < 1, and (2.58),
we obtain
cC(141)%/2

(279)] < 2l Unel* < —

(2.81)

For the second line, we use inequality (2.55) with ||Ap’||op < 1, then Theorem 2.6 together
with (2.58) and (2.59) in order to find

oC(1+1)2
N

1
2+ (gt ol + ) <

|280)] < W = Tl + |1 F55a ¥l i

(2.82)

Bound for the energy trace norm. This part of the theorem follows essentially from
the estimate for ||V1¢{ ¥ || in Theorem 2.6. We start from

Tr‘m<7\(lf11)v,t - ‘¢t><¢t’)m‘

— sup [Tr(AVI=A (45, ~ e (el )V = &), (2.83)

lAf<1

where the supremum is taken again over all compact operators A with norm less or equal
than one. Using the abbreviation B := /1 — AAy/1 — A, we compute

Tr(Am@\%t = \¢t><¢t!>m>

= (Un, p1 B1ipiUne) — (o1, Bigpr) (2.84)
+ (Unt a1 B V) (2.85)
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+ (U, qulptl‘I’N,O +{(UN P BIgi U N ). (2.86)
The first line,

C(1+¢)?
<

(2.84)] = (¢t Bor) g1 ¥nll” < N

(2.87)

since [|[v/1 — Ap|? = [loe]|? + [[Vee]|? < C(1 +t), cf. (2.18). For the second line, we find

O (1+t)?
N b

1(2.85)] < [[V1 = ArgiWnvel® = gt el + [Vigi ave]® <

(2.88)

where we used Theorem 2.6 and (2.58). The last line is the one which causes the weaker
rate of convergence in (2.41) compared to (2.40). Note here that due to the presence of the
gradients in B, one can not use the smallness of the odd part in ¥ ; any more, and thus one
loses a factor N~1/2. Using the Cauchy-Schwarz inequality and ||v/T — Apf|lop < C(1 +t),
one finds hat

C(1+t)?

e

(2:86)] < 2V = Aoy (lla} el + V165 W) < (2.89)
VN

This completes the proof of the theorem. O

Proof of Theorem 2.9. Using the triangle inequality and Theorem 2.6, we know that

3 (o)« S o )
12\ t S TUN T2\ t
Then, with Lemma 2.8 and ||| = 1, it follows that
N N 2
= N—k 0\ ||? —(k k exp (C(1+1)
H‘I’N,t -3 (@?( ) ®, x4 )) H =3Ik - IR < ( N ) (2.91)
- k=0

O

2.3.2 Preliminaries for proofs of the remaining lemmas

We summarize some necessary definitions and preliminary assertions that are needed to
prove the remaining lemmas. Readers familiar with the method that was introduced in
[103] may skip this section except for Lemma 2.16.

Let ¢ € Hi, pf = |p(x:))(p(2i)] and ¢f =1 —pf.
Definition 2.11. Define the family of projectors (P k){cvzm P;\'}k :Hy — Hy by

k

N N
Pow=(Taf I1 ) = X Tl wd)' (2:92)
1

i=1  j=k+1 a€Ay i=1

with

N
Ay, = {a = (a, ) € 0,1}V : S 4y = k} (2.93)
=1
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We also set Py i = 0 forall k <0 and k > N. Note the following properties:

—_

: P]‘Qk is an orthogonal projector,

N

Pf\ik NI~ 6klPNk:7
3.1=S1, P, (this follows from UN A = {0,1}),
: [pf’P]S\?k] =0= [qf,P]‘\’}7k}.

Definition 2.12. We call any function f : {0,1,..., N} — RJ a weight function (or simply
weight) and define the linear combination of weighted projectors w.r.t. the weight f by f%,

o

N
fP i Hy — Ha, FeUN =" f(k)PG U, (2.94)

For any integer |d| < N, we define the shift operator 74 by

0 for k+d <0,
raf :{0,1,..., N} = RS, (raf)(k) =< f(k+d) for 0<k+d<N,
0 for N < k+d.

It is straightforward to see (using property 4 resp. 2 below Definition 2.11) that

L f%)lop < supgejo,n] f (k)

2. [fe.pf] =0=1[F%qf), [f*P§,]=0,

N
Z (OP§ PRy = ZQ — ()" =(f9)" = [*5* (2.95)

for any two weights f, g.

We shall make frequent use of the weight functions

m(k) = % n(k) = \/5 (2.96)

They satisfy two important properties, namely

N
qu’ _NZ%(Z N”f) szqz XNk = ;/ﬁpﬁk:ﬁﬁ", (2.97)

k=0 k=1 1=1

and
P = (rn)2” = (70?) (Fan®). (2.98)

We further introduce the corresponding ”inverse” weight functions

0 for k=0 0 for k=0
k) = ’ v(k) = 2.99
uik) {]]X for 1<k <N, (k) {\/JZ for1<k<N, ( )
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which satisfy

N N
mee = mp? =Y mkn(k)PG, => Pg,=1-Pf, a0 =1-Pf, (2.100)
k=0 k=1
and also
— — 37 — —
Tap? = (1qv)2 = (7q07)(Tqv?). (2.101)

Remark 2.8. The above definition is in agreement with (2.32) and (2.33) if we set

1 for k even,
feven(k) = {0 for k Odd, fodd(k> =1- feven(k)-
It follows immediately from the properties of (P]‘\’} k) 0 that f° ST foem =1, 7 o FEen =

fevenfodd =0, as well as fevenfeven = feven and fodd odd — fodd'

Lemma 2.13 (Pull through formula). Let Qgg) = p¥py, glg) = piqs + q¢7ps and Q%) =
a7 g%, and let f be an arbitrary weight function, and A1 any operator on L*(R3) @ L?(R?).
Then the following commutation rule holds for 0 <i,j7 < 2:

% i) 7 — % (i i
Q(12)A12Q§J2)Jw =7jif Q52)A12Q(1J2)- (2.102)

Let us explain this for a simple example, i =2, j =0 and A9 = v13 and ¥ = cp®N:

n —p
¢ g v12p s (f%@’N ) =nf (q‘fq“f v12p$ Pl PN ) (2.103)

Proof. For 0 <k < N and r € {0,..., N — 1}, we set

N
Poe=>_ I @meH'— (2.104)
ac A} i=r+1
with
N—r
f={a= (@ maxo) € YT Sk}, (2.105)
=1

For k < 0 and k > N, let P} = 0. Then, for j € {0,1,2} (note that j is the number of
@' in Q).

N

QR f7 = Z FIQE P Z RQY Pﬁ’k = Z Flk+5)QE Pﬁ’ka (2.106)
k=0 k=—j
The pull through formula follows from the fact that P]‘\’}’i commutes with Ajg:

Ny o
QYALQY T = Y f(k+j)PEQY AQY (2.107)

k=—j
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N—j } )
= 3 Fh+ )P 4R A1QY

h=—j
N+i—j ) )

= 3" flk+i )P Q0 ARQY (2.108)
k=i—j
N . . —0 . .

=S (i (R PEL Q0 A1QY = 77 Q0 A12QY).
k=0

O]

Definition 2.14. We define the so called counting functional w.r.t. ¢ and with weight f
by

(L JP): Hy = RE, Uy e (U, [P0, (2.109)

For ¢; € H\I(R?)) the solution of the Hartree equation (2.6), and any ¥ € Hy, the mapping
t— (Uy, fP1U ) is differentiable with derivative

N
O, JouN) = —i(Wx, | 3R For|wy). (2.110)

=1

Proof. We recall Definition (2.1) for the set of projectors (Pf, )N and introduce the
abbreviation RY* = (q!)% (pt)! =% such that

N N
Pg=> " TJ@h = > T[] R (2.111)

acAy i=1 acAy i=1
Taking the time-derivative, one finds with 9, R} = —i [hﬁft, Rﬁf],
N
apg =3 o [1r)
a€Ay i=1
N  m—1 N
-5 S ([T ) ) )
acA, m=1 i=1 i=m-+1
N  m-1 N N
SR ( th) [hifﬂRf{}( I1 R;"t) - —i[ 3 h;vft,P;;fk}. (2.112)
a€EA m=1 i=1 i=m+1 m=1

O]

Lemma 2.15. Let ¢, € H'(R®) be the solution to the Hartree equation (2.6) with po €
HY(R3), |lpol| = 1. We set

Z% (11 — x9) = %(U(wl —x9) — (v * ](pt|2)(x1) — (v * |<pt|2)(x2)>, (2.113)

and, for any ¥ € Hy, let
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~ —

(D7, =4NTm Oy, (f** —7-1f VphZ#t (1 — xo)piph W), (2.114)
~ —

(N7, =2NIm Uy, (f¥* —7-of Ve abZ# (1 — x2)plph U ), (2.115)
~ —

(D7, = AN Im (U, (f% — 71 f Vet b Z# (21 — w2)pl b ¥n ), (2.116)

with f being any weight function. Then, with U € H2(R3N), |[Uy| = 1, we have
1. fOT \I/N,t = UN(t,O)\IfN,

O, PPNy = Dy, + (DFy, + (7, (2.17)

2. for Uy = Un(t,0)0y,

DUy, FPUN,) = (I0) ?t\vm (2.118)

Remark 2.9. By the identity in (2.97), it follows that

an(t) = (Ung i Ung) = (U, MU ). (2.119)

Using m¥# — 7_gm*" = % Z,ivzd P{!,. (for d =1,2), one can apply Lemma 2.15 in order to
obtain (2.31).

Proof of Lemma 2.15. Using (2.110), the fact that ¥y, solves the Schrodinger equation
and the symmetry of Wy, we find that the time-derivative of the counting functional is
given by

N

RQ A J?%‘I’N,t> =i(Uny, |:va - Z hoet, J?@t} Un,e)
=1

‘ N N N ~
= i(Uny, {50(951 —Z2) — 5(” * |]?) (1) — 5(’0 * [oe]?) (22), f%]‘I/N,Q
= Z‘N<\I/N7t, <Z50t (.%‘1 — wg)']aot — fc'DtZSOt (.%'1 — $2)>\IIN,t>- (2120)
Multiplying both of the ¥y, with the identity 1 = (p! + ¢})(ph + ¢), leads to

RQSNAS Jﬁpt\I’N,t> iN(¥ N, PiP (Z% (1 — @2) f¥* — fo1 2% (21 — 362))p§pt2‘1’N,t>
+ 2iN (U Ny, pigs (Z‘pt (21 — x2) ¥ — P 2% (21 — 332))1?3Q§¢N,t>
+ 2iN (U N4, Pl (Z%(xl —@2) P — [P 2 2y — w2))q1p§\IJN,t>
+iN(Uny, qigh (Z‘p' (21 — x2) f? — FP1 2% (21 — a2 >q YN
+ 2iN (U, piph (Z% (@1 — @) f¥ — FP1 2% (21 — mo

)
+iN (W, piph (Z“”t (x1 — xz)f“’t AL (z1 — xg))qiqé\IfNﬁ +c.c.
)

,_.H.

+ 2iN (U N, PG5 (Z% (w1 — @2) f2 — [P 2% (21 — 22) )t bWy + cec.

(2.121)
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where c.c. denotes the complex conjugate of the preceding expression. Application of the
pull through formula (Lemma 2.13) shows that all but the last three lines are identically
zero. In the last three lines, we also use the Pull through formula and then that Z%*(x; —x2)
is a symmetric operator.

By the same argument, one finds as well (2.118). The only difference is that (I) and (III)
are identically zero due to the definition of the potential in HY,. O

Lemma 2.16. Let ¢; € H'(R?) be the solution to the Hartree equation (2.6) with o €
HY(R3), [lpol| = 1, and let m(k) = £ as in (2.96). It holds that for any ¥ € Hy,

Uy, (M) Uy
Oy =0 |05 g |+ [0, | < Collirlin 32 VTSIV (5 139
1=0
Proof of Lemma 2.16. Term (I). The first term is identically zero for any n, (I)7%, vy =0,
because phv(x1 — x9)ph in
P57 (w1 — w2)ph = pyo(x1 — x2)ps — ph (v * [@u|*) (21)ps = 0 (2.123)

cancels exactly the mean field potential. It is this term which determines the choice of the
effective potential in the Hartree equation.

For the second and third term, we need to compute the difference

S\ —a a kyn k—d PYt
o -y - [(6) - (54 - & e,
k=0
where the constants Cy, ;4 = (7)(—d)”*l are determined by the binomial expansion of

(k — d).

Term (II). Note that piutqh = 0 and recall the pull through formula as well as the weight
functions m, n and p,v and also that ¢{ ¥y = (1 — P}\'fo)q "Wy = (v¥t0%t)q{" Uy by means
of (2.100). It follows

()75 |

mn \I’N

7l7_
= ‘Z NZ — (U, (M) (Q§QE012p3P§>‘1’N>‘

n—1
Cot o -
_ ’Z NZ,_,Z_21 (W, ()2 <q§q§v12p§p§)(7_2m“’ /2 Qn@t\I/N>’

|G, 2 . -
< Z NZ = oropt llop [latgs (M) 202w || [|(F—am® ) D20 |

n—1 I+1 ;
Chi_2 I4+1\ /2 \+1-j . PN
’NZ’_’Z_JHUHPNW Z < i > (ﬁ) <\IJN(m%)J\I'N><‘IJN,qﬁqé(m@t)luw\I/N>
=0 7=0

IN
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n—1 I+1

— |Cni,— I4+1\ 2\ +1-j o
< Z ’anl 21| H1)12pt1HOpZ < i ) <N) <\pN7 (m%)]‘IJN>
Uy, (me)

=0

The essential ingredient here is the symmetry of the wave function which ensures that not
all mass can be located around, e.g., 1 =~ 2o (for general ¥y € L?(R3Y), the second term
would not be necessarily small).

Term (III). Again via the pull through formula, and similarly as in (II),

7l7_1 7 m
(D%, | = }Z L (W, (dhah o1z — 0t ) (7)) W)

ndol oy ) R
= ‘ZNn S ()20, (dhah o1z — 0)alnh ) ()20 y)|

[ Crt—1 _ N i\l
< Z ot (Ioazpblop + 18]l ) lah (72| lgh (Fim ™) /2w x|

Uy, (m?) Wy
SCn”90t||HlE< N >. (2.126)
=0

O

2.3.3 Proofs of Lemmas 2.3, 2.4, 2.8 and 2.10
We begin with
Proof of Lemma 2.10. Let @y, dy € Hy and p € Hi.

1. By means of the pull through formula (2.102) together with the fact that FEenf? a =0,
we obtain

fodd (pl Alql ) dd — =0= feven (pl Alql ) even* (2127)

Moreover, it follows from (2.100) and P]‘@,Oqf = 0 that ¢f (R¥0¥)®y = ¢f ®n. Thus, one
finds for the first term on the left side of (2.55),

‘<‘I)N7 (pfAl(If) (I)N>‘
= ’@ﬂﬂ’m (P£4147) Foen®n) + (Fen®n, (pf Aral ) (797) ?dd‘l’zv>’- (2.128)

Next, we apply again the pull through formula (2.102) in order to move n¥ to the left of the
scalar product, and then use the Cauchy-Schwarz inequality together with the properties
summarized below Definition 2.12. We make use of ¢f (7¥)? = 1, as expectation values on
Hy (recall that 0dd<I>N € Hy), and eventually use (7gn¥)? = 7ym? = & + m¥ which
implies

|d|

(O, (7Tn7)*en) < & + llaf on?, (2.129)
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Hence, one obtains

(2.128) = )<ffdd<1>N, (pfAqu) F&en®n) + (211" [Een @, (pfA1QT)Wffdd‘1’N>‘
< P @l 16F Arllop laf @l + 772 @ | 165 At lop 10777 0@
< 207 fa @l + 10105 As 2, (laf On 1P + -7 @)

< 207 g @l + 100 Ar 2, (2llaf on]? + N7 (2.130)

For the second term on the left side of (2.55), we proceed along the same steps which leads
to the first statement of the lemma.

2. We use ¢f PPy = (nev?)qf Oy = a (ﬁ¢’ﬁ‘”)&> ~, apply the pull through formula and then
the Cauchy-Schwarz inequality,

(@, (af afvizafas ) (7797)@n)| < lafas @] orzaf a7 || (2.131)
In the second factor, we invoke the assumed bound on v, i.e., v? < C(1 — A),

loraafa§7*Bn? < C(IV1afa§7*Bull? + lafEn?), (2:132)

and then we use symmetry of @y in combination with (2.97), in order to find

(@, (57997 ) af (~A0)af D) < 57— (B, (M7 af (~A1)af ).
In the first factor, we make use of (11¥)? = m¥ and (2.97), and use the symmetry of ®y, in
order to obtain

|V1gf P2 + laf ¢>NH2
N

(2131) < C(Nlafa§ af @l* + lafaf on?) + (2.133)

3. Following the argument as in part 1, with some obvious modifications, one finds
‘ (P, <q1 a5 A1247 D3 ) ) ‘
= ‘<J?fdd(I)N’ (ql g5 A1245 s )T—lm(pfevenq)N>
+ <Jipven(I’NaT/lﬁ(p (ql ') A12CI1 p2> oddq)Nw

< 11265 llop (1% af 0§ P @l Iaf7Tm ] + |7R¢af af | laf 7% )

< “ :)pddq)N”2+ H :)pdd(I)NH2

+Cl|Arp§ 2, (r|q1q2q3<1>Nu?+\|q1q2q3<1>Nu2

2N
||Q1q Oy + [l g8 (I)N||2 lgf Pl + lgf @ > ) (2.134)
N N2 N3J° ’
The term containing the Hermitian conjugate is estimated in the same manner. O

Proof of Lemma 2.5. First note that

(P, (HQJ><I>Nt> (DN, (MP) D)
j=1
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which follows from the symmetry of ®x; together with (2.97) and (k —i4)/(IN —1i) < k/N
for : < k < N. From Lemmas 2.15 and 2.16 we know that

Dy, (MF) <1>
<<I>Nt, (M#)" Py, ) < Hs@t||le< Nt’ o Nt> (2.135)

(note that it is again sufficient to prove the bound for ®y; € {¥ N,t,\TIN’t} with Uy €
H?(R3N) in order to conclude the statement of the Lemma via a density argument). The
remainder of the argument follows by induction. Assume that for all k <n — 1,

k

(B, ()P, ) < 0+ Z
=0

(mP0) Wy ). (2.136)

By means of (2.135) and ||¢¢||m, < Cv/1+t, Gronwall’s inequality implies that

(B, (P By, ) < SN %@N, (M)W ). (2.137)
=0

The case n = 1 follows as well with Gronwall’s inequality, cf. Lemmas 2.15 and 2.16,
~ ~ 1
O P W) < OVIH (v WP Pive) + 1) (2.138)
: 1
= (P, MPPN,) < CO+0Y2 (<\I/N7ﬁ1@0qlN> + N)'

This completes the proof of the lemma since

(W, ()W) ZNn (W, (Hq])\IIN> (2.139)

which is verified using again (2.97). O

Proof of Lemma 2.4. The time-derivative of || Odd\IthH2 is given by

O Fla v = (D%

—~ —pt ~
=2NIm <\I’N,t, (f:féd — T,gfodd)qiqévlgpﬁpQ\I’N,t% (2.140)

cf. Lemma 2.15. Recalling the definition of the shifted weight function,

g = maloaa = F(OPE, = PG, (2.141)

and the fact that
AP =0 (2.142)
shows that || odd\I/NtH H O

Proof of Lemma 2.8. Using the decomposition in (2.46), it can be verified by direct calcula-
tion that if U ; solves the Schrodinger equation 10, ¥y, = H f\, V¢, then the corresponding
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(%)

correlation functions (Yy;)4o, defined as in (2.45), solve the following system of coupled
equations.

m o N ~

Zath\(;?t = 4N — 1B(2_>0)’tX§37)t (2143)
~ N -2 .. ~

zatxﬁv)t (htysot + KW, ) W4 mB(Hl),txg\?;’)ﬂ (2.144)

and for all 2 < k < N,

k

N k k
z&sXNt Z (ht’% (1) t>X1(")t
=1
N—-kE+2)(N-k+1 _ ~(k—
\/( K )(1 )A(kz 2—>k),tX( p 2)
N—-k(N-k-1 ~
\/( )( : )B(k+2—>k)atxg\’;j2)_ (2.145)

Recall that we are using the convention %%)t = 0 for all K > N + 1. Here we have introduced
the abbreviations

Alb=2oRagED) S KOy, )R D (@, e i \zi\aj),

2y k(k — 1 1<z<]<k
plk+2-k), X(k+2) V( k+1 (k+2) //K ~(k+2)

(@, Y)XN (@150 Thy T, y)dzdy,

with Kt and K®t(z,y) defined as below (2.50). Let us explain how one arrives at
(2.143)-(2.145). Taking the time-derivative of S{S\I,C)t, one finds

ol =S m (XLt 65, (A~ 30,

where the scalar product is taken w.r.t. the coordinates x1, ..., zx. For the term containing
the interaction, we show one example, namely

NY (T N—Fk)
\/@(H q;)@i?( ) ( szpjv@]qlq»\lljvﬁ
j=1

k+2
N\ (N — N k:—l O(N-k-2)
= <kz> //K (z,y) qu> Uy ¢)dady

_ \/(N —k)(N —k— )B(k+2—>k),t~(k+2)
- N-1 XNt

Similarly, one computes also the other terms from fI]tV Note that for wave functions ¢*) e
Hy, X2 € Hj,_o, the operators A and B satisfy the relation

(6®), AU=2R)t (h=2)y (k=28 5(k) (k=2 (2.146)
Moreover, one readily finds that

1K lop < Clpt s (2.147)
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as well as
AG2oR2, | BERYE, < OF e (2.148)

The equations (2.143-2.145) are almost the same as the ones from the Bogoliubov hierarchy.
The differences are the N-dependence of the coefficients and also that the Bogoliubov
hierarchy is infinite. The remainder of the proof is to show that the two solutions are close
to each other in the sense that

> k k
= STIRY, - (2.149)
k=0

is small as indicated in the statement of the lemma. We know a priori that gx(¢) is finite for
all t > 0, because Y p- Hfg{;)tﬂz = |¥n)? =1 and D32, ngk)]|2 = 1. The former follows
from unitarity of Uy (¢, s) and ||¥y| = 1. The latter is a consequence of the well-posedness

of the Bogoliubov hierarchy (for details about well-posedness of the Bogoliubov hierarchy
we refer to [80, Section 4.3]). Moreover, one can rewrite gy () as a finite sum, namely as

N
an(t) =2 -2 Re (RV) 1) (2.150)
k=0

Next, we compute its time-derivative and then estimate it in order to apply Gronwall’s

inequality. Using the equations of motion for %g\]f)t and X,E’“), we find

%QN(t) =2 ilm (=%, Zk: (1- )K§1)’tx§’“)> (2.151)
k=1 i=1
19 NZ_ Tm ( VN - f\;(ﬁvl_ k— 1)B(k+2ak),ti§5;r?)’ ng)> (2.152)
- QZIm<B (k=220 X2y (2.153)
. 2Ni‘21m<\/(N —k ;LV2_)(N LR Py D 0 (2.154)
—9 i Im <A(k_’k+2)’t>?§\’z)t, X§k+2)>- (2.155)
k=0

Since KMt is self-adjoint, we can replace in the first line ng) by ng) — )Zgl\;)t. Using the

Cauchy-Schwarz inequality as well as the inequality of arithmetic and geometric means, one
finds

|<2151|<4Z( )HZK o IR ||2+Z\|><Nt el

In the first summand we use the bound from (2.147), then (1 — ) 2K? < C']lf,Q,
the identity ”X ||2 ||P]<\P[tk\PNt||2 With

and recall

Z N2||N WP < NQZ N3\|Pf\€fk‘i1v,t|’2 = N2(Up(m?)*Un,), (2.156)
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we can use (2.97) and then (2.58), in order to find

C(1+t)3/2

1(2.151)] <

SN +9N(t)-

In (2.153), we substitute the summation index k — k42 and obtain after adding the second
and third line,

1
5( (2152) + (2.153))
N—
N BN k-1
= (1 — \/( ]\2( : )) Im <B(k+2ﬁk),t%§\li—:2)7xgk) _ igi\;))) (2‘157)
k=0 o
N-2
VN =k (N —k—1) T
* 2 (1- N -1 ) I (B2 D G0, (2.158)

where we have added and subtracted the second line. Similarly, after substituting k —2 +— k
n (2.154), we find

1
= ((2 154) + (2.155))
N-2
N—-Ek)(N-k-1
_ (1 _ \/( )( )) Im <A(kﬁk+2)7t§§]\;)ﬁ X§k+2) _ ig\’;‘:m> (2159)
k=0 N-1 7 7
N-2
N—-k)(N—-k—-1
k=0 N-1 S
N
~(k k
+ Z Im <A(k_>k+2),th\[7)t7 Xg +2)>. (2161)
k=N-1

By means of (2.146), we have
(2.158) + (2.160) = 0.

For estimating (2.157), we proceed similarly as in the estimate for (2.151), and find, using

(2.148) as well as (% - 1)%k% < C%, that
N—-2 ]{33 _
@2157) < Clloullye 3 S IPE o Txall + on (1) (2.162)
k=0

Shifting k — k& — 2 in the first summand,

(ffﬂ’z)2 met 1
N Nz " ﬁ)wt%

N* Z NgllPﬁmwN,tn? < ONY T, (707 +

and thus, again by (2.58), we find

C(1+1)3/2

|(2.157)] < N + gn(t).
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Along the same argument, one obtains the same bound also for (2.159). It remains to
estimate the last term,

~(N— N ~(N N
2161)] < Clleell= N (1RSI I+ 1RGN I 21)

~(N—-1 ~(N N+1 N+2
< Cllgellm N2 (IR 12+ IR 1) + (™ V12 + ™2 )12)
eC(1+t)2
<
- N

+gn (1), (2.163)

where the last step follows from
N N N k‘s k 2
~(N—1 ~ ~ _
N2 (| IR+ IRGDIP) < 282 Y IR < O N,
k=0

Altogether, via Gronwall’s inequality, we have found

a2 . eC(1+1)?
gn(t) < “H (gu(0) + N7Y) = (2.164)
since )ZS]\;)O = Xék) for all k, i.e., gn(0) = 0. O
Appendices
2.A The difference H — HY,
We verify (2.25): For that, rewrite the Hamiltonian HY, as
al R 1
¢ tip ~t .t ¢ y
HN_Zhi t_Q(N_l)Z(Ui+Uj_2M)+N—1ZUZ]
1=1 i1#£] 1<j
al 1
=D WPt T ((p§ +¢) (P} + ¢§) (vig — 0 — 05 + 2u") (P} + 47) (0 + q;-)),
i=1 i<j

and compute the different terms with p'’s and ¢'’s.

1.

Pip(vij — o) — 05 4 2u")piph = pipl(2u’ — 2u' —2p" + 2u") = 0,

qipls(vij — vf — 0% + 2u")piph = (qfviph)p§ — (qvip})ph =0,

and similarly for the term with qf and p§~ reversed on the lL.h.s., and also for the Hermitian
conjugate of these terms.
3.

aiph(vig — vf — 08+ 2u")glp’ = (q}vial )Pl — (afvia))ph — (P5oipl)a) + 2u'gipl = 0,

and similarly with qf and p§- reversed on both sides.
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4.
(qu (Vi = 0F = 0 + 20 )pidj + aid) (vi — 0 — ¥ + 2ut)p§P§‘> +hec.
= (quﬁ-vijp% + qfq;vijp§p§) +hec = Ug‘]’t)
D.
(qf ¢j(vij — 0 — 05 + 2u") (pid; + ipf) + h.c) = pfat)
6.

In total, we obtain
al 1
HY = Z hber 4 g Z (Uz(J?qi) + vﬁq’t) + vl(;lqvt)}
i=1 i<j

which is the same as (2.25).



Chapter 3

Low energy properties of the
homogeneous Bose gas

In this chapter we analyze the low energy spectral properties of the homogeneous weakly
interacting Bose gas on the unit torus. After formulating the setup and the problem in the
following section, we present our main estimate and two applications thereof in Section 3.2.
All proofs are postponed to Section 3.3.

3.1 Setup and problem

The low energy eigenfunctions of the weakly interacting Bose gas are at leading order (in
the particle number N) described by mean field or Hartree theory. This is well known and
rigorously understood since the works from Benguria and Lieb [19] and Lieb and Yau [33].
The eigenfunctions are, in the sense of reduced densities, approximately equal to an N-fold
product of a single one-body state ¢y, the so-called condensate wave function which, in
turn, is the ground state solution of the Hartree equation (or more generally minimizes the
Hartree energy functional). This is the famous phenomenon of Bose-Einstein condensation
at low temperature meaning that the overwhelming majority of the N particles in the gas
occupies the same copy of a single wave function ¢g. The main objective in this chapter
is to derive a novel estimate for the probability of finding a given number [ of particles
not in the state pp. We show that this probability is exponentially small in the number
[. Our analysis is restricted to the case of the homogeneous gas on the torus (we expect
a similar result to hold also in the nonhomogeneous case for which the analysis, however,
is more complicated). The exponential decay of the probabilities for finding [ particles
outside the condensate is then applied to show that the fluctuations around the Hartree
product in the N-body ground state wave function obey two important properties that are
reminiscent of the properties of a quasifree state in Fock space. That the fluctuations can
be approximately described by a quasifree state was first observed, among other things, by
Lewin et al. in [81] where they analyzed a more general situation (including the homogeneous
setup). The quasifree properties for the fluctuations in the microscopic ground state hold
asymptotically for large N. Here, we derive error bounds which are expected to be the
optimal ones for the homogeneous case.! After that we use our main result to characterize
the low-lying eigenvalues in terms of Bogoliubov theory. Bogoliubov theory can be seen
as the limiting description of the fluctuations around the Hartree product. It states that

!The quality of the error bounds is relevant for the derivation of the time-dependent Hartree equation
with optimal speed of convergence and initial states close to the true ground state; cf. Remark 3.1.

93
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the low energy excitation spectrum of the N-body system is for large N described to good
approximation by the spectrum of noninteracting quasiparticles obeying an effective energy-
momentum dispersion relation. It has been derived rigorously first by Seiringer in [116] and
since then generalized into various directions [60, &1, 37]. Using the exponential bounds for
the probability of finding particles outside the Hartree product, our derivation provides an
alternative strategy for the justification of Bogoliubov theory.

We consider an N-particle Hamiltonian of the form

N
1
=1 1<i<j<N

acting on L2(T*V), d € {1,2,3} being the spatial dimension and T a one-dimensional torus
of length L = 1 (the results hold for arbitrary L < oo but for ease of notation we set L = 1).
—A, is minus the Laplace operator describing the kinetic energy of the ith particle. The
factor (N — 1)~! denotes the mean field coupling constant and guarantees that on average
the interaction energy is of the same order as the kinetic energy, namely oc N. In this scaling
regime a nontrivial solution is expected for which neither the kinetic nor the interaction
part of the Hamiltonian dominates the physics in the large NV limit. The interaction between
the particles is modeled by a real valued (N-independent) function v : T¢ — R, x — v(z),
with Fourier transform defined as

0(k) :/ v(z)e*dr  for all ke 277 (3.2)
Td

The function v is required to satisfy Assumption 3.1.
1. v(x) = v(—=x), v(z) > 0 and v(k) > 0,
2. v € L*(T?) and © € L' (2nZ%).

The Hamiltonian Hy is bounded from below and by means of Kato’s Theorem it defines
a self-adjoint operator on the dense subset D(Zivz | —Ay,) C L2(T). The system defined
by Hp is translation invariant which follows from the chosen boundary conditions and the
dependence of the pair potential v on the difference of the particle coordinates x; — x;
for all 1 < 4,7 < N. Translation invariance implies that Hy commutes with the total
momentum operator Py = Zf\il(—ivxi), ie., [Hy,Pn] = 0. Therefore, there exists a
joint spectrum (called energy-momentum spectrum) of the operators Hy and Py denoted
by spec(Hy, Py) C R4, Joint eigenvalues of Hy and Py are given by all (En,py) €
spec(Hp, Py) which satisfy the eigenvalue equations

HN\IIN :EN\I/N and PN\I/N :pN\IJN (33)

for joint eigenfunctions Wy € L2(T*V). In this chapter we study properties of such eigen-
functions and the corresponding energy eigenvalues En for the case that Ey is close to the
lowest possible eigenvalue ER,, the ground state energy. Let us denote the energy eigen-
values larger than EY by E% (n > 1) where EY < EV < n < m (i.e., with increasing
order counting multiplicity of degenerate values) and the corresponding eigenfunctions by
U%. Eigenvalues and eigenfunctions of a many-body operator like Hy are in general very
complicated objects. In the weak coupling regime we consider here, however, the analysis
simplifies because for energies not too far from the ground state energy, eigenfunctions ¥’



3.1. Setup and problem 55

are at leading order given by the Hartree product, ¥y, ~ ga%N , in the sense that the energy
equals N times the Hartree energy:

. By vElolN o
B RCIESE o PRI S

(* denotes the convolution of functions on T¢). In the homogeneous setting, ¢y = 1 is the
constant function, and the minimum of the Hartree energy is given by eg = <<pH, ( —-A+
%v* l¢|?)pr) = ©(0)/2. The proof of (3.4) is not very difficult in our setup and we postpone
it to Appendix 3.A. In the general case — nonhomogeneous and for more general potentials —
it is much more involved and we refer to [77, 78, 79] for recent results and further references.
In Appendix 3.A, we explain that it follows from (3.4) that the majority of the N particles
in the gas occupies the condensate wave function ¢y, i.e., imy oo np(N)/N = 1 with
nu(N) the number of particles in the state ¢p. For large but finite particle number N, the
probability of having a significant amount of particles outside the condensate wave function
is thus necessarily small since otherwise, Eq. (3.4) would be false.

In this chapter we use the same notation as summarized in Section 2.1.4.

3.1.1 Objective of this chapter

Our main goal is to show that the probability to find [ out of the NV particles described by a
low energy eigenfunction W%, outside the condensate wave function is exponentially small:

Py (I particles not in pg) < Ce Dt (3.5)

for N-independent constants C, D > 0. Below Theorem 3.1, we give a detailed explanation
of the idea behind the proof of (3.5). Here, we explain it very briefly: If we denote by
PJ(\],’Z the projectors on wave functions in L?(T%") which contain exactly N — [ particles in
the state ¢y, then the probabilities that we want to estimate are given by HPR,J\I’?VW. The
exponential decay is inferred from a difference inequality for the discrete function || Py, U912
(the integer [ being the variable) which is a consequence of the energy eigenvalue eq’uation
for \IJ(])V. This difference inequality turns out to be analogous to the Schrédinger equation
for a particle on a one-dimensional lattice in a potential barrier which lies above the energy
of the particle: —92¢); = (E — V)4; with E < V. In this case the exponential decay of the

wave function t); is well known as the tunneling effect.

From (3.5), we then derive
1. in Corollary 3.6 quasifree type properties for the ground state \119\,,
2. in Theorem 3.7 the validity of Bogoliubov theory for low-lying energies.

It was shown by Lewin et. al. in [31, Theorem A.1] that the ground state of the Bogoliubov
Hamiltonian is a quasifree state in Fock space (the Bogoliubov Hamiltonian is introduced in
(3.9) and the definition of quasifree states is given in (3.17) and (3.18)). They further proved
that the Bogoliubov ground state is related through a partially isometric mapping (see also
below) to an N-body wave function which converges in L?-distance towards the ground
state \I’(])V. The quasifree properties of the ground state of the Bogoliubov Hamiltonian,
however, are not directly transferred to analogous statements about \119\,. There is further
information required about the wave function ¥4 — e.g., the exponential decay in (3.5) — in
order to show that it satisfies similar ” quasifree type” properties as the ground state of the



56 3. Low energy properties of the homogeneous Bose gas

Bogoliubov Hamiltonian. Regarding the second point, the derivation of Bogoliubov theory
for the low energy spectrum, our proof offers a different approach to obtain a similar result
as by Seiringer in [1 16]. However, our method does not allow us to cover the same range of
energies as in [110].

3.1.2 Bogoliubov approximation

Let us close this section with a short presentation of Bogoliubov’s description of the weakly
interacting Bose gas. Bogoliubov theory predicts the next-order contribution in E™ = Neg+
o(N) where o(N) stands for a function f(NN) which is small compared to N in the large
N limit: f(N)/N — 0 for N — oo. It was first introduced in 1947 by Bogoliubov in his
famous work on the theory of superfluidity [22]. Application and justification in the context
of the ground state have been extensively studied in the mathematical pyhsics literature;
e.g., [58, 86, 87, , , , 60, 37, 81] and [107, , | for a more recent approach
using a novel application of the Feshbach-Schur method. That Bogoliubov theory describes
also the low energy excitation spectrum has been rigorously shown in [116, 60, 37, 81]. We
define the Bogoliubov ground state energy as

Eiog = —5 3 (Ik? + (k) — e(#)). (3.6)

k+£0

where the elementary excitation energy e(k) is given by

e(k) = /|k|* + 2[k|20(k). (3.7)

The sum in (3.6) is meant to run over all values k € 2rZ%\ {0} (this convention will be used
throughout). Note that Epog has a finite value since e(k) = |k|?(1 + 26(k)/|k|2)% such that
the summands in (3.6) behave like ©(k)?/|k|? for large |k| (recall, e.g., that v € L? and thus
also ¥ € L?). Moreover, we define the Bogoliubov excitation energies by the set of numbers

J
e(ki) + Ky, k; € 2722 \{0} , 5 > 1} (3.8)
i=1
and denote these values by Kgog (n > 1, with increasing order counting multiplicity). In
Appendix 3.B we show that the numbers E]%Og = FEpog and Efoy = EBog + Kiog (n>1)
coincide with the eigenvalues of the Bogoliubov Hamiltonian
o(k
Hpog = Z [k2 + (2) (2@2% +apa’, + alﬂ—k)] , (3.9)
k40

which acts on the bosonic Fock space Fs where a;, and aj, satisfy the canonical commutation
relations [ay, a},] = Opir, [af,a},] = 0 = [ag, ap’]. Having the original N-particle system in
mind one should think of Fs as the symmetric Fock space constructed over the one-particle
Hilbert space {ou}t = {¢ € L*(T?) : (¢, pu) = 0},

00 l

=B R ({entt). (3.10)

=0 sym.
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The creation and annihilation operators aj and a; in (3.9) are then defined by adding
and removing a plane wave ¢** ¢ L?(T?) with momentum k € 27Z%\{0} to the state

X = ()0 € F?

(akx)l = (akx)l(l'l, ...,.’L‘l) = \/l + 1 /d 671"“”1 Xl+1(w1, ...,le) d.’L’lJrl, (3.11)
T

l
1 e
(apx) = (apx i@y, .. 2p) = 7 > ek 1@, m\ai). (3.12)
=1

It is important to note that a particle in Fs corresponds to a particle in the Bose gas which
does not occupy the state . Without going into much detail at this point, let us mention
that the relation between Fs and L2(T9V) is defined via the partial isometry

N
X = (X07X17X27 ) € fs ~ &= Z (@%N_l X Xl) S Lz(TdN), (313)
=0

where ®; denotes the normalized symmetric product between two symmetric functions; see
(3.116). The vacuum state in F; for instance represents the product wave function ¢ in
the N-particle space L2(T9V). It is thus not surprising that Hpog is not particle number
conserving, as particles in Fg represent fluctuations around the Hartree product.

We denote the eigenfunctions of the Bogoliubov Hamiltonian by x™ € Fs (n > 0), i.e.,
HpogX" = Egogxn. In [81] it was shown (even in a more general setup) that Hpog possesses
a unique ground state which is related to the N-particle wave function via

N
lim H‘P(J)v -> (@%N’l ®s X?)

N—oo

=0. 3.14
LE(T4N) ( )

This implies, e.g., that ¥%, ~ @%N is false in the sense of the full N-particle norm. Note
that this is not in contradiction with (3.4) or with limy_ ng(IN)/N = 1 which are much
weaker assertions. The latter follow from \If(}\, — @%N in trace-norm distance of reduced
density matrices. E.g,
: n @O |

A}gnoo Tr Yag, ~ V| = 0, (3.15)
where TrA stands for the trace of a trace class operator A : L2(T%) — L?(T9) and 7\(1,111 is
the one-particle marginal w.r.t. Wy defined by its integral kernel

7\(1,1]2[(37,3/) :/ Un(z, 22, ooy zN) YN (Y, T2, ..., 2N )dTo...dT ). (3.16)
Td(N—-1)

The phenomenon of Bose-Einstein condensation, i.e., the macroscopic occupation of the
condensate wave function, is physically well described by the notion of distance in (3.15)
whereas in this regard, the norm distance on L2(T%) is too strong. To see this, recall
that even for a single particle in a state ¢ € {pp}*+ C L?(T%), the symmetric N-body state
gog 1 ®, ¢ is already orthogonal to the full Hartree product. From the physics point of view,
however, it is unreasonable to expect that all N particles occupy the wave function ¢p. The

2Note that in the present chapter, our choice of notation for indicating the elements from the different
sectors in Fock space is different compared to Chapter 2. Here, we use a subscript (instead of a superscript)
for indicating the respective sector, i.e., x = (x1)i>0, x1 € LZ(T%).
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distance in (3.14), on the other hand, becomes relevant if one wants to describe also the
behavior of the fluctuations around the Hartree product which is, in turn, important for the
explanation of interesting phenomena that are not captured by the Hartree approximation
(like superfluidity of the Bose gas for instance). It was also shown in [21] that the ground
state x* € F; is quasifree. A quasifree state y € F; is defined by the so-called Wick property
(see, e.g., [120, Chapter 10]), which states that the expectation value of any product of an
odd number of creation/annihilation operators ak# € {ay,a}} is identically zero whereas the
product of any even number of creation/annihilation operators factorizes into all possible
pairings or contractions. More precisely, for any integer n, a quasi free state x € F; satisfies

2n—1

0o (TT af)x) =0, (3.17)
=1

2n
<X’ (H%ﬁ))& = Z <X’ ak#(r(l)a,i(2>x> ' <X’ ak#o(3)ali<4>x> Tt <X’ a’i(gnq)ak#amn)x%
i=1 o€Ps,

(3.18)

where ak# € {ak,al}, ki,..kay € 20ZN\{0}, and Py, is the set of pairings (a subset of all
permutations of the numbers {1,...,2n}) given by

Py, = {a € Sop (2 —1)<o(2j+1), j=1,..,n—1,
o(2j —1) < 0(2j), j =1, n} (3.19)

Two properties that are reminiscent of the quasifree property are

1. It holds that either

> lhal*=0 or > Il®=o, (3.20)

! odd [ even

2. For any m > 1,

Qo™ < G (14 (6N X)) (3.21)
where A is the number operator on Fy, i.e., N' =37, azay.

One the one hand, a state satisfying (3.20) obeys automatically (3.17). On the other hand,
that every state satisfying (3.18) obeys (3.21) was shown, e.g., in [95, Lemma 5]. Let us stress
that for proving an analogous statement for the true ground state \1’9\/ it is not sufficient to
use convergence from (3.14). Here, it is required to have additional information about \119\,.
From the exponential decay in (3.5), e.g., an estimate like (3.21) for the true ground state
(and other low energy eigenfunctions) can be inferred.

The reason why the energies Egog in (3.8) have this comparatively simple form is that the
Bogoliubov Hamiltonian is quadratic in the creation and annihilation operators and can
thus be diagonalized by a unitary transformation (the argument of diagonalizing Hpgog is
presented in Appendix 3.B). The excitation energies Kg,, can be interpreted as sums of
one-particle energies e(k) of noninteracting quasiparticles. The interaction effectively results
in a new energy-momentum dispersion relation e(k) being linear in k for low momenta (for
nonzero ¢ when k is small) compared to the free dispersion relation e™°(k) = |k|2.
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3.2 Main results

Before stating our results, we introduce an auxiliary Hamiltonian Hy which provides an
intermediate step between Hy and Hpog. Let pF = | (z;)) (0" ()], ie.,

pF o L2(T) — L2(T4V), Uy — " () /d O (2)UN (21, ..., xN) d;, (3.22)

T
the orthogonal projector onto the normalized plane wave ¢ (z;) with momentum k € 27Z¢
(note that in this notation ¢ = py), and let qf =1- pf the projector onto the corre-
sponding orthogonal complement. Then rewrite the original Hamiltonian H by adding and
subtracting the mean field energy N9(0)/2 and inserting the identity 1 = (p? + q?)(p? + q?)
on the left and right of the two-body potential (we use the abbreviation v(z; — z;) = vjj),

N

N(0) 1 0., 0y,0_, 0 . 0., 0v,0_, 0

Hy ==Y Aot =5t 5 > 0 +a)wf+a) (v~ 00) 0 + )} +a)).
i=1 1<i<j<N

From this expression, we define Hy by discarding all terms that contain three or four ¢°’s

(this is analogous to Definition (2.23)):

N

. No(0 1

Hy ==Y Ag+ 2( )4 N1 2 [(p?q?qulop? +p?p9qu?q§’) +h.c.] (3.23)
i1 1<i<j<N

A simple computation (analogous to the one in Appendix (2.A)) shows that the remainder
is given by

~ 1 .
Hy Ay =t 3 [(fdualn + ) + he) + (o — 0(0)ale?) |
1<i<j<N
(3.24)

Note that there remain only terms with exactly two p%’s while all contributions with four
and three p%’s are cancelled. In Lemma 3.4 we show that for large enough N the operator
H N possesses a unique ground state \Tl(])\, This may not be completely obvious. Due to the
projectors in the definition of the two-body potential in H N, the standard technique of
showing uniqueness by means of positivity of the ground state wave function may not be
applicable (a detailed exposition of the argument for showing uniqueness of the ground state
via its positivity is given, e.g., in [123, Section 10.5]). We introduce Hy for two reasons: On
the one hand, it already has the same quadratic structure as Hpgos. This appears here as
the fact that Hy does not contain contributions with an odd number of q”’s. On the other
hand, a comparison between Hy and Hy is straightforward due to (3.24) (the interaction
terms in Hy and Hpog, €.g., differ by additional combinatorial factors and the operators
do not act on the same spaces). We denote eigenvalues and eigenfunctions of Hy by E]’\L,
respectively by \f/?\, (n > 1 with increasing order and counting multiplicity).

Define the excitation energies of Hy and Hy by
K¥ =E¥% —EY  resp. K@ =EY—EY. (3.25)

Eventually, let us introduce a set of projectors (P][\)/,z){i o with PJ(\),J C L2(TANY) — L2(TdN)
defined by

PRy = <Q?'-~Q?p?+l"-p(])v)s (3.26)

ym
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where (-)sym denotes the symmetric tensor product. The P](\), ; project onto the subspace of

L2(TN) of wave functions which contain exactly [ particles outside the Hartree product.
The probability of finding [ particles not in ¢y for a given normalized state Wy is thus
equal to HP](\),J\IJNHQ.

3.2.1 Exponential decay for probabilities [Py %"

Our main result in this chapter is summarized in

Theorem 3.1. Let n > 0. There exist positive constants C' and D such that
(a) [Py OXI1* < Ce Pl for all K% <1< N,
(b) P U%|? < Ce P! for all Ky <1< N,

and
(c) Ix}|? < Ce=P for all l > Koy

Let us explain the basic idea behind the proof. We start from the respective eigenvalue
equation for U}, \Tf’]{, or X" and arrive at a relation for neighboring values of, e.g., || Pn 9% |?
(neighboring in the variable [ with [ even or [ odd, respectively). This relation is then
shown to imply the exponential decay in [. We exemphfy this for \IIO If one takes the
scalar product between Hy¥% = EO U ~ and PNJ\IJ N = \IJ(])W and uses the upper bound
E, < N©(0)/2,® one can derive a difference inequality (or recurrence relation) for the values
{H\Il ZH2 leven} resp. {[|¥% 1H2 [ odd}, which is similar to

2110 |12 0 2 167 0 2
OFIWaIP + 200”2 (= 1Rl (3.27)
o0

Here, 07| U, [17 = 19R 14oll* = 201917 + [19R,_5[*. The essential ingredient to find this

inequality is the structure of the auxiliary Hamiltonian Hy together with the fact that
<‘ll?v7l, (Hy — H N) PO > is comparatively small. One uses in particular that H ~ does not
change the number of particles in the condensate by one. The discrete derivative on the
L.h.s. comes from the ppvgq + h.c. contribution in Hy which couples \II?VJ with \119\,7&2.
Moreover, one uses that the gpupg-+h.c. is positive and that 472 is the smallest kinetic energy
above zero, i.e., <\I/?V,l, —AOR) > 4772[“‘1’9\771”2/N~ If we take this difference inequality for
granted and assume that ||0]| < 872, we readily obtain the exponential decay ||[¥Q;,[|? o
e~ Pl (the inequality is easily solved via an exponential ansatz). Let us emphasize that
(3.27) is reminiscent of the time-independent Schrodinger equation of a particle on the one-
dimensional lattice with energy equal to 2 inside a potential barrier of height 1672 /|9 >
2. In this situation, the exponential decay of the wave function is well known as the tunneling
effect.

This argument is made rigorous in the proof of Theorem 3.1. In particular, we show how
the idea can be generalized to ||8]| > 872 and to other low energy eigenfunctions W%, W%,
and x'%.

Corollary 3.2. Letn >0 and m € N (m < N). There exist positive constants Cy, and C
such that

3The upper bound follows from ES = infyjg =1 <\I/N, HN\IIN> < <<p§N, H¢§N> = N(0)/2.
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(a)
(v (LTt 0 = G2 (1 037). (329
()
(@, (zﬁlq?)m < O (14 (B, (3.29)
and
(c)
iﬂx?, Xi') < 0(1 + (Kgog)m)- (3.30)

Using (a) and (b) from Corollary 3.2, one can readily derive bounds for the difference of
Hy and Hy. For that recall that every term in Hy — Hy contains three or four ¢°’s, cf.
(3.24).

Corollary 3.3. Let n > 0. There is a positive constant C such that

(¢)

(%, (Hy — Hy)W%)| < C,:(1 +\/I%]’Q,)z N (K]&)Q_,
) -
(U, (Hy — Hy) %) < C:(1+\/I%N)2 N (Kjifv)

3.2.2 Quasifree type properties of the ground state

Let us denote the orthogonal projectors onto the subspaces of L? (T?N) which correspond
to an even respectively odd number of particles in the condensate wave function by

N
Poaa s LAT™N) = LX(TN), Oy fqTy = > PR Ty, (3.31)
oda
N
f/;pven : Lz(TdN) — L2(TdN>1 Uy J/cgven\IJN = Z P]%,lqlN7 (332)
=0

They Satisfy ]/m + J/lz)dd =1 and f?ven}}))dd = 0.

even

Lemma 3.4. The ground state \TJ?V of Hy is unique (up to a constant phase factor) and it
holds that either

Pow =0, U =0 or Fooen®h =0, Foua0% = WY

even even
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Proof. Assuming uniqueness for a moment, the second statement follows from the fact that
all interaction terms in Hy change the number of correlated particles either by zero or by
two, as well as that —A¢" = 0. Hence, one finds that

[HNyfeven} =0= [ﬁNvfgdd]v

and thus, knowing that \Il(])v is unique, it follows that all mass is either contained in the
even or in the odd sector (otherwise we could construct two ground state eigenfunctions
feven‘I’(])v/H even‘li?\,H as well as foodd\ll?v/||f00dd\ll(])v|\ contradicting the assumption that the
ground state is unique). The proof of uniqueness follows from the following Theorem; see
Section 3.3.5 0

Theorem 3.5. There exists a constant C' > 0 such that (with appropriately chosen phases;
recall that the ground state is defined only up to a constant phase)

e — 0% < (3.33)

\ﬁ

Corollary 3.6. The ground state wave function \I/?V satisfies the following quasifree type
properties:

1. It holds that either

or 12w @Rl < (3.34)

Pl < = -
odd _\/N \/N

2. For any integer m < N and some positive constant C,,
0
(w (Hq)\lf >_Nm (3.35)

The second statement follows from Corollary 3.2 for n = 0. The first one is an immediate
consequence from Theorem 3.5 and Lemma 3.4. The reason why we call this “quasifree type
properties” is that they are reminiscent of (3.20) and (3.21), as explained thereafter. For
that, recall the relation in (3.13) and note that the operator N¢" is the analogue of the
number operator A/ on the Fock space (3.10). Moreover, it is known, and we recall this in
Appendix 3.A, that <\II(J)V, (Nq(l))\IJ(])V> < C such that (3.35) expresses a similar “factorization
property” as (3.21).

Remark 3.1. In Chapter 2, we have studied the time evolution of the many-body Bose gas
by approximating it with the dynamics generated by a Hamiltonian HY, analogous to the
one defined in (3.23) (with the obvious modifications for the time-dependent setting and
for more general situations including a nonzero external potential). The optimal error term
for the time-dependent approximation holds for wave functions satisfying initially certain
properties which were summarized in Assumption 2.2. Corollary 3.6 shows that the ground
state of the homogeneous gas confined to a box satisfies properties A.2.2 and A.2.3. That
it satisfies A.2.1 can be seen from Theorem 3.7.



3.2. Main results 63

3.2.3 Low-lying energy eigenvalues

Another consequence of Theorem 3.1 is that the ground state energy E?V and also the
excitation energies K7, defined in (3.25) converge in the large N limit to the Bogoliubov
energy Epog resp. the Bogoliubov excitations Kp,,

Theorem 3.7. Let Ep,q as in (3.6). There is a constant C' such that

’E?\, - (NZ(O) + EBOg)’ < % (3.36)

Let further n > 1 and K, as in (3.8). Then, there exists a constant C' such that

3
(KBog)§ K%og (I(g’og)2
‘KN K}l < C[\F T+ i (3.37)
The statement of the theorem coincides with some part of [1 16, Theorem 1]. We emphasize,
however, that our statement is valid only for fixed values of n, whereas [1 16, Theorem 1]

proves convergence of excitation energies up to K" < N.

Remark 3.2. Tt is an open problem to derive the Bogoliubov approximation for the excitation
spectrum in the thermodynamic limit, i.e., for N,L — oo, p = (N — 1)/L% = const. In
this setup the coupling constant 1/(N — 1) in (3.1) needs to be replaced by L¢/(N —
1) = 1/p and Bogoliubov theory is expected to become accurate in the large p limit. Such
a model is of particular interest because the momentum becomes a continuous variable
in the thermodynamic limit which is a crucial ingredient in the macroscopic theory of,
e.g., superfluidity. We refer the reader for more details to [36, 37]. In [36] Derezinski and
Napiérkowski study a so-called mean field large volume limit, namely N, L — oo while
L* < p for some number a > 0. This can be considered as an intermediate step towards
the true thermodynamic limit. Let us note that at least for the ground state energy, our
approach can be applied without major modifications also to this type of limit, leading to
a similar result as obtained in [37, Theorem 1.1].

Our strategy for proving Therorem 3.7 is to show via an appropriate comparison of Hpgg
with Hy that Kg,, ~ K, and then use Corollary 3.2 for proving Ky ~ K. For the first

step, we argue that the auxiliary Hamiltonian H N is unitarily equivalent to an operator

No(0)  ~
1)2( ) JZN (3.38)

actlng on functions in F=V C F; (the first N + 1 sectors of the Fock space Fs). Extending
HN trivially to the whole Fock space (and denoting this extension by HN) we derive a
bound similar to

C ~ C
_NNQ +small < Hy — Hpog < NN2 + small (3.39)

where N denotes the particle number operator on Fs. We then apply the so-called min-max
principle which states that the eigenvalues of a self-adjoint operator A (acting on a Hilbert
space H) below the essential spectrum, counted with multiplicity in increasing order, are
equal to the min-max values {j,(A)}n>0 defined through

pn(A) = min ey B (¥, A, (3.40)
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where the infimum is taken over all n + 1-dimensional subspaces Y"1 C 7. Note that
in our notation, w, is the n+1-th eigenvalue since we start from n = 0. If there exists
only a finite number M of eigenvalues below the bottom of the essential spectrum, then
tn(A) = inf oess(A) for all n > M. For A ~ B with some other self-adjoint operator B that
has eigenvalues {pu,(B)}n>0, one can use (3.40) to find an upper bound for p,,(A) in terms
of the eigenvalue p,(B) and the explicit error

max (¢, (A - B)¢>H. (3.41)

PeYET, ]y =1

Here Yg“ C H is the subspace spanned by the first n 4+ 1 eigenfunctions of B. Vice versa,
one obtains an upper bound for u,(B) in terms of p,(A) + error where the error is given
by the same expression as in (3.41) with operators A and B interchanged. Using the same
argument in combination with Lemma 3.3, one also proves K"~ K"

3.3 Proofs

For notational convenience, we omit the subscript N throughout the following sections.

We first note some important properties of the projectors P][\),,l which are easily verified
using their definition in (3.26) (cf. Definition 2.11 and Eq. (2.97) with ¢; replaced by ¢°):

1. PJ(\)/,l is an orthogonal projector,

0 p0  _ 0
2. Py, Py y = o0wPyy,

N
3.1=5"", P](\),J,

4. [p? PJ(\]f,z] =0= [qgvpj(\)/,lL

79

1 N 0 _ N 1 po
5. %2 it1 % = 2o vPNu-

From assertions 1,2 and 5, we directly obtain an important relation that we frequently use
throughout the following proofs, namely, that for any symmetric wave function ¥y,

N
k l
I (PR 0)[I” = (PR, ¥, ~PR i) Pr,v) = <Py, Y% (3.42)
N N
k=0

and similarly also for the product ¢)q9.

3.3.1 Proof of Theorem 3.1
(a) We first show that for some § € (0,1],*

|PR E"* < Ce P forall K™ <1< |[5N/2]. (3.43)
Then, we use this estimate to derive the bound also for the remaining values of I:

|PR U < Ce PN forall [6N/2] <1< N. (3.44)

By |-] we indicate the floor function, i.e., |-| : Rf — N with |« being the largest integer less than or
equal to the real number x.
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Remark 3.3. For the proof of (3.44), we assume in addition that K™ = K}, < N. However,
we emphasize that this does not pose a further restriction on the number n, as we consider
only fixed n. Going through the part of the proof of Theorem 3.37 where we derive the
upper bounds for ,,(H) in terms of pin (HBog) resp. for pu,(H) in terms of fin(H), it can be
verified that K™ is of order one w.r.t. N whenever K . is of order one (which is the case

for all fixed n as Kf,, is per definition IV -independent).

In order to show (3.43) let us introduce the abbreviation ¥; = P]Q,’I\I/ and the constant

A 4)|9||1
b = — + (= V5 3.45

for 6 € (0,1}, I* € N. Moreover, we need the following two lemmas.

Lemma 3.8. LetI* < N, 6 € (0,1] and ¥ € L2(T). Then, for all I* +2 <1 < |§N| — 2,

N’<\I’Z7P1P2012Q1Q2‘I’>’ < *Z (k )(Hp1p2‘1’l+2”2 + HPlPQ‘I’lH ) (3.46)
k0

o b oo (UM + (04 2) €12l

NG adadorsnfe)| < 5 3 otk (Ipkpdwical? + [5du?) (3.47)
k0

o b [9oo (UL + (= 2)[@02]).

Lemma 3.9. Let 6 € (0,1], U € L2(T™) and V"' = H — H as in (3.24). Then, for all
integers | < |[ON| — 1,

‘<‘I’l7‘7mt‘1’> - <‘I’Z,Q1Q2012Q1Q2‘I’>‘ (3.48)
< b oo (0 = DD P + 201902 + @+ D)4 ]2).

Proof of (3.43). We abbreviate g7 = I||U7||? and set v/§ = min{m, 1} and

o | (Y] [

The argument is divided into three steps: 1) We derive an inequality similar to (3.27). For
[9]lco < 872, it would directly imply (3.27) and we could proceed as explained thereafter.
For the general case, we keep additional negative terms on the Lh.s. of (3.27). 2) Those
negative terms are used in order to derive a more suitable relation. This new relation, how-
ever, does not hold for the numbers || ¥;||> but for appropriately chosen sums of the 1||¥;||?
(due to the negative terms, this leads to cancellations on the Lh.s. of (3.27) whereas on
the r.h.s. there are no cancellations). This procedure leads to a suitable generalization of
(3.27), namely the difference inequality (3.65). 3) We solve the difference inequality via an
exponential ansatz. Together with the normalization condition ||[¥"| = 1, this will imply
(3.43).

Step 1. For all integers I*+2<I1I<|[IN]| -2, the following inequality holds:

k
hrea < S0 I (ko + Ikt — 2l ?) (3.49)
2 Tl

5Note that the choices of § and I* are not optimal and many other examples would work as well.
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+ bs 1+ (91”-2 + 9+ 9+ gln+2)»

where

1 K"
P = —— (4n? — 4bg s :
R T G (350

Note that for the chosen values of 6 and [*, the number af;,. > 0 is strictly positive. To
derive (3.49), we start from the eigenvalue equation for W™, HU™ = E"U" and recall that
the energy E™ = EY + K™ is bounded from above by No(0)/2 + K™. Taking the scalar
product with ¥}, using H = H+ XN/reSt, leads to

N(UP, (—A)e™) — K" W7* 4+ N( z7p1q2v12q1p2‘1’"> (3.51)

N
§—5<‘1’?,pgpgv12q?ngfﬁ2> <‘I’l Q1‘]2U12p1p2‘1’l 2> <\11 VreSt\Ijn>'

The upper line can be computed explicitly: Since p{+¢? = 1, Ap? =0, ¢¥ = Zk#o 1©®) (P4
and [|¢Q007|? = N||\If”||2 one obtains for all [ > [*,

KTL
N(UF, (~A0)0") = K[ 07| > 4m* Nl ghef |2 - K| W7 > (42 = 2= )l w7 ) > 0

(3.52)
and with the Fourier decomposition of the potential, v(z) = _, ©(k)e'?,
(U7, P)aviagt Py )y = > 0(k) (], plgge’™ ™ =) dpwp)
k0
= o(k)(T7, (1) ("), (190", 7)) = o (k) i 37|,
k#0 k#0
(3.53)

In the last step we have used symmetry of ¥}' under permutation of coordinates in order
to exchange the integration variables. Since the upper line in (3.51) is thus positive (recall
that © > 0), and since also N<\Ill qi qQUlgqqu\Ifl"> > 0 (since v > 0), we can apply Lemmas
3.8 and 3.9 in order to bound the lower line and obtain the stated inequality in (3.49).

Form € N, let f/, denote the arithmetic average of the 2m+1 numbers g7, . g7 .1, ... g7
ie.,

R

l=j—m

Our next goal is to show that for certain values of j (and for sufficiently large but N-
independent m), the f}',, satisfy a difference inequality similar to the one in (3.27). This
will be used to derive the exponential decay in the third step.

Step 2. Take the sum of both sides in (3.49) for [ running from j — m up to j +m
(m>0and I*+2+m < j < |IN| —2—m). The left side gives
j+m
3 (af{l*gl”) — . (2m+ 1) f (3.55)
l=j—m
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In the first line on the r.h.s. of (3.49), it is essential that we have a “telescoping sum” and
thus cancellations up to the boundary terms. This leads to

Jjtm

>[5 EZ

ljm

k
O (Ikpgp ol — Iip$upI? + ket o) — [hpder)?)]

2 19l

EZWM (s 2 O % Ll 5 L
k#0 >

e S N T NP (3.56)

where we have discarded the two negative terms from the second line, then used ), £0 ph =

q?, and further ||g{pdwn(? < N||\I/”H2 Summing over the second line of the r.h.s. in (3.49),
we find

j+m
> [b&l* (91”-2 T gl i+ 91n+2)]
l=j—m
< 2bs < (2m + 1) f1, + bs 1~ (g;lfm72 + 9 m-1t fme1 9?+m+2>‘ (3.57)

Together, this leads to the relation

<a§il* - 2b§’l*

o) e D < (s + Gy e+ i), (358)

being valid for all I* +2+4+m < j < |[0N| —2 —m (m > 0). It is important to note
that the first factor on the Lh.s. is still strictly positive (which can be seen, using, e.g.,
agp = 872/ (50]0]|00) and b+ < 272/ (50(|9]|00)):

ag. = 2bse 5060\ 1
e L § 7‘”) 0. 3.59
Cs.1 14 b — ( + A2 > ( )

Let m* = 8 |1+ 50(|6]|os/472| + 1, and compute

j+2m* j—m—1 j+2m*
(2m +1)<]mm*+j+m m) Z gl_'_zgl— Z gln+ Z glna
l=7—2m* l=j—2m* l=j+m*+1
(3.60)

for *+2+42m* < j < |6N] —2—2m*. Using (3.58) we obtain a lower bound for the r.h.s.
For that, sort all terms into groups of four. E.g., the two first and the two last,

(9?—2m* + 9?—2m*+1) + (9?+2m*—1 + g?—&-Qm*) > ey (Am™ = 3) filome—o (3.61)

following from (3.58) with m = 2m* — 2. Equivalently, for ¢ even, 2 < i < m* — 2 (with
m = 2m* — i — 2), one finds

<g;‘172m*+i +g?72m*+i+l> + <gj+2m —i—1 1 gj+2m* —z) > cgpe(4m” — 20 = 3) [l _i—o-
(3.62)
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Putting everything together, it follows from (3.60) that

*—2
1 S . o
jn—m*,m* + ]n-&-m*,m* Z m( E CSLJ* (4m — 21 — 3)fj7’?2m*—i—2>
=0

i even

DI C D D)
l

=0, =j—(2m*—i—2)
ieven

m*—2 j+m*

1 (m*—1)
20k 3 (qgy 2 o) =g S (303
1= l=j—m*
7 even
The choice of m* ensures that
*—1 50||0 “1(m* -1
CEZ*M > (1+ l’;!“) (m 5 ) o4, (3.64)

In particular, the Lh.s. is larger than 2 uniformly in N. For simplicity we further assume that
N is such that the integer [d N | —1*—4—2m* is multiple of m™* (the argument is easily applied
to the general case as well). The number m* then divides the tuple (g 12 gﬁ; N j—2) into
M +1 (for some M € N) partlially overlapping blocks (subtuples), each with length 2m* 41
and centered around the values g;: 1=1,...M+1:

+24+1im™*>
block 3
block 1 block M+1
n n n n n n n
(gl*+2, ceey gl*+2+m*, ooy gl*+2+2m*, ceey gl*+2+3m*7 ...,gl*+2+4m*7 ...... ) gL§Nj—2—2m*7 ooy gL(SNJ—2 ) .

block 2

If we denote the arithmetic average of the elements of each such block by A7, ., i =1,..., M+

1 (in other words, we set A7, .. = fli o ;. e), it follows from (3.63) that the A7, . satisfy
the difference inequality

m*—1 .
P e P > (T)h?m*’ i=2,.., M, (3.65)

)

with ¢ = 031*% > 4. Reading the inequality as thzm* > (¢ —2)h},,«, this should be
seen as the correct generalization of (3.27).

Step 3. We now use this relation to derive the exponential decay of the hi - as func-

tions of the variable i € {2,..., M'}. One solves (3.65) via the exponential ansatz h,,. = xt,
x >0, i.e.,
2 2
9 c\?2 c & c
x‘ —cr+ x 5 1 >0 & |z 5|2\ (3.66)

with two possible intervals of solutions, namely

2 2
T Tt A Ve s (3.67)

(since ¢ > 2, the number below the root is strictly positive). One easily finds that z > 1 and
x_ < 1. Thus, x4 corresponds to an exponentially growing function whereas x_ describes
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an exponential decay in the variable ¢. Here, we are interested only in x_ because the
function A, . must fulfill the following normalization condition,

N
Ve < th me < CY W7 < CN. (3.68)
For the exponentially increasing solution, we would have that for N-independent positive
constants C' and D,
CePN < cePM < py . <CN, (3.69)

which is false for large N. The solution to the difference inequality (3.65) (satisfying the
required normalization condition) is then exponentially bounded from above, namely

DY e < 0[5 —\ 7 - 1} = CeDi 2 <i< M, (3.70)
with D = —1In [% — % — 1] > 0 since ¢ > 2. By definition of the b, ., it follows immedi-
ately that

[wr? < ce P, IF4+24+m*<I<|6N|—2—m". (3.71)

Recalling that 0, m* and [* are N-independent, this proves (3.43) when N is taken suffi-
ciently large.

Proof of (3.44). Define

\I,’n
"= Z Py, 9", Wr=9"-¥' and ¥}, = ||fo;|| (3.72)
1= |+1 "

(note that whenever ¥I' = Uy, = 0, there is nothing we need to show and hence we can
restrict the argument to a subsequence with [[¥% || > 0). The idea of the proof is to use
(3.43) for showing that the product [[W[[(W},,,, ( H E™)Wr, ) is exponentially small in
N. Then, one notes, us1ng the fact that ¥}’ contains a nonvanishing fraction of particles
outside the condensate ¢, that the average energy of U o can not be close to £, which is
true only for states in which the majority of particles has condensated. Hence, ||¥7]| needs

to be exponentially small which gives (3.44). Let us explain this in detail.
We start with n = 0. It follows from

0= (0 (H - E"T") > (V0 (H — E°T)) 4+ 2Re (¥, (H — E°)TY) (3.73)
(which is true since H — E° > 0) that

22T, (H — EOTY, ) < Ce PN, (3.74)

7"7’107 7,n0

To see this note that H couples only the “neighbouring” terms of ¥, and ¥,, and thus

‘<‘I’2 (H — EO \110 ‘ < 2N‘<\Ife,q1p2v12Q1€J2

+2N|( ‘ Y, pYpJviaglad

< 0 0 0 < —DN )
< ON (I sy I+ 1905w 1) 192 < Ce=PY, (3.75)
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by means of (3.24), the definitions of W9, U9 and (3.43). The vanishing of the second factor
on the left side in (3.74) for large N would imply that W0 were close to the actual ground
state which is not correct. In order to show this, we set

W =), — Y il = (0, 00, (3.76)

such that ¥# L \IJO for all 0 < ¢ < m. The number m is chosen as the smallest integer
such that E™+1 — EO > ¢ > 0 (for some small € > 0 and all large N). It then follows that

<\Ilrno?H\Ij7qno ZEZ‘azO| +Em+1H\IJ >”2 (377)
=0

and thus in particular, using |af?? + ... + [a°? + @0 |2 =1,

(v

T,Mm07

(3.78)

r,no

m

. 12

(H = B0 > (B™ = B0 |12 = ¢ 90, — >~ alfw!
1=0

Recalling the definition of \I’T no and the identitiy Zl]io Py, =1 with Py Py, = PY o,
one also finds

TP [50/2] mo e BN N L
|90, =Y a2 | 0 P (D ale) [ = Y|P (X ere) | @79)
i=0 1=0 i=0 1=0 i=0
and, moreover, using the abbreviation ® = a2°W0 4 ... 4 omOY™
Y 2/ | C
Bry=1- S [PRelPz1- (Y pIPel) 2 1o @80)

= 41 =0

for some a > 0. The last step follows from Eq. (3.167), Appendix 3.A and corresponds to
the physical fact that the majority of particles in ¥ occupies the condensate wave function
en. This is explained in more detail in Appendix 3.A (here we use that K" = O(1) for
fixed n; cf. Remark (3.3)). Summarizing the different steps, we have found that

1

(H—E"W0,.) > C’<1 - —) (3.81)

<\Il ,n0 Nea

T‘nO’

which together with (3.74) implies that ||¥9||? = Zl>5N/2 Hi’t’](\)”\IJOH2 < Ce PN This proves
(3.44) for n = 0.

Next, we fix n > 1, and assume (3.44) to hold for all m < n. We start again from
0= (V7 (H—E"U)+ (V! (H—E")U2) +2Re (¥}, (H— E")U) (3.82)

The bound for ‘<\IJ2’, (H —E”)\I!fﬂ is derived as above. However, H — E"™ is no more positive
such that one needs to control first the negative contributions of the two other terms: Let

n
oL =Up - BT, B = (W, 07, (3.83)
=0
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s.t. Ut L (1327> for all 0 < ¢ < n. Then,
(W, (H — E")wr) Z BB — B 4 |90 (B — B = —Ce PN (3.84)

because E' — E™ < 0 for i < n and (recall ¥, = 2I<|5N/2) P](\),JII' and ¥ — Ul = ¥i)
= () = (0w = (v < < P s

for all i < n. Similarly, for

n
N D Bt = (T, w7, (3.86)
i=0

we find
n—1 '
(W, (H = E"MUE) > ) BB = E®) + | @F L [P(E" = B") > =Ce™ PN, (3.87)
=0
because for all 0 < i <n (recall Ur =37/ 559 P]%J\Il),
in 7 n n\ |2 i _
B = (W, )| = (w5, o) [P < 9P < Cem PN, (3.88)
Thus, using (3.82), we infer that
—Ce PN < (' (H — E")¥P) < Ce PN —2Re (U2, (H — E")UP) < Ce PV, (3.89)
and thus

H—E")¥y,,)

< Ce PN, (3.90)

7”fL07(

o | (w

From here, we proceed similar as in the case n = 0. Let

m
Up =07, = > ol = (T, 07, (3.91)

with m > n the smallest integer such that E™+! — E™ > ¢ > 0 (for some small £ and all
large N). Then,

<\I/7"n07 H En)\I/:“lno>

m
ZZ!ai"IQ(Ei—E”)+ it P(B = EY) + [V (BT - B
; 1=n-+1
> —Ce PN eur |2, (3.92)

which follows from |ai? < ||WL|?2 < Ce PN for all 0 < i < n (shown similarly as for the
Bi). Moreover,

[oN/2] [6N/2]

Z PNI(Zam\I!H = > HWv,z(éain‘I’i)

(RSN

2
’ , (3.93)
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and, using again the abbreviation ® = a2"W0 4+ ol"W! + . 4+ o™ U™ we find

N 9 N k C
_ 0 2 0 2
(393)=1- > [Py >1- g<§ et ) >1-— (3.94)
=] 2 |1 1=0

for some a > 0, where the last step follows from Eq. (3.167), Appendix 3.A (here we use
again K™ = O(1) for fixed n; cf. Remark (3.3)). Altogether, this implies ||¥7?|?> < Ce=PN
which proves (3.44) for n > 1, and hence completes the proof of Theorem 3.1 (a).

(b) The same argument as in the proof of part (a) can be used for proving the statement
also for eigenfunctions ¥™. The only difference is the absence of V' in (3.51).

Alternatively, one can derive estimates similar to the ones in Lemma 3.8 where the constant
bs,~ is replaced by a constant by« o< 1/v/1* (in particular, not depending on §). By means of
this new estimate, the argument to prove (3.43) could be employed to derive the exponential
bound for H\iﬂ] directly for all K™ <1< N (in the Proof of (a), to the contrary, it scems
necessary to split the argument into two steps, namely (3.43) and (3.44) which is due to
the presence of YN/reSt). This second alternative to prove the statement is more analogous to
the proof of (¢); see below.

(c) The strategy is the same as in the proof of (3.43). Taking the scalar product between
HBogX" = (EBog + Kfio,) X" with (0,0,...0,x7,0,0,...) € Fs, where xj € LZ(T#) is the Ith
component of x" € Fy, we obtain (using Fpog < 0)

AP + KoglIX 1P+ oK) larxi'II?
k0

0(k * ok n n n
< Z 1)(2) (‘<X?v aka—le—2>‘ + ‘<Xl ,aka—sz+2>D~ (3.95)
k20

Furthermore, with some elementary algebra using the canonical commutation relations of
ay and ag,

k k 1 k *
‘<X?a akaka?72>‘ < §<<X?> akakzX?> + <X?—27a—k:a—kX?72>>
1 * *
< §<<X?> aparX}) + (Xitas X pa—rX[o) + ”X?—Q”Q), (3.96)
1 * *
Ot akamidtn) | < 5 (O aiaidd) + INFI2 + (i gamidya)), - (397)
such that for all [ > [*,
1 K?’L ~
i (47 = e = (3.99)
Voo
L) 5]
< 220 = landtal? + lawxiial® = 2land'?] + (57—gr ) (¢ — 2) x|
[l " —2)

k0

If we choose I* > (Kp,, + |9]1/2)/(47%), the factor on the L.h.s. is again positive and we
can proceed in exact analogy as in the proof of (3.43). However, note the difference that
here the inequality holds for all [ > [*. Going through steps 2 and 3 (with some obvious

modifications) one proves the exponential decay, i.e., |[x?||> < Ce™P! for all [ > Ko
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3.3.2 Proofs of Corollaries 3.2 and 3.3

Proof of Corollary 3.2. Note first that for any symmetric wave function ¥, we have

. (T1d)w) < > () 1781 (3.99)
i=1

which follows from the identity + SN Q= Z{io %P&l and 4= < £ for all [ < N. The
proof of the corollary is now straightforward:

K" K
D UMIPR P < (B Y PR P < (K™, (3.100)
=0 1=0
and
N
> PP <G (3.101)
I=Kn+1

which is true because HP]%J\IJ”]P < Ce P! (3.100) and (3.101) also hold for ¥ when K™
is replaced by Kn. O

Proof of Corollary 3.3. We recall H — H from (3.24), and use the Fourier decomposition
of v. With ¢9e?®2p) = |©=*) (1|5, Vk € 27Z%\{0}, and Corollary 3.2, we find for the terms
with three ¢°’s and one p” in (3.24),

N, ladviaalp§)| < N7 00) (0, Bl ) (¢ gl w7

k0
< Voo (3 ladpz 1) lladw"]
k#0
3
C(l+Km™)2
< N6 oollgPg3®™|| [|gP "] < —————. 3.102
< Nolloollaraz¥" || lgr¥" || < Wi (3.102)
For the term with four ¢”’s in H — H , we obtain
N[0, afad (v12 = 6(0) ) afafu)| < N7 a(k) [ (0, afade ™) g w)|
k#0
. C(1+ K™)?
< Nijoll flgdggun? < CUEES ¥ S (3.103)
The same estimates hold again when U™ and K™ are replaced by " and K. O
3.3.3 Proofs of Lemma 3.4 and Theorem 3.5
Proof of Lemma 3.4. To obtain uniqueness of the ground state \TJO, we show that
B0 — B0 < CN~1 (3.104)

for \T/O, UY with appropriately chosen relative phase factor. Uniqueness of U0 then follows
from uniqueness of ¥Y. That ¥ is nondegenerate follows from standard techniques showing
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that the ground state of H has to be a positive function (for details, we refer to [113, Section
XIII.12]). Assume W) 1 W9 two different ground states of H. According to (3.104) we would
find that

V2 =0 - | <[99 — 0O + 90 - B < ONi (3.105)

which leads to an obvious contradiction for large enough N.

In order to derive (3.104), let U0 = a0 4+ Ut with U0 L \INIJ' and the phase in ¥° such
that o = (U0, ¥%) € R and « > 0. It follows that 1 = a? + ||¥+|? and thus
[0 — @O < |+ (1= ) < [T + (1= a®) = [T+ [TH]* < 2T (3.106)
For estimating the norm of ||¥1|| we start from
(U0, HO%) > E%? + BY|0|? = E° + (B — BO)| 0|2 (3.107)
With K! = B! — EO, it follows that

1|0y 0 77ry,0 0 0 (17 0 3,0 7\, 0 c
KYUt))2 < (99, H9%) - E §<\II,(H—H)\I/}+<\IJ,(H—H)\IJ>§\/—N, (3.108)

where we have used <\IJO,H\IJO> < <\IIO,H(IV'O> in the second step, and Corollary 3.3 in

the third step. That the spectral gap E'—E'=K!>¢>0is strictly positive is not
obvious and we have to take it for granted at this point. It follows for instance from the
proof of Theorem 3.7 where we show that limy_.so K! Kéog, together with the fact that
Kg,, > € > 0. O

The idea for improving the convergence rate in (3.104) (Whlch is the statement of The-
orem 3.5) is to use additionally the property “f \IIO =0or fe U0 = 0”. To do that we
need some technical preparations which are summarized in

ven

Lemma 3.10. Let a € {3,1}, d € {~1,0,1}, and (7an°)e and (7g0°)% denote the linear
combinations of projectors (cf. Definition (2.12))

e~ (ktd P
(Tan")" = Z < N ) PNka 7'dV Z <k+d) PNk (3.109)
k=1-d k=1—d

Then, for any ¥ € L2(T), the following assertions hold:

(a) [(Tdm )%, 89] =0 form € {n,v}, ) € {p),¢)} and 1 <i <N,

(b) 00 = (7gn")*(7°)°q)¥ for d € {~1,0,1},

(¢) @q8v12gdpY(7amn")* ¥ = (Faram’)*q0q3v12¢0p3¥ for m € {n,v}, d € {~1,0},

(d) afp3vizafad (Fam°)" ¥ = (7im" ) afp3vi2afa§ ¥ for m € {n,v}, d € {0,1},

(e) ¥ (7an”)2 0|12 < Cllgal¥|? and |¢f (7an") ' ¥|]? < Cllqa3al®|? for d € {~1,0,1},

—~0\1
(1) laf (7ar*)2 W|* < O[> and |lgfqd(7ar”) W||* < O[> for d € {~1,0,1}.
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Proof of Theorem 3.5. Following the same argument as in the proof of Corollary 3.4, it
remains to find an improved bound in (3.108):

KHO2 < (90, (H — H)®°) + (90, (H — H)¥°). (3.110)

Let us assume !}/"de\flo = 0 (the proof would be completely analogous for feven =0; Corol-
lary 3.4 states that either of the two is zero). We estimate the terms with three ¢*’s and
one p°, using that ggugp only couples the odd with the even part, and vice versa:

‘<‘1’ , ) q3v120)pY ‘I’O ’— ‘< Foqq® >Q1QQU12Q1p2feven\pO> +< Foren® ,Q1QQU12Q1p2fodd‘I’0>’ 0.

For ¥y, we find

0 0 0 70 0 00 0,070 0
‘<\I} 7q1q2UIQQ1p2\II >’ _‘ odd\Ij 7q1Q27}12Q1p2feven\P >‘ ’<feven\I/ 7q1q2012Q1p2fodd\II >‘

Here we proceed with Lemma 3.10, and obtain

N‘<J?c?dd\1’0aQ?QSU12Q(1)pgfe0ven‘ljo>‘ = N)(ﬁ?dd‘l’o, (70°) ¢ qSv12¢0pS (717 )lfeoven‘l’o>‘

—~ —~0
< Na?a3(757°) Foaa ¥l v12p8llop laf (Foin”) 27|

< ON|[£249° [lada5439°

K ~ CN
\I}O 70 ‘I’O 2 \Ifo 2
< 10 o foaa¥"|I” + 28 !Iqquq |

~ C
< w0 — w2+ — 3.111
<0 || [ +K1N, ( )

where we have also used that H@dd”@ <1 as well as [[v1209]lop < VD507 ]lop < [v12]]2 <
C'. Similarly, one finds

K C
N‘< even U ,Q1CI27112CI1P2 odd‘I’ >’ H‘I’O ‘I’O“z"‘ﬂ- (3-112>

The term with four ¢*’s in H — H has been already estimated in (3.103). Using K° = K9 = 0
completes the proof of Theorem 3.5. O

3.3.4 Proofs of Theorem 3.7

Proof of Theorem 3.7. We first compute the difference between H and Hpog. For that, we
introduce the unitary mapping

Ugy : L2(TN) = FEN W Uy, 0 = ()Y, € F=V, (3.113)

Where .F<N @l =0 ®sym ({@H}L) $H IS deﬁned by

l N
Xl\Ij(ﬂfl,...,l’k) = H (7) (Hq?)/ H gpo(aji) \Il(xl,...,a:N)dle...de. (3.114)
=1 j

j=l+1

5The mapping Uy, gives the correct relation between the N-particle space and the Fock space of ex-
citations F=V C F, which we have mentioned in (3.13). It maps ¥ onto its component in which exactly
N —1 particles occupy the condensate wave function and then removes the corresponding degrees of freedom.
What remains is a symmetric l-particle wave function which is orthogonal to ¢p in all coordinates. This

mapping was first introduced in [81].
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Also note for symmetric ¥ the identity, following from 1 = Zf\; o Py,

N N
U= PR =Y (v o), (3.115)
=0 =0

where ®, denotes the normalized symmetric product between two symmetric wave functions

v e LA(TY), 4y € Lzmrdk>,

Y s Vg = > W1y, o o) Uk To(41)s - To(hrn))- (3.116)

\/k'l' CE

It follows from the definition of Uy, that for ¥, ® € L2(T4V),

N!
(01, @) = (0. P} @) = o (V. (Fafplr %) ) = (). (3117)

Unitarity of Uy, is then obtained from

N
Z<\Ifz,<1>z> Z _l,l, (q?---q?p?ﬂ-up?v)‘l’)=Z<Xf”,x?’>~

=0
One also finds by direct computation that

_ N -
Uy HUL = % L HESY, (3.118)

where HSN : FEN 5 FEN s given by HSVY = P o H N with

=3 [kPajay +Z [( i)a};ak+01(N,l)a}§a*_k+c2(N,l)aka_k] (3.119)
k#0 E#£0

forall ] < N — 2, and

Z |k2a}ay + Z { ( i)a;;ak + (N, l)aka_k] (3.120)

k0 k40

for [ € {N — 1, N}. Here, we have used the abbreviations

a(N,l) = VIV - ;LVQ_)(iV ks 1), (N, 1) = vy _Jl\;(ivl_ i)} (3.121)

We give an example of how one arrives at (3.118): We need to compute

l
(V) (T1) i)
=1

where the scalar product is taken w.r.t. the coordinates x;11, ..., zy. The one-particle part
of the Hamiltonian leads to

m(_;’;AﬁNUO

l ~
)) <H Q?) (0 w) = (DD Ik ajar + NUQ(O))Xzqu

i=1 k0
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For the gqupp part of the interaction term in H , one finds

\/( ><H‘h> ®(N (ﬁ Z Q?Q?Uijp?p?)\l/>
1<i<j<N

:\/<JZV)\/(ZJ_V2>_1N1_1 PR A PR CTREARAR)

1<i<j<l

_ \/(JZV) \/(z J_V2> _1N1_ 1 \/@ S b(k)aia” ¥ o (@t, i)

k0

RO 7\72_)(? —1+1) > @(2k:) (a;;a’ikxﬁz) (@1, - 11).
k#£0

Proceding similar for the other interaction terms in H , one obtained the given expression.

We denote the eigenfunctions of HSN by X‘T’n € F=N. Due to unitarity of U,y,, they are
given by y¥" = U, ¥™. The corresponding eigenvalues equal pn(HSN) = E™ — N9(0)/2.
Note that the components x;'" € L? (T) decay as well exponentially in the number 1, i.e.,

2 < Ce P forall 1> K" (3.122)
which follows from HXz M= H‘IJ”H2 f. (3.117), and Theorem 3.1 (b).
Ground state energy. Lower and upper bound for E° in terms of E°: We find

’EO—EO‘ < max{)(llfo,( <\T10,(H—Er)€/0>‘} g% (3.123)

which follows along the same lines of the proof of Theorem 3.5; cf. the estimates following
(3.110).

Next, we want to find upper and lower bounds for uo(HSY) in terms of po(Hpog). Here,
the comparison of HSY and Hpog is more tedious because they act on different spaces.

Upper bound for g (IFHSN ) in terms of po(Hpog): To this end, we introduce

Hiop = PrevHpog Pren, (3.124)
where P <N is the orthogonal projector onto .7-"S<N C F,. Denoting x* = P]_.SNXO

(x" € ]-" are the eigenfunctions of Hp,g), we find that

_ <XO,§N7ﬁ§NXO,§N> -~
o (HSN) < T Fo (3.125)
F=N

||X =

The denominator is easily estimated (using ||x°[, = 1 and the exponential decay of ||x?]]),

0 <N |2 E 2 Eoo 012 C EOO a_—DI Ca
I=N+1 I=N+1
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for any integer a > 0 and some positive constant C,. Choosing a large enough, one obtains
for instance ||X07§NH;:2§N < O(1+ N~2). We proceed with

(SN HSN O <N>]E = (xO<N HBogXO <N>}_<N (3.127)
OO B - HEON) e, (3129

where the first line equals
<N <N
(3.127) = (x°, HigoeX”) ». = p0(Hpog) + (X°, (Hioy — HBog)X") 1 , (3.129)

and it remains to compute the difference

(X, (Hiop — Hpog)X) 5. < Z > ks ajarxi) — Z > (k) (s aparxi)

I=N+1k#0 I=N+1 k0
Ok N Ok -
+ Z Z akakal+2>‘+ Z Z aka—lef2>‘
I=N—1k#0 I=N+1 k0
o0 o0
< Clalloe Y Upal®+Cllol D Il (3.130)
I=N—-1 I=N-1

Here, we have made use of 0(k) > 0 as well as of (3.96) and (3.97) with x™ replaced by
x € Fs. For x = XY, the last line is small (following again from the exponential decay of
1Y) such that

C
(X", (Hog — Heog)X) 7, < - (3.131)

Next, we have to estimate the difference HSY — Hgé\; Using again (3.96) and (3.97), and
in addition the fact that

]1 - (%)‘ < C%, )1 - cl(N,l)‘ < c%, )1 - cz(N,l)‘ < C%, (3.132)

with ¢; and ¢y defined as in (3.121), we obtain

N N
N . 0,<N N 0,<N
(0=, (B BN o] < Clolloe 30 LIV + Ol S =

1=0 1=0

(3.133)

By means of the exponential decay of the || XO <N/ this leads to
C
‘<X0,§N (HSN - Hgé\é) 0,§N>ISSN‘ <~ (3.134)

In total, this shows that po(HSY) < po(Hpog)+C/N, and thus EO—N{)(O)/2—EBOg < C/N.

Lower bound for po(HSN) in terms of po(Hpog): For the corresponding lower bound, we
denote by H the trivial extension of H=N to the whole Fock space F, and by x° € F; the
state that equals x¥" on FEN and is identically zero otherwise (note that |0z = 1).
Then, we proceed in analogy to before,

pro(Hpog) < <X IHIBogX >_7: <X HX > . + <5(V07 (HBog - ﬁ)%0>}-s- (3.135)
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The first term is given by

GOHR) 2 = (X HEN YY) pon = po(H=N), (3.136)

and for the second term, we find similarly as in (3.133),

X0, (Hpog — H)Y £ = X7 Bo X FEN
(X", (Hpog — H)X°) 5, = (X", (o, — HSV)X")
N

SCII@HOOZ*IIXZ I* + Cllol Z*Hx | (3.137)

=0

Since HXl‘T’OH2 oc e~Pl cf. (3.122), the last line is again bounded in terms of C'//N. This
completes the derivation of the lower bound and leads to the claimed estimate for the
ground state energy.

Excitation energies. Upper bound for un(fPV]ISN) in terms of pn(Hpog): For the upper
bound, we use the min-max principle with the subspace

n

v = PpenYp C F&N (3.138)

where Y;,;1 C Fj is the n+1-dimensional subspace spanned by the eigenvectors {x°, ..., x"}.
One obtains

,un(]ﬁISN) < max <X§N Hgé\gf <N> FN T max <X<N (H<N ]I-]IBOg) §N>]_.ngv.

xsNev=h, xSNev,El,
=N <n=1 =N <n=1
(3.139)
The difference in the second term is computed similarly as in (3.133), such that
N 2 N,
O, (SN~ HEo)xN) pen < Cllolloo D I+ Cllol Y w5 I 12 - (3.140)
=0 =0

Since x=V lies in Y, =), we have |x;"|| < nCeP! for all | > KB, and thus, we find

1 KT (K} )
<N <N <N Bog Bog
(<Ney<N O, (B2 - B Y) e < O[5+ =%+ 2.

n+1’
=M1 <v=l

(3.141)

For the first term in (3.139), we proceed with

< =N IH[BogX<N>]-‘<N

<N <N SN
, Hz
NI

Bog

max. (x= >]_-<N = max (3.142)

Neyn7+17 X<N6Yn+17

||fo\| <n=1 XSN#£0

where we can replace the set over which we take the maximum by x € Y41, i.e.,

H  HEog
(3.142) = max <X BogX>]-'S . <X Bog;X>]-'S ”XH]—'S2 ] (3.143)

s, IPren X7 i e o <Xl
x7#0 x#0



80 3. Low energy properties of the homogeneous Bose gas

(note that for all x € Y41, x # 0, the norm [|[P_<v x| 2 does not vanish, see below). For

the second factor in the brackets, one finds that for all x € Y41, x # 0, x = i cix’, it
holds that

1% Ca
S Ay (3.144)
Pranxllz = Na

where the integer a can be chosen arbitrarily large. To see this, we compute

Il Sl S P 115)
_ v [Pl ,
[Pz Yol i Il

and by means of the exponential decay of ||x!||* for all i € {0,...,n}, | > K, the estimate
in (3.144) follows. It remains to compute

oo HEs — HBog) X
max < Bog >]: = pn(Hpog) + max < ( Bog 5 Og) >]:S (3.146)
ST T, e N
X7#0 x7#0
For the last term, we proceed similarly as in (3.130):
(x, (555 — Hlgog) x) . S C
Bog og F. N 2 ~ 2
max ¢ < max [C 0 l +C|o }
XEVar1, HXH]—? = A EVor1, H Hoolz%:l HXl” ” Hll:%:l HXZH N’
x#0 Ixll7s=1
(3.147)

where the bound follows again from the exponential decay of ||x;||. This completes the
derivation of the upper bound.

Lower bound for ,un(]ﬁISN) in terms of pn(Hpog): In order to obtain the lower, we apply the
min-max principle with Y,,;1 C Fs, the subspace spanned by {X!,...,X"}. One finds

pn(Hpog) < max  (YVHX); + _ max (¥, (Hpog — H)X)z,
XE€Yn+1, /Xl 7s=1 XE€Yn+1,[X]7s=1
= Un (IFHSN) + _ max <X\Ij (HE(J)\é H<N)X‘Ij>]__gN, (3.148)
X‘Ijeyn\p-&-l?llx\p”}-;N:l s

where Y‘I’ 1 CFs SN denotes the subspace spanned by {X . X‘T’"}. The difference in the
second term can be computed and estimated similarly as in (3.140). Using the exponential
decay of [x}||, one obtains

1 K” (KBog)?
N <N <N Bog Bog
max X, (Hg,, —H= < C’[ + } 3.149)
XYYy IX <= 0 (g MO+ N (
Altogether, recalling |E° — N(0)/2 — EBog| < C/N, we have thus shown that
> 1 Kgog (Kgog)2
n_KRo|<Cl= . .
‘K K| < C[N e ] (3.150)

Lower and upper bound for j,(H) in terms of un(fl) : The application of the min-max prin-
ciple is simpler here because H and H are defined on the same Hilbert space. In the upper
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bound, we use )Z'nﬂ C L2(TV), the n41-dimensional subspace spanned by {\I;O, e \Tl"},
such that

pn(H) < pn(H) + _ _max_ (¥, (H— H)D). (3.151)
VeXn i1, ¥]=1

Then we use (3.24) together with || Y7, CZEI}H < nCe Pl for all | > K™, in order to find
(the argument is the same as in the proof of Corollary 3.3 with U™ replaced by ¥ € X,,11),

pn(H) < () + €|

L+(R"): (kn)Q] (3.152)

VN N

The lower bound is proven in complete analogy, now taking the subspace spanned by
{W0, ..., ¥"}. Together with |[E° — E9| < C/N, this leads to

Nl

n n\2
[H\%) +(KN) ] (3.153)

’Kn_];?n

O]

3.3.5 Proofs of Lemmas 3.8, 3.9 and 3.10

Proof of Lemma 3.8. We use ple?**1¢9 = [1)(¢*|1, V& € 27Z%\{0}, exploit the symmetry
of the wave function and apply Cauchy Schwarz,

N
N‘<‘1’l,P1PO€m(ml 2030 40) ‘ < ( — 1)H( > emxmpm)‘l’lH [

< (1+ I

(note that || |©°)(@*|1 ¥ = |[p¥¥| for any wave functlon \IJ) The sum is split into diagonal
and off-diagonal contributions, this time using ¢)e™**2p§ = =%} (1|4, Yk € 27Z9\{0}, i.e.

3
I
[\

Mz

e b, )| IpE vl (3.154)

3
I
[\

2 . . .
I Z el )W = Nlae™ e w2 + N2 (ghe 2w, fe ™ opwr)  (3.155)

< N2 + N2 ) (120, [0 F) (1]50;)
= N|W|*> + N?|[p; *pdw,|%,

where we have used symmetry of ¥; in order to exchange integration variables. This leads
to

N[, pp8or2aladWisa)| < S o0) (VNI Ik @il + Ny sl [1pEw1s2]))

k+£0

(3.156)

2 S0 (VI el + Npr 8wl [ ]):
k;éo

(3.157)
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Proceeding with the first summand in the first line (using ¢* L ¢ for [ # k),

S oI [pE0rel < 10 VA () w1

k0

(S
< I \/l+2(|\‘1’z\| L)

< 1o (znw L+ 2 wP), (3.158)

\A/ \/* and further |00 5? = l+2||\111+2||2. In

the second summand in (3.156), we 1nsert the identity 1 = pJ + ¢9, then use 9(k) = 9(—k),
and find

where one takes into account that Y42

N
> k)N s | [P wesall < 57 o0k) (7" pwal + IpkpS el + pfad Wil
k+£0 k0

N i
< S ) (IRl + (Rl + [y 0810
k0

N [l
< 5> o0k (I3l + pEpwesal?) + VA + 2] @il
k0

where we have used NJjg%aQWi ]2 = L2 0,512 < Va(l +2)[Wiyal and [6]lec < [0l
Similarly, one finds for the sedond line

(3.157) < [[o)lo——= \/ (U1l + @+ 2w 2)
+ 180 (zuw (1 +2))|Wral?) + H@ul}/f(z +2) T2
2
< ol (55 + o7 V8) (W1 + 0+ D wal?). (3.159)

Together, this leads to (3.46). In close analogy, one derives also the bound in (3.47). O

Proof of Lemma 3.9. We begin by recalling the definition of ‘7“’“,
(0, 770) = N, o avraadadw)| (3.160)
= N‘2<‘Pz, @127 PV 1) + 2(¥, ) phv12qi 3 Wi ) + (W, q1QQU(0)Q?qg‘I’z>’-

Let 0 € (0,1] and I* +2 <[ < |0N| — 1. For the first term, we find using the Fourier
transform of v,

N‘(‘I’l, nggvqupg‘yzfﬁ‘ < NZ@(]{;)’@?\IQ, |<Pk><900’26ik‘“q?\111,1>‘

k40

< NZ Wlaps @il g7
k40

<N||’[)” ZH\IIZH Vl_l”\Ill—lH

< ?Hﬁlloo(l\l\lml? + (1 - 1)||\1;l_1||2). (3.161)
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The same way, one finds

Ve

N|(1, afp§urzal Wi )| < ol (WP + (@ + D@ )R), (3.162)

and similarly also

N[(W1, afdBunaadad )| = NS 00k)| (W0, a8 )| < Sl WP, (3.163)

k40

O
Proof of Lemma 3.10. The lemma can be proven using the relations summarized below
Definition (2.12) and also the pull through formula from Lemma 2.13. O
Appendices

3.A Condensation

For the homogeneous Bose gas with pair potential v satisfying Assumption 3.1, it is not
difficult to show that the low-energy system condensates at leading order. Therefor note
for symmetric wave function ¥ the lower bound for the interaction energy,

ﬁ Z <\I/,v(a:i—xj)\11>

1<i<j<N
Z Z \II pzp] _xj pzpp\II>

1<17é]<N l,m,n,p

=2<N1 Yo T X (e

Iymn,p 1<i#j<N

ST %@WH Z > ) et

I — =511, (3.164)

where the sums in &, 1, m, n, p are meant to run over all values in 27Z? (recall that © > 0). It
then follows for all symmetric wave functions ¥ with (¥, H¥)/||¥|* = E° + K that (using
the upper bound E° < N4(0)/2)
No(0) N w(0) _ (U,HV) _ No(0)
2 N—-12 — g2 — 2

+ K. (3.165)

For U = U™ and K = K™ < N, this implies the assertion in (3.4). Furthermore, one finds

N(¥,(—Ag,)¥) N v(0)
Nk CN-1 27

K> (3.166)
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and thus, since p(l) + q? =1and Ap? =0,

N 0
(5 + 5 "D ) > V(. (A, )W) > 45N (W, o)
N
l

by means of the identity 3 SN Q= + Zl]\io Py,

3.B Diagonalizing Hpeg

We briefly present the argument of diagonalizing the Bogoliubov Hamiltonian (3.9). This
is a standard argument which can be found in the literature; here we quote the nice and
compact exposition from [37, Section 6]. Let

A(k) = |k|* + o(k), B(k) = i(k), (3.168)

and define ay, Bk, ¢ and s via

1

= (Ak — (A2 - B,%) = tanh(25;), (3.169)

cL = L cosh(20), (3.170)
£ /1= 04%

Sk = ——2F — Sinh(26). (3.171)

.

2
l—ak

Moreover, for S = e=X with X = Z#O 157} (afa*_l — ala,l), using the Lie formula and the
notation [X, ax]j+1 = [X, [X, axl;], [X, ar]o = ai, one finds that

. .
_ (—1) . 1
e XageX = E . i [X, ak}j = ay + 26ra”;, + 546,%% + ... (3.172)
]:

The j =1 term, e.g., follows from
(X a] = = 3 Ao ot o] + [af, an]a’y) = Boya®y + Bra’y = 28a%y,  (3173)
140
and similarly for j > 2. In total, the aj transform as

SapS* = cray + spa’y,. (3.174)

Application of the unitary transformation e~ (note that X is antihermitian) to the Bo-
goliubov Hamiltonian then leads to

1 * * Xk
Hpog = ) B (Ak(ak@k +alja_y) + Biapaly + akG—k))
k40

— _% Z (Ak — \/M) + Z m(ckaz + spa—)(cpag + Skaik))

k0 k0
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= Epog + S (Ze(k) a,’;ak) 5%, (3.175)
k20

with Ep,e and e(k) defined as in (3.6) and (3.7). The spectrum of Hp,, is thus given by
EBog = Epog, and  Ef, = Epog + Kfioy (n > 1), (3.176)

where K, was defined in (3.8).

Below, we show some examples of the excitation spectrum (Kgog = Kgog(p),p) for the
one dimensional Bose gas for different pair potentials v(x). The excitation energies are
depicted w.r.t. to the total momentum p = ki + ... + k; € (2n/L)Z of the respective
excitation, cf. (3.8). We show one- (red triangles), two- (blue disks) and three-particle
excitations (green disks). The units are chosen such that QT” = %, and the choice of the
pair potential is indicated below the respective figure. Both, the scale and the presented
examples are motivated from [37, Section 1] where similar figures of the excitation spectrum

were presented.
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Figure 3.B.1: Excitation spectrum (Kg,,(p), p) for pair potential d(k) = Le 5.
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Chapter 4

Free dynamics of a tracer particle
coupled to a dense Fermi gas

We derive the effective free time evolution of a tracer particle coupled to the ideal Fermi
gas in the high density limit in two spatial dimensions. After presenting the model and our
main theorem, we discuss interesting aspects regarding the model and the claimed result.
The proof of the main result is provided in Section 4.2 and we close the chapter with a list
of four appendices.!

4.1 Introduction and main result

In this chapter we consider the dynamics of a tracer particle interacting with a dense and
homogeneous two-dimensional fermionic gas. In order to keep the analysis simple we neglect
the interaction between the gas particles and focus only on the interaction between tracer
particle y and gas particles z1,...,zy. The general model we wish to study is defined by
the Hamiltonian?

1 AN al
H=——"A, - —A, i —v), 4.1
T gm 1+g;v<x ) (4.1)

where v € C§° (the space of smooth functions with compact support), and g > 0 is a
coupling constant. The time evolution of the (N+1)-body wave function ¥; € H, ® Hy =
L*(T9) @ L*(T4N), where d is the dimension, T a one-dimensional torus of length L € R,
and L? denotes the space of complex square integrable functions (for simplicity, we neglect
spin), is given by the Schrédinger equation

0V, = H,. (4.2)

As initial condition we choose a factorized state Uo = o ® €y, where ¢y € H, is the initial
wave function of the tracer particle and €2y € H is the free fermionic ground state with
periodic boundary conditions in the d-dimensional box of side length L. For analyzing ¥; we

!Note: This chapter was published together with Maximilian Jeblick, Séren Petrat and Peter Pickl in
[69]; compared to [69], two new appendices were added. The work is for the most part due to the author of
the thesis. It is a continuation of an earlier collaboration with the mentioned coauthors, in particular with
Maximilian Jeblick, about the one-dimensional model [67, 68].

2For ease of notation we do not explicitly indicate the N and L dependence of the Hamiltonian H = Hy .,
resp. the wave functions ¥ = Wy ;, throughout this chapter.
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first take the limit N, L — oo with o = N/L? = const. in order to remove finite size effects
and then consider large gas densities p. Note that in this situation the average potential
energy of the tracer particle is proportional to go. We later choose g = 1, such that our
analysis is beyond any weak-coupling limit.

We expect that the above model exhibits some interesting phenomena which depend in
particular on the time scale that one considers. Here, we consider time scales for which the
tracer particle moves in the mean field of the gas particles. Since the mean field potential is
spatially homogeneous for the ideal Fermi gas, the effective dynamics is equivalent to the free
time evolution. For longer times, we expect that the tracer particle will create electron-hole
pairs and eventually lose its energy. The situation may differ depending also on the spatial
dimension. For reasons which we explain in Section 4.1.2, we focus on the two dimensional
case. Let us also remark that the described model is relevant, e.g., for understanding the
motion of ions in a degenerate and dense electron plasma. In this situation it is known that
the ability of the plasma to stop ions decreases in the high-density limit; cf. Section 4.1.2.

We prove in this chapter that in the limit o — oo, the time evolution of the tracer particle
is close to the free dynamics on a particularly large time scale, namely for ¢ < o'/12. Our
main result is readily stated:

Theorem 4.1. Let d = 2, the masses m, = my, = 1/2 and the coupling constant g = 1.
Let further Wo = @o @ Qo where po € Hy, with |[Vipo|| < C uniformly in o = N/L? and Qo
is the free fermionic ground state in T?. Then, for any small enough € > 0, there exists a
positive constant C. such that

li H —iHty _ —iH™ty H <O (14 bt 43
Nigeo I 0—¢ My emn = (Lri)ze (4.3)
0=N/L?=const.
holds for all t > 0, where
N
H™ = —Ay = > " A, + 06(0) — Ere(0) (4.4)

=1

is the free Hamiltonian with constant mean field ov(0) = (o, ZZ]\LI v(x; — y)Qo)u, minus
a positive p-dependent next-to-leading order energy correction Ey.(0) which is defined in
(4.10).

Let us remark that in Theorem 4.1, we have fixed all scales except for the density o
and the time t. The statement is meaningful for all pairs of ¢ and ¢ for which the r.h.s. of
(4.3) becomes small compared to one. A more detailed expression for the error term can
be inferred from (4.50) in combination with Lemma 4.2. The proof of Theorem 4.1 is given
in Section 4.2. Before we discuss the model, the theorem and its application in physics in
more detail, let us stress that Theorem 4.1 is nontrivial and might be surprising at first
sight:

e Contrast the situation with a tracer particle in a classical or bosonic gas. Since the
velocity of the tracer particle is of order one and the interaction proportional to the
density o, then after times of O(1), the tracer particle has scattered with O(p) particles
in the gas. The expected mean free path of the tracer particle is accordingly small,
namely o 0~ for some § > 0.
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e In a fermionic gas, the kinetic energy of the tracer particle can dissipate into its
environment by means of particle-hole excitations. One might expect that this kind
of friction mechanism would become stronger the larger o. This is the case for a tracer
particle in a Bose gas which was shown in the mean field regime on a rigorous level
in [53, 52, 15]. For fermions one finds a different behavior: the larger the density, the
less the particle is disturbed and, vice versa, disturbs the gas less. As a consequence,
the free motion holds on a much larger time scale t = 0(0°) for some § > 0; cf. the
r.h.s. in (4.3).

Our result follows from a careful analysis of the fluctuations in the gas and their propagation,
and relies heavily on the Fermi pressure, i.e., the antisymmetry of the wave function of the
fermionic particles. We give a sketch of the proof in Section 4.1.3 and provide a physically
more intuitive explanation in Section 4.1.3.

4.1.1 The model in more detail

Let us discuss the considered model and its properties in more detail. First, note that we do
not take any internal degrees of freedom such as spin into account. On the level of our main
result, we do not expect a qualitative different behavior by doing so. Note also that our
focus lies on the analysis of the interaction between the tracer particle and the gas, whereas
the mutual interaction of the gas particles is neglected. While this is generally expected
to be a reasonable approximation for many situations, its rigorous justification is a very
interesting question on its own. Physical units are chosen such that the constant 2 and the
masses of tracer particle and gas particles are dimensionless and A = 2m,, = 2m, = 1.

We model the potential between the tracer particle and each of the gas particles by an
infinitely differentiable function with compact support (uniformly in L), i.e., v € C§°(T?)N
C§°(R?). Theorem 4.1 holds as well for less regular potentials with fast enough decay
at infinity. In order to simplify the proof as much as possible, however, the chosen class
of potentials is very convenient. We often abbreviate the total interaction term in H by
V= Zf\il v(x; —y). Since V' is bounded, H defines a self-adjoint operator on the second
Sobolev space H2(T?(N+1) ¢ H, ® Hy. For the corresponding time evolution, we write
U(t) =e ™t ¢t >0.

The initial wave function g of the tracer particle is restricted to be an element of
H*Y(T?) C H, with [po g4 < C for all values of p. The initial state of the gas is assumed to
be given by the ground state of the ideal Fermi gas which is described by the antisymmetric
product of N one-particle plane waves,

1 N
Qo(x1,.cyxy) = — =D)" 1| ¢p..s (@), (4.5)
Mo gs:N 1L -0
with ¢,(z) = L™te?® € L*(T?), and (pj)é\[:l the N pairwise different elements of (27/L)Z?
with smallest absolute value. Sy denotes the group of permutations of integers {1,..., N}
and (—1)7 is the sign of the permutation 7. Since the system is defined on a torus of side
length L (with periodic boundary conditions), the set of possible momenta in the gas is
given by the lattice (2/L)Z% We label the momenta such that for ji,j2 > 1 we have
J1 < j2 © |pi] < |pj|. The wave function g corresponds thus to the lowest possible
kinetic energy given by Zi;vﬂ pi.

It is later very convenient to use fermionic creation and annihilation operators. For wave
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functions ¥ € H, ® Hy which are antisymmetric in the gas-coordinates, we have

N
a”(pr)alpr)¥(y, 21, ..., aN) = Z%K%)/p dz ¢p, (2)V(Y, T1, .0 Tim1, 2, Tit 1, TN ), (4.6)
i=1

i.e., a particle with momentum py € (27/L)Z? is replaced by a particle with momentum
JURS (27T/L)ZQ.

An important quantity that characterizes the state {2y is the Fermi momentum kg. It is
defined as kr = |py| where py belongs to the set of momenta {p, € (2x/L)Z? : k =1,...,N}
which minimizes the kinetic energy Zf\il p%i. The value kg defines the so-called Fermi sphere
and is related in two space dimensions to the average density g via

—IZ_/ A (4.7)
TR @r)? ~ 4r pe Ve '

We study the model in the thermodynamic limit, i.e., for N, L — oo, and o = N/L? =
const. This simplifies the analysis because it allows us to ignore additional effects which
are due to the chosen boundary conditions. For very large systems, i.e., in particular for
L/supp(v) > 1, such boundary effects are not expected to be physically relevant which
justifies the analysis in the thermodynamic limit. We emphasize that for the result we are
interested in in this work, it is really the parameter o > 1 which is the physically interesting
one. We expect a very similar result to hold if one repeats all estimates for fixed but large
values of V and L, and then considers the regime in which N > L.

Let us next discuss the effective model. The effective dynamics is described by the
Schrédinger equation with mean field Hamiltonian H™. Note that H™ is also self-adjoint
on H?(T2>N+1D) and the corresponding mean field time evolution is denoted as U™(t),
t > 0. The average potential w.r.t. Qg that acts at position y € T2,

E(y) = (0, VQo)ny (y) = 00(0), (4.8)

where v denotes the Fourier transform, is spatially constant. The homogeneity of E(y) = E
is furthermore conserved under the mean field time evolution U™(t), i.e.,

—iH!
f, valhy, = (0, Vo), Qf = e7NtQy, (4.9)

where H ]]:, =— vaz 1 Ay, denotes the free Hamiltonian of the gas. The Schrodinger equation
with Hamiltonian (4.4) defines therefore a self-consistent approximation. The reason why
we call H™f a mean field Hamiltonian is that to leading order, it is obtained from H by
replacing the potential V' by its average value E. The constant E,.(g) is due to immediate
recollisions between the tracer particle and gas particles. It is given by

Ere(e)= lm L4ZZ ‘“”’“ Lo(pi-pui- 1), 10)

N,L—o00
0=N/L?=const. k=11=N+1

where 6(x) denotes the usual Heaviside step function, i.e., #(x) = 1 for x > 0 and zero
otherwise. Eq. (4.60) of Lemma 4.3 shows that for any ¢ > 0 there are positive constants
C, C; such that

C < Ere(0) < Co™ + Ceo Ve (4.11)
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Since p0(0) — Eye(p) is constant as a function of the coordinates y, x1, ..., 2y, the time evo-
lution U mf(t) is physically equivalent to the free dynamics generated by Hg + H ]’:, (where
Hz{ = —Ay).

Note that in the rest of this chapter we omit the subscripts H,, Hy or H, ® Hy on
all scalar products and norms, since it is always clear from the argument on which space
the scalar product or norm is meant.

4.1.2 Discussion of the main result

We give a list of nonrigorous remarks and assertions about various aspects of the described
model and Theorem 4.1.

Spectral properties

H and H™ describe translation invariant systems and therefore the total momentum
is conserved by both dynamics, U(t) as well as U™(¢). In the microscopic model, how-
ever, the initial momentum of the tracer particle is not necessarily conserved due to the
presence of the interaction. The joint energy-momentum spectrum of (H, Ptot), Pt =
—iVy — Zf\;l 1V, being the total momentum operator, is thus expected to consist of
degenerate values (Fiot, Piot) Where the degeneracy results from the different possibili-
ties of splitting the total momentum Py between the tracer particle and the gas. For
(Etot, Piot) = ((Wo, H¥q), (VYo, f’tot\If@), the kinetic energy of the tracer particle may as-
sume values between E;jin = 0 and Ezljin = P2,. Note here that the smallest excitation
energy of the gas is equal to 472/L? < 1. It is not difficult to verify that for every value
q? € [0, P2,], there exists a wave function W9 € H, ® Hn, such that

(W9, —A, 0 = > + O(L7%), (99,97) =0 for |¢—q'|>4r*/L? (4.12)
while the W7 are dynamically accessible in the sense that
(U9, HU) = (Vo HV), (U9, Py U) = (g, Pt V). (4.13)

This can be seen as follows: let us consider single particle-hole excitations and assume that
the tracer particle has initial momentum <<p0, (—z’V)ap0> = <\I'0,]5tot\110> = Py # 0. From
energy conservation it follows that p7 + P§ = (Py — dp)? + (px + 6p)?, where dp = p; — py
is the momentum transfer between the tracer particle and the gas (|px| < kr, |pe| > kr).
This implies the condition (p; — pg)(pe — Py) = 0. In Figure 4.1 (L.h.s.), the grey disk around
Py indicates the set of dp that satisfy energy conservation. For each such dp one can find a
pi that also satisfies the above conditions. The grey ring at the circumference of the Fermi
sphere shows all such possible momenta p; for given Py. All these particle-hole excitations
lower the kinetic energy of the tracer particle while they do not change the total energy
and the total momentum of the system. On the r.h.s. of Figure 4.1, we depict the resulting
kinetic energy spectrum of the tracer particle: for P,y # 0 and in the limit L — oo, our
initial wave function Wy lies on top of a continuous fiber [0, P2,] of dynamically accessible
states (in the sense explained above).?

Although the rigorous analysis of spectral properties in the thermodynamic limit is very
subtle, we expect the above considerations to be true for d > 2 and o > 1.

3To illustrate the argument more explicitly, let us give a very simple example of a transition that conserves
total energy and total momentum, but lowers the kinetic energy of the tracer particle. Suppose, the initial
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Eé{in (Etota Ptot)
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})tot
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:

PO Ptot
Figure 4.1: L.h.s.: A possible particle-hole excitation in the 2d Fermi sphere which lowers
the kinetic energy of the tracer particle from P? to (Py — ép)? while leaving total mo-
mentum Py = <\Ifo, Ptotlll0> and total energy Ey = <\IIO,H\1!0> unchanged. R.h.s.: Reduced
kinetic energy spectrum of the tracer particle E;ji“(Etot, Piot) for given value Eio¢ and as
function of Pit. The part below P2, corresponds to dynamically accessible states for which
Ezljin(Etot, Piot) lies between zero and P2,.

Dimension

The spectral properties are very different in one spatial dimension. For d = 1, there are no
dynamically accessible states, i.e., wave functions with total energy and momentum equal
to that of Wy, for which the average kinetic energy of the tracer particle is smaller than
its initial value P2,. Any nonnegligible momentum transfer from ¢g to €y would cause an
increase in the energy of the gas proportional to kr which is due to the quadratic energy
dispersion relation.* The reduced kinetic energy spectrum of the tracer particle in one
dimension and for large k is therefore the same as in the free model: E;‘in = (U, 15tot\110>2,
with no other values allowed. This makes a result similar to Theorem 4.1 less surprising. A
rigorous analysis of the one dimensional model was carried out in [67]. In Appendix 4.C,
we write down the theorem for d = 1 and give a short sketch of how the the argument we
employ to prove Theorem 4.1 is adapted to the one dimensional case.

For d = 3, the spectral properties are similar to the case d = 2. However, for d = 3, it is
unclear if a similar result about the dynamics holds; see also Remark 4.1 and Appendix 4.D
where we explain the additional difficulties in more detail. This is why we chose to study
d=2.

momentum of the tracer particle is given by Py # 0. Let us now consider a particle-hole excitation that
absorbs all the momentum of the tracer particle, i.e., the momentum transfer is dp = Py, such that the total
momentum is conserved. Then the difference in the total energy before and after the collision is

2
0E = P§ + pi — (Pk + Po) = —2p; - Po. (4.14)
Therefore, energy is conserved in this case if pi - Py = 0.

4This can be seen from (4.14): In one dimension the energy difference is —2py, - Po o< —kp for any py near
the Fermi surface. For d > 2, this is different as explained above and indicated in Figure 4.1.
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Asymptotic energy loss

From the spectral picture that was explained in Section 4.1.2, we expect that eventually,
the kinetic energy of the tracer particle dissipates into the gas by means of particle-hole
excitations. Recall Figure 4.1 (r.h.s): for L — oo, the initial wave function ¥y lies above
the continuous fiber over Py = <\Ifo, ]?’totlllo>. If the initial momentum is nonzero, the tracer
particle occupies an excited state which is coupled to a dispersive medium with a large
number of degrees of freedom. In such a situation, one may expect that the excited sub-
system approaches asymptotically its lowest energy state. For the Fermi gas, this friction
mechanism is suppressed for large values of g. Theorem 4.1 states that W, or equivalently,
the initial momentum distribution of the tracer particle, is stable on a large time scale,
namely at least for ¢ = o(gl/ 12). On some larger time scale the tracer particle is expected
to slow down until it reaches its ground state E;f“ = 0.

The rigorous understanding of existence and properties such as lifetime and decay rate
of long-lived resonances is, however, very difficult. It needs more refined techniques and
perhaps a more general formulation of the model (e.g., defining it directly on R?) in order
to describe the physically correct behavior for t — oo. In [82], e.g., a similar question was
studied on the level of the (fermionic) Hartree equation for which it was shown that a small
defect added initially to the translation-invariant homogeneous state disappears for large
times due to dispersive effects of the gas.

Norm distance

Since we consider a regime of strong coupling, even a single collision can be enough to
disturb the free motion of the system. It is thus necessary to prove that all particles behave
according to the mean field equation. This is the reason why the difference in norm between
U(t)¥ and U™ (¢)¥ is the right quantity to consider. Note that the situation is different
compared to the weak coupling regime where the aim is usually to prove that the relative
number of particles which evolve according to the mean field potential is close to one; see,
e.g., [13, 39, 54, 18, , 11, ] for the fermionic case.

Fluctuations and mean field regime

The substitution of the potential V in U(t)¥( by its average value E would be easy to justify
if fluctuations around E were negligibly small, i.e., if V ~ E would hold with probability
close to one (w.r.t. the probability density defined by |©2/[?). We show in Lemma 4.3,
Eq.(4.57), that this is not the case: while limy, ,—00,p=const. ||[(V — E)Qf |? is suppressed in
the sense that it grows only with /o instead of ¢ (as naively expected from the square root
of N law), it still diverges in the limit ¢ — oo. The reason for the large fluctuations is the
strong coupling g = 1. If we had assumed a weak coupling, say g = o', the fluctuations
would vanish when p tends to co and an estimate like in Theorem 4.1 would follow almost
trivially. We emphasize this because it exemplifies an interesting fact: the mean field regime
for fermions does not necessarily coincide with a weak coupling limit g — 0 (¢ — o0). For
bosons, on the other hand, the mean field regime coincides with the weak coupling limit.
In other words, Theorem 4.1 provides an explicit example of a setting where the accuracy
of the mean field approximation can be proven for a range of coupling constants g which is
much larger compared to the range in the bosonic or classical case. In Section 4.1.3 we give
a short explanation of why the mean field description is valid even though the fluctuations
can be very large.
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Let us also remark that more generally one finds for d = 1,2, 3 spatial dimensions,

. K d-1

lim H(V—E)Qt H = O30T, (4.15)
N,L—o0

0=N/L?=const.

with d-dependent constants Cy. A similar result about the suppression of fluctuations in a
Fermi gas has been mentioned in [27, Egs. (48)-(50)]. Compared to (4.15), there appears
an additional factor In ¢ on the r.h.s. which is due to the fact that v was chosen less regular
than in our case.

Subleading energy correction FE,.(p)

In Lemma 4.3 we show for d = 2 that C' < E,.(0) < C9%* + C.o~ /¢ for any £ > 0 and
positive constants C, C.. This means in particular that the claimed estimate in Theorem 4.1
would not be correct without including E,. (o) in the definition of H™. Nevertheless, E,.(o)
is only a subleading correction to the mean field energy p0(0). It arises from so-called imme-
diate recollisions, i.e., collisions of the type where the tracer particle excites a particle-hole
pair in the gas and then immediately recollides with the excited particle which recombines
with the hole. Such processes appear in the expansion of ¥, into the different collision
histories that have to be controlled, see the end of Section 4.2.3. Let us remark that if we
iterate the Duhamel expansion (4.16) infinitely often, one can identify in each order terms
that contain only immediate recollisions. Then one can indeed show that the phase factor
¢'Bre(9t cancels exactly the leading order contribution of those immediate recollision terms
summed up in all orders. We explain this in some more detail in Appendix 4.B. From the
definition of E,.(0) in (4.10) one can see that only gas particles near the Fermi surface
contribute to E,.(g).

Application to physics

The presented model is very close to the physically interesting situation of ions moving
through a degenerate and dense electron plasma. An understanding of what is often referred
to as slowing down of ions in a degenerate plasma has been of interest in the physics
literature at least since a work by Fermi and Teller in 1947 [19] (see also [93]). They have
pointed out that the efficiency of the gas for slowing down ions with velocities far below
the Fermi edge is very low. The same question has later been analyzed explicitly for the
high-density case for which the energy loss of the ions was found to be caused mainly by
(rare) collisions with other ions instead of interactions with the electrons from the plasma;
see, e.g., [1 14, 33, , ]. These results raised considerable interest in the field of nuclear
physics in which it was known that the existence of long-lived ions in the plasma is essential
for the occurrence of fusion reactions; e.g., [26, 99]. Let us stress that to our knowledge,
the analysis has remained so far on a purely formal level. The rigorous bound we present
here (even though for a much simpler model), starting from the microscopic dynamics and
taking into account the full strong interaction, seems to be novel.

4.1.3 Sketch of the proof

For deriving Theorem 4.1 we use Duhamel’s expansion in order to decompose W, into
different wave functions that correspond to different collision histories of the tracer particle.
The main difficulty is to control the interaction with particles occupying momenta close to
the Fermi edge. Our main ingredient here is the large shift in the energy and the thereby
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caused phase cancellation during the scattering with such particles. It turns out to be
necessary but also sufficient to use a third order expansion in the difference H — H™. Let
us stress again that g = 1. This prevents us from using a straightforward order by order
expansion of the time evolution. Thus, after expanding to third order, we have to estimate
an error term involving the whole time evolution U(t). In order to convey the main ideas
and techniques behind the proof, let us start by expanding

U(t)To — U™(t) g = —i /0 t dn U™t — 7)) (H — H™)U™ (1) 0, (4.16)

—i /t dn (U(t ) — Ui — n)) (H — H™U™ (1) Wy,
0

which follows from expanding U around U™ in terms of Duhamel’s formula and then
splitting U = U™ + (U — U™). The first term on the r.h.s. contains deviations from the
effective dynamics due to single particle-hole excitations. In order to present the main
argument, let us ignore the next-to-leading order energy correction E,.(g) in the following.
Using some elementary algebra (only momenta inside the Fermi sphere can be annihilated
and momenta outside the Fermi sphere created), one readily rewrites

N oo
1 N ] — *
(V-E)o=15>, > oo~ p) (e“"l P%o) ® a* (pr)a(pr) Q. (4.17)
k=11=N+1
Abbreviating ki (1) = ety 1 gipi=pr)y o —iH] (which evolves the tracer particle freely to

time 7 at which its momentum is changed by p; — px and then evolves it back to the initial
time), it is also straightforward to arrive at

| /O AU () (V — E)Umf(Tl)\IJOH2

N 00 t
1 ~ 2 i(ps —p3i)T 2
=71 § E 5(pr — 1) H/o dry &' Pi PR lkkl(ﬁ)‘POH . (418)
k=11=N+1

=|l(V-E)Qf|>

Due to the regularity of the potential v it is unlikely that a single collision causes a large
momentum transfer between g and €2g. This is reflected in the fact that the Fourier trans-
form of a smooth and compactly supported function decays faster than any polynomial: for
all p € N there exists a constant D), such that

D,
o(pr —p)| < ; 4.19
9 =20l < G (19
which follows directly from the Paley-Wiener Theorem; e.g., [112, Theorem XI.11]. At this

point it is convenient to introduce the following notation. For € > 0 we define v and v*°
such that

0% (pr = p1) = 0(|p — o1l — &) (px — 1) (4.20)
0% (pe — 1) = 0(0° — |px — i) 0 (P — 1)- (4.21)
The transition amplitude |69 (py — p;)|? is negligible for o > 1 which can be inferred from
(4.19). What remains to be bounded is the transitions in (4.18) with momentum transfer
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of order one, i.e.,

N 00
1
ﬁz Z 0% (pr — | H/ d7'1€ (pi—PR)T Yk (1 (,00” (4.22)

k=11=N+

The reason that this term vanishes as well is the oscillation of the integrand el PE =P |y (T1)po.
Outside a set of critical points of the phase for which |p;| — |px| < k(g), for some appropri-
ately small x(0) < 1, the energy shift grows rapidly: p? — pi = (Ipi| + |pl) (Ip1] — [pxl) 2
V/0k(0) > 1. By partial integration, one thus finds that

2 N o 1 N e )
(4 22) L4 |:Z Z + QK(Q)2 Z Z :| ‘Usvg(pk - pl) 27 (423)
k=11=N+1 k=11l=N+1

{ stationary points }

which will be shown to vanish in the limit ¢ — oo, see Remarks 4.1 and 4.1 below. This
result is the key ingredient to understand the proof of Theorem 4.1. Since the interaction
is modeled by a two-body potential, it is reasonable to expect that an appropriate estimate
for the higher order terms in (4.16) follows from a bound of the r.h.s. of (4.23). Technically,
however, it is more tedious to obtain good control of the higher-order contributions. The
difficulty is the appearance of the full time evolution U. Using the Duhamel expansion for
U — U™, one finds an estimate similar to

| /Ot dr, /0 AU (m)(V — BYU™ (ry = m)(V ~ EYU™ () o <2 (422) | (V ~ B)9]

for which the r.h.s., however, is still divergent for ¢ — oo (recall that limy, ;,—00, o=const. || (V —

E)Q{ | = oo when p tends to co). Expanding U another time, the main contribution that
has to be controlled is given by

H /O "in /0 " /O P drsU () (V — BYU™ (m5 — m)(V — EYU™ (ry — 7)(V — B0 ()W

Now one can use the oscillation of the integrand also in the second time-variable. It will be
shown in detail that this can be bounded in terms of

2 : _ /|2 2
t lim (V—-—E)Q | -(4.22)°) =0 (o0 — o0). (4.24)
N,L—00
0=N/L?=const.

This explains why we expand the dynamics up to third order for proving Theorem 4.1.
Let us conclude with some remarks.

Remark 4.1. 1) In Lemma 4.3 we show that imy 100, p—const. [|(V —E)Qo]|? o /0. The term
containing the nonstationary terms in (4.23) will therefore be proportional to Q_%/ﬁ(g)*?
The term containing the stationary points in (4.23) turns out, in d = 2, to be proportional
to \/§/<c(g)2. Thus, one actually needs a finer separation around the stationary points in
order to obtain the desired bound in p. The details of this separation are explained in

Section 4.2.4.

2) The second summand on the r.h.s. of (4.23) behaves at best like ||(V — E)Qol/?/k%.
Recalling (4.15) as well as kr gé in d dimensions, it is clear that a similar statement as
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Theorem 4.1 also holds for d = 1. For d = 3, on the contrary, the last term is not small,
even if one optimizes the separation of the nonstationary points. We provide more details
about d =1 and d = 3 in Appendices 4.C and 4.D.

3) Some of the techniques we use in the proof of our main result also appear in the proof of
quantum diffusion of a particle in an external random potential [12, 43], which is in several
respects much more involved. The main difficulty of our problem is that we do not have a
small coupling constant, but we need to show that the interaction is effectively small.

Physical picture behind the proof

On the one hand, it is obvious that for ¢ > 1 the tracer particle can interact only with
particles that occupy a momentum close to the Fermi edge. This is due to the exclusion
principle and because all momenta smaller than kg are occupied in €. Particles with small
momentum can simply not be lifted above k. In other words, for ¢ > 1, the Fermi pressure
becomes so strong that the particles far inside the Fermi sphere behave very rigidly and
are thus hardly disturbed by the presence of the tracer particle (and vice versa). On the
other hand, the reason why collisions with particles with momentum close to kr do not
disturb the free motion is that such particles have very large momenta when o > 1 (i.e., for
m, = 1/2, large velocities) and thus interact only on a very short time scale with the tracer
particle. Hence, the momentum transfer is effectively small. Let us note that in the limit of
very short wave lengths, the particle behavior is dominant, which makes this explanation
plausible. In the proof, the high momenta of the gas particles (or, the short time scale of
interaction) appear as the factor o~ ! o k;2 in (4.23).

4.2 Proof of the main result

4.2.1 Notations and definitions

We introduce for any ¢ > 0, the operators

kri(t) : Hy — Hy, o=k (t)p = eiH?{te_i(pk_pl)ye_ngtgp, (4.25)
g(t) s Hy = Hyy o gult)e = e PRy (1), (4.26)

and
D(t) : Hy @ Hy — Hy @ Hn, U — DU = U(—t) U™ (). (4.27)

We denote the Fourier transform of the potential v by ¢, where ¢ is defined such that
1 :
v(x) = I3 Z 0(pg)ePr". (4.28)
k=1

Moreover, we use the following abbreviations:
o O = 0(pk — 1),
o O =0(— 0"+ ok — i), 05 = 0(c — Ipk — pil) b
o E}, =pj,

o || ||rp = limyp || - || = Hmp, 1—s00,0=const. || - || (note that despite this notation, || - ||-p
does not define a proper norm since || f|lrp may be zero for nonzero f),

o a*(pr)a(pr)Qo = Qg*k} and all kind of variations thereof.
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4.2.2 Collision Histories

Here we introduce the following wave functions. Let us remark that the reason for introduc-
ing Uy,..., Uy as well as ¥,, ..., ¥y (see below) is not obvious at this point. As we explain
hereafter, one can interpret W,, ..., ¥r as different collision histories of the tracer particle.
In the proof of Theorem 4.1 in Section 4.2.3 we will see that it is sufficient to control the
norm of these collision histories. We set

N o0
1
Vi(r2, 1) = 74 Z Z |08y | (911k1(72)9k111(71)¢0) ® Qo, (4.29)
ki=11
N 00 ol
Ua(r2, 1) = Z > Ukzklf)klll (9k2k1 (Tz)gklzl(ﬁ)@o) ® Q" (4.30)
kl,kg 1h=N+
I3k
U3(r2,71) = L4 Z Z D111y 011y (91112(72)%111(71)900) @y, (4.31)
ki1=111,lo0=N+1
1 & - Iskaltk
\114(7'2,7'1) - ﬁ Z Z @k2l2@k1l1 (gk2l2(7'2)gklll (7’1)g00) X QBQ 21 1], (4.32)

k1,ko=111,lo0=N+1

which satisfy the equality (this is straightforward to verify)

U™ (=72)(V = E)U™(ra — 71)(V = E)U™ (1)U = Uy + Uy + U3 + Uy, (4.33)
We further define
Ua(t) = Ereo) /Ot dpis(7) D(r2) U™ (—71)(V — E)U™ (71) Wy, (4.34)
Ui (t) = Ere(0) /t driD(11)%g —l—i/t dp (1) D(12) V1 (12, T1), (4.35)
0 0
Vo(t) = [ dua(r) Dl a(ra ), (4.36)
0
Up(t) = ; dp2(7)D(12)V3(72, 1), (4.37)
Ui(t) = Ere(Q)/o dps(7)D(73) V4 (T2, 1), (4.38)
e (t) = /0 s (YU (—7)(V — BYU™ (1) Wm0, ), (4.39)

where we have introduced the shorthand notation

/ dpin (7 / dr / dry .. / Cdr (4.40)

The different wave functions ¥x(t), X € {A,B,C,D,E,F} can be identified with the following
collision histories of the tracer particle:

A: single collisions which cause particle-hole excitations in the Fermi gas.

B: two collisions with the same particle, removing the particle-hole excitation which was
caused in the first collision; the constant E,.(g) cancels the contribution in which the
second collision follows immediately after the first one.
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C: two collisions with the same particle; the second collision scatters the lifted particle
into another momentum above the Fermi edge.

D: two collisions; the second collision scatters a particle from below the Fermi edge into
the hole that was created in the first collision.

E: two collisions with two different particles; causing two particle-hole excitations.
F: three collisions; three particle-hole excitations but also all possible recollisions with
the already scattered particles; the different possibilities are listed in Section 4.1.
4.2.3 Main lemma and proof of Theorem 4.1

The main lemma we have to prove is

Lemma 4.2. Let 0 < € < 1/8. Under the same assumptions as in Theorem 4.1, there exist
positive constants C, C. such that

12A @l < C(1+ 82 (07545 + Cp ), (4.41)
[@a(®)lln < OO+ (75% + Ceg ™), (4.42)
[We(®)l < OO+ 0 (0754 + o). (4.43)
[n(®)lo < C(1+ 1) (o757 + Ceo” 2 ). (4.44)
[Te(t)]lrp < C(1 +t) 3(9 3484 CLpit0es ) (4.45)
[9e (@)l < C(1+1)° (07755 + Copt %), (4.46)
hold for all t > 0.
We now show that Theorem 4.1 follows from the above bounds.
Proof of Theorem 4.1. We begin with Duhamel’s formula,
Ut) — U™ () = —i /0 t dr U™ (t — 1) (v . Ere(g)) U(r), (4.47)

then use that (U™ ()W, (V — E)U™(1)¥o) = (Vg, (V — E)¥q) = 0, apply Duhamel’s

formula again, and eventually use the identity in (4.33):
1 mf 2 mf mf
5HU(t)xIIO U (t)\IJoH _ Re<(U(t) U (t)) Wo, U™ (1))
¢
= —Re<\Ilo,iE,,e(g)/ drU (=) U™ (11)®g)
0
t
+ Re <z/ dr (U(Tl) — Umf(rl))‘l’o, (V — E) Umf(Tl)\I,0>
0
¢
= — Re <\IJ(), iEre(Q) / dTlU(—Tl)Umf(Tl)\I/0>
0

+Re (Vg, Ere(0) /Ot dpz (1)U (—2) U™ (12 — 1) (V — BE)U™ (11)¥p)
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+Re ( /Ot dpa (1) U™ (=12)U (72) W, U™ (—12)(V = E)U™ (2 — 71)(V — E)U™ (1) Ty ).

:‘111+‘I’;,+‘1’3+‘1’4
(4.48)

We proceed with the term that contains W4. Using <\Ifo,\II4(Tg,ﬁ)> = 0 (note that Uy

always contains a particle outside the Fermi sphere), and applying one more time Duhamel’s
formula, we find

t
Re </ Ao (T) U™ (—7) <U(7'2) — Umf(Tz))‘I’m Wy(72,71))
0
t
= Re (o, Z/ dus(T)U(—73) (V - E+ Ere(Q)>Umf(T3)‘I’4(72, 1))
0
— Re <\1:0,¢(\11E(t) + \IIF(t))>. (4.49)
By means of the triangle inequality and Cauchy-Schwarz, it follows that

|o@wo - oty e, | < 2(VIWAOT+ VIEs @O + VT
+ VIOl + VITOl + VITOT).  (4.50)

Application of Lemma 4.2 with £ > 0 sufficiently small then proves the theorem. O

The rest of this section is devoted to the proof of Lemma 4.2.

4.2.4 Proof of Lemma 4.2
Preliminaries
For € > 0, we define the two-dimensional index set
& (N,0) = {(k1) : 1SK<N, N+1<1, [ —pil < o} N2, (4.51)
and for M € N the family of sets
&M (N, 0) = {(M) €& (N,0) : 0" <|pil — Ipx| < Q‘b”“}, 0<n<M, (452)

where

1 n—1/1
= = — — — < < . .
bo=o0, by=g— (2+5), 1<n<M (4.53)

For notational convenience, we omit from now on the N-, g-, e- and also the M-dependence
in the notation: & = &°(N, 0) and &, = 65" (N, ). The index set & corresponds to
the transitions that have to be controlled in (4.23), i.e., collisions with momentum transfer
smaller than ¢°. The sets of pairs of momenta {(px,p;) € (27/L)?Z* : (k,1) € &,} are
pairwise disjoint, and

M
U {@rm) € @r/LPZ (k1) € 8} = { (o) € (27/LPZH: (k1) € G} (454)

n=0
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The distance of modulus between the occupied momentum p; and the new momentum state
py increases in &, for increasing n. With 2¢ = 1/(3 +¢),

| = p| > 070 = Q‘%‘F% for (k,1) €&, 1<n< M. (4.55)
Hence, also the energy shift increases,
Er—E = (I + lowl) (Il = Ipil) = kpo™® = Co¥r for (k,)) €6y, (4:56)
1 <n < M. g~b corresponds to the factor (o) in (4.23).

In the following lemma we state the key estimates that are used in order to prove Lemma
4.2. Recall that #(x) =1 for x > 0 and zero otherwise.

Lemma 4.3. Assume 0 < e < % and M,q € N. Let v(z) € C&(T?) NCF(R?) and v*€, v**¢
defined as in (4.20),(4.21). Then there exist positive constants C', Cy1 < Cy2, Ceq such
that

N o'}
1 1 . 1
Cgr02 < lim— Z Z |6(pr — p0)|* < Cy02, (4.57)
k=11=N+1
N [e'S)
1 . _
limor > Y0 [0 )| < Cego V5, (4.58)
k=11=N+1
1
lim— < Cprtebni (g_b"+1 _ g—bn) for 0<n<M, (459)
(k,1)eG,,
N [e'S) N 2
.1 o(pk — p1) _1 _
C < Ere(e) =lim— > ‘E_E|9(Ipz| — Pkl — 0 2) < Co* + Cep'e,
k=1i=N+1 L Tk
(4.60)
1 . _
l%glﬁ Z b(pk — p)| < Co™ + Cep Ve for pe (2r/L)Z2 (4.61)

The proof of the lemma is postponed to Section 4.2.5. For notational ease, let us abbreviate
the number of possible transitions that correspond to the set &,, by

Vu(N, 0) = % Y - % SN v, (1), (4.62)

(k1)EG, k=11=1

x4 : N2 — {0,1} denoting the characteristic function, i.e., xa((k,1)) = 1 whenever (k,l) €
A C N2, otherwise zero. We readily obtain the following

Corollary 4.4. Given the same assumptions as in Lemma 4.3, and setting 2c = 1/(% +e),
there exists a constant C' > 0 such that

lim Vo(N, 0) < Co 2", (4.63)

lim <g—(’%ﬁ)vn(N, g)> < Cg*%%(gﬁ - QTIM) for 1 <n< M, (4.64)

TD
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Remark 4.2. The decomposition of & into the sets &,, is optimal in the sense that the r.h.sl.
of all estimates in (4.63) and (4.64) behaves asymptotically almost the same, namely o o~ 2
for small € and large M.

The corollary follows from Lemma 4.3 together with the definition of the b,, in (4.53). Next,
we summarize some bounds which makes the presentation of the proof of Lemma 4.2 more
convenient.

Lemma 4.5. Let ¢ > 0, ki(t) as in (4.25), gri(t) as in (4.26) and S = &5(N,0) as in
(4.51). Given the same assumptions as in Theorem 4.1, the following bounds hold for all
1,72 >0 (xa: N? = {0,1} denotes the characteristic function as explained above),

x& (K, 1) 107 kia(m1)poll < Co™, (
X6 (k1) (10mkri(r2)gra (1) p0l| + 10 e (72) gra (11 )spoll) < Co™, (4.66
xe (k1) xe ((m, ) |07, ki (72) Oy kmn (T1) 00l < C0™, (

xe ((k, 1) xe ((m, 1)) 1107 kit (1) kemn (1) 0| < Co™. (

The proof is obtained by means of Stone’s theorem and the assumption |[V4po| < C (for
more details, see Section 4.2.5). Note that since &,, C &, the estimates in (4.65)-(4.68) hold
also if & is replaced by any of the &,, resp. by any pair of &,,, &, (0 < n,m < M).

From now on, we always assume that 0 < ¢ < 1/8 and denote 2¢ = (3 + £)~!. Fur-
thermore, we will equally use the letter 7 for indicating the dependence on the variables
T = (71, 72) or T = (11, T2, T3). For notational ease, let us also introduce for two real numbers
A and B:

A<SB & 3C>0st. A<CB,

where the constant C' may depend on the supremum of ¢ but is independent of any of the
relevant parameters (N, L, o, t, € and M).

Derivation of the bound for ||¥,(¢)|/rp

In order to bound ||W,(¢)|rp, we first split the interaction potential into the contributions
coming from small momentum transfer 4% and those from large momentum transfer 9.
The 9%° will then be estimated using (4.58). For the ¢, we seperate the stationary points
of the phase which can be estimated using (4.63). For the nonstationary points, we do one

partial integration in the time in order to be able to use (4.56) and (4.64).
Let M > 1, and for 0 <n < M,

s,n 1 ~S8,E t ¥k
V0 =15 3 il [ @D (s ) o0, w6
(kl,ll)EGn 0
1 N 0o k]
~ *
Vi) =75 > 3 o (9nn ()go) @ 9f (4.70)
ki=1l1=N+1

Using the identity in (4.17) and v, = vZ’fh +U£’fh, this leads to the following decomposition
of W, (),

M t
Ua(t) = Ere(0) Y W3"(1) + Ere(g)/o dpo(7)D(2) W (11). (4.71)
n=0
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We emphasize that 3" (t) depends on the choice of M through the M-dependence of the
sets &,,, whereas W, (t) and W () are both M-independent. Next, we estimate each term

on the r.h.s. of (4.71). In the last one, we find, using (Q[ ikl Q[nlmlb = 01y, Okym, fOT
kl,ml <N, N+1<L ll,n1, as well as Hgklll(Tl)gOQ” =1,

194 ()l = 42 S, < Coo (4.72)
k1i=1011=N+1

where the bound has been derived in (4.58). Recalling also (4.60) which states that Eye(0) <
0% + C.o~ /¢, and using unitarity of D(s), one obtains for the last term in (4.71)

|Breto) | dia(r) D ()| S B (% 400N VB,

In U5%(t), we need to estimate the norm

! O e o 1
Hﬁ > <9k111(71)<po) @ Qlih|” < =
(klyll)eeo (khll)eeo

= Vo(N, p). (4.74)

The remaining expression, i.e., the number of transitions corresponding to the set &g, has
been estimated in (4.63). Thus,

1050l S 207372,

Lemma 4.6. Let U3"(t) as in (4.69). Under the same assumptions as in Theorem 4.1,

13" ()]l S (1+ )20 5135 gart — gzewt, 1< n < M, (4.75)

holds for all t > 0.

One can now use that for M = |Inp| (the largest integer smaller than the number In p),
Z O ()l < (1 +1)%0 it aMQQCM S (1+1)% “tse (4.76)

because Mgﬁ <lnp- e S Q%E for any € > 0. This proves the bound for ||U,(¢)||rp in
(4.41). That taking first the thermodynamic limit and then M = |Inp] is unproblematic
(even when p tends to co) is summarized in the following

Remark 4.3. W, (t) as well as W4 (7) in (4.71) are both M-independent. There is thus no
need to interchange the order of the two limits. One first takes the thermodynamic limit on
both sides and then passes to the limit of large M. Since only the r.h.s. of (4.71) depends
on the choice of M, this provides the desired estimate.

Proof of Lemma 4.6. We first decompose each of the U3 (¢) via partial integration in 7.
For that, we recall g, (11) = e'Pu=Fe)T 1 (71) and rewrite (for n > 1)

s,n 1 ~S t a’T ei(Ell_Ekl )1 m 1* .k
= 2 ’”/ dn 1By — By )/ A D7) (i, ()0 & %7
(k1,11)EGn 0 1 1 0
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Partial integration in 7 leads to

t t
T (t) :/ dTD(Tl)\IfZ”rIL(t,Tl)—f—/ d,ug(T)D(TQ)‘IJi’Z(Tl), (4.77)
0 0
where
s,n 1 N 1) — T I3k
Uyi(t,m) = 72 Z o (%;1(85) _ggll)( 1)900> ® Q([)l ) (4.78)
(k1,11)€ECR h k1
s,n 1 ~S ei(ElliEkl)TlaT kk l (7—1) U5k
v = > o T o) @ Q1. (4.79)
(k1,11)€G, h ™ &k

Next, we estimate the the norms of W'/ (1) and U15(7):

1 1 _(n—1
WP S 5 Y s S (e VN p), (4.80)
L (k1.01)€G (Eh Ek1)

where we have used (4.56),

1 3 107 ka1, (1) 0> —(n

s,n 2 « = 1™VR14 < de (C )
IS T (k1,l1)€6 (Ei, — B2 ~° (Q T IVn(N, p))’ (4.81)
1,01 n

where we have made in addition use of (4.65). The remaining expressions have been esti-
mated in (4.64). O

Derivation of the bound for ||¥g(¢)|/rp

In the estimate for |Vs(t)|/rp, we first identify the contribution in zfot dpo(T)D(7m2) W1 (T)

that cancels with the energy correction E.(p) fg dr1 D(11)¥o. The remaining terms will
then be estimated using similar techniques as in Section 4.2.4.

For0<n<M (M >1),let

1 . [t
V0 =20 Y 115 [ dian) D (), (m) Yo, (4.8
(k1,11)€60 0
1 t Giik (T2) Grerty (1)
UE () = — AMQ/dD 1 LR 4.83
B (t) i Z |07, | ; T2 D(72) (Br - By) O (4.83)
(k‘1,l1)€6n
1 t iy iy (72) Kyt (72)
U (4) = — sz/dD 1M GRS A 4.84
B2 (t) 7A Z |Uk1l1’ . T2 D(72) (Ey, — Ey,) 05 ( )
(k‘1,l1)€6n
1 R t )t By —Ex )Ty [ -
VO =15 X 1655 [ duar) Dy 2Ty 55
L 0 (Ell Ekl)
(kl,ll)GGn
1 N [e'e)
0,
Ui(r) = T S 1907, P9k (2)gkt, (71) W (4.86)
I1=1k1=N+1

Via partial integration, this leads to the identity

. M
Uo(t) = Ere(0) /0 drD(r) ¥ — 3 A1)

n=1
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+ () + 3 [ - v )] +i /0 da(r)D(r)Wh(r).  (487)

The first step in estimating the r.h.s. is to note that for any M > 1, the thermodynamic
limit of the upper line is bounded in terms of

t M
Bt [ nDmym - S wisn] | <o (4:88)
n=1

In U35 (¢), the fluctuation does not propagate in time (note that ki, (72)kk,, (12) = 1),
and the factor 1/(Ej, — Ej,) does not make this term small enough. This collision history
corresponds to immediate recollisions with the same particle removing the particle-hole
excitation which was created in the first scattering. It needs to be canceled directly by the
next-to-leading order energy correction in H™. To see that the above estimate is true, we
rewrite

s =3 L ek o 4
nzzl B2(t)_nz:1L4(k1,%:eGn(EllEkl)/o droD(12)¥y (4.89)
LA (Er, — En) (Q Pk, phI)H(\pzll ok, | — o 2)/0 drsD ()T,

and thus, recalling definition (4.10), we need to estimate

|kl _1
o g3 35 5 o o)

ki=10= N+1
|Ukz _1
_1’}%1 4 Z Z 11E 9(_Q€+|pk1_pl1‘>9(|pl1‘_’pk1|_g 2>
k?1)
ki=11l1= N+1
1 L8 IAii 2 !
i 1l1 _ 5
= I%I]:I)l L4 Z Z <El1 _Ek1)9(|pl1‘ ‘plﬂ’ % 2)
kl_lll_N+1
~
<hm72 Z 07, 17 (4.90)
ki=1011=N+1

By (4.58), one obtains (4.88). Note that in the last step, we have used Ej, — Ej, =
1 .
(I, | = [pr: (lpis [ + 1y [) = 072k = C (since |py, | > kr).

It follows with (4.63) that

1950 (®) oo S 2 Hm V(N p) S #2072, (4.91)
as well as with (4.58),
1 N ]
U5l S 2lim 5 >0 Y fo, P < Cet?om e, (4.92)
k1=1011=N+1

The bounds for the remaining wave functions are summarized in
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Lemma 4.7. Let U3'/(t) and U55(t) as in (4.83) and (4.85). Then, under the same as-
sumptions as in Theorem 4.1, there exists a positive constant C. such that

sn s.n _1 1 _ 1 _1
IS @) e + IR oo SO+ 070757 (03 + Coo™%) (077 —o7w)  (493)
holds for all1 <n < M andt > 0.

Taking the sum of all terms, passing to the thermodynamic limit and then choosing again
M = |lnpg| < ¢°, cf. (4.76), one finds

M
> (IO oo + 1955 Ol S L+ 02 (0752 + Coom34278) (4.94)

n=1

This proves the bound for ||[¥y(t)||rp in (4.42) (recall Remark 4.3 and the fact that Wg(t)
and U (7) do both not depend on M).

In order to prove Lemma 4.7, we need the following estimate.

Lemma 4.8. Let ¢ € L2(T?) and Qo as in (4.5). Then, there exists a positive constant C
such that

[(0.0)) (v )| < 191F (Brele)? Llfj S ) @

k=11=N+1
holds for all T > 0.

Proof. Using i0,D(1) = U(—7)(H™ — H)U™ (), |Q0|| = 1 and some basic algebra similar
as in (4.17) and (4.18), it follows directly that

[(:0@)) (w0 90) [ < 1917 Brelo? + |(v — B) (v 0 00) |
S (B0 + 53 S ). o)

k=11=N+1
O
Proof of Lemma 4.7. Let
: L cse 2D() = ik (0)graiy ()
R D i e w0 (197)
(k1,l1)€6, ! !
1 e € ETEI29 (Do) Ky (72)) Gheaty (2)
Uhtm) =17 D) 100 - (ZEZ o) 1); D02, (4.98)
(k1,11)€6n ! !
1 <n < M. One verifies by means of partial integration that
t
Ui(t) = Uy (t) — / dry U, (t, ). (4.99)
0

By (4.56),

le57 @l S (o, p), (4.100)



4.2. Proof of the main result 107

and, by using Lemma 4.8 together with (4.64), (4.66),

[l < o )2 S ([ (0n00m) ) sk, (m)gian (0 +
(k1,01)€EB,
+ |Orakun (m2) gk, (D00 )
5(9<2wf>vn<N,p>)(Em<g>+(Lﬂfj S fal)t 4 ). (o
k=11=N+1

Let similarly

PSn (7_1) o i Z ‘@S - ‘2 (D(Tl)gllk‘l (Tl) — Gl1kq (0)) ei(ElliEkl)TlaTl kklll (Tl) 7,
B,31 = - )
L4 (kl l1)€6n klll z(‘Eill - Ekl)2

N (7) 1 Z |A35 ‘26i(Ek1_El1)(7‘2—7'1)87—2 (D(TQ)kllkl (TQ))@leklll(Tl)\I}
T) = — ' N
o I (k1,1)€6 Tt i(Epy — B, )?

such that by partial integration in 7o,

t t
w0 = [ dnviin) - [ dumuihe). (1102)
0 0
From (4.56) together with (4.65), it follows that

1 Or Kiey1, (T1) @ _(n—1
oS Y ateetale p (e Gy wag). a0
(ki h)e, 1 Tk

as well as in combination with Lemma 4.8 and (4.66),

[NERAGI S Qiﬂ%ﬂé > (H <87—2D(7—2)>k11k1 (Tz)kklll(Tl)\I/oH + 925) (4.104)

(kl,l1)€6n
1
_(n—=1 b
< (o7 (T, ) (Bre (L4 Z Z ouf?)* + o). (4.105)
k=11=N+1
Lemma 4.7 then follows from (4.57), (4.60) and (4.64). O

Derivation of the bound for ||V ()| rp

In the estimate for ||W¢(t)||rp there appears an additional sum. This can be dealt with by
using (4.61).

We define for 0 <n < M,

V() =7y Z kaklvklh/ duz(T)D(TQ)(ngkl (Tz)gklll(ﬁ)sOo) ® QlFhl,
(kl,ll)EGn ko=1
(4.106)
00 N

kol¥
We(r) =7 Yo D tkmtyy, (9k2k1(T2)9k111(71)900> © Q21 (4.107)
I1=N+1ky,ko=1
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such that
Uo(t) = / dpo (7) D (12) W (7). (4.108)

Note that (U1 Qlm2mily = 5, 5 for ka,ma < N, N+ 1 < I, ny. Using this and
|o] < C, one finds

N
|we(r NLBZ SRS el D 6l 3 e (02, 0

kl 151=N+1 ko=1 mi=1n1=N+1 ma=1
e N
N L4 Z Z | k1l1 L2 Z |Uk2k1 L2 Z | mlh (4109)
ki=1L1=N+1 ko=1 mi=1

Then, by means of (4.58) and (4.61), || W& (7)||ltp < C.0o° <, and thus
H / dpus(7) D (1) WL (7 )H < Ct207E, (4.110)
TD

Similarly, we can estimate the norm in ¥&°(¢). Using (4.61), we find

N
1 N N k l* 2
Hﬁ S Okgka 037, Ghoks (T2) Gty (T1) 00 @ lf=tl
(k1,l1)€G), k2=1

1 ~ _
S“ TA Z Z ’Uk?kl L2 Z | fnim ( )<Q2€+CEQ 1/€>Q2€-

(k17l1)660 k=1 mi=1
(4.111)
In combination with (4.63) this gives
e Wl o7 h4Ee (¢ + Cogt/09). (1112)

Lemma 4.9. Let Ug"(t) as in (4.106). Then, under the same assumptions as in Theo-
rem 4.1, there exists a positive constant C. such that

9 (0o S (10015 o — o3 (¢ 4 Qo). 1< @iy

holds for all t > 0.

Here, we can use again that M@ﬁ < gés for M = |ln g|, and thus obtain

M
I (@)en  (1+ 20743 (o + Cg™/), (@119

n=1
This proves the bound for ||W¢()||rp in (4.43).
Proof of Lemma 4.9. We define for 1 <n < M,

N
1 Okgky 0 t) — T kol

V) =2 S Y Ok O, (gk2k1 (Tl)gklz}( ) = Gkty ( 1)@0> o0l (4115)
L (k1,01)€6n k2=1 i(Ey, — Eky)
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N . B
1 § : 2 : . “ el(Ell By )n ke (1 -
\Ijé’g(T) = 7 ’Ukal’UZfll (ngkl (7’2) - E — El‘ 1 1( ) ) ® Q[ 2 1]
L (k1,l1)EGy, ka=1 i(El, — E,)

(4.116)
and find via partial integration,
- t t
U (t) = / dr D(m)We (¢, 1) — / dpa(T)D(12) W5 (7). (4.117)
0 0
For estimating the wave functions on the r.h.s., we use again <Q[ 2li] Q[m2n1]> = OkomsyOlyng »
(4.56) and (4.61),
1 N
IR S 7 DL S ol 3 102
( 1)€6n ko=1 mi1=1
< % (0 F . ) (0% + Coo7e). (4.118)
Similarly, using in addition (4.65),
1 .
H\I/é’g(t, Tl)HQ S Q4€ﬁ Z Z ’vk2k1 L2 Z | fnelll
(k1,11)EG, ko=1 mi=1
< o® (Q_(%;) (NN, p)) (@25 + Caafl/s)- (4.119)
Application of (4.64) completes the proof of the lemma. O

Derivation of the bound for ||¥y(¢)|rp

The term Wy, (t) has a similar structure as ¥ (t) and can be estimated analogously.

For 0 <n <M, let

s,n 1 - ~ ~S ! I3k
VO = X Xty /0 dpia (7 D(m2) (gt (72) gty ()00 ) @ 947,

(k1,l1)€EGH l2=N+1

(4.120)
Itk
\IIKD( L4 Z Z vl1lzvklll (gl1l2 (7-2).9161!1 (7—1)(100> ® Q[ 1] (4'121)
k1=111,la0=N+1
This leads to the identity
Zw / Qo (7) D(r2) W (7). (4.122)

Using (0¥ Qlram™ily — 5, 5 m, which holds for Iy,ny > N + 1 and ki, my < N, one
finds

[e.9] o0

N N N
195(2) NL4Z Z |k1€ll Z ’”1112|ﬁ Z ‘kfnl" (4.123)

ki=111=N+1 lo=N-+1 ni=N+1
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Then, (4.58) in combination with (4.61) leads to ||¥% (7)rp < C.0° ¢, and hence,
H / dpa (1) D (1)U (7 )H < CL205E. (4.124)
TD

We similarly estimate the norm in W& (¢),

1 = 15k1]]|2
Hﬁ oD by, (91112(72)9k1z1(71)900) ® 0y

(k1,11)€60 lo=N+1

oo oo

1 1 o1 A
ST ) 72 > [Onta] 75 > leps, ] (4.125)
(k1,11)€60 la=N+1 n1=N+1
With (4.61) and (4.63), it follows that
5" W < 07443 (¢ + Cog/09). (4.126)

Lemma 4.10. Let ¥};"(t) as in (4.120). Under the same assumptions as in Theorem /.1,
there exists a positive constant C. such that

157 (o < (L4 %0 3734w (o 4 Cg™/®9), 1<m< M, (4120)

holds for all t > 0.

It follows as below Lemma 4.9 that for M = [In |,

ZHW o S (14020742 (07 + Co™/C9), (4.128)

which proves the bound for ||V (¢)||rp in (4.44).

Proof of Lemma 4.10. For 1 <n < M, we set

1 kil k1. \T1 Ik
= Z D05, (91112(71)9 ll(E) a A )@0) o lik)
(k1,l1)€6p l2=N+1 (B, — Ey,)

ei(Ell _Ekl )7’1

! b D Ky, (11 Ik
\I/8D7,72L(7—) = ﬁ Z Z ’l)lllQ'UZ’fll (gl1l2 (7—2) Z(E _E )1 1( ) ) ® Q[ 1]
(k1,01)€6R l2=N+1 I k1

Partial integration leads to

t t
Ui (t) = / dri D(m)¥3" (¢, 7) —/ dpa(T)D(12) U35 (7). (4.129)
0 0
It remains to compute the norm of the wave functions on the r.h.s. Using (4.56),
1) 1 1 « 1
st P Se )= ST 5 3 el > lfn, . (4130)
(k1,11)€EGR lo=N+1 n1=N+1
and similarly, using in addition (4.65),
1y 1 1 1
[P S oo (i) o 72 lelz 3o WL @)
(k1,11)EG, lo=N+1 ni=N+1

The lemma then follows from (4.61) together with (4.64). O
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Derivation of the bound for ||¥g(t)||rp

The term Wg() is more difficult to estimate since it involves four sums. In order to get the
desired bound, it is not enough to do one partial integration. We have to split the term more
carefully into different contributions and for some of them perform an additional partial
integration. This gives an additional phase cancellation which is enough for the desired
bound.

For 0 < n,m < M, we define

s,nm 1 ~S t I5kalik
s () = 12 > > ”k;zg”klzl/o dﬂ3(T)D(T3)(gkzlz(ﬁ)gklll(ﬁ)@o) gt

(k1,1)€Gn (k2,l2)ESH

(4.132)
I5kolTk
Z Z kzlzklll (gk?l? (T2)gk1l1 (7-1)900> ® QE)Q i 1]’ (4133)
kl,kz 1l1,lo=N+1
where
AZ N ~ ~ ~ ~l,
k;lell vk2512vk1l1 + U’z;lz Uklll + Uk;bvklell (4'134)
This leads to
t
U (t Z Ty () + Ere(0) / dps(T)D(73) U (1), (4.135)
0

n,m=0
N A ~ ~8,E ~8,E :
since g, 1, Vkoly, = vk2l2vklll + wk212k111 Using that for ki, ke,mi,ms < N and N +1 <
l17l2)n17n27
[[5k2lik1] ~[nsmanimi]ly 1 s
<QO 790 > - (6k2m25k1m1 + 5k2m1 5k1m2)6kz2k1 6m2m1

X (5l2n25l1m + 512n15l1m)5t116n2n17 (4-136)

where 5,5 =1 — 4y, we find

N [e%s)
1
¢ " . N 0 0
IWE@IP S 75 >0 D (1onml 1005+ 1opel 1o0s, |+ log5,l 1ops, 1) (4137)
k1,ka=111,la=N+1

By means of (4.57) and (4.58), ||¥4(7)|lwp < C.o172:, such that together with (4.60) we
find for the last term in (4.135) that

HEN(@) /0 t dﬂg(T)D(Tg)qff;(T)HTD < Ot3% i, (4.138)

Similarly, one finds for W5 (¢),

: 0,5 0 [I3kal k] ||2
Hﬁ Z Z /Uzjl?/uklll (9k2lz(72)9k111(71)900> ® Q2 ) <

(k1,01)€60 (k2,l2)€60

Vo(N, p)?. (4.139)

Hence, with (4.63),

H‘I’goo(t)HTD Sthom 2t (4.140)
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Lemma 4.11. Let U3"™(t) be defined as in (4.132). Under the same assumptions as in
Theorem 4.1,

2L Ol + 22 Ol S (1 + %55 o — gz, 1<m<y, (@1
[ (B)llro S (14+8)%0737% (o7 — o), 1<nm <M, (4.142)
holds for all t > 0.

With M = |ln ] we then obtain that (recall (4.76) and Remark 4.3)

M
1
S (IO o + 192" llen) S (1+ 1) 34, (4.143)
n=1
M
S IEE Ol S (1+ 1) E (4.144)
n=1

This proves the bound for ||V (¢)|lrp in (4.45).

Proof of Lemma 4.11. We define for 1 <n < M,

1 N Irts () = Graiy (1) Igkalik

ﬁ Z Z UZ:leklll (gk2l2( ) 1’;(E — Ej 1) (vols) ) ® ‘IJ[ 2 1]7
(k1,01)€Gn (k2,l2)€G0 h k1

1 . . Ell Ekl )7-187_ kk’ 1 7‘1 ¥ kol*k
R D SID DR i v (NG (Mg g wlhin,
L (k1,11)€Gn (k2.l2) €S0 Z(Ell - Ek’l)

0 1 csie s [ Ghalo(T1) = Gholy (T2) kol k]
\I’g*ln(T) = ﬁ Z Z vz;lz Z‘fh( = El EZ 2) Jk1ly (7—1)900> & \II 2 5
2 2

‘I/S nO(t 7_1)

(k1,01)€60 (k2,l2)€6y,

1

7() _ A A

\Ilggn(T) T IA § : Z 2232 Zlall
(k1,01)€6 2)€6

e’ El2 Ek2)7'28 kk2l2(7_2)

Shol k]
Elz Ek‘z)

!
kil (ﬁ)@o) ® ‘I/[OQ

o (k2,1

By partial integration, this leads to

V() = Bre(o) | dpa(r)D(m) W (6. 70) = Brelo) / dus(T)D(ms) R0 (7). (4.145)

\IJ‘E”On = re / d/«LQ S On - 7’6 / d:UJ3 vy On(T)‘ (4'146)
Furthermore, for all 1 <n,m < M, and X € {1,2, 3}, we set

1
y _ § : ~ N ( [(5k2lik ]
\I/g;l(m(t’ T> - T4 z : UZ;leth (Gk2lzk112 (t T)(,O()) X Q i (4147)
(kl,ll)EGn (k‘z,lz)egm

where we introduce the operators Gk Iy klll( ,T) : Hy = Hy, defined by

GO (t7) = a0 (8) = gty (M) (1) Tkala (Tl)<g’“1h(t) ~ g’“ll(ﬁ))
Ralzkrl 5 i(Ey, — Ey,)i(Ey, — By, + By — Ey,) i(Ey, — Ep,)i(Ey, — Ey,)
(4.148)
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o ¢! By =By T By =Eip)m g (kk212(71)kk111(71))
Cratabay (17) = i(Ey, — Ery)i(Ey, — By, + Ey, — Eyy)
Gropts (12) e B =B (371 ity (ﬁ))
i(El, — Ek,)i(El, — Ek,)
€' Bty =By )71 ( Bkt (ﬁ)) <9k1l1(t) - 9k111(71)>

. . ’ 4.149
i(El, — Ex,)i(Ey, — Ey,) ( )
ei(EZQ 7Ek2)T2 (a‘r2 kaZQ (7_2)) ei(Ekl 7E11)7'1 (aTl kklll (Tl))
€Ot | (4.150)
kalokili \™ i(EkQ — Elg)i(Ell - Ekl)

With a two-fold partial integration one now finds
¢
V() = Erelo)| / dnD(r) U™ (1, 7)

0

t t

_ / dpa(T)D(m2)WE5" (t,7) + / dps(T)D(73)Pg5 " (¢, T)]
0 0
(4.151)

It remains to compute the norm of the above wave functions. Recalling that the scalar
product produces four Kronecker-deltas,

1 1 1
,n0
S Y e Y

by, —Ey L

(kl,ll)EGn (k‘Q,lz)EGO
1 Skaly nimaonim
X Z oo <Q([)l2k2llkﬂ,9g2 any 1]>
n1 mi
(m1,m1)€G, (m2,n2)EGy
S (a7 CF)Va(N, ) ) V(N ), (4.152)

Using in addition (4.65),

1 3 107, Ky, (1) 0| 1 Z
‘115 nO 2 < T1 101 -
(kg,lz)é@o

(kl,h)EGn
Ha‘r km n (Tl)SOOH [[3kalt k) [n3manimi]
x ) By — P D (e g

(m1,n1)€EG, (ma,n2)€Go

1

< 0% (o CF IV (N, ) )Vo(N, ). (4.153)

By means of (4.64), this shows the first part of the first bound in the lemma. We omit the
proof for W& (7) since it works exactly the same way as for U5"0(7).

For the second bound of the lemma, note that by using (4.56) and Lemma 4.5, one finds

X6 (k1 11)) X ((k2, ) IGL, o (8 7)ol S 0~ (Eear) o= (3557, (4.154)
X (k1. 1)) X6 0 (k2 12)) |Gy, (8 7)ol S 0%~ (Ear) o= (357, (4.155)
X&, (k15 10)) e ((k2, 12)) |G, 41 (8. 7) 0] S 0% 0~ (o) o (51). (4.156)
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Then, for all 1 <n < M and X € {1,2,3},

1
||\IJS nm( 77-)H2 5 ﬁ Z Z Z Z ||G;g)2(;2k1l1(t77')900”><

(k1,11)EGR (k2,l2)E€G ., (Mm1,n1)ES, (M2,n2)EC,

I5k2lTk nimanim
X G maman (1 7)ol (571, g7
S QBE(@_(%)W(N, p)) (Q_(W)Vm(N, p))- (4.157)
The bounds for the remaining expressions have been derived in (4.64). O

Derivation of the bound for ||V (t)| b

The estimate for | Vg (t)||rp is more tedious, since we have to deal with an additional (V —FE),
i.e., we have to take into account one more collision, starting from W,. This leads to many
possible collision histories, which we write down in (4.160)-(4.165) below. After that, we
use the same techniques as in the previous sections.

We first rewrite the potential

1 [ <INe’e) ) 4 B i
(V—B) =730 >ty s 75a (py,)a(pi,) (4.158)
l3=1kz=1
(Is#k3)

in terms of fermionic creation and annihilation operators, cf. (4.6). This can be used to
decompose the wave function Wr(t) (for M > 1) in terms of

M

Ue(t) = > (WO + U + U )

n,m=0
t
+ [ i) D) (V) + V) + ). (4159

where we introduce (recall the definition (4.134) for @)

1 N 00
s,nm o N ~S,E ~8,E
Vel () = 75 > YD D Okl Ui,

(k1,11)€Gy, (k2,l2)EGy, k3=113=N+1

I5k3l5kalTk
/ dM3 (gk313 (73)9k2l2 (T2)9k3l3 (7—1)@0> © Q[ o 1]7 (4‘160)
1 N N
v = L 5 it
(k1,11)EGn (k2,12)€Gm l3=N+

t
X / d,US(T)D(T3)<9l213(73)9k212(72)9k111(71)900>  Qlisktik]
0

1 0o
~ ~S,E AS,E
+ ﬁ Z Z Z Ulils Vol Uk 1y
(k:l,ll)GGn (k‘z,lz)EGm l3:N+1

o [ dus(r)p Qlistakakl
0 ,LL3(7') (7—3) 91153(7'3)%212(7'2)%111(71)900 & 0

1 N
N ~S,E A8,E
T 76 ) Do D Dreka D, B, X

(k1,01)€6n (k2,l2)€Gm, k3=1
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' [hal3li ]
x| s (r) D7) (ghata ()90t ()t ()0 @ 0

1 N
N ~S,E A8,E
T 76 > Do D Dkek D, B, X

(k:l,h)EGn (k2,l2)EGm k=1

t

ksl kol
x / spi3 (7)D(73) ( Gyt (78) gty (72) g ()00 ) @ Q47511 (4.161)
0
1 N . N
L EORS 3D DD DI PR i
(/Cl,h)EGn (kg,lg)GGm

(13k1]

X/O dﬂ3(T)D(T3)(912k2(Tz)gkglg(T2)gk111(71)600> ®

1 A ~8,6 A~8,€
5 D D Dk, 0, X

(k1,11) €6y (k2,l2)EGM

t *
< [ dus(r) D) (s ()i () () © 9

1 N NS,E AS,E
5 D Dk i, 0, X
(k1,11) €6y (k2,l2)EGM

t *
X/O dﬂB(T)D(T?»)(912k1(73)%212(72)%11(71)800) ®Qg€211]

1 A A8 ASE
5 D D ki, 0, X

(kl,ll)EGn (kz,lQ)GGm

t
2k
></ dMB(S)D(T3)(gllkz(TS)gkzlg(Tz)gklzl(71)800> © 0y, (4.162)
0
and moreover,

1 al [l kslskoliks)

R /\Z’ * * *
\Ijﬁ‘,l(T) = 76 Z Z Uk3l3wk2€[2k111 (gk3l3 (73)gk2l2 (72)gk1l1 (7-1)(100> ® QO3 e )

k1,k2,k3=111,l2,l3=N+1
(4.163)

N 0o 00
1 * *
¢ L [koltky]
Uy ,(7) = > > DR A (91213 (73)Gkals (T2)9k1z1(71)<P0) ® Q>
k1,ka=111,lo=N+113=N+1

1 & > > (1515 Kok )
A ~le 315 kaky
+ T6 Z Z Z Vlilz Wiy iokq 1y (gllls (7—3)916212 (T2)gkll1 (Tl)(PO) ® Q()
k1,ko=111,la=N+113=N+1

N o) N
+ % N0 Y Ok, <9k3k2 (73) kst (TQ)gklzl(Tl)wo) @ Oy
k1,ko=111,lo0=N+1 kz=1
1 & o Y e [kslikol?]
+ 76 DD D Ok W, (9k3k1 (73)Gksts (Tz)gklzl(ﬁ)@o> ® 8,
k1,ka=111,la=N+1ks=1
(4.164)

N o)
1 *
¢ . <L, (17 K]
Veo(T) = 75 ST bk, <glgk2(73)9k2zg (Tz)gklll(Tl)%) ® Q"

k1,ka=111,lo=N+1
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N 9
N 0, i
Z Z Uy kq kaEZlell (gl1k1 (73)gk2l2 (Tg)gklll (Tl)<P0> ® Q[Zka}
k1,ko=111,la=N+1

N o)
Ny [k2l]]
Z Z Vigk1 Wiy 1ok 1 (gl2k’1 (7—3)916212 (7-2)gk1l1 (7_1)()00> & Qg !
k1,ko=111,lo0=N+1
N [e's)

. Ik
DD R A (911k2(73)9k212(72)9k111(Tl)@o) 0 0yl (4.165)

k1,ko=111,lo0=N+1

1
1

The different contributions in Wg(t) correspond to the different collision histories in (V' —
E)v,.

Bounds for |3} (t)||lrp and || VL (7)[wp. We use that for k;,m; < N, N +1 < l;,n;
(i =1,2,3), the scalar product

[l*ke,l*k‘zl k‘ﬂ [’rl mgn man ml] 1 1 1
<Q Q ° ? ' Z 513%(3)612”0(2)511%(1) 5131261211511136 0 0

n3ng - nani n1n3
og€ES3

1 1 1 1 1 1
x ( Z 5k3ma(3)5k2mo(2)5k1m0(1))5k3k25k2k15k1k36m3m25m2m15m1m3’
o€E€Ss3

produces six Kronecker deltas in each summand, in order to find

H\IJ NL8 Z Z |A£2€lzk1l1 L4Z Z |Vkegls |- (4.166)

k1,ka=111,lo=N+1 ks=113=N+1

Then, by means of (4.57) and (4.58), || ¥4, (7)]m < C.0172: %% which leads to

' dus(r) D () WL, (7)
|/

Similarly in \I'f{?o (t), we estimate the norm,

N 00
i 5 59 55 x
L6 Z Z Z Z Ukl Vkayly ki 1y

(k1,11)€60 (k2,l2)€60 ks=113=N+1

< CtPpi e, (4.167)

TD

(15 ksl kol k] ||

X <9k313 (73)9k212(72)9k111(71)900> ® Q®
1 N
SWV(N,p) 25 Z

Using (4.57) in combination with (4.63), leads to

Z |Oksts |- (4.168)
=N+

113

I () ep S P00 (4.169)

Lemma 4.12. Let V31™(t) be defined as in (4.160). Under the same assumptions as in
Theorem /.1,

N ()]l + W20 len S (14 8)207 5735\ gt — gzew, 1< n< M, (4.170)
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[ @)l S (1 + 87075 (o — o), 1<nm< M. (4171)
holds for all t > 0.

Next, we set again M = |Inp| and find, using M QTlM < o° as well as M? ‘QCLM < o,

M
5,0n s,m _1
> (198 @lleo + 1957 0) < (141757, (4.172)
n=1
Z IS ()| < (14 )30 a6, (4.173)
n,m=1

Proof of Lemma 4.12. We define for 1 <n < M,

1 N o)
5,n0 _ ~ ~SESE
CUREES SIED DD Db PSR

(k1,11)EG (ka,l2)ESo ka=113=N+1

Iryty (8) — Graty (1) U3kalghalih]
% (9kats (72) gtz (1) E B #0) @ (4.174)

1 N [e'¢)
5,n0 - 2 : § : 2 2 ~ NSE ASE
\I/F,12 (7_) - LG UkBZ?)vkglgvklh x

(k1,01)EGR (k2,l2)€G0 k3=113=N+1

e Eu=Br)ng ko (7 I kglskolt k
X (9k313(73)9k212(72) . LI 1)<po) ® Qlskstskatiml -y j75)
’L(Ell — Ekl)

1 N [e's]
s,0n _ - ~ ~8,E  8,E
e (1) = 6 Z Z Z Z Ukls Va1, Uiy 1y

(k1,11)€60 (k2,l2)€6, k3=113=N+1

Gkala\T1) — kol \ T 1Xk3ly kol k
X (gk3,3(72) : j.éEll) —E,j 2)( 2)9k111(7'1)900)  Qlikstakatikil (4.176)
2 2

1 N [e%e)
s,0n o ~ S, S,E
CHCE D SHED S Db S SECAt

(kl,h)GGo (k‘g,lg)EGn k3=1l3=N+1
i(F,, —F
"Bl Ba) 25, 1, (12)

13kl kalihn]

X (gkgzs (3) i(Er — E,) gklll(ﬁ)@o) ® Q® (4.177)
Via partial integration we obtain
¢ t
w0 = / dpa(T) D(r2) WEY (8, 7) — / dps(T)D(73) W (1), (4.178)
0 0
¢ t
(1) = / dpa () D(r2) WY (1) — / dpz(7) D (73) W5 (7). (4.179)
0 0

We further set for 1 < n,m < M, and for G}5) | (t,7), X € {1,2,3}, defined as in
202KR1¢1
(4.148)-(4.150),

1
VR =5 >
k1,l)

N %)
~ ~S,E AS,E (X)
Z Z Z Uk3l$vkzl2vk1ll(gk3l3(TX)Gk2l2k1l1(t7T)‘P())
€6,n (k27 ) 3=1

=N+1

2 Q[l*kzgl*kgl*k;ﬂ
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Partial integration leads again to

t

t t
W () — /O dm D(m) TS ¢, 7) — /0 A () D(7) U (1, 7) + /0 dpas(7) D (m3) WS (1, 7).

Using (4.56) in combination with (4.65), we find for Y € {1, 2},

N %)
n0 1 L+ ||Or, kg1, (1) 0| .
ROl s 5 > o ) DS DD S AR

(k1,11)€6n (k2,l2)€Go ka=113=N+1
N oo
1 k * * * * * *
% ( + ”%’1 771175(7'1)900”) Z Z Z ‘ﬁm:;ng ‘ <Q[Ol3k3l2k211kﬂ’ leyngnﬂngnlml]>7
(m1,m1)€G ni mi (ma.ma) €60 Ma=1 ng=N+1
—1 1 N o0
S, Q4€(Q_( cM)Vn(Na p))VO(N;P)ﬁ Z Z ‘ﬁkslsl' (4‘180)
ka=11l3=N+1

In complete analogy one finds the same bound for W£%%(7), Y € {1,2}. Next, using (4.56)
together with (4.154)-(4.156), we find for X € {1, 2,3},

N oo
1 "

(kl,ll)egn (kz,lg)EGm k3=113=N-+1

l*k,l*k l*k * : * *
x 3 3 Z Z (g G sy (6 T)pol| (QUEF1ERIRI glngmangmanimil,

(m1,n1)€G, (Mm2,n2)ES, m3=1ng=N+1

N 0o
1)%(}\[,;;))%2 3 longl (4.181)

k3=113=N+1

< Q85<Q—(’ZX})V”(N,[,)> (Q—(”;;[

The stated estimates then follow from (4.57) and Corollary 4.4. O]

Bounds for || U35 ()| rp and WL, (7)|lep- In WL, (t), and similarly in U23™ (t), we denote
the four lines separately by Wi 21( ), i =1,2,3,4. We derive the estimates only for the first
line, whereas for ¢ = 2, 3,4 everything works in exact analogy to the case ¢ = 1. Using the
Kronecker deltas in (ka, k1, ma,m; < N and l3,l1,n3,n1 > N + 1)

I2kaly K nimaonim
<Q([)3 o 1}7(2% srh 1]> :(513713511711 + 513711511713)6#&15% X

nsny
X (5k2m26k1m1 + 5k2m15k1m2)5ljc_1k25#11m27 (4‘182)
one finds
1 = 1 =
~ ~ N ~
H\I}F 21 ”2 Z Z ’ k2€l2/€1l1|L2 Z |U12l3‘ﬁ Z (|Un2l3| + |Un2l1 D
kl ko=111,l0=N+1 I3=N+1 no=N+1
(4.183)

means of (4. and also (4. we obtain m < Cet Q%“g_?ls, and hence,
By f (4.58) and also (4.61), btain || WL, (7)]wp < Cet3

1 1
H / dps (T F21(T)HTD < Ct3pitE 5, (4.184)
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Similarly, we estimate in \Ilg’g?(t) the norm

1 N ke kol k] ||
HF > oD G, (91213(73)9k212(72)9k111(71)4P0> @ Qpitikl

(kl,ll)EGO (k‘g,lz)eeo I3=N+1

1 1 A e e
S oo o2 g Y (el
(k1,11)€60 (k2,l2)€60 l3=N+1 no=N+1
(4.185)
Using (4.61) in combination with (4.63), this leads to
IR (W) oo S 0737 (0% + Co™e). (4.186)

Lemma 4.13. Let U3, (t) be defined as in (4.161). Then, under the same assumptions
as i Theorem 4.1, there exists a positive constant Cs such that

L O e (R N G
s R ] e A I L

holds for all1 <n,m < M andt > 0.

For M = |Ing|, one obtains similar as before

M
1
> (IO o + 1959 Ollxo) S (1 + %0754 (0% + Ceo™2), (4.189)
n=1
M 1
> IwE Ol S (1460750 (o 4+ Cog™ 7). (4190)
n,m=1

Proof of Lemma 4.13. We denote the four lines in Wy, (¢) respectively by Uy (¢), i =
1,...,4. We prove the Lemma for the first line. The same estimates are readily verified for
the other three lines as well. Let us define

oo
5,mn0 1 A NSE NSE
Won(t,7) = 76 E Z Z Ulaly Vkyly Uiyl

(kl,ll)EGn (kz,lQ)EGU I3=N+1

s,m0 o 1 s,
\IIF,212(T) = F § E E leISUleQUklll

(k1,01)€6y, (k2,l2)€60 I3a=N+1

=BT ko, (7 Ikalik
X <9l2l3(7‘3)9k212(7'2) . K 1)<p0> ®Qg3 ikl 4.192)
Z(Ell — Ekl)

oo
s,0n 1 ~ NSE ) 5HE
\IIF,zu(T) = 76 E Z Z Ulals Vkgly Vi 1y ¥
(kl,ll)eeo (kg,lg)é@n I3=N+1

) — T Iskolik
X <91213(T2)gk212((E11) _%212)( 2)gklll(7'1)800> ® Qliktikl (4.193)
2 2

[z kol kl]

(4.191)
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1 oo
s,0n _ 2 : § E ~ ~NSE ) 5E
\IIF,212(T) - F vl2l3vk2l21)k1l1 X

(kl ,l1)€60 (kz,lz)EGn I3=N+1

i(Epy—Ery ) T2
e\l TR0, ko1, (T2) Iikalthk
X (91213(73) i(E — E2k2)2 2 gklll(’ﬁ)(po) ®Q[ alika], (4.194)
By partial integration,
t t
() = / dpa(7)D(r2) W30 (8, 7) — / dpz(7) D(13) W0, (1), (4.195)
0 0
t t
WRON(t) = / dpa (1) D (1) U300 (1) — / dps(T) D (73) WL (7). (4.196)
0 0

We set further, with Gg}mll(tm), X € {1,2,3} as in (4.148)-(4.150),

= Ukolik
\P;Zg(t T) ﬁ Z Z Z Ul2l3vk’2€lzvk‘1l1 (gl213 (TX)GkQZlell (t T)@O) ® Q[ 2 1]‘
(k1,01) €6y, (k2,l2)EG, Isa=N+1

By partial integration again,

¢ ¢ ¢
e (t) :/ dr.D(m) Uy (t, T)+/ du2(7)D(72)‘1’§’2$(t77)+/ dpz () D(73) W1y (¢, 7).
0 0 0

Next, we compute using (4.65), for Y € {1,2},

[e.9] (e 9]

1 n—1) 1 1 1
aO - £ N N
e @P se = > G Y 5 Y el o (1Pl + [ounl)-

(k1,11)€Gy (kol2)E€Gy  I3=N+1 na=N+1

Similarly, one derives the same estimate for || W37 (7). Furthermore, using (4.154)-(4.156),
one finds

1 _(n=1 1 _(m—1
RIS Y oG 3 o Ur)x (4.197)
(klyll)EGn (k2al2)667n
1 1
x 12 Z ’{)lslz|ﬁ Z (‘613%’ + |®lln2‘)'
I3=N-+1 na=N+1
The proof of the lemma then follows from (4.61), (4.63) and (4.64). O

Bounds for H\Ifs 57 (@) |lro and [|WE (1) [ rn. We denote the four different lines by W% (¢),
respectively WL, (7) and derive the bounds only for i = 1 since for i = 2,3,4, the same

estimates are derived analogously. Using <Qgik1], ng{mlb = 1,0y Okym, for k1,m; < N and
N +1<ly,nq, we find

~L,
(I S 75 Z >l " Z > finaml (4.198)
k1,ka=111,lo=N+1 mo=1ns=N+1

By (4.57) and (4.58), it follows that |, (7)]rp < Ceo2 ™ %, and thus,

| [ austr iy

< CLt3p27 3. (4.199)

TD
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Similarly, in \11;212?@), we estimate the norm

1

ITk
Hﬁ Z Z ”lzkzvk;zzvklzl <9l2k2 (73) Gkats (Tz)gk111(71)<po) ® Q[ Ik < Vo(IV, p)3.
(k1,01)€60 (k2,l2)€60
(4.200)
Hence, by means of (4.63), we find
I (1) e S CtP0™1H25, (4.201)

Lemma 4.14. Let 935" (t) be defined as in (4.162). Then, under the same assumptions
as i Theorem 4.1, there exists a positive constant Cs such that

125" (1) o + [R5 Dl S (1 + 1) 2 (0 + o VF7), (4.202)
H\Ijs nm( )HTD < ( + t) 0 4+65+2cM <92‘5 + C. Q—l/s) (4.203)
hold for all 1 <n,m < M andt > 0.

With M = |lnp], it follows

M
3 _
> (25 ) lleo + 1988 @)l ) S (L4 6207575 (0% + Coo™7), (4.200)
Z [ llen S (1+ 607577 (0% + Coo™/7). (4.205)
n,m=1

Proof of Lemma 4.14. Again, we prove the lemma only for the ¢ = 1 term. Let

s,m0 1 S,€
vy s (t,7) = 76 § § lekQUk)ngvk]_ll

(k1,01)EG, (ka,l2)€S0

Gty () = Gty (1) Ik
X (glzkz(TQ)gkzlz (7_1) 1i1(El1 — éki) 800) & Qél 1], (4,2()6)

5,mn0 _ 1 ~ NSE NSHE
Uiare(T) = 76 Z Z Ulaka Vgyly Vky 1y *

(k‘l,ll)EGn (k:Q,lQ)EG()

(B —Er)T 9 L (1) .
e . 71 Rk \T1 Uik
X (gl2k2(7-3)gk212 (72) B ékl)l - <po> 2 QliM (4.207)

5,0n _ 1 ~ NSHE  NSE
Ursn (1) = 76 Z E : Vlaka Vkyly Vky 1y X

(k1,01)€Gq (k2,l2)EG

Ghols (T1) = Ghols (T2) Ik
X (glzkg(T2> s ;(Elg — Ez:) gklzl(ﬁ)sOo) ®Q([)1 1], (4.208)

s,0n o 1 ~ ~8,E ~S8,E
Uis1a(T) = 76 E E Vlgko Ukyty Vky1q X

(k1,11)€6q (k2,l2)€6,

(B, =Bry)2 Koty (T2) 0]
x (glm(T) (B = EkQ)” gklll(ﬁ))@o@Qol Y. (4.209)
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Via partial integration,

t t
wE(t) = / dpig(7) D (o) WE (8, 7) — / dps(7)D(73) Wm0, (1), (4.210)
0 0
t t
WO (t) = / dpia () D (2) U () — / dps(T) D (73)WES (7). (4.211)
0 0

We set further, for G (£,7), X € {1,2,3} as in (4.148)-(4.150),

1 -+ N ] [l*k }
Ui (t, 7) = 76 Z Z v12k2v2232vth (glﬂ€2 (TX)Gg}lell(t,T)cpo) @ Q.
(k1,01)€Gy (k2,l2)EGm,

Partial integration leads again to
t t t
Ui (1) = / dry D () Wi (t,7) — / dpa(7)D(72) Wiy (¢, 7) + / dp3(7)D(73) U5 (¢, 7).
0 0 0
Similar as before, we find for Y € {1, 2}, using (4.65),
_(n=1
1932 (DI S 0% (o~ VN, ) VoV, )2 (4.212)

Analogously, one derives the same estimate for H\IJ?Q?Y(T)H Furthermore, using (4.154)-
(4.156), one finds

s,nm _(n=L _(m—1 2
Jwen e D2 S 8 (o F V) (e (V) (@213)
The stated estimates follow from (4.63) and also (4.64). O

This completes the proof of the bound for | Vg (t)||rp in (4.46).

4.2.5 Proofs of Lemmas 4.3 and 4.5

Proof of Lemma 4.5. Let us first note that the choice v € C§°(IR?) ensures that the constant
D, in (4.19) is smaller than some C' > 0 uniformly in the length L of the torus.

We begin with the upper bound in (4.57). Using the Paley-Wiener Theorem, cf. (4.19)
with p s.t. pg > 3,

1%?[,42 Z pk—pl <1¥]§1L4Z Z 1+|pk—PlD

k=11=N+1 k=11=N+1
DY 1
= p4/ ko/ &Pl
(2m)* Jikj<ip izke (L4 |k=1])®
1
kl+ 1> k+1] <C, d2k/ dPl—
D LS ’} " ki< >kp—lk (LD
-1 o
<C, d%[]
! Jki<kr (L1272 ]

1 ke
< .
< b ), 2
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which proves the upper bound.

To show the lower bound in (4.57), we assume for simplicity that 0(0) > 0 (the argument is
easily adapted to the general case). Let us denote here limyp, ¢ = Opp with v € CSO(RQ).
Due to continuity of 9, : R? — R, there is a nonempty, compact ball of some radius r > 0,
B,(0) C R?, such that ipp(k) > 0 for all k € B,(0). In particular, for given I € R? with
| € [kp, kr + r/10], we have Opp(k — 1) > 0 for all k € B, (I) with |k| < kp. Since the set

A:{(k,l)eR4 L)l € k;F,ka/m} ke B.(), |kl <kp} (4.215)

is nonempty and compact, there exists a nonzero minimum on A, m = min, ;e 4 orp(k—1) >
0. It is then sufficient to consider the transitions corresponding to A in order to obtain the
lower bound:

N 00
1 1
lim — @(pk—pl)q_/ d%/ d?l opp (k — 1)]?
TD L4;l:%:ﬂ‘ | @m* Sw<ke  Jiuske oo |
> [k o DI x((0) € 4)
|k|<kp [l|>kp
qu/ d%/ d*l x((k,1) € A)
|k|<kp 1| >kp
kp+r/10
— mq/ dll| |1] d*k x(k € B, (1))
kp |k|<kp
[for sufficiently large k:F} = Cyr’kp. (4.216)

Remark 4.4. Along the same lines, one verifies (4.15) also for d = 1 and d = 3.

We next come to (4.58). Let £ > 0. Applying again Paley-Wiener, this time with p s.t.
p/2—=3>0andp> 21+ %, we find

N oo . 0 o
I%D%Z Z Pk—pl <hm 42 Z Dp |pk il 9)

=11l= k=1I1=N-+1 +|pk_pl|)

_ . &
(QTF) \k|<kp ke (L4 [k=1])P

< Dp/ d%/ d%%
(2m)40P/2 Jip <k Wzke (L4 |k —1])2

2 Q_sp/2g% (4.217)

<

where we have used in the last step the estimate from (4.214). The bound in (4.58) then
follows from the choice p > % + 5%

To show (4.59), one passes to the thermodynamic limit, and computes by direct inte-
gration (for sufficiently large ¢ and e < 1/2),

N 00
. ]- . ]- —bn _bn
lim— > =lm > > 0(e" — lpe—pil)x (27 < Ipd = Ipil < 07

(k1)EG, k=11=N+1
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1 / / ) L L
d°k dl0(o® —|k—1|) xlo " < || — |k|] < o~ "t
5t S T o (o =1k —1) x( 1] — |k )

1

E n+1 QE <Q—bn+1 _ Q_bn) . (4218)

IA

For the proof of (4.60), we recall the definition in (4.10) and insert v = v*¢ 4 v<:

Eye L4Z > }” ’ 0(Ipil — Ipel — 07%) (4.219)

k=11l=N+1
v _1
I DD Pl ‘ oIl -l —o?).  (@220)
k=11=N+1

In the first line we proceed with (4.54) and find for any M > 1,

0% (pk — )|

(k,l)eGn

< 021%1’51@_(;:]\})% Z
n=1

(k,l)e@n
M
_ —(L_l) ite —bn+t1 —bnt1 —bn
7CZQ 2cM /)2 0 — 0
n=1

M+1

M
cobe(o o) Yo sor bt s, o
n=1

where we have taken the limit M/ — oo and inserted 2c = (5 +¢) 1. The second line (4.220)
has been estimated in (4.90). This proves the upper bound in (4.60). For the lower bound,
we insert again v = v5¢ + vbe,

s,a

E..(0) > hm—z Z ]v ) ‘ (’Pl| — |pr| — 97%>. (4.222)

k=1l=N+1

. 1
Since |p; — pr| < 0°, we find that Jpl] — |pk| < |pi — p| < 0° and |pi| + |pr| < 302 (for
e <1/2), ie., (E;— E;)~' > 20 °" 2. Furthermore, note that the bound from (4.216) holds
also if we replace v by 0%° for any € > 0. Thus we find

1
(4.222) > 2o E“hmﬁz S (0% — 61l — Ionl - %)
k=11l=N+1
> Co (Q% *C>
> Cp " (4.223)

Eventually note that here we can pass to the limit € — 0 which completes the derivation
of the lower bound in (4.60).

The proof of (4.61) follows immediately from the decomposition of the potential; cf.
(4.20) and (4.21). 0
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Proof of Lemma 4.5. We prove only (4.65), since (4.66)-(4.68) are derived in complete anal-
ogy.

kv (T — GHITL) i (i—PR) Y o o GiHY L i (Pr—p1)y f
8‘1‘1 k‘l( 1)%00 8T SDTl + 8‘1'1 ()07'1

crrf ; oo f .
= H lpr — pl‘2ezHy T ez(pl—pk)'y(pﬁl —2(p — pr) - otHy 1 ez(pl—pk).yvy(pil

< |px — il + Clpx — pi (4.224)

because Hvygof || = IVyeoll < C (uniformly in p). The estimate follows since |[pr, — pi| < 0°
for all (k,1) € &. O
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Appendices

We close this chapter with four appendices.

4.A Fermi pressure

We have explained in Section 4.1.2 that the fluctuations of the potential around its average
value w.r.t. Qo are strongly suppressed (suppressed compared to free bosons where the
fluctuations would be proportional to the density g), namely that

I(V — B)l|? < Cao“T . (4.225)

This is a direct consequence of the Fermi pressure (the antisymmetry of the wave function)
which causes many fermions to be distributed much more homogeneously than bosons or
classical particles. There is, however, another interesting difference between fermions and
bosons due to the Fermi pressure: in a dense Fermi gas, the fluctuations are only caused
by momentum modes close to kr whereas for bosons all modes contribute equally to the
fluctuations in the gas. Assume v(x) = xp(x) the characteristic function for some compact
ball B C [0, L]¢ (in this case, the fluctuations of the potential coincide with local density
fluctuations since the function v(x) = xp(x) measures the number of particles within the
ball B). Let us then rewrite the operator (V — E) in terms of creation and annihilation
operators, i.e.,

(V-F)= ll;; <11;l lzl?ék D€’ PPV O (p) apre ) ZV” (4.226)

with VPr = [~1 D 1k D' ®Pe=PR)Ya* (p)a(py). The interesting point about this decom-
position is that the {VP*};>; are centered and uncorrelated (operator valued) random
variables w.r.t. to g, meaning that <Q0, Vpk(20> =0 for all k¥ and <VkaO, Vpk/Qg> =0 for
k # k'. The variance of the total sum of all VP* thus equals the sum of all variances of the
VP,

N N
1 2 1
IV = Byl = (3 v )| = 75 Do Iveaol. (4.227)
k=1 k=1

For v(z) = xp(z) one can associate the operator VP¢ with the random variable that de-
scribes the local density of all modes carrying momentum k. By means of (4.227) we can
look at the local density fluctuations w.r.t. the momentum variable 0 < |px| < kp. In Figure
4.A.1 we depict the functions {||[VP¥;|2, : 0 < |p| < kp} for different values of ¢ = k}/d
and (for comparison) for three different wave functions ¥;. The lower line corresponds to
U, = (), the ideal Fermi gas. The middle line stands for a nonsymmetric wave function
Uy = Hfi 1 @i(x;), the product of all one-particle orbitals with momenta inside the Fermi
sphere, and U3 = Qg is the bosonic analogue of €, i.e., U3 is defined as in (4.5) with
(—1)" replaced by +1. The four pictures show that, eventually, for high densities, the par-
ticles with momentum inside the Fermi sphere tend to be distributed very homogeneously
in the case of ). Here the fluctuations in (4.225) are only caused by modes with very
high momentum close to kp (the lower line in Figure 4.A.1). For ¥; and Uy this is differ-
ent as fluctuations are nonzero foll all occupied modes. The small value of ||[VP€y|%, for
|p| not close to the Fermi momentum is a consequence of the antisymmetry of the wave
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Figure 4.A.1: We show the functions {||V?¥;|?, : 0 < |p| < kr} for different values kr and
for three different wave functions ¥; (we depict the case d = 1; qualitatively, however, the
pictures are the same for d > 2). The lower line corresponds to the ideal Fermi gas U1 =
and shows that the fluctuations are strongly suppressed for modes away from kg when o
becomes large. The middle line indicates the wave function ¥o, a nonsymmetric product of
plane waves with momenta between zero and kp. The upper line stands for U3 = Qg , the
bosonic analogue of (4.5), i.e., with (—1)" replaced by 1.

function in combination with the fast decay of the Fourier transform of v (for that note
that |[VP*Qol|? = L2, vy [0(pe — pi)|? and 6[xB](pk) x 1/p; and even faster decay for
potentials v € C§°). -

We think that the explained argument provides an interesting heuristic picture of the
statistical properties of the dense ideal Fermi gas, namely, that the proability for slow
particles in g building random clusters approaches zero when g becomes large, whereas for
the fast modes in g, the probability for density fluctuations is nonvanshing but nevertheless
much smaller compared to the fluctuations in a dense bosonic gas.

4.B Recollision diagrams

In this appendix we show that the next-order energy correction E,. = FE,.(0) in H™ is due
to so-called immediate recollisions that come from all orders in the Duhamel expansion.
In the proof of Lemma 4.2 it was not necessary to know that FE,. has contributions from
arbitrary high orders in the expansion since we could identify the correct choice of E,..
directly from the estimate in (4.90) where it was used to cancel the immediate recollision
contribution in Wy. However, it is an interesting insight to see exactly where the subleading



128 4. Free dynamics of a tracer particle coupled to a dense Fermi gas

phase E,.. comes from. To this end, let us denote by

N
H™ = H™ 4 Bre = =2y =Y Aq, + 00(0) (4.228)

=1

the mean field Hamiltonian without F,., and then write down the Dyson series of U(t)¥g
around U™ (t), i.e.,

U(t)¥y = ﬁmf(t)\llo + ﬁmf(t) i(_z)n /Ot dsi... /Osn—l dsp (ﬁmf(—&)(v - E)ﬁmf<31))...><

n=1

X ... (ﬁmf(fsn)(v - E)ﬁmf(sn)) 0. (4.229)

Comparing the microscopic time evolution with U™ (¢)¥g = ¢/Eret™f(£) Wy and using the
above expansion for U(t)¥, we find

. ~ 2
HU(t)\IIO - ezE’“‘itUmf(t)\IlgH (4.230)

=2Re (1 — e Bt (U™ (1) Wy, U (t)\I/0>>

=2Re (1 - e_iEret> —2Re e_iE”tni::I(—z’)” /Ot dsj... /08711 dsp X
x (W, (ﬁmf(—sl)(v . E)ﬁmf(sl)> (ﬁmf(—snxv - E)ﬁmf(sn))qf0>,

where a nonvanishing contribution remains at zeroth order. This term is of course due to
the wrong choice of phase in the expansion in (4.229). Note that the n = 1 term is exactly
zero and we can directly proceed for n = 2 in order to show how the contributions from
immediate recollisions look like. The n = 2 term is given by

N e t s
. 1 1 .
—2Re e_lETEt(—i)zﬁ E E ‘@MP / dsy / d82€_Z(El_Ek)(SI_52)fkl(81, 82), (4.231)
k=11=N+1 0 0

where we have introduced the abbreviation fy;(s1,s2) = <g00, kkl(sl)km(82)¢o>- Immediate
recollisions are defined as the contributions in such expressions where the second collision
happens right after the first, i.e., the ones for s; = so. After a partial integration, we find

t S1 )
/d81/ dsge {PI=Bs1=52) £ (51 55)
0 0
t ’L’(El*Ek)S2
_ —i(E,—Ep)s1 [e
/0 dsie (B Ek)fkl(31>32

t
1
= dsi—————— + rest, 4.232

/0 V(B — By ( )

S52=81 S1 d ei(Elek)SQ a
)32:0 _/0 S2m o fr1 (51, 52)

where in the first term fy;(s1,s1) = 1 and where after a second partial integration,

rest| < C 5 + higher order. (4.233)

-
(E; — Ey)

Neglecting for simplicity the problem coming from the stationary points |px| =~ |p;| (they
can be separated from the sum in (4.231) and then treated exactly as in the proof of Lemma
4.2, cf. Corollary 4.4), one obtains recalling the definition of E,. from (4.10),

(4.231) = —2Re e Pret(—i)2(—iE,.) + resty, (4.234)
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where |resto| can be shown to be proportional to ¢/kr. The important point is that for all
n even, there remains always a term after partial integration which is not small enough.
This nonvanishing contribution comes from the boundary terms s; = s;_1 where one can
use the cancellation due to the oscillating phase only once (a second partial integration
is not possible exactly as in the first term in (4.232)). For n = 4, this is the term where
two recollisions happen right after each other. The corresponding expression is found to be
given by

. —iEyet)?
immediate recollisions in the 4th term = —2 Re e_ZE""et(—i)‘l(Zﬁ, (4.235)
and similarly for all n even, it is not difficult to find
, —iEt)"/?
immediate recollisions in the nth term = —2 Re e*’E“t(—i)”% (4.236)

(n/2)!
Summing up all contributions (note that for n odd there are no diagrams that only contain
immediate recollisions since there always remains at least a single particle-hole excitation)

leads to

: > (—iBEyet)™
immediate recollisions from all orders = —2 Re e~ *Fre! Z (—i)"

(n/2)!

n=2,n even

— _2Ree Bt Z (Bt

= —2Ree "Fret (eZE”t — 1)
— —2Re (1 - e—iETet). (4.237)

From the last line, one can now see that the sum of all recollision terms cancels exactly the
contribution from the nonvanishing zeroth term in the expansion in (4.230).

4.C The model in one dimension

The main difference in the definition of the model in one spatial dimension is that the
possible momenta for L < oo are now given by p € (27/L)Z, and that the Fermi momentum
|pn| = kp is proportional to p. Below, we are going to prove the following theorem which is
the analogous statement to Theorem 4.1 (a slightly different statement implying the same
result as Theorem 4.15 was derived in [67]).

Theorem 4.15. Let d = 1, the masses my = my = 1/2 and the coupling constant g = 1.
Let Wy = o @ Qo with po € Hy with |[Vigo| < C uniformly in o = N/L and Qq the
free fermionic ground state in T. Then, for any small enough € > 0, there exists a positive
constant C. such that

N Y TR
0=N/L=const.
holds for all t > 0, where
N
H™ = =Ny =" Ay, + 00(0) (4.239)

i=1

is the free Hamiltonian with constant mean field (Qo, YN | v(xi — y)Q0)#y = 00(0).
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Remark 4.5. 1) Note the two differences compared to Theorem 4.1: the absence of an
additional next-to-leading order energy correction in H™f and the better error on the r.h.s.

2) As explained in Section 4.1.2, we expect, and this is in contrast to d = 2, that the
Lh.s. of (4.238) is small for large ¢ on all time scales. Theorem 4.15 can prove this only to
some extent since the error term on the r.h.s. becomes small only as long as t < 0'/%.

One possibility to prove (4.238) is to adapt the proof of Theorem 4.1. For that, note
that the argument depends on the dimension essentially through Lemma 4.3 and Corollary
4.4. The corresponding bounds for d = 1 are summarized in

Lemma 4.16. Letd =1,0 < e < 1/2 and M,q € N. Let v(x) € C§°(T) N C§°(R) and v**,
v5€ defined as in (4.20),(4.21). Then there exist positive constants C, Cy, Cy. such that

N 0o
.1 .
lim 5> > [l — )" =Gy (4.240)
k=11l=N+1
1 N 00
lim 75> > [0k —p)|* < Cueo™V%, (4.241)
k=1l=N+1
lim Vo(N, p) < Co™?, (4.242)
TD
1%1}13& (97(%)1&1(]\7, p)) < Cp e (Qﬁ — QCLM), 1<n<M (4.243)
1 N
lim > |o(pk —p)| < Co® + Ceo™/® for pe (2n/L)Z. (4.244)
k=1

The proof is analogous to the ones for Lemma 4.3 and Corollary 4.4.

The only bound that remains to be shown is the one for W55 (¢), 1 < n < M; cf.
Section 4.2.4. In the two-dimensional case, this term was directly canceled by EZ, (o) which
is identically zero for d = 1. However, one easily verifies, using F;, — Ej,, > Ckpotn =
CgféJr% (since kp o p), that in one dimension,

M
S IEE ) an S (1 + o7 Moaw S (1+4)0 27, (4.245)
n=1

since Mgﬁ < of for M = |In p]. This completes the proof of Theorem 4.15.

4.D The model in three dimensions

We explain why it is not possible to adapt the proof of Theorem 4.1 also tq the case d = 3.
Here, the possible momenta are given by p € (27/L)Z3 and |py| = kr o 03. We exemplify
this for one particular term, namely

M 9 M M 1 1
s,n _ s,n 2 .
H ; vy (t)H = ; WL (e < ; [1%%1 76 (M)ZEG (Ek_El)Q] ) (4.246)

which appears at second order in the Duhamel expansion; cf. Section 4.2.4. Here, we have
used in addition that the U™ (¢) are pairwise orthogonal, and then we applied the first step
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from (4.80). In order to obtain the optimal bound for the r.h.s., let us be more general as
in the case d = 2 and define the sets &,, with by = co and b, = b+ (n—1)/(2¢M), for b > 0

and 2c = (b+¢)"', b € R. Using (B, — Ej,) > Q%_b” for all (k,1) € &, together with

1 2_ _ _
lim s ) <o b”“g%(g brtt — o b) (4.247)
(k,1)eG,
one finds
1 Z I pPn—2bni1 (1 _ ben+bn+1> <1 lng(l +O(M'In Q)) (4.248)
L6 (k5e6 (Ek _ El)2 ~ ~ M , .

1 < n < M. Hence, this way (taking M — oo) we obtain at best (4.246) < Inp, which
would imply a trivial statement like | U, (¢)|lrp < In o already for ¢ of order one.






Appendices

A Gross-Pitaevskii limit for bosons

The N-particle Hamiltonian H{" which describes a gas of dilute atoms is defined (for d = 3
spatial dimensions) by a Hamiltonian of the form (1.4) but with the pair potential v replaced
by an N-dependent pair potential vy (z) = N3v(Nz) with v € Co(2) and coupling constant
gy = 1/(N—1). HJ" looks formally very similar to the weak coupling Hamiltonian for which
the coupling is also given by gn = 1/(N —1) but the pair potential v is N-independent (i.e.,
of long-range type compared to vy). Another analogy is that solutions to the microscopic
Schrédinger equation i0;¥yy = HN Wy, (and similarly for the stationary equation) are
described in the large N limit by a one-particle nonlinear effective Hamiltonian, the so-
called Gross-Pitaevskii Hamiltonian, given by hg ¥ = —A, + a|po(z)|?, where a denotes
the scattering length of the potential v. It is well known, e.g., that for particular initial
conditions,

G, )] o o
where Wy ; solves the microscopic Schrodinger equation for appropriate initial conditions
and ¢y is the solution to the corresponding Gross-Pitaevskii equation i0yp; = hEF®tpy,

see, e.g. [2, 3, 40, 45, 46, 47, , 16, ]. Similar convergence results are known also for
the ground state wave function (and ground state energy) for which we refer to the thor-
ough summary in [85]. Despite these close analogies, the Gross-Pitaevskii equation is not

a direct consequence of the Hartree equation for v oc . The significant difference is the
scattering length a that appears in the effective Hamiltonian. The reason for the scattering
length to appear in the effective description is the strongly localized and peaked interac-
tion vy (z) = N3v(Nz) — §(x) (N — oo) which causes the N-particle wave function to
have a more complicated structure compared to solutions in the weak coupling model. In
particular, there emerges another relevant length scale (the range of the interaction) on
which a low energy wave function develops pair correlations between the particles. One
may think of these correlations as the correct equilibration of ¥y having nodes where two
particles approach the same point (this reduces the potential energy) and ¥y becoming to
steep around these nodes (which enhances the kinetic energy). This additional microscopic
structure of the wave functions is summarized in the effective coupling a.

The reason why we mention the Gross-Pitaevskii limit is that the N-dependence of H§"
can be very well motivated.” To see this, let us consider N particles in a box of volume

5To our knowledge, there is no similarly convincing motivation for the N-dependence of the weak coupling
model itself. We rather think of the weak coupling model as a first step towards the physically more realistic
Hamiltonian HSY. Since both models share some relevant common features, it is helpful to understand the
weak coupling model before one approaches the same questions for the much more involved Gross-Pitaevskii
limit.
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L3 described by a Hamiltonian HS " of the form (1.4) with Wt = 0, gy = 1 and
v € Cp([0, L]?) (unscaled stands here for N-independent). We assume that the side length of
the box increases with the particle number as . = N. For a repulsive potential, the particles
spread over the whole box at an average distance L/N %, and thus in particular, the ratio
between the support of the interaction and the average distance between the particles
approaches zero when N tends to oo (which defines the dilute limit of the gas). For reasons
of convenience, one now rescales the whole system into a box of volume one meaning that
we introduce new spatial coordinates z — # = x/L. The Hamiltonian H$" "™ is then
replaced by ’

N
GP,unscaled GP,unscaled __ 1 _ ~ ~
Hy — Hy 2 =73 > Az 4> (L@ - T;))
=1 1<j

N
1 1 ~ 1
i=1

i<j

where vy (Z) = N3v(NZ). The so obtained Hamiltonian HS" is of the same form as the
weak coupling model (with the difference that v = vy is N —dependent) and the pre factor
1/N? determines the correct energy scale (in the stationary case) resp. the correct time
scale (for the time-dependent Schrédinger equation). Replacing vy by some N-independent
function v (e.g., the Coulomb potential), one arrives at the weak coupling model. This step
of simplification allows us to analyze the effective “long-range properties” of a microscopic
model that describes a realistic Bose-Einstein condensate without taking into account the
additional difficulty due to the short-scale structure caused by the strongly peaked pair
potential vy. Many of the results that we derive in the weak coupling limit are expected to
be similarly true in the Gross-Pitaevskii regime.

B More about the weak coupling limit for fermions

We briefly present two different models for which the derivation of the time-dependent
Hartree equations is well understood (for a recent work on the stationary problem, see, e.g.,
[51]). Both models were originally introduced by Narnhofer and Sewell [97].

B.1 Semiclassical limit

In the so-called semiclassical limit, one considers N fermionic particles described by the
time-dependent Schrédinger equation

N
INT50, Uy, = ( SN AL AN Y u(ay - xj))\pN,t, (251)
i=1 1<i<j<N

for which one wants to compare the solution W, for particular initial conditions (close to
a Slater determinant and obeying a certain semiclassical structure, see, e.g. [18, Theorem
2.1]) to the antisymmetric product of orbitals {¢y;}i_, which solve the fermionic Hartree
equations,

N

car— L _2 —

iN T3 0pne = (= N 738+ NTVY (v o) (@) e (252)
=1
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The phisical situation behind this limit is the following: the particles are confined to a
volume of order one and thus a priori their kinetic energy for a wave function that is close
to the ground state is proportional to N%/3, cf. the kinetic energy inequality (1.26). Since the
total potential energy is of order N (note the coupling constant gy = N~!), an additional
scaling of the kinetic term is required in order to make the potential and kinetic energies
compatible. The N-dependent factor in front of the time-derivative adjusts the correct time
scale for which the particles (having average velocities o< N/3) travel a distance of order
one. Heuristically, the semiclassical character of this equation can be seen from recasting
the additional prefactors into a small Planck constant fiy = N~!/3. Starting from (252),
the fermionic Hartree equations were derived for a certain class of bounded potentials in
[39, 18, 101] (see, e.g., [L01, Theorem 2.3]),

1) 1)
Tr TN = VA, on

1
3 1
+—=) 253
)+ %) (253)
for some time-dependent constant C*. The derivation for the Coulomb potential is still an
open problem for which a partial result was obtained recently in [110]. The semiclassical
properties of the microscopic solution can be shown by means of comparing the Wigner
distribution w.r.t. ¥, to the solution of a classical Vlasov equation (for recent results, see

[17])-

<ct((Tep&), =8 s

B.2 Large volume limit with Coulomb interaction

Another possible limit for which the fermionic Hartree equations have been derived is
defined by the Schrédinger equation

N
0T N, = ( S AL NS e - xj|—1)x11t, (254)
i=1

1<i<j<N

and similarly for potentials v(z) = |z|~* and gy = N3~ for s € (0,1). Here, the fermions
are supposed to be confined to a region Q C R? of large volume |Q| oc N (thus, the average
density is of order one) with kinetic energy not larger than C'N. The coupling constant is
therefore chosen such that the potential energy is also of order N. To see that this is the
case for v(z) = |z|~' and gy = N~2/3, let us compute the mean field potential (the direct
term) for N plane waves that are confined to a sphere of radius N /3 namely

N N1/3
S (1 s laP) @ =an [ rar =N, (255)
0

=1

Note that the exchange term can be easily shown to be subleading compared to the direct
term, and thus, for a Slater determinant made up from plane waves, one similarly finds
(N, (Ziq |7 — 2|71 A @) = O(N®/3). It has been shown in [11, Theorem IL.1] (and
similarly also in [101]) that for appropriate initial conditions, the solution to the microscopic
Schrodinger equation satisfies

1
1 1 2 1 1 3 _
Tr"y\(pz)v,t N 75\20“ = C’t<(N3Tr‘fy\(Ij;ﬁ - 75\3%,0 )2 N 1/6>’ (256)
where the orbitals solve the fermionic Hartree equations,
N
10t = ( — A, + N723 Z (]-17" = |901,t!2)($))80k,t, Pht=0 = Pk,0- (257)

=1
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The same result with improved convergence rate was derived more recently in [100] where
it was shown moreover that the solution ¥y ; can be approximately described also by the
fermionic Hartree equations with a spatially constant mean field potential. The Hartree
equations (257) provide thus a subleading correction to the free time evolution (with ap-
propriately chosen phase). That the dynamics is approximately free can be also inferred
from the fact that the average forces produced by the mean field potential in (257) (which
is of leading order, i.e., compatible to the kinetic energy) is suppressed by a factor NV —1/3,

N N N1/3
3 (1 s al) @) < 30 (1 172+ el @) = 4w/0 dr = ON'/3,
=1 =1

and thus expected to be subleading compared to the average velocities of the particles.
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