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Zusammenfassung

In der vorliegenden Dissertation untersuchen wir die Dynamik von quantenmechanischen
Vielteilchensystemen fiir N wechselwirkende, nicht-relativistische Fermionen. Wir entwickeln
effektive Beschreibungen der N-Teilchensysteme und konstruieren eine rigorose Néaherung
im Grenzfall N — oco. Ein bemerkenswertes Ergebnis dieser Arbeit ist die Behandlung von
Hamilton-Operatoren mit Kopplungsparameter der Gréflenordnung 1 in physikalisch relevan-
ten Situationen, wodurch Regime adressiert werden, die bisher von bestehenden Methoden
noch nicht erforscht wurden.

Im ersten Teil leiten wir die zeitabhéngigen Hartree-Fock-Gleichungen (TDHF) fur singulére
Paarwechselwirkungen | - |7* mit s € (0,2/3) in einem neu erforschten, stark wechselwir-
kenden Regime ab. Im Gegensatz zu anderen Regimen enthélt der Hamilton-Operator in
unserer Situation keine N-abhingigen Wechselwirkungsparameter, wenn er auf Volumina
der GroéBenordnung 1 und Zeitskalen der GroSenordnung N ~2/3 betrachtet wird. Aquivalent
dazu skaliert der Wechselwirkungsparameter des Hamiltonian-Operator auf Volumina der
GroBenordnung N mit gy = N -5 fiir makroskopische Zeitskalen. Wir verwenden und er-
weitern die Zahlfunktionalmethode, die fiir Fermionen erstmals in [Pet14, PP16] entwickelt
wurde, um dieses Regime zu behandeln. Dazu fithren wir eine Eichtransformation ein, die
das grole Wechselwirkungspotenzial extrahiert und den Hamilton-Operator in eine magnet-
artige Struktur transformiert. Diese umfasst nun Dreikérperterme sowie Zweikorperterme,
die Differentialoperatoren anstelle einfacher Multiplikationsoperatoren beinhalten. Eine zen-
trale Herausforderung besteht darin, diese Differentialoperatoren effektiv in das Framework
zu integrieren. Um dies zu erreichen, entwickeln wir eine Strategie, die das Zé&hlfunktio-
nal mit einer Normndherung relativ zu einem Hilfs-Hamilton-Operator kombiniert. Dieser
Hilfs-Hamilton-Operator dient als vereinfachtes Referenzsystem, das es uns ermoglicht, die
schlechten kinetischen Energieterme rigoros zu kontrollieren.

Im zweiten Teil untersuchen wir die Quantendynamik eines homogenen idealen Fermi-Gases,
das an ein Fremdteilchen im Hochdichtegrenzfall gekoppelt ist. Wir betrachten eine drei-
dimensionale Box mit periodischen Randbedingungen und nehmen an, dass die Anfangs-
wellenfunktion ein Produktzustand zwischen dem Fremdteilchen und einer gefiillten Fermi-
Kugel ist. Im Grenzfall grofler Fermi-Impulse krp beweisen wir, dass die effektive Dyna-
mik durch einen Frohlich-artigen Polaron-Hamilton-Operator erzeugt wird, der das Fremd-
teilchen linear an ein nahezu bosonisches Anregungsfeld koppelt. Unsere Methode inte-
griert kollektive Anregungen in die effektive Beschreibung, indem sie nahezu bosonische
Operatoren verwendet, die kiirzlich zur Analyse der Korrelationsenergie entwickelt wurden
[BNPT19, BNP*21a, BNP™21b, BPSS23]. Dies ermoglicht es uns, die Bildung kollektiver
Anregungen zu beschreiben, indem wir die effektive Dynamik mit einem expliziten gekop-
pelten kohdrenten Zustand approximieren. Unser Ansatz deckt eine breite Palette von Wech-
selwirkungsstéirken ab, einschlieflich Kopplungen der Groflenordnung 1 und Zeitskalen der
GréBenordnung kn'. Als Anwendung berechnen wir das Loschmidt-Echo als Antwortfunk-
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tion des interagierenden Systems und zeigen, dass unsere theoretischen Vorhersagen mit
den universellen Merkmalen tibereinstimmen, die in jiingsten Experimenten mit ultrakal-
ten Atomen beobachtet wurden. Diese Ergebnisse liefern neue Einblicke in die Bildung von
Polaron-Quasiteilchen in fermionischen Systemen und unterstreichen die Bedeutung unserer
Methoden zur Beschreibung der Hauptmerkmale stark wechselwirkender Quantensysteme
im Hochdichtegrenzfall.



Abstract

In this thesis, we study the dynamics of quantum many-body systems for N interacting
non-relativistic fermions. We establish effective descriptions of the N-body systems and
construct a rigorous approximation in the limit of N — oco. A notable achievement of this
work is the treatment of Hamiltonians with coupling parameters of order 1 in physically
relevant settings, addressing regimes previously unexplored by existing methods.

In the first part, we will derive the time-dependent Hartree-Fock equations (TDHF) for
singular pair interactions |- |~ for s € (0,2/3) in a newly explored strongly interacting
regime. In contrast to other regimes, the Hamiltonian in our setting does not involve N-
dependent interaction parameters when considered on volumes of order 1 and time scales
of order N=%/3. Equivalently, on volumes of order N the interaction parameter scales as
gy =N —%5* for macroscopic time scales. We use and extend the counting functional method,
which was first developed in [Petl4, PP16], to treat this regime by introducing a gauge
transformation that extracts the large interaction potential, transforming the Hamiltonian
into a magnetic-type structure which involves three-body terms and two-body terms that
involve differential operators rather than simple multiplication operators. A central challenge
is effectively incorporating these differential operators into the framework. To overcome this,
we develop a strategy combining the counting functional with a norm approximation relative
to an auxiliary Hamiltonian. This auxiliary Hamiltonian will serve as a simplified reference
system, allowing us to rigorously control the bad kinetic energy terms.

In the second part, we study the quantum dynamics of a homogeneous ideal Fermi gas
coupled to an impurity particle in the high density limit. We consider a three-dimensional
box with periodic boundary conditions and assume that the initial wave function is a prod-
uct state between the impurity and a filled Fermi ball. In the limit of large Fermi mo-
mentum kg, we prove that the effective dynamics is generated by a Frohlich-type polaron
Hamiltonian, which linearly couples the impurity particle to an almost-bosonic excitation
field. Our method incorporates collective excitations into the effective description by em-
ploying almost-bosonic operators recently developed for analyzing the correlation energy
[BNP*19, BNP*21a, BNP*21h, BPSS23]. This allows us to describe the formation of col-
lective excitations by approximating the effective dynamics with an explicit coupled coherent
state. Our approach covers a broad range of interaction strengths, including couplings of
order 1 and time scales of the order kg ! As an application, we compute response functions
of the interacting system such as the Loschmidt echo and demonstrate that our theoretical
predictions align with the universal features observed in recent ultracold atom experiments.
These results provide new insights into the formation of polaron quasi-particles in fermionic
systems and highlight the effectiveness of our methods for describing the main features of a
strongly interacting quantum system in the high density limit.
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Chapter 1
Introduction

Mind: Apparently, color is appearance, sweetness is appearance, bitterness
is appearance; in truth, only atoms and empty space exist.
Senses: Poor mind, you take your evidence from us and wish to defeat us

with it? Your victory is your downfall.
— Democritus, c. 450 BCl

The perspective of macroscopic physical systems—such as a gas in a cylinder, a liquid in a
glass or a solid of definite dimension—as entities emerging from their constituent parts and
their interaction is both enlightening and challenging. It is enlightening, since it enables the
explanation of macroscopic phenomena on the more fundamental level of the constituents
and thus a deeper and profound understanding of nature. The success of this reductionist
perspective in modern physics owes much to the seminal contribution of Ludwig Boltzmann
and James C. Maxwell in the 19th century, who provided a microscopic explanation of
thermodynamics from the level of individual gas particles. Since then the reductionist per-
spective has become a guiding principle to explain the macroscopic behavior of complex
systems in terms of the underlying components in many different sub-disciplines of physics,
ranging from quantum gases and condensed matter physics to biophysics and astrophysics.

However, this perspective is also challenging due to the sheer complexity on the microscopic
level: a comprehensive analysis on the level of constituents requires accounting for an enor-
mous number of degrees of freedom, arising from the typically large number of constituents
and their intricate interactions. This calls for the necessity to establish effective equations
while capture the essential behavior of the microscopic system and its time evolution and
explaining some characteristic macroscopic features in a limiting regime with reduced com-
plexity. More concretely, this typically involves three key steps: Firstly, select an appro-
priate microscopic picture which is typically characterized by a large number of degrees of

1Own translation from [Sch12]. Here, “apparent” has the meaning of “according to conventional percep-
tion as being true”.
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freedom. Secondly, define an order parameter which is associated with a coarse-graining of
the microscopy. The order parameter is usually a macroscopic quantity such as the number
of particles or the temperature. Varying the order parameter towards the asymptotic setting
(in which we have for instance a large number of particles or low temperature) corresponds
to “zooming out” from the microscopic details towards the limiting regime. The third step
is to identify which processes are dominant and which are sub-dominant as the order pa-
rameter varies. The dominant processes are usually associated with collective phenomena
where microscopic interactions combine in a coherent way whereas the sub-dominant pro-
cesses contribute only marginally and therefore become irrelevant as the order parameter
changes.

The main subject of this thesis is to establish such effective equations for the dynamics of
non-relativistic fermionic many-body systems with mathematical rigor in physically relevant
regimes. In cases where the effective description is unknown this corresponds to the rigorous
development of a new equation capturing the effective behavior of the system. Quite often, an
effective candidate equation is already known and commonly used in the physics community.
Establishing the effective equation in such settings therefore corresponds to a justification
or a derivation thereof.

Regardless of whether the effective description is known or unknown, a rigorous mathematical
approach contributes to a deeper understanding of nature on many levels: It allows to specify
the topology in which the microscopic description is close to the effective description. In
the context of coarse-graining where the order parameter is sent to a limiting regime, this
corresponds to a specification of the sense of convergence of the microscopic to the candidate
description. Moreover, one is able to state the conditions of convergence in the limiting
regime and therefore identifies situations where the effective description holds and where it
breaks down, which is pivotal for advancing theoretical understanding. By estimating the
sub-dominant processes by explicit error bounds one obtains a rate of convergence which
depends on the order parameter. These results not only to accurately distinguish the most
dominant from the sub-dominant effects but also to offer a reliable and robust understanding
of the governing principles of the system.

In this thesis, we will consider a large number of non-relativistic indistinguishable fermions
in the spatial region A C R? at zero temperature neglecting their spins. The relevant order
parameter will therefore be the number N of fermionic particles which parameterizes the
N-body description. The dynamics of an individual particle is governed by the microscopic
N-body Schrodinger equation

) = IV, B0 = o € LA oy

where h is the reduced Planck constant and Wy € L2 (AY) is the N-body wave function
describing our system. L2 (A") denotes the antisymmetric subspace of the Hilbert space



L?(AY) whose elements are square integrable and antisymmetric under pairwise exchange
of coordinates, i.e. if {z;},-1.n C A are the coordinates of the fermions than for all
i,j € {1,..., N} it shall hold

\I/N(I'l,...,l’i,...,lL‘j,...,ZL‘N) = —\PN(Jfl,..‘,IL']',...,ZEZ‘,...,ZEN). (102)

The N-body Hamiltonian for the fermionic system is given by

N

Hy =~ Z(—Am) + gy Z W (z; — ;) (1.0.3)

i=1 1<i<j<N
where m denotes the mass of the fermionic particles, —A,, denotes the Laplace operator
with respect to the i-th particle with coordinate x; and W : A — R denotes the two-body
interaction between the fermions. In all models under consideration, W is such that Hy
is bounded from below and self-adjoint on an appropriate dense subset. The parameter gy
takes the role of a coupling parameter of the interaction and usually depends on N. Its role
is twofold: an N-dependent gy reflects the physical scaling regime of our interest. It is very
often possible to physically justify such choices by re-scaling space and time and to connect
them with a suitable N-dependent choice. We will explain in more detail the coupling
parameter in Subsection [1.2.2. Moreover, a choice of gy inherently encodes the coarse-
graining procedure we are aiming for, and makes the rigorous analysis more convenient in
practice and allows to state the results more clearly. We note that in most cases, we will use
the convention & = 1 and m = 1/2 to simplify the form of each equation unless explicitly
stated otherwise.

A substantial part of the thesis will be concerned with a slight variation of the Hamilto-
nian () to describe an additional interacting particle as an “impurity” immersed in the
fermionic system. The fermionic system takes the role of a medium whose properties are
tested by the impurity particle. The corresponding Hamiltonian is given as

—A, 1 & N
’ =1 1<i<j<N i1

where miy,;, is the mass of the impurity particle, V : A — R denotes the two-body interaction
between the fermions and the impurity particle and Ay is the coupling parameter. Since in
this case the fermions act as a surrounding medium which will be probed by the impurity
particle, we will typically refer to these fermions as “gas particles”. More details will be given
in Section [1.3.

In this thesis we will establish two effective dynamical theories from the microscopic many-
body Hamiltonians () and (i.0.4):
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Firstly, we investigate Hartree-Fock dynamics for interacting fermions in a regime charac-
terized by significant potential energy, featuring singular long-range potentials of the form
|-|7* for s € (0,2/3) and a weak coupling of gy = N5 We adapt and extend the counting
functional method which were developed in [Picll] and in [Pet14, PP16] for fermions to
address this regime. To exploit the large potential energy, we introduce a gauge transfor-
mation, leading to the treatment of a time-dependent, magnetic-type Hamiltonian. Main
steps in the proof involve the introduction an auxiliary dynamics, a separate propagation of
a gradient term—referred to as the bad kinetic energy—and a norm approximation utilizing
weight functions. The regime is believed to more closely approximate the physical conditions
under which such mean-field equations are applied (see Subsection [1.2.2 for an overview of
scaling regimes). Most notably, our setting turns out to be equivalent to a system on a
volume of order 1 described by a Hamiltonian with gy = 1 on short time scales, where
particles can traverse the inter-particle distance. Thus, the treated regime can be seen as a
strongly interacting one. We will also explore the connections to other regimes. The central
motivation for this research is the generality of the microscopic Hamiltonian () cover-
ing a wide range of physical systems such as orbitals of molecules and atoms in chemistry,
the electron gas in a solid metal or fermionic neutrons in a star. Understanding how this
fundamental description gives rise to effective models allows for broader applicability across
different settings. The time-dependent Hartree-Fock equations are widely used in simula-
tions and serves as a foundation for more refined methods [Fie92, LSM*05, Mey11, SU1§].
Since many higher-level approximations build upon Hartree-Fock, it is essential to rigorously
analyze the conditions under which it remains valid.

Secondly, we examine the dynamics of an impurity particle interacting with an ideal Fermi
gas of high density described by () with gy = 0 and Ay = 1. To handle the strong cou-
pling constant, we employ collective, almost-bosonic operators, which were developed in the
study of correlation energy, to model a linear coupling of the impurity with the excitations.
We show that the effective dynamics is approximately governed by a Frohlich-type Hamilto-
nian which is associated with a coherent dressing of the impurity which is usually interpreted
as the formation of a polaron as quasi-particle. The main method involves the inclusion of
coherent excitations in the form of collective particle-hole excitations, which were recently
developed for analyzing the correlation energy [BNPT19, BNP21a, BNP"21b, BPSS23].
Crucial steps involve controlling the error in terms of the number of excitations via a Gron-
wall argument and introducing an almost-bosonic Weyl operator. Additionally, our approach
enables an effective approximation at the level of states through an explicit coupled coherent
state. Subsequently, we will approximate the Loschmidt echo as overlap between the free
dynamics and the interacting dynamics, a quantity of particular interest in experimental
contexts. We emphasize that the impurity problem plays a crucial role in various physical
contexts, including ultracold atomic gases (see Subsection ), semiconductors [SBCT16]
and plasmas [Rit59, DGGP*74]. In particular, polaron formation is of great interest in con-
densed matter physics, as polarons are believed to influence macroscopic fermionic properties
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such as superconductivity[Mot90, AK92]. Theoretical considerations suggest that polarons
contribute to pairing mechanisms and collective behaviors in strongly correlated systems,
but their precise role remains an open question [JWB107, LMI*23, MS24].

The ultimate goal of this PhD thesis, to which all the above topics point, is to achieve a
deeper understanding of fermionic systems by rigorously investigating the conditions and
validity of effective descriptions. By clarifying when and why these approximations work,
this research contributes to the broader effort of linking microscopic models to physically
relevant phenomena.

The thesis is structured as follows: The remaining subsections of this chapter provide a basic
introduction to the mathematical formulation of the problems, review the results that form
the foundation for the main results of this thesis, summarize open questions in the literature
and discuss how our work fits within the broader research community. More specifically,
we provide an overview of effective dynamical theories for interacting fermions and discuss
and compare corresponding scaling regimes. Additionally, we offer intuition and results on
the behavior of an impurity particle immersed in a dense Fermi gas on the torus, with a
particular focus on experimental observations that our effective theories aim to describe.
With the foundational concepts established, we proceed to Chapter E, where we present
our work on the derivation of the time-dependent Hartree-Fock equation in the strongly
interacting regime. In Chapter B, we present the work on the effective polaron dynamics of
an impurity interacting with a dense Fermi gas. Finally, we conclude with a summary of our
findings, their implications and open questions in Chapter Y.

1.1 Mathematical formalism of quantum many-body
systems

This section provides an overview of the fundamental mathematical concepts used to describe
quantum many-body systems. These concepts form the foundation of our analysis and
are essential for both the static and dynamical perspectives of quantum systems. We will
introduce the key quantities and concepts necessary to rigorously study the evolution of
many-body wave functions and effective equations.

1.1.1 Dynamical and static quantities of interest

The mathematical description of our N-body system is based on the framework of quan-
tum mechanics, where states are represented by elements of a Hilbert space. Specifically,
we consider wave functions Wy € L2(R3*) ~ L2(R3)®N equipped with the scalar prod-
uct (Uy, Py) = [pon oV (2)Pn(x). We will always consider normalized wave functions
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(Uy,Uy) = 1. For convenience, we will not explicitly distinguish between the N-body
and one-body scalar products when the context allows. Since we will primarily describe
fermions on a spatial subset A C R?, we restrict to the subspace of antisymmetric wave
functions, given by

L2 (AN) = {foN € L2(AN) | Vi :

\IIN(xl,...,xi,...,xj,...,xN):—\IIN(ml,...,:cj,...,xi,...,xN)}.
(1.1.1)

Quantum mechanics provides a framework for predicting the average outcome of measuring
an observable over a large ensemble of identical experimental repetitions. This average
outcome is computed by the expectation value (O)g, = (Un,O¥y) where O is a self-
adjoint operator on L*(R*") modeling an observable. Examples of typical observables of
interest include the position operator, acting as multiplication by the coordinate z; on the
k-th particle, the corresponding momentum operator P, = —iV,, and the Hamilton operator
Hy, which not only generates the time evolution by (tOll) but also models the total energy
of the system.

A crucial distinction in quantum many-body theory is between static and dynamical settings.
The static setting concerns expectation values with respect to specific wave functions, typ-
ically those that minimize the energy, i.e. ¥y € L?(R3*") such that (¢, Hyv)) = inf o(Hy)
where o(Hy) denotes the spectrum of Hy, or other relevant states, such as low-lying energy
states. This is of particular interest since according to fundamental physical principles, a
system naturally tends to minimize its energy. These theoretical predictions can be com-
pared with experimental measurements, for example, through various spectroscopic methods
that provide insights into energy levels. The mathematical study of static properties is of-
ten based on a detailed spectral analysis of the Hamiltonian Hpy. In some cases, stability
properties of the system can be inferred via inequalities involving order parameters, with
one of the most notable examples being the proof of the stability of matter of the second
kind [Lie76].

In contrast, the dynamical setting—which is the primary focus of our work—concerns the
time evolution of a given initial state under a prescribed Hamiltonian. Here, one aims to
approximate either the full time-dependent wave function ¥y ,, which is the solution of
(E) with appropriate initial state and whose existence and uniqueness is governed by
the self-adjointness of the Hamiltonian by Stone’s theorem, or its marginals in the form of
correlation functions or reduced k-body density matrices

k
Yol (@ Ty )

N
(N — k)

/ Un (@1, ooy Ty Thgts - s EN)YNL(Y1s - oo Uky Thtds - - -5 TN) dTpgr - .. dTy.
AN—Fk

(1.1.2)
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Dynamical properties are of great interest in many physical systems, as real-world conditions
often prevent the system from reaching the ground state of a theoretical Hamiltonian due to
external perturbations, such as finite temperature or interactions. Instead of studying equi-
librium states, explicitly tracking the time evolution of the system reveals how potentially
new states emerge and transitions occur—insights that are often inaccessible through spec-
tral methods. This time-dependent perspective is particularly suited for understanding the
formation processes of quasi-particles, collective averaging effects, and the adiabatic behav-
ior of many-body systems, all of which might be encoded in an effective equation. Advances
in quantum gas experiments and modern measurement techniques now allow direct obser-
vations of these dynamical effects, providing an experimental benchmark for mathematical
predictions (see ([L.3.3)).

The typical approach in this setting is to start from an initial state ¥y that approximates
a ground state of a simplified Hamiltonian—one that neglects certain interactions—and
analyze its evolution under a more complex Hamiltonian that includes these interactions.
Our central objective is to derive effective equations that accurately capture the essential
features of the microscopic system while reducing the complexity in a limiting regime. A
rigorous analysis of the quantum dynamics often involves distinguishing between different
time scales, as distinct physical processes become relevant in different regimes.

In order to quantify the approximation of solutions of the Schrodinger equation (), we
can employ different notions of distance. The most straightforward is given by the L?-norm
IWnN| =/ (¥y,Vy) induced by scalar product of our Hilbert space. Note that this norm
is sensitive to deviations of single particles of the many-body system.

In cases where approximations are expected to hold in the average sense, we will work
at the level of reduced density matrices ([l.1.2). Although this provides a weaker notion
of approximation, it is still sufficient for estimating expectation values of bounded k-body
operators, provided that we can control the trace norm. This follows from the following
fact: For any k =1,..., N, let OF be a bounded k-body operator with OF = O% @ id®™ ")
consider the norms

|O"lop = sup  [[O*W], (1.1.3)
WeH,||T||=1

1O¥||ex = tr|OF = (s, |O*[4hs), (1.1.4)

10¥||us = /tx ((OF)OF), (1.1.5)

where {9;};en denotes a orthonormal basis and (OF)* the adjoint of OF. Then it is well-
known that ||OF||op < [|OF|las < ||OF|lir and ||AO¥ ||ty < [|Allop]|O*||tr- Thus, by using that
the expectation value can be written as

(T, OF Ty = tr (()kyfpﬁ)v) o with /) =t O (T, (1.1.6)
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the difference of expectation values can be bounded by the trace norm of the corresponding
reduced densities

(U, 0} = (@, 0"0) = tr (1420 = 1) 0°) < [0 oplhfl) = ol (117)

N N

We will see later in Subsection that the trace norm difference can be related to
counting the relative number of particles described by Wy which are close to ®y.

1.1.2 Second quantized formalism

To describe fermionic states of variable particle numbers, one introduces the fermionic Fock
space over the one-body Hilbert space 57 = L*(A) for a subspace A C R¢:

F=E, A =LLA"). (1.1.8)
n=0

The elements are denoted by ¢ = (w(”))n>0 and we equip F with the inner product (¢, ¢) =

anow(")ﬁ(”))%{ and the norm [|¢| = \/(¥,¥) = > - \W(n)“iﬂ,. We consider solely
normalized vectors 1) € F such that Hw(”)HQ%,_ determines the probability that the state v

has exactly n particles. In the case of a fixed number of particles, we expect to find an
eigenvector of a number operator. This is achieved by defining the number operator by

N5)) = .

The vacuum state describing the absence of any particles is defined as Q := (1,0,0,...).

For a function f € 7, we define the fermionic creation and annihilation operators a*(f)

and a(f) as
(a*<f>¢)(n) (l’l, e ,.I'n) = Z %f(xj)w("l)(:cl, e ,.fj,l, £Cj+1, e 7£L'n), (119)

(@) (@1, ) = VAT [ o T o) (1.1.10)

In order to write them in a more convenient form, one commonly uses the operator-valued
distributions a} and a, to write

a*(f) :/Adw f(z) ay, a*(f) :Adwmax. (1.1.11)

For any f,g € 72, the creation and annihilation operators satisfy the fermionic canonical
anti-commutation relation (CAR)

{a(f),a*(9)} = {f,9) e, {alf) alg)} =0={a’(f),a*(9)}- (1.1.12)
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Correspondingly, it holds for the operator-valued distributions that

{az, ay} = 0(z —y), {az,ay} =0 ={a;,a;}. (1.1.13)
The operators a(f) and a*(f) satisfy the bound for all ) € F
la(f)]1* = (b, a*(Fa(H)v) = 1 fI% — @, alHa* () < [1£]% (1.1.14)

and are therefore bounded operators (unlike their bosonic analogs). This can be interpreted
as a consequence of Pauli’s exclusion principle since a*(f)a*(f) = 0. It is easy to check that,
in fact, it holds that |la(f)|| = ||a*(f)]| = || f]|~

The second quantization dI’ (O(l)) of a one-body operator OY) acting on J# is defined by
(dr (0M) )™ == 3" 0yt (1.1.15)
i=1

where O§") =id® Y 000 ©id®™ 9. In the case that O has an integral kernel O™ (z; 1)
it holds

dr (0(1)) = / dz dy OW(z;y)ata,. (1.1.16)
AxA

The generalization for k-body operators is given by

dr (O(k)) = /Ak N day - - dapdy - - - dyg O(k)(acl,...,xk;yl,...,yk)a;,l RERONEOMEERY
X

(1.1.17)
The most important examples are
N = / dz ala, = dI'(id) (1.1.18)
A
and the Hamiltonian
H= / dr V,a;V,a, —i—g—N/ dzdy W(x — y)a,a,aya, (1.1.19)
JA 2 Jaxa

g

—dr(-A)

which coincides with Hy if restricted to the N-particle sector L*(AY) C F. Furthermore,

one can write the reduced one-body density ’yf;) and the pairing density a, with respect to

Y e F as

v (@) = (¥, aa), (1.1.20)
ay(r;y) = (¥, ayazv) (1.1.21)
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with trfyw = (¢, N¢). The standard Fock space bounds (see for example [BPS14b, BBP*16])
for a bounded operator O on JZ are

[dT(O)PN < Olop IV 9. (1.1.22)

and for O Hilbert-Schmidt operator on .77

1A (O)¢l| < [[O]lus N2, (1.1.23)
I R Adwdy O(z;y)asa, v < [|Ollus N 2] (1.1.24)
I A Adl’dy O(z;y)aaypll < 2|0)usl|(V + 1)V (1.1.25)

For O trace-class on JZ (i.e. |0l < C for C' > 0) it holds

J4r(©)l | [ dedy O(wi pyasayil. | [ dody Ofawsylazasol) <2000 (1126

As a common example, we consider the three-dimensional box A = R?/(LZ?) with periodic
boundary conditions (also referred to as torus). Most conveniently, one chooses { fi }re(2r/1)23

with f(z) = L™2°"" as orthonormal basis of L2(A) such that one obtains the momentum
representation

ap =a"(fr),  ar=a(fr) (1.1.27)

satisfying {ax, a; } = 0, and {ay, a;} = 0 = {a},a;}. In this representation, one finds

N= > aa, (1.1.28)
ke(2m/L)Z3

H = Z \k|Pajar, + 2= 2L3 Z Z W(k)a Ay 1Oy 1,0y (1.1.29)
ke(2r/L)Z3 €(2r/L)Z3 p,ge(2r/L)Z?

with the Fourier transform W (k) = [, W (z)e=™** da.

1.1.3 Notation
Throughout the thesis, the notations are defined in the respective chapters. Unless specified

otherwise, we use the following implicit notation for unspecified norms and scalar products,
depending on the objects involved:

o |- | denotes the standard euclidean norm on C? for dimension d = 1,2, 3.
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« If o € L*(A¥) for A C R? and k € N, then (1, ¢) = (-,-)12(ar) denotes the corre-
sponding inner product and ||[¢|| = /(¥,¥) 2(ar) the corresponding norm.

o If A: L*(A*) — L?(A*) is a linear operator, we denote || Al :== || Al|op-

o If ¢ € ) and ¢ € S5 with Hilbert spaces 7 and .#3, then ||EQv|| = [|EQY || ,0025
and similarly for the scalar product.

o The letter C' is commonly used to denote a positive constant whose numerical value
may vary from line to line in the estimates. It is independent of the order parameters
or time unless explicitly stated otherwise.

1.2 The interacting Fermi gas

In this section we present an overview of effective dynamical theories for the interacting
Fermi gas described by () with different coupling parameters gy > 0. We will start with
a mean-field description of the interacting Fermi gas where correlations are neglected.

1.2.1 The time-dependent Hartree-Fock equations

In order to develop an effective dynamical theory that reduces complexity, the fundamental
idea behind the mean-field approach is to assume that particles are as independent as Fermi
statistics permits and evolve in an effective, self-consistent one-particle potential. Suppose
that at the time ¢ = 0 the N fermions of our system are described in the most uncorrelated
state given by a antisymmetric product

N
Uno = /\ & (1.2.1)
k=1

where {9} | C L*(R3) are orthonormal one-body wave functions which are usually referred
to as orbitals. This state is also often known as Slater determinant since we can write
Uno(rr,...,zn) = (N2 det (gpk(xj))lgj,ng‘ It has the nice property that the reduced
one-particle density is a rank-N projector

N
Y= Ntwy v Tno) (Tl = N 1) (h) (1.2.2)
k=1

with integrating kernel fyxgo(x; y) =N 2?:1 ©%(x)pd(y). In particular this means that the

spectral decomposition is of the form

7&20 = Z Ailxi) (il (1.2.3)
i=1
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where exactly N of the coefficients )\; equal 1 and the remaining coefficients equal 0. Fur-
thermore, the expectation values of N-particle observables with respect to such a Slater
determinant can be calculated with respect to the reduced one-particle density by Wick’s
rule. In particular, we find that the energy can be written in the form

1
(Uno, HN W) = tr (—A) vﬁiﬁ—gzv / dz dy W (z—y) <75\20 (z, x)vﬁzo(y, y) — \vﬁgo(:v, y)\z) :

2
(1.2.4)
Since these properties have great benefits for many calculations it is natural to ask whether
these are applicable in general. More concretely, one might ask if the antisymmetric product
structure, which carries these properties, is preserved in the time evolution generated by the
Hamiltonian ([1.0.3). Or even more concretely, one might ask: Is there an appropriate law
governing the dynamics of the orbitals {¢f}&_ | such that it holds

N N
Wy = A g~ N (1.2
k=1 k=1

where Hy is given by () By inserting the ansatz Uy, = /\],;[:1 ¢t into the Schrodinger
equation (IOl) one obtains, analogously to ([L.2.4), the coupled one-body equation

N
i0rpl = —Ap) + gNZ/dy Wi =) (I o = S Wek(v) #!) (1.2.6)
j=1

for each k =1,..., N from which we identify the Hartree-Fock Hamiltonian

PHE (1) = —A + gyW * p' — gy W % N1 (1.2.7)

Apt

with * denoting the convolution and

N N
— 1
p= Ikl NI =D el (1.2.8)
k=1 k=1

The coupled non-linear equations
idhicl, = WP (1) (1.2.9)

for each k = 1,..., N are called time-dependent Hartree-Fock equations (TDHF).
The so-called direct term gyW * p' describes an interaction over the mean-field given by the
convolution with the density of all orbitals whereas the exchange term gyW x N *Wil(;t takes
into account the antisymmetric nature of the fermion system. We emphasize that despite
assuming the most uncorrelated structure of our N-body wave function ([L.2.5), the evolution

equation for each one-body wave function is inherently coupled. This is because both the
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direct and exchange terms involve all other orbitals which is a direct consequence of the
antisymmetric property involving all N fermions.

However, we observe a drastic reduction in complexity with this approximation, as the
dimensionality of the solution space is reduced. Specifically, we only need the functions
o, .. o on R? instead of Wy, on R3Y. This results in a linear scaling of N - dim(L?*(R?))
instead of an exponential scaling dim(L?*(R?))". Therefore, this effective theory is valuable
in numerous contexts within theoretical physics and theoretical chemistry. Most notably, it is
employed for the numerical analysis of the electronic structure of large atoms and molecules
[Szal2] and in solid-state physics, atomic theory, and nuclear physics. In addition, the TDHF
serves as a fundamental prototype model and an important stepping stone for more involved
theories, such as Density Functional Theory (DFT).

Alternatively, one can formulate the time-dependent Hartree-Fock equations for the reduced
. . . t . N t t .
one-particle density matrix p’ = 3 ;" [¢})(#}| with

iop' = [WHE (1), p']. (1.2.10)

In many regimes, it is well-established that the Hartree-Fock description can be further
simplified while retaining a substantial degree of accuracy. More specifically, it is often
possible to neglect the exchange term in ([1.2.7) in many mathematical proofs of the validity
of the mean-field approximation without significantly altering the error bounds and the
convergence rates. This gives rise to the time-dependent fermionic Hartree equations
(also referred to as time-dependent reduced Hartree-Fock equations)

0yt = h™ ()l (1.2.11)
with the fermionic Hartree Hamiltonian (or reduced Hartree-Fock Hamiltonian)
RUE(t) = —A 4 gy x pl. (1.2.12)

The global-in-time well-posedness of (M), (M) and([.2.10) has been covered for singular
interactions including the repulsive Coulomb case in [CG75, BDPF76]. Both equations are
usually referred to as mean-field description of the microscopic system since one considers
averaged interactions and neglects correlations by assuming that the antisymmetric product
structure is preserved. It is therefore natural to expect that such an approximation holds only
on the average level or more concretely on the level of reduced one particle density matrices
instead of wave functions. A derivation of the mean-field equations can be formulated as

1 1 1 1
Voo~ Tngo Yl = =0. (1.2.13)

lim tr
N—oo

In Chapter %e will focus on the rigorous derivation of the time-dependent fermionic Hartree
equations ( ) from the microscopic dynamics leveraging the fact that it is straightforward
to deduce that also the Hartree-Fock equations ([1.2.9) provide a valid approximation in our
regime of interest. This approach allows for a rigorous derivation of both equations while
maintaining the tractability of the mathematical framework since we can focus on the simpler
Hartree equations (2.1.4).

=0 — lim tr
N—oo
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1.2.2 Scaling regimes

There are different scenarios where the approximation ([1.2.5) is expected to hold, which are
explained in the following. We note that non-linearity in ([L.2.7) arises from the interaction
terms incorporating averaging processes. Thus, we expect that the limiting regime is of
large particle number N. Moreover, since we assume in the approximation () that
the antisymmetric product structure is preserved, it is implicitly assumed that no other
correlations form despite those from the antisymmetrization. Therefore, it is expected that
the approximation is restricted to short times, such that correlations do not form, or to weak
interaction, which can be realized by choosing a N-dependent coupling of the form gy = N7
for a v > 0. Typically, mathematical results are formulated under appropriate assumptions
on the solutions {4}, for N-dependent coupling parameters and macroscopic time scales
which translate to short time scales with N-independent coupling parameters. We focus on
the case of singular long-range pair interactions of the form

W(z) = |z|~%, s € (0,1]

in our review of the relevant scaling regimes of interest and subsequently discuss the corre-
sponding literature in Subsection .

1.2.2.1 Mean-field regime

Note that in the Hamiltonian () each fermion interacts with (N — 1) other particles.
Since our objective is to develop a mean-field description, a natural first educated guess is
gy = N1 as averaging factor to balance the large number of interaction partners. This
regime serves as a first toy model in which the effect of the interaction can be treated as
a small perturbation in the limit of N — oo and in which therefore the free dynamics
dominates.

1.2.2.2 High density and semiclassical regime

An alternative motivation arises from considering a setting in which the kinetic energy and
the interaction energy are of the same order in the number N of particles. In such a setting,
it is reasonable to expect that the mean-field description remains valid up to macroscopic
times, which are independent of the particle number. If the volume is of order 1 with respect
to N, then the kinetic energy is high due to the Pauli exclusion principle and can be estimated
by the Lieb-Thirring inequality

N

() (=Au)0) ~ N2, (1.2.14)

=1
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Since the interaction term in the Hamiltonian (]1.0.3) contains N (/N — 1) summands and the
expected interaction is of order 1 with respect to N, one considers a coupling parameter of
gy = N~Y3. The fact that the expected interaction per particle is of order N follows from
the high spatial density in this regime, i.e., ||p|lo ~ N. This can be seen by considering the
corresponding mean-field interaction:

L
|| *xp~ ||p||oo/ dr r—5r* ~ N. (1.2.15)
0

The highest momenta of the fermions are of order N'/3. Consequently, it is natural to look

at times of order N~'/3 and re-scale the time variable accordingly:
N
INSQUN(E) =) (=A,)+ N3 Y Wz — ) (1.2.16)
i=1 1<i<j<N

By multiplying the equation with N=%/% and identifying Ainx = N~'/3 as semiclassical pa-

rameter which takes formally the role of the physical constant A one obtains

N0 N () =3 ) (=A) + N8 Y Wiay — ). (1.2.17)

1<i<j<N

In the limit N — oo, it holds Ay — 0 and thus, this regime is expected to exhibit classical
behavior under suitable assumptions on the mean-field solutions.

1.2.2.3 Extensive volume regime

The same motivation of a balanced kinetic and interaction energy, leads to a different situa-
tion when considering a volume of order N. This assumption arises naturally when describing
a system with an extensive particle number while maintaining a fixed average density, as in
the thermodynamic limit of gas systems.

By a scaling argument, the kinetic energy per particle remains of order 1, necessitating a
comparable interaction energy per particle. Despite density of order 1, i.e. ||plloc ~ 1, the
long-range behavior becomes significant due to the large volume

3—s

N1/3
gyl p gzv\lplloo/ dr 1% ~ gyN'5 . (1.2.18)
0

To ensure a balanced contribution of the interaction energy, we choose the coupling parameter
as gy = N3~'. This regime is usually called eztensive volume regime. In this regime, it is
expected that the system experiences more quantum features since it is not associated with
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a small semiclassical parameter such as in the semiclassical regime. It is also a regime where
the long-range character of the interaction potential is visible for the particles of the system.
Notably, while the mean-field potential remains of order 1, it is nearly constant across the
inter-particle distance of order N2 which can be seen by considering the spatial variation

2

N1/3
gnV|- | p ~ ||p||oo/ dr 02 g N N
0

=

(1.2.19)

As a result, it is expected that the mean-field interaction term gnW * p' can be approximated
by a constant real-valued number. Thus, the leading-order dynamics is expected to be
dominated by the free evolution.

1.2.2.4 Strongly interacting regime

In order to overcome the dominance of the free evolution in the case of an extensive volume
of order N, one has to abandon the initial motivation of balancing interaction and kinetic
energy. Instead, one requires that the spatial variation of the mean-field interaction is of
order 1, i.e.

2—s

N1/3
1= gNVI[ [P p ||PH<>O/ dr r= T2~ gy N (1.2.20)
0

which would imply that the mean-field interaction is not expected to be constant across the
system such as in the extensive volume regime. This leads to the novel choice of gy = N 5
This regime inherits the quantum and long-range features from the extensive volume regime
but is considerably more difficult since the particles interact with a factor of N'/3 stronger
than in the extensive volume regime. Consequently, the long-range interaction dominates
the kinetic energy which is still of order 1 per particle whereas the expected interaction

energy per particle is of larger order,

gyl |7 % p ~ N3, (1.2.21)

Note that it is exactly the spatial variation of the mean-field interaction in the form of the
mean-field force which is the main reason why the system exhibits correlation over time.
This can be seen by investigating the change of the kinetic energy of the solutions of the
Hartree equation (@)

(Dhr (=D)ei) | = {0k [, gy W % p'] )]

= (k. (N AW * )l + 2 (gn VIV = pp) - Vigh)| (1.2.22)

d
dt

which only depends on the mean-field force gy VW * p* and not on the mean-field interaction
itself. This is natural since a strong interaction between the particles is expected to change
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the average kinetic energy of an orbital over time, thereby inducing correlations among
particles. In Proposition of Chapter P, we will show rigorously that the order of the
mean-field force dictates the time scale in which we can expect the kinetic energy to change
significantly and therefore correlations to form due to the interaction. In such a case, we
do not expect that the mean-field description remains valid. Thus, by requiring (), we
ensure that the approximation is expected to hold for macroscopic time scales.

1.2.2.5 Short time regime

Finally, let us discuss how to transform a Hamiltonian in the weak-coupling limit, that is
of the form ([1.0.3) with gy = N7 and singular interaction W = | - |7, to an unscaled
Hamiltonian. We assume that in the beginning the system is described by variables (¢, z) €
R x R3*N where t € O(1) with respect to the particle number N. Consider the Schrédinger
equation

N
iV N2, .., oN) = <Z(—A1j) +N7F Z |z; — xj|_s> Une(xy,...,zn).  (1.2.23)

j=1 1<J

Now consider re-scaled coordinates (f,7) € R x R3Y

i =N,
i =N75g

and the re-scaled many-body wave function

\TJN,f(jla'-w-%N) =V 23 <N_2‘%i’1,...,N_25}'S.%N> (1224)
which satisfies

oA 2B = ~ ~
iN“ 20U N (71,...,2N)

WE

- (N—ii (—Az) + N 75N~ > Ja - jj|8> OV (&1, ..., En) (1.2.25)
j=1

1<j

and thus the unscaled Schrodinger equation. Given that the time variable now operates on

shorter time scales, specifically € O(N 72%), and the spatial variable x is correspondingly
smaller, this can be interpreted as a formal “zooming in” process.

For the specific choice of the strongly interacting regime, one obtains the unscaled Schrodinger
equation for £ € O(N~%/3) and on a re-scaled volume V € O(1). Given that the kinetic en-
ergy per particle is also re-scaled, it is observed that particles possess momenta of the order
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N'/3. Consequently, particles can traverse the inter-particle distance of N~/ within this
time scale. Also in this case, we can show with Proposition ﬁ of Chapter P2 that this is the
optimal time scale before we can expect the kinetic energy to change significantly, leading
to the formation of correlations due to the interaction. We remark that in the extensive
volume regime and the semiclassical regime, the same considerations lead to a much smaller
volume and extremely short time scale.

1.2.3 Rigorous derivations and open questions

In the following, we provide a brief overview over the mathematical results in the derivation
of the time-dependent mean-field description of many-body fermionic systems within which
our work is situated.

The first results were formulated in the mean-field regime by [BGGMO03, BGGMO04]. The
authors focused on bounded symmetric interaction potentials and initial states close to
Slater determinants and extended later Gibbs equilibrium states for macroscopic time scales.
Shortly later, first results were obtained in the semiclassical regime for real-analytic inter-
actions [EESY04] for macroscopic time scales using the Wigner transform and the Husimi
function to exploit the semiclassical character. In [FK11] the validity of the time-dependent
fermionic Hartree equations was proved in the mean-field regime for the Coulomb interaction.

All results up to this point have been derived with the Bogoliubov—Born—Green—Kirkwood—
Yvon hierarchy method (or shortly the BBGKY method) which inherently does not provide
explicit convergence rates. To explain this limitation, we briefly outline the core steps of the
BBGKY approach: The method begins by deriving hierarchical equations of motion for the
reduced k-particle density v*) which depend explicitly on the higher-order reduced density
matrix y*+1 This coupling reflects the intrinsic many-body nature of the system, as the
dynamics of v cannot be closed without incorporating higher correlations. To circum-
vent the infinite hierarchy, one establishes compactness for the sequence of reduced densities
{#®}, within an appropriate (weak) topology. This compactness ensures the existence of
a limit point as N — oo which formally satisfies the infinite hierarchy of equations. In
a critical subsequent step, one proves the uniqueness of solutions to the infinite hierarchy.
This is typically achieved by leveraging the hierarchical structure and employing combina-
torial arguments to bound differences between potential solutions. Finally, one observes
that the antisymmetric product state satisfies the infinite hierarchy. By the uniqueness of
solutions, this implies that the limiting hierarchy is solved by the mean-field ansatz, thereby
establishing convergence.

In order to obtain convergence rates, new methods were developed based on Gronwall’s
lemma for the semiclassical regime [BPS14b] and for the extensive volume regime [PP16]. We
will review both approaches in the following subsections. In the semiclassical regime, the fluc-
tuation dynamics method was applied to the case of bounded interactions and non-relativistic
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dispersion relation [BPS14h] and to pseudo-relativistic dispersion [BPS14al]. Later on, quasi-
free mixed states as initial states were included [BJP*15].

In the extensive volume regime, singular interactions including the Coulomb interaction
could be included under appropriate assumptions of the Hartree solutions [PP16]. Within
the counting functional method, results in the semiclassical regime were reproduced. Subse-
quently, the Coulomb case could be covered solely under assumptions on the kinetic energy
of the initial states of the Hartee solutions [BBP*16] by using the Fefferman decomposition
of radial singular potentials. Its was proved in [Pet17] that the Hartree dynamics provides a
correction to the free dynamics in this setting. In the semiclassical regime, the Coulomb case
was treated in [PRSS17] using a smooth version of the Fefferman decomposition but under
the assumption that the solutions of the Hartree equation preserve a semiclassical structure.
To our best knowledge, the proof of the propagation of the semiclassical structure from a
general class of initial states for singular interaction potentials remains an open problem
in the semiclassical regime. The derivation for mixed initial states in semiclassical regime
for singular potentials including the Coulomb interaction and gravitational attraction was
achieved for short time scales in [CLS24]. Recently, the semiclassical regime was extended to
large volumes A of high density o = N/|A| > 1 for rapidly decaying bounded pair potentials.
The fermionic Hartree equations were derived in this setting for non-relativistic dispersion
and short time scales [FPS23| and for pseudo-relativistic dispersion for macroscopic times
[FPS24).

We also mention that there is a geometrical approach to the fermionic Hartree equations
from the so-called Dirac-Frenkel principle [Lub08, BSS18]. This is a variational method used
to approximate the dynamics of quantum systems by projecting the time evolution described
by the Schrédinger equation onto a restricted manifold of trial wave functions (in this case
the Slater determinants). The projection ensures that the time derivative of the trial wave
function remains as close as possible to the exact evolution within the tangent space of this
manifold.

The mentioned classical behavior in the limit of N — oo in the semiclassical regime, was
rigorously established with different notions of convergence for singular potentials. More
concretely, one can demonstrate the convergence in the weak sense of the solutions of
the fermionic Hartree equations [LP93, MM93] or the fermionic Hartree-Fock equations
[GIMS9§] to the classical Vlasov equation, which describes the dynamics of the phase-space
density. Explicit error bounds were subsequently obtained in [Lafl9, Laf21] for singular po-
tentials. Convergence in the strong sense was established for bounded potentials in [APPP11,
BPSS16] and for the Coulomb case and initial mixed states in [Safl9, Saf20, LS23, CLS23].
Note that it is also possible to derive the Vlasov equations from the microscopic many-body
dynamics. This is discussed in more detail in Pragraph .
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1.2.3.1 The counting functional method

We give a short introduction of the counting functional method which was first established
and applied to bosonic systems in [Picll] and later on extended to fermionic systems in
[PP16]. In Chapter E we develop and refine the techniques of this method to cover the
strongly interacting regime.

The main idea here is to find a precise measure of closeness of a N-body state ¥ €
L2 (R*N) to a specific Slater determinant AY_, ¢, where {¢x}Y | is an orthonormal sys-
tem. This is achieved by constructing the so-called counting functional or alpha functional
a (¥, {¢r ;). One starts by defining a natural notion to detect the parts which are inside
and outside the specific Slater determinant: Consider for each k € {1,..., N} the one-body
projector p#* == |y ) (k| and lift it to the tensor space L?(R3Y) ~ L*(R3) @ ... ® L*(R?) by
defining its action on the m-th particle component as p#* : L2(R3Y) — L*(R3N) with

(P2FW) (21, ..., xn) = (Jer) (@rlm¥) (21, ..., 2N) = pr(Tm) /]RB Az op(Tm)" V(zy,...2N).

(1.2.26)
Now note that the sum

N N
P = PR = p = [0k (klm (1.2.27)
k=1 k=1

also defines a projector (since {¢;}4_, are pairwise orthogonal) and detects the overlap of
the m-th particle component with the subspace spanned by the orbitals {¢;}2_ ;. Similarly,
one defines the orthogonal projector as

Gn =1 —pm (1.2.28)

to detect the part which lies in the orthogonal complement. In this context, it is common
to refer to the operator p,, as projecting onto the good part of the m-th particle, while g,
projects onto the bad part.

In order to lift to the level of the fermionic many-body wave function, we have to take into

account the antisymmetric structure. Thus, one defines for k € {0,... N}
k N
Py, = PG oY = <H o |] pm> (1.2.29)
m=1 m=k+1 sym

as the symmetrized tensor product of k g-operators and (N — k) p-operators. In other words,
the operator Py projects onto a many-body state where we find exactly k-times the bad
part of a particle and exactly (N — k)-times the good part of a particle. Alternatively, in a
more heuristic but practical manner, one may say the projected state contains k bad particles
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and (N — k) good particles, as is common in this framework. One can easily check, that Py
can be written with a 0 — 1-sequence a = (ay,...,ay) satistying k = |a| = a; + ... + ay as

Py = Z H (Pr) ™" ()™ (1.2.30)

ac{0,1}N, m=1
lal=k

and is again a projector, in the sense that P]%/,k = Pni = Py, As an easy example one
might check

P3 o = p1pa2ps,
P31 = p1p2gs + p1gaps + q1paps,
P32 = p1g2q3 + (1p2q3 + 142ps3,
P33 = q1G2q3.

Since the sum over all Py covers all possibilities, we have the property Z,]::O Py = 1.

In order to obtain a full picture of the closeness of our many-body wave function ¥ &
L2 (R*N) to the Slater determinant A, _, ¢k, we consider the sum over all Py weighted
with f(k) with respect to the number k of bad particles:

Let f:{0,...,N} — [0,1] with f(0) =0 and f(N) =1 and define
o N
fo=feren =" (k) Prg. (1.2.31)
k=0

Then we define for any ¥ € L2 (R3") the counting functional (or alpha functional) with
weight f as

ap=a; (U, p1,...,0n) = (T, fU) = Zf (T, PLy 9N D) (1.2.32)

where (-, -) denotes the scalar product on L?(R3Y).

On a heuristic level, the weight function f can be seen as k-dependent observable where k
is the number of bad particles. The counting functional o takes the role of an expectation
with respect to the operator-valued counting measure Py . on the set of antisymmetric wave
functions. For the natural choice of n(k) = %, the functional a,, corresponds to the ex-
pected relative number of bad particles and counts in this sense the number of bad particles.
The freedom of the weights of the sum corresponds to adjusting the sensitivity of counting
in regimes with different number of bad particles. The most important choices of weight
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functions are defined by

n?(k) == ]’ff—z (1.2.33)
m(k) == m.(k) = min{l, %} with v € (0, 1], (1.2.34)
1(h) = 1 (1.2.35)

for all k € {0,...,N} (see Figure on page @) We stress that in all applications, a
discrete derivative of the weight functions appears. Thus, the heuristic interpretation is that
[ corresponds to a higher sensitivity and n? to a lower sensitivity in the regime of small
numbers of bad particles, whereas the cut-off weight m,, is only sensitive in the regime of
k < N7.

In this framework, it is not surprising that the g-operators, as projectors onto the bad
particles, can be related to the counting functional, which counts the bad particles, via

(W, g V) = an (T, p1, - .. o) (1.2.36)

and that it measures the distance between ¥ and A ¢ = ¢1 A ... A py. More specifically,
the following inequality holds (see [PP16, Lemma 3.2.])

78 = 712 < 8 (U, {ox}h)) < 4% = 7 (1.2.37)

where 7\(1,1 ) and 7&2 are the reduced one-body density matrices with respect to ¥ and ¢; A

... \ @y respectively.

The main strategy is now to insert time-dependent states Uy, as solutions of the Schrodinger
equation with Hamiltonian ([1.0.3) and {¢!} | as solutions of the Hartree equation (1.2.§)
into the definition of the projectors p! = p#i=#~ ¢t =1 — p* and the counting functional

N
an(t) = o (Ung, @l o) = D R (Un, PN W) (1.2.38)
k=0

and to show that ay is bounded by a Gronwall argument. I.e. we want to find an upper
bound for the derivative of ay by a; itself:

Ay (t) < Clan(t) + N79)
fora C,6 > 0.

The derivative of oy can be decomposed into three distinct transition processes, each asso-
ciated to changes of the number of bad particles:

Dy, () = (I) + (I1) + (III) (1.2.39)
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Figure 1.2.1: Plot of the most relevant weight functions.

with
(1) = gn2Im (gt (N — DbV (w1 — 2)ph — W % 0(21) P (12.40)
(I1) = gn2Im{qig5(N — YW (21 — 22)p5p) Jwy, (1.2.41)
(IIT) = gn2Im(gigs(N — D)W (21 — 2)¢5D ) wy, - (1.2.42)

The overarching strategy is to utilize each g-operator to close the Gronwall argument and to
evaluate each p-operator with the interaction term. A remarkable outcome of this approach
is the emergence of the mean-field interaction in the (I)-term with p,W (1 — x2)ph which can
be rigorously seen by a diagonalization argument. From the perspective of the microscopic
derivation of an effective theory, one may interpret the term p,W (xq — x9)ph as determining
the choice of the mean-field interactions of the effective theory. Another key aspect of this
approach is that the conditions required to close the Gronwall argument reduce to controlling
W s p* and W2 p* which represent the mean and variance? of the interaction S_r | W (zg —)
with respect to the density p' = Zi;vﬂ |0t |2. This nicely supports the heuristics that the
mean-field approximation is valid only when the variance of the interaction is small.

We will apply and extend the presented method in Chapter E to address the strongly inter-
acting regime. By introducing a suitable gauging phase, the transformed Hamiltonian will
exhibit both three-body interaction terms and two-body terms of the form fi5-V; involving
differential operators instead of simple multiplication operators. The primary challenge lies

2If one defines X = Eszl W (z, —-) and denote mean of X as E[X] := (X),, then a simple calculation
yields E[X] = W x p and Var[X] = W? % p — Zi\fj:l [(pi, W (- — y)ps) |2



26 CHAPTER 1. INTRODUCTION
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Figure 1.2.2: Exemplary processes which are included by (I), (II) and (III).

in effectively incorporating these differential operators into the framework of our analysis.
This requires a generalization of the diagonalization argument for the terms of the form
phwiaph and a careful treatment of the bad kinetic energy, which cannot be directly handled
using standard methods. To overcome this, we will develop a strategy that combines the
counting functional with a norm approximation relative to an auxiliary Hamiltonian. This
auxiliary Hamiltonian will serve as a simplified reference system, allowing us to rigorously
control the bad kinetic energy terms.

1.2.3.2 The fluctuation dynamics method

In the following we give a short summary of the closely related fluctuation dynamics method
which is embedded in the framework of second quantization and was first established in

[BPS14b]

This method tracks excitations relative to the Slater determinant A @' == @} A ... A Y of
interest by introducing a_fermionic Bogoliubov transformation. Given the solutions {p! 1Y
of the Hartree equation (.1.4), set p' = S~ | |t )(pk|. Define the unitary map Ry : F — F
satisfying

Ry = a* (o)) ...a*(ply)Q (1.2.43)
and for all g € L*(R?)
Rya*(9)Ry = a* (1 —p")g) + alp'y). (1.2.44)

The first condition ( can be restated as: R maps the vacuum to the Slater determinant
A ¢'. The condition () can be interpreted as a basis transformation in Fock space which
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maps the creation of a particle with wave function ¢ to the creation of a particle outside
the Slater determinant /\,];[:1 ¢t , while annihilating a particle with the same wave function
g inside the Slater determinant. In this manner, one obtains a Fock space basis that focuses
on deviations from /\fj:l ¢t while preserving the total number of particles. With a slight
abuse of notation, we can translate ([1.2.44)) to the operator-valued distribution a, as

RiagRy = a* (1 —p')) +a(p')

— N TEoN
where a(p') = 10, a (A(@)eh ().
Next, one re-writes the reduced one-body density with respect to the solution Wy, of the
Schrodinger equation as

'7\(1;1]21Yt(131; To) = <€_mt/hN R, a; arge_th/hNRpoQ>

»

= (Ry Ryye MM R0 Q, af g, Ry Ry R, Q) (1.2.45)

)

g

=U(t)
where the unitary operator U(t) denotes the fluctuation dynamics. By the CAR for
RyaiRyRyayRy = (a* (1 —p")) +a(®")) (a((1—p")) + a*(p")) (1.2.46)

one obtains

’Y\(pll)w(m; 13) = p'(z1;x2) + “other terms in normal order” (1.2.47)

which allows to bound for a C' > 0
trlyy) , — P < CUDQ WV + DUHQ). (1.2.48)
The goal is now to control the expected number of fluctuations by a Gréonwall argument:
ihn O (U QLNU)Q) = (1) + (2) + (3) (1.2.49)
with the decomposition
(1) = hm [ do des Vi - ) @O0 0" Ghalh)a(1 ~ palt — ) UBD), (1250
(2) =l [ do dea Viey = o) UOR b )alh)a(1 - pall - ) YD), (1251)

(3) = %Im/dx dzy V() — 22) U(1)Q, a* (p)a” (py)a™ (1 — pi)a(l — p3) U)Q). (1.2.52)

The most difficult term is typically (2) as it changes the number of excitations the most
and therefore is associated with the largest deviations from the Slater determinant. For
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bounded interactions V one can make use of the Fourier transform and the fermionic Fock
space bounds to obtain

/dk V(k)|lp'e™ (1 — p")IEs (N + 1) 72U (1) (1.2.53)
with the desired bound

4 !
Hpt zkz( _pt)H%{S < ||[6ka,pt]||%ls < hyN (1.2.54)

to close Gronwall. In order to obtain the desired bound, one has to make use of the initial
conditions satisfying the semiclassical structure

Iz, 2l < CExN,  |[inV, 0%l < CEN (1.2.55)

and propagate these inequalities in time by a separate Gronwall argument.

In [PRSS17] this approach has been extended to cover the Coulomb interaction by using the
Fefferman-de la Llave decomposition for singular interactions of the form

(=22 _(y=2)?
i / g/dz e e (1.2.56)
Tr1 — T2

However in this case, the preservation of the semiclassical structure for all times is part of
the assumptions.

To translate this into the counting functional framework as discussed in [BBP*16], one can
establish an equivalence between the expectation value of the number operator with respect
to the fluctuation dynamics and the degree of evaporation, which serves as a second-quantized
analogue of the counting functional. This is expressed as:

S1(74) 1) = (U dD (1 = p')Uy). (1.2.57)
Consider an initial state of the form
Ev =Rl (0,..,0, Ung ,0,...), (1.2.58)
~—~—
n-th entry

then it holds U(t)éy = R;te_mt/ "Ny . Thus, by utilizing the identity
RyNRy =N —2d0'(p") + N (1.2.59)
with the fact that the Hamiltonian H preservers the particle number, one finds

NMuwey = (e MWy o, Ry N Rie™ N0y )
= 2(Wpy, dl(1 — pt)‘I’N,t>
= 251 (145,,: 7). (1.2.60)
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1.2.4 Related effective mean-field models

Besides the described mean-field-model there are different effective equations of the micro-
scopic many-body system available in specific regimes. We shall give a brief discussion in
the following.

1.2.4.1 The Vlasov equation

Let us consider for a moment the classical phase-space density k; : R® x R® — Rxq, (z,p) —
ky(x,p) satisfying [gs, s ki(z,p)dadp = 1 for all times ¢ > 0. The Vlasov equation
governing its evolution is given by

Ok +p-Vok+ (f k) - Vo =0 (1.2.61)

where f = —VW denotes the force as gradient of the interaction potential W and k, =
Jgs k¢(x, p)dp denotes the spatial density. The term p - V,k denotes the free transport

term whereas ( f* l;;) - V,k denotes the acceleration term by the mean-force f k. Unlike

the Boltzmann equation, the Vlasov equation neglects short-range collisions (collisionless
approximation) and instead focuses on a mean-field interaction generated by all particles,
leading to a nonlinear equation as in the case of the Hartree equation. The Vlasov equation
plays a pivotal role in plasma physics, astrophysical dynamics of galaxies and charged-particle
modeling.

It can be interpreted as a coarse-grained description of the time evolution of a many-particle
system governed by Newtonian dynamics. This has been rigorously established in different
classical settings with the mean-field scaling. Early results date back to the 1970s [NW74],
with further developments addressing singular potentials [HJ06, HJ15] including Coulomb
interactions with small cut-off parameters [LP17, Gral9] and delta-like interactions [GPI1§,
Fei24, FP24]. However, a mathematical derivation for a classical system with (the full)
Coulomb interaction remains an open problem.

It is expected that also in the semiclassical regime the dynamics of interacting fermions
governed by the Schrodinger equation () is well approximated by the Vlasov dynamics
(1.2.61)). For this purpose, one typically considers the Wigner transform W, to associate
the reduced one-body density with a phase-space pseudo-density. It is defined by W, :
R? x R?* — R and for all (z,p) € R? x R3

1

Wy (z,p) = @? /Rg dy e?V/" g (@ 4 y/2,0 - y/2) (1.2.62)

with the semiclassical parameter Ay which tends to zero. Conversely, one can also associate
a phase-space density k with a reduced one-particle density via the inverse transformation
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of the Wigner transform which, given by the Weyl quantization

we(z,y) = N [ ap (x ; y,p) e (@=y)/hy (1.2.63)

The appropriate notion of convergence can then be formulated either in terms of reduced
densities using the trace norm or in terms of phase-space densities with respect to a suitable
norm.

Early results in this direction were obtained for analytic potentials [NS81] and C*-potentials
[Spo81]. The direct convergence from the many-body system to the Vlasov description
was recently established for large system by using the Husimi measure [CLL21]. A related
approach, which employs the Hartree equation as an intermediate step, was discussed in
Subsection [1.2.3.

1.2.4.2 Hartree-Fock-Bogoliubov equation

While the Hartree-Fock equation ([1.2.9) solely involves the reduced one-particle density,
the mean-field approach can be extended to account for two-body correlations through the
pairing density a' as defined in ([l.1.21)). This generalization is achieved by introducing
an additional equation for af, analog to (), yielding the Hartree-Fock-Bogoliubov
equation (or Bogoliubov-de Gennes equation)

iyt = hHF (t)al + a'hHF (1) 4+ TI¢(1 — pt) — p!ITt, o
where II' denotes an integral operator with kernel
(2, y) = gy W (z — y)a'(z,y). (1.2.65)

This system is expected to describe the dynamics of attractive fermionic many-body systems,
such as electrons in superconductors, by incorporating pairing correlations. Such correlations
are crucial for modeling superconducting and superfluid systems.

A mathematically rigorous derivation of this system was recently established in [MPS24] for
bounded and regular interaction potentials in the semiclassical regime for macroscopic time
scales. Further results include the well-posedness and a derivation from the Dirac-Frenkel
principle in [BSS18]. Additionally, connections to Ginzburg-Landau dynamics have been

discussed in [FHSS16], while the classical limit of Ay — 0 has been analyzed in [CLS25].
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1.2.5 Bosonic results

In the bosonic setting, there are significantly more results regarding effective dynamics com-
pared to the fermionic case. The main reason is that due to the symmetric property of
the many-body wave function all particles might occupy the same state, leading to a Bose-
FEinstein condensate. This allows for an effective single-particle approximation that captures
the leading-order behavior in many settings.

The mean-field description is analogous to () but instead of a Slater determinant one
assumes a symmetric product structure Wy, ~ (©')®" where

00t = (A + gy W x| ]?)! (1.2.66)

and ¢! describes a one-body condensate wave function.

A rigorous derivation of the mean-field equation corresponds to showing

1
v, =l

lim tr 'V\(I},)V,O — () =0 = A}i_r}réotr = 0. (1.2.67)

N—oo

The Hartree equation was first developed in the 1970s. Early findings were made for smooth
interaction potentials [Hep74]. Later, these findings were extended to_singular potentials
[GVT79a, GVT79h, Spo80]. These early studies showed the statement (@) Subsequent
research has expanded these findings in numerous directions, as comprehensively reviewed in
[Lew15]. Notably, many of the fermionic methods, which were discussed in Subsection ,
also apply to bosonic systems and were in fact first developed in the bosonic analogue (see
e.g. [Picll]).

Moreover, significant attention has been placed to the fluctuations around the condensate,
known as ezcitations, allowing to find an effective approximation on the level of the L?-norm.
Bogoliubov provided the first systematic description of these excitations in his seminal work
[Bogd7] by introducing a quadratic Hamiltonian to describe the excitations. This bosonic
Hamiltonian (commonly known as Bogoliubov Hamiltonian) can be diagonalized, yielding
an effective dispersion relation for the excitations. This relationship between the excitations
and their corresponding energy implies that excitations, describable within the Bogoliubov
framework, are widely interpreted as quasi-particles. The first rigorous results were obtained
in [GMM10, GMM11], providing a L?-norm_convergence of the N-body wave function ¥,
generated by the many-body Hamiltonian () to the solution of the Bogoliubov dynamics
\I/fog generated by the quadratic Bogoliubov Hamiltonian as N — co. Further advancements
in this field have explored the dynamics of the excitations [LNS15, NN17, MPP19, COS24].
Additionally, recent studies have extended beyond the Bogoliubov description in appropriate
regimes [PP19, BPPS20, BPPS22].
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1.2.6 Norm approximations by effective dynamical theories

In order to obtain an effective description for the microscopic many-body dynamics gener-
ated by () at the level of an L2-norm approximation, it is essential to take correlations
into account that were neglected in the previous subsections on effective mean-field models.
The necessity of including correlations arises from the fundamental nature of position-
dependent pair interactions. Heuristically, interactions induce correlations between specific
pairs of fermions over time, meaning that the assumption of a purely mean-field interac-
tion, where each fermion experiences only an averaged potential, becomes inaccurate. Note
that since the norm measures differences at the level of the entire wave function, even the
deviation of a single particle from the mean-field evolution can lead to a large norm differ-
ence between the microscopic many-body and the effective time evolution. Thus, a more
refined effective theory beyond mean-field models is required to accurately approximate the
microscopic dynamics in a norm sense.

The key idea comes from a bosonic analogue where correlations can be described by a
Bogoliubov transformation. For interacting bosons, the next-order corrections are exactly
pair excitations of the symmetric product state. This can be seen in the alpha functional
description of the transition terms () as the (III)-term is dominated by the (II)-term
(see [MPP19)).

For interacting fermions, however, the situation is more complex. Unlike bosons, single
excitations from the antisymmetric product state are not inherently improbable due to the
Pauli exclusion principle. Nevertheless, these single-particle excitations may still combine
coherently to form collective excitations that are approximately bosonic and can be effectively
described by a Bogoliubov transformation.

This perspective has proven to be highly fruitful and has led to the rigorous calculation of
the correlation energy, a strongly related static problem, on the torus [BNP*19, CHN23h,
CHN23a, BNP*21b, BPSS23, FRS24]. More concretely, one calculates

E°'(Hy) = inf o(Hy) — (>, Hy, ¢°*) (1.2.68)

where Hy denotes the microscopic Hamiltonian () with an appropriate choice of gy and
St ig the Slater determinant minimizing the Hartree-Fock energy functional . An
expression for [1.2.68 was already predicted by Bohm and Pines [BP53| using the random
phase approzimation (RPA) and later on by Gell-Mann and Brueckner [GMB57] whose stud-
ies paved the study of so-called plasmons, the quasi-particles describing collective excitations
of an interacting Fermi gas.

The main idea is to consider the momentum generated by an interaction along with the hole
left in the Fermi ball as a unified entity known as a particle hole pair. To rigorously describe
the excitations of the Fermi gas one can utilize individual particle hole-pairs on the torus

bep = aya,k,  pEBL ke’ (1.2.69)
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which are on average almost bosonic [CHN23h, CHN23a] or collective particle-hole pairs
patched over the Fermi ball surface

1
biy = > ara,p, ke’ (1.2.70)

n
@k e Ben(Bpt+k)NBa

with patch B, and normalization n, ; which are almost bosonic themselves, i.e. the operators
satisfy the bosonic commutation relation up to a small error [BNP*19, BNP*21h, BPSS23].

Based on this concept, a recent study [BNP*21a| established a norm approximation for the
many-body dynamics in the semiclassical regime on A = R3/(277Z3), considering interactions
with compact support in momentum space and initial states of the form:

S = ZLC*(m) 2 (1) (1.2.71)
m
Here ¢* and ¢ denote almost-bosonic creation and annihilation operators, respectively, n
represents a one-body bosonic wave function, and €2 the fermionic vacuum state. These
operators, ¢* and ¢, are identical to those employed in [BNP*19, BNP*21h, BPSS23] to
describe collective particle-hole excitations and are explicitly constructed from the fermionic
creation and annihilation operators.

In the main theorem of [BNP*214], the time evolution operator is conjugated with two
unitary maps: one to track excitations relative to the filled Fermi ball via a particle-hole
transformation R, and another to diagonalize the Hamiltonian using an almost-bosonic Bo-
goliubov transformation 7. This results in the inequality

|T* R e Hnt/in Ry — e (BRTHER™t/hn e | < N1 (1.2.72)

where iy = N~/ is the semiclassical parameter from and B ERPA are the energy
constants from the Hartree-Fock and random phase approximation theory. Since it holds

1

& = Z—mc*(ni) - (), Q2 (1.2.73)

with each n satisfying ihiynl = Hgn}, the initially assumed product structure of the almost-

bosonic excitations is effectively preserved in the limit N — oc.

In Chapter a, we will adapt this idea to incorporate almost-bosonic excitations of the Fermi
gas. However, instead of initially assuming such excitations, we will demonstrate that they
are formed through interactions with an impurity particle.

1.3 Probing the ideal Fermi gas

In this section, we will give an introduction to the dynamics of an impurity particle immersed
in a Fermi gas. The concepts and literature discussed here will serve as the foundation for
Chapter a
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To build intuition, we first examine the case of non-interacting fermions, commonly referred
to as the ideal Fermi gas, instead of the full Hamiltonian ([1.0.4). Despite the absence of
interactions, this system already exhibits interesting quantum features arising from the Pauli
exclusion principle and the structure of the Fermi sea. Understanding these fundamental
properties is essential before incorporating impurity interactions, which lead to more complex
phenomena such as polaron formation and collective excitations.

The free Hamiltonian of an ideal Fermi gas is relatively simple to solve, as it consists solely
of the Laplacian operator describing the kinetic energy of non-interacting fermions

Hy = Z(—Am). (1.3.1)

To make use of a discrete spectrum with proper eigenfunctions, we restrict the spatial domain
to a finite region A and impose appropriate boundary conditions. A natural choice is a cubic
box of site length L > 0 with periodic boundary conditions, i.e. A = R3/(LZ?). This choice
simplifies the analysis, as it allows for a straightforward expansion of the eigenfunctions in
plane waves { fy }» with

ikx

ful) = 23 S € L*(A)  with momenta k € (2r/L)Z°. (1.3.2)

Note that with this spatial restriction, we have a dense Fermi gas in the limit of N — oo.
Due to the antisymmetry of the wave function Wy, each fermion must occupy a distinct
quantum state since otherwise

Un(z1,. . @iy, Ty ony) = =Un (21, .2, o Ty . 2n) = 0. (1.3.3)

The ground state €2y of the system is then constructed by filling up all the NV available single-
particle momentum states up to a characteristic momentum, known as Fermi momentum

k’FZ

Qo= /\ fr»  Be={ke@r/L)Z": |k| <k}, (1.3.4)
keBr

This results in a (filled) Fermi ball )y in momentum space (or a Fermi sea) which defines
the fundamental structure of the ideal Fermi gas. Note that in second quantization we can
also write Qo = [, By 0182 where ) denotes the vacuum state. The ground state energy is
then given by

En(kg, L) = (Q0, HoS) = > |k>. (1.3.6)

k€Bg
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Note that for finite L > 0 the number of particles N = N(kp, L) = |By| described in this
framework cannot be any integer due to the discreteness of the momenta on the lattice
(27/L)Z3. This can be easily seen for L = 2w. As kp increases, N = N(kp,27) increases
only when kg crosses radii where new lattice points enter the sphere. These jumps occur
at radii 4/ which can be written as sum of three squares. The number of integer points at
radius /7, denoted by r3(r), counts how many possibilities r can be written as sum of three
squalres.E It then holds
[+

N = N(kg,27) = > r3(r), (1.3.7)

r=0
i.e. N can only take values from the cumulative sum not arbitrary integers.

Via Gauss’ counting argument, one can relate the number of particles with the momentum
as

67‘(’2 1/3 1
and therefore it holds for the density
N(kp, L) J

It is therefore convenient to parameterize the system with the Fermi momentum kg, which
scales with the density of the fermionic system.

1.3.1 Free time evolution of an impurity particle

In a high-density regime, the Fermi momentum is large, leading to a bulk-dominated Fermi
ball with a relatively small surface-to-volume ratio. To assess the impact of interactions, we
consider ([1.0.4) with gy =0, i.e.

Hy =

—A N N
om; Sy (FAL) HAv Y Vizi—y) (1.3.10)
imp —1 i1

and assume that the impurity-fermion interaction is compactly supported in momentum
space, i.e. V' is compactly supported.

Under the assumption, that the effect of the interaction can be understood as shifts in
momentum space, fermions deep inside the Fermi ball cannot undergo momentum shifts

3By Legendre’s three-square theorem, r3(r) = 0 for r = 4%(8n + 7) where n,k € N, meaning no points
are added at these radii.
4By the Paley-Wiener theorem it holds that V is rapidly decreasing in position space.



36 CHAPTER 1. INTRODUCTION

because all momenta nearby are already occupied. Only fermions near the surface of the
Fermi ball have accessible unoccupied states to scatter into. This implies that interactions
predominantly affect particles at the Fermi surface, while the bulk remains largely unaffected.
Since only a small fraction of fermions (those near the surface) can participate in interaction-
driven momentum shifts, the overall response of the Fermi sea is heavily constrained. This
suggests that the Fermi ball remains rigid in the presence of weak impurity interactions.

This heuristic argument indicates that at high densities, an impurity is unlikely to signifi-
cantly change the bulk structure of the Fermi sea. This phenomenon of free decoupled time
evolution of an impurity particle will be explored in more detail in the following.

1.3.1.1 Rigorous results and open questions

The first rigorous result in this context was established in [JMPP17] which provided a L>-
norm approximation between a free decoupled time evolution and the microscopic many-body
evolution in dimension d = 2 in the thermodynamic limit of N, L — oo while keeping kg
constant. More specifically, assuming an initial state of the form ¥y, = & ® Qy, where (2
denotes the filled Fermi ball and & is sufficiently regular, and evolving the state with respect
to () with coupling Ay = 1, they established for all ¢ > 0:

Llim e~ Nt (&5 @ Q) — e Elkr LIt gidyt/Cmimp) ¢ @ o=t || < C'(1 4 t)kg? (1.3.11)
—00

where b < 1/2. This result demonstrates that the effective Hamiltonian governing the system
takes a decoupled form

—A
HT = Y + Ex+ Ey (1.3.12)

2mimp

which acts separately on each tensor factor of the Hilbert space. The constants Ey =
2V(0) = & [, dz V(z) and Ey = Eyn(kr, L) coinciding with () capture the leading-
order effect of the medium. Importantly, this approximation remains valid for macroscopic
times t < k. Furthermore, as kp increases—corresponding to a higher particle density—the

approximation improves.

This result can be interpreted as a form of mean-field approximation, where the interaction
between the impurity and the Fermi gas can be effectively replaced by a constant energy shift.
The underlying mechanism relies on the suppression of fluctuations: in a large Fermi ball,
momentum transfers induced by interactions are close to the surface of the Fermi ball and
are therefore momentum differences are typically large, leading to destructive interference of
excitations. Consequently, the initial state remains stable under perturbations, as significant
excitations are suppressed.

This behavior differs fundamentally from bosonic and classical systems, where no Fermi
ball structure exists. In those cases, the mean free path of an impurity decreases with
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increasing density, leading to frequent scattering events of the impurity with the medium
[DEPP14]. In contrast, in a fermionic system, the Pauli exclusion principle prevents such
frequent scattering, preserving the motion of the impurity.

The result was extended in [JMP18] to the case of two impurity particles, revealing an ad-
ditional effective interaction mediated by the Fermi gas. This interaction is a nontrivial
consequence of the underlying fermionic structure. Further generalizations were carried out
in [MP21], where the analysis was extended to include dimension d = 3 to long-range in-
teraction potentials and multiple impurity particles, demonstrating that the Fermi gas can
mediate an effective pair interaction potential among the impurities. A crucial distinction
arises in d = 3, where the previous result does not hold under the same interaction strength.
Instead, a weaker coupling regime is required, specifically Ay = kp 2 ¢ O(N~Y/6). Alterna-
tively, one can retain Ay = 1 in d = 3 but then result holds only for short time of order kj 1=
for o > 0. However, this restriction is significant: on such short time scales, the fermions in
the gas remain almost static, since the fastest particles in the filled Fermi ball have momenta
on the order of kg, implying that their characteristic timescale is at least kg '.

The mentioned results leave several important questions open, including:

1. Can the effective decoupling persist in d = 3 under stronger coupling parameters Ay?

Alternatively, can one extend the validity of the approximation to longer timescales
beyond kg 07

2. The current models assume a non-interacting Fermi gas. How does the introduction
of weak or strong interactions among the fermions affect the effective description? In
particular, can one still justify the mean-field-like approximation, or do interaction-
induced correlations qualitatively alter the impurity dynamics?

3. In the present setting, the impurity remains effectively free in leading order. However,
does the impurity eventually lose energy due to residual interactions with the Fermi
gas? If so, how does this dissipation depend on the interaction strength and the density
of the gas?

We will give partial answers to the questions in our work in Chapter E Moreover, we will
give a brief explanation of the polaron concept in Subsection . The method used in the
discussed works for d = 3 will be reviewed briefly in the following section.

1.3.1.2 Perturbative resolvent method

The method is based on the fact that the kinetic energy transfer of fermions dominates
over the potential energy transfer arising from interactions. This observation is leveraged by
constructing a perturbation series that capitalizes on the significant kinetic energy transfer.
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Specifically, when an interaction excites fermions near the Fermi surface, the kinetic energy
transfer becomes substantial as part of the system’s time evolution post-interaction. This
results in high phase oscillations over time for the excited fermions. Consequently, the
time integral over these excited states is dampened due to destructive interference, as the
large phase factor effectively reduces their contributions after integration. As a result, the
contributions from these excitations become sub-leading.

Instead of rigorously presenting every calculation, we will give a heuristic explanation of
the results of the key estimates. In order to treat this mathematically, one considers the
Hamiltonian () in a second quantization

A ~ .
H= _gm.y + > kPagar+ Ay ) V(k)e™ara, (1.3.13)
~———  ke(2r/L)Z3 k,pe (2 /L)Z3
=thg ~ N~ - N ~ v

=T =V

with V > 0 compactly supported and the initial state of a product between Fermi sea ()
and a general tracer wave function & with bounded kinetic energy. The difference of the
time evolutions can be written by Duhamel’s formula as

I <efth _ e—z‘}[efft) £0 @ Q|

t
oy / ds (T Ex+Vzotho)syzo=ihos (¢ Q) | (1.3.14)
0

with Vg =V - Ey =V — %V(O) The idea is now to introduce a resolvent operator
R = (T — Ey)~!, which is a bounded operator on the subspace {Q}*+ C L% (A"), by the
identity
o d .-
el (EGZR 15) R =id. (1.3.15)

and integrate by parts yielding
—i —iHef
| (e =) & & Qo

¢
= || / ds ei(TfEN+V¢°+hO)SVioRVe_ihos (& ® Q) + "boundary terms”||. (1.3.16)
0

By inserting Po, = 1 ® |[Q0)(€] and Qq, = id — Py, we can distinguish between bubble pro-
cesses, which return the system to its initial state and therefore effectively leaving the Fermi
ball invariant, and ezcitation processes, where we can again insert the resolvent and integrate
by parts. In this way, the bubble processes contribute as expectation values with respect to
Qp and the excitation process can be estimated by exploiting the resolvent: One uses that
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suppV C B,,(0), the fact that hy only acts on the impurity space and the orthogonality
property

(JTa%. I] aif2) =0 = &' =5 (1.3.17)
keS k'esS’
to bound '
Ve 05 (¢, @ Qo) ||? < Cro\aka. (1.3.18)

Since V can be interpreted as momentum shift, CrokZ corresponds to the volume of ad-
missible momenta, which is located in the Fermi ball surface due to the Pauli exclusion
principle and the filled Fermi ball structure of £23. The resolvent can be evaluated by utiliz-
ing (T — En)ajap,—xQ = (p* — (p— k)?)aja,—1Q where k € suppV and p € (2r/L)Z3 is close
to the Fermi surface. Hence, the kinetic energy difference is of order kr and the resolvent is
small. One obtains for higher order terms the bounds

1Qa, V2o RVe 0% (£ @ Qo) || < CroNykp'™, (1.3.19)
IV20RQa,VroRVe ™% (& @ Qo) || < Cri/? A3 kit (1.3.20)

with a 6 > 0. This heuristic explanation can be made rigorous by employing Wick’s rule to
evaluate the creation and annihilation operators, along with a careful analysis of all possible
excitation histories. The bounds are derived by using the limit L — oo to convert the sums
to integrals. Due to the integration of singular terms arising from the resolvent a logarithmic
factor of k% has to be taken into account.

For the choice of Ay = kg /2 the perturbation series can be truncated after two iterations.
The leading error is given by a boundary term after the first iteration, of the form

|RVe 0% (¢ @ Q) || < CAy < Chg/*™. (1.3.21)

Alternatively, for the choice of Ay = 1 one can require short times of order kg 1=20 4 ()
to obtain a meaningful error bound. Applying this method to the two-dimensional case,
reveals that \y = 1 can be treated for macroscopic times since the volume of admissible
momenta for a momentum shift is only of order Crykg.

The method can be generalized to situations where the Hamiltonian is of the form H =
A ®id+id ® B + AV and initial state is given of the form Uy = ¢ ® ¢, with ¢ being an
eigenstate of A, i.e. Ay = ar). In addition, if ||(id ® B+ AV)Un || < |[(A®id)¥ | in the
sense that the right-hand side if of larger order in the order parameter, then one can exploit
the destructive interference, as (id ® B + AV') can be treated as a perturbation.

Recent applications of this approach include the derivation of an effective interaction between
multiple impurity particles mediated by a dense Fermi gas [MP21], radiative corrections to
the dynamics of an impurity particle interacting with a bosonic scalar field [CM24al, the
derivation of the two-body Coulomb potential from the renormalized Nelson model [CM24b]
and the stability analysis of Bose-Fermi mixtures [CMMP25].
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In principle, one expects the result to hold for Ay = k:F_ﬂ for any 8 > 0 and error bounds
k;ﬂ /2% for times of order 1, as the perturbation series can be extended to higher orders.
However, the number of distinct excitation processes grows exponentially with the order of

the series, making estimates in the current form highly tedious.

Additionally, one anticipates that weak internal interactions can be incorporated to general-
ize this result for Hamiltonians of the form given in ([1.0.4) where gy, the coupling parameter
4

of the gas interaction, must be chosen appropriately. One expects gy = kg 7% to be suffi-
cient such that the leading error is small. This can be understood as follows: an internal
interaction W would correspond to the second quantized two-body operator W with four
creation and annihilation operators. Hence, W can be thought as shifting two momenta
simultaneously associated with square of the volume of admissible momenta. Adapting the
heuristic explanation for (), one expects the leading error to be given by

Q0 W20 RQa, W0 RWe™ 0% (£, @ Qo) || < Crighke™ < Crika?. (1.3.22)

1.3.2 Polaron dynamics of an impurity particle

The concept of a polaron was originally introduced by Lev Landau to study the motion of
an electron in a dielectric crystal [Lan65]. His idea was that the impurity is “dressed” by
excitations of the medium, forming a new quasi-particle with renormalized properties (e.g.,
effective mass and mobility). This later led to the well-known Fréhlich Hamiltonian which
describes electron-phonon interactions:

H" = (-A,) ®1+1®Dg + ®(h,) (1.3.23)

with (—A,) describing the kinetic energy of the impurity particle, Dp describing the kinetic
energy of the excitation field, and ®(h,) = c¢*(h,) + c(h,) the linear coupling between
impurity particle and bosonic excitations. In the case of the original Frohlich Hamiltonian
the dispersion relation for the excitation field is assumed to be constant to model acoustic
phonons as lattice excitations of a crystal [Fro54].

Subsequently, the polaron concept was extended to all kind of surrounding media including
Bose and Fermi gases with the overarching feature that the impurity couples linearly to a
bosonic background field (e.g. density excitations in a Bose-Einstein condensate) describing
excitations of the medium. In the case of a Fermi polaron, a natural analog exists where
the impurity couples to particle-hole excitations of a Fermi sea. Central questions in po-
laron physics concern the formation conditions and stability conditions of this quasi-particle,
i.e. whether the impurity retains its individuality or becomes strongly correlated with the
surrounding medium.

The first rigorous derivations of a polaron Hamiltonian from the underlying many-body
Hamiltonian were carried out for the Bose polaron [MS2(, LP22]. In this context, stability
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properties have been established [HL24] and the excitation spectrum has been analyzed

[LT23).

Extensive work has been devoted to studying the Frohlich polaron as an effective model
(see, for example, early works [LY58, Spo88] and a comprehensive review [Sei2(]). However,
a rigorous derivation of this model from a microscopic many-body Hamiltonian remains an
open problem. Starting from the Frohlich polaron model, it has been shown in the strong-
coupling regime that the impurity dynamics are governed by the so-called Landau-Pekar
equation, which describes the macroscopic evolution of the impurity coupled to a classical
polarization field [FZ17, LMR*21, LRSS21, LMS21]. These equations model the situation
in which there is a separation of time scales between a fast moving impurity particle (usually
associated to an electron) and a slow varying bosonic field with constant dispersion relation.

For the fermionic setting, much less is known. The static case has been explored in two
dimensions and in the dilute regime with an attractive contact interactions [GL19, LM19]
where rigorous upper bounds have been established for the ground-state energy of the many-
body Hamiltonian, aligning with the polaron energy predictions from the physics literature.
To our best knowledge, there are no general dynamical results in this setting where one
starts from the many-body dynamics generated by () and derive an effective polaron
dynamics described by (B.1.1). We will address this gap in Chapter JJ, where we demonstrate
that polaron dynamics can be derived for the described high-density case.

1.3.3 Experiments

Over the past two decades, advancements in ultracold atom experiments [SWSZ09, KPV*12,
NSF*20, FBD*21, BHF*23] and ultrafast spectroscopy techniques [CJL*16] have given
access to isolated fermionic systems, allowing for detailed investigations of quantum many-
body phenomena in the laboratory. In the following, we give a non-technical overview
of common experimental set-ups, observables and measurements. In Section @, we will
demonstrate how to rigorously calculate such an observable.

1.3.3.1 Experimental set-ups

In ultracold atom experiments, °Li atoms are commonly used to model Fermi gases due to
their favorable properties: As one of the lightest fermionic alkali atoms, %Li has a relatively
high Fermi temperature Tr ~ %, that is the temperature at which thermal effects become
significant compared to the quantum effects. Additionally, °Li has two accessible hyperfine
states which possess high tunability properties. Typical experiments involve approximately
10° to 10% fermionic atoms confined in an optical dipole trap with cylindrical symmetry of
waist of ~ 10?um . The gas is cooled to temperatures on the order of nanokelvins. To ensure a
well-defined fermionic system, the 5Li atoms are typically prepared in their lowest hyperfine
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state, which prevents unwanted spin-changing collisions and allows for precise control of
interactions. The fermions in such experiments are usually assumed to be approximately
free and to exhibit a Fermi ball structure with Fermi momentum kg.

As impurity particles, several options are available: A common choice is to use °Li atoms in
a different spin state than the majority species, effectively creating a spin impurity within
the Fermi gas. In addition, heavy “°K atoms are frequently used as impurities, allowing for a
mass-imbalanced impurity, which introduces additional complexity into the polaron problem.
Other choices include *'K, '™Yb or 8"Rb impurities, which enable studies of mixed Fermi-
Bose systems. In all cases, the impurities are immersed with a much lower concentration in
the gas.

The interaction between the impurity and the surrounding Fermi gas particles can be tuned
via the magnetic Feshbach resonance. This is achieved by applying an external magnetic
field that shifts the energy levels of the °Li atoms due to the Zeeman effect: A Feshbach
resonance occurs when the energy of a bound molecular state (a two-body bound state
of the impurity and a Fermi gas particle) becomes equal to the energy of the scattering
continuum (the energy of the unbound, free particles). At this point, the scattering length a
diverges, indicating that the interaction strength between the impurities and the gas becomes
maximally strong. By adjusting the external magnetic field, the interaction can be tuned
from attractive to repulsive and from small values |a| < kp' (weakly interacting regime) to
arbitrarily large values |a| > kp' (strongly interacting or unitary regime). We remark that
while the interaction radius of the Feshbach resonance is typically much smaller than the
inter-particle distance, the strong-interaction regime is characterized by a large scattering
length that can significantly exceed the inter-particle distance. On the theoretical side, this
scenario is often modeled using a delta potential with an ultraviolet cut-off in momentum
space to align with the scattering length [CM10, KSN*12].

1.3.3.2 Measurements and theoretical interpretations

In the context of measurements, a radio-frequency (rf) pulse is typically applied to transfer
impurities from an initial spin state to a final spin state [SWSZ09]. This transition occurs at
a frequency determined by the energy difference between the two states, which is influenced
by the interactions between the impurity and the surrounding Fermi gas. In the experiment,
the rf frequency w is swept, and the number of impurities transferred to the final state is
recorded. This produces an rf absorption spectrum I(w), which reveals how the impurity
responds at different frequencies. The absorption spectrum provides crucial insights into the
quasi-particle formation:

For weak interactions, the spectrum exhibits a single, sharp peak, indicating that the impu-
rity retains its individuality with minimal dressing by the surrounding medium. As the inter-
action strength increases, a broader background appears in the spectrum (usually referred to
as quasi-particle residue), reflecting enhanced dressing effects as the impurity becomes more
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correlated with its environment. In the strong-interaction regime, the impurity binds to a
fermion from the medium and forms a bound molecule rather than a well-defined polaron.
This leads to a distinct spectral shift and the emergence of a separate molecular peak in the
absorption spectrum. The transition between the two states is observed to be smooth instead
of discontinuous [NSF20]. It is observed that also under repulsive interactions the polaron
forms, but it is metastable with finite lifetime and eventually decays [KPV*12, SVM™17].

A precise time-resolved measurements of dynamical quantities and the formation process of
polarons is possible using Ramsey interferometry.

In this method, impurity particles are first prepared in a specific spin state. A 7/2-pulse,
which is a rf pulse that rotates the spin by 90 degrees, is then applied to bring the impurity
into a superposition of two spin states. The two branches of this superposition evolve dif-
ferently: One branch remains non-interacting with the surrounding Fermi gas and evolves
freely, whereas the other branch interacts with the medium via the Feshbach resonance with
a tunable interaction strength. After a controlled evolution period ¢ > 0, during which the
interaction is present, the impurity’s interaction is suddenly turned off and a second 7/2
pulse is then applied, bringing the two spin states back to interference. The overlap between
the two wave functions of the corresponding branches is measured via the contrast (also
referred to as Loschmidt echo)

S(t) _ <€7inreetw07efiHinttw0> _ ‘S(t)’eiid)(t), (1324>

which quantifies the degree of coherence of the two branches. If |S(¢)| &~ 1 then the impurity
remained mostly unperturbed, whereas if |S(t)| < 1 suggests a polaron formation, as the
interacting branch of the superposition experiences significant modifications due to the sur-
rounding Fermi gas. In Section B.§, we will find a rigorous approximation for the contrast
(), revealing the characteristic features described below.

For the repulsive case, the measured signal S(t) exhibits distinctive features that offer insights
into the underlying quasi-particle dynamics [CJL*16]: Initially, |S(¢)| follows a parabolic
transient phase, which is followed by a power-law decay. The phase ¢(t), on the other
hand, exhibits a linear increase over time. As the interaction strength increases, pronounced
oscillations appear in |S(t)|, which can even decay to almost zero before recovering. For
longer timescales, these oscillations become damped.

These observations can be interpreted as follows [CJL*16, KSN*12]:

o The parabolic transient phase is a well-documented feature in complex quantum sys-
tems [JPO1] and provides direct insight into the ultrafast real-time formation of the
quasi-particle.

o The power-law decay is a characteristic feature of the so-called Anderson’s orthogonality
catastrophe: Turning on an interaction between the Fermi gas and an impurity particle
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at t = 0 can be interpreted as perturbing the non-interacting Fermi gas. The power-law
decay indicates two key aspects: first, that the perturbed system becomes orthogonal
to the free system, and second, that the perturbed system retains a strong memory of
the initial perturbation, contributing to a scale-invariant response.

e The oscillatory behavior in |S(¢)| can be understood as a collective response of the
Fermi gas, where coherent interactions between the impurity and the medium induce
transient many-body effects.

« The linear evolution of the phase ¢(t) corresponds to the energy shift of the quasi-
particle state, which arises due to interactions with the surrounding medium.

The lifetime of a polaron is typically associated with the width of its spectral peak, in
accordance with Heisenberg’s uncertainty relation between energy and time. This lifetime is
often considered crucial in understanding pairing instabilities in repulsively interacting Fermi
gases, as discussed in [CZ10, SBC'16, ALS™2(0]. Furthermore, it plays a significant role in
the approach to observing the Stoner transition in itinerant ferromagnetism, as explored in
reference [MZB14]. We remark that the Fermi polaron setting has even been extended beyond
cold atoms, which is realized in charge-tunable atomically thin semiconductors [SBCT16].



Chapter 2

Derivation of the Time-Dependent
Hartree Equations for Strongly
Interacting Fermions

This chapter presents results that form the basis for the collaborative preprint [HMP25]
with my supervisor Peter Pickl and David Mitrouskas. The article focuses on the case of a
dense Fermi gas with regular interactions, while this chapter addresses the more technically
demanding setting of singular interactions and extended gases. The key techniques and
strategy were first developed during my thesis research and parts of the structure and expo-
sition, especially in the overlapping technical sections, were subsequently adapted from my
thesis manuscript for the dense case in collaboration with the co-authors. Conversely, some
formulations and structural elements from the preprint are also reflected in this chapter.

I contributed substantially to the conceptual development and all central parts of the argu-
ment. In particular, I am grateful for the valuable collaboration with David Mitrouskas and
the support throughout the project.

2.1 Introduction

The analysis of interacting many body quantum systems is indispensable in many areas of
quantum physics or chemistry, but trying to give a direct analytic or numeric solution of
systems of many particles is practically impossible. Fortunately there is a large number of
regimes where effective descriptions could be found that significantly reduce the complexity
of these systems - and thus make them accessible to analytical and numerical methods - that
give a rather accurate approximation of the main features of the systems.

45
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One example for such an effective description is the Hartree-Fock approximation used to
approximate systems of many interacting fermions. Since many decades, Hartree-Fock is
widely used, both in atomic [Foc30] and nuclear physics [GL86]. In recent years there
was quite some progress in the mathematical understanding of the connection between the
many-body Schrodinger description and the Hartree-Fock formalism. Most of these results
are based in a semiclassical setting where the rigidity of a filled Fermi-sea of high density is
used to obtain the respective estimates [BPS14a, PRSS17, FPS23, FPS24]. In this setting
the leading order description is classical, i.e. given by the Vlasov dynamics [LP93, MM93,
Safl9, Saf20, CLL21|, CLS23]. However, Hartree-Fock theory is also widely used in settings,
where the quantum mechanical nature of the system plays an important role to describe
leading order effects of the dynamics, for example when simulating chemical reactions of
large molecules or other problems that arise from quantum chemistry [Szal2].

The goal of the present paper is to prove that the Hartee-Fock equation approximates the
dynamics of an N-body system in non-semiclassical situations where the effective interaction
has an effect on the dynamics. We assume that the particles interact via long-range singular
interactions, i.e. interaction potentials of the form ‘%' for 0 < s. While the Coulomb-case,
i.e. s =1, is physically the most relevant choice for s, we have to restrict ourselves to smaller
s < 2/3 for technical reasons. Further we assume that the density of fermions is bounded,
due to the Pauli exclusion principle, and occupies an area of volume of the same order as
the particle number N. Note, that in this setting the spatial variation of the potential in
the form of the force is sub-leading compared to the potential itself. Choosing a coupling
constant which is such that the total interaction potential per particle is of order 1 with
respect to the particle number [PP16, Pet17] leads to a force term which is sub-leading for
any choice of s > 0. It follows that in this setting the influence of the interaction is mostly in
the phase of the wave-function not in the profile of the probability density. Thus, coupling
constants, that are such that the force per particle is of leading order and therefore the total
interaction potential per particle is predominant, are of great interest.

We study the time-dependent Schrodinger equation

for an antisymmetric wave function ®; € L2 (R3") describing N fermions at zero tempera-
ture. The Hamiltonian is of the form

H = Z(—Ai) + > uM (- ) (2.1.2)

1<i<j<N
where we assume a long-range two-body potential of the form

1 s—2
u™N(z) = /\N(s)w, An(s)= N3

(2.1.3)
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with 0 < s < 1.

Starting from an initial state ®y, which is approximately an antisymmetric product of N
one-body orbitals {pi}Y || our goal is to show that this property is conserved during time-
evolution, i.e. ®g~ A\,_, p) = &, ~ /\ka:1 ¢t . The one-body orbitals ¢! solve the coupled
Hartree equations

s, = h(t)gl (2.1.4)

with mean-field Hamiltonian
N
ht)= =D+ xp,  po=p) =)l (2.1.5)
k=1

where v™V) x p, denotes the convolution.

Note that it is well-known that adding the exchange term to h(t) such that the evolution of
the orbitals is governed by the fermionic Hartree-Fock equation given by the Hamiltonian

N
AT (1) = —A + v % p, — ZU(N) * (gp?;gp};), (2.1.6)

j=1

would not improve the error estimates since the exchange term is negligible small [PP16,
BPS144.

In contrast to previous works on the derivation of the fermionic Hartree equation in the
semiclassical scaling [BPS14a, PRSS17] and in the extensive volume scaling [PP16, Pet17,
BBP*16], we are focusing on a regime where the average interaction is large in a volume of
order N. This can be seen as follows:

We consider initial data which is given in a volume of order N. Due to the Pauli exclusion
principle, the kinetic energy of a system of N fermions confined in a volume of order N is at
least of the order N and the kinetic energy per particle of order 1. The interaction energy
per particle is in our setting much larger and is expected to decrease from Ay N due to the
long range nature of the interaction. This can be heuristically seen by estimating the average
interaction energy by the mean-field potential

=

M (12 ~ Cow [ Jaf 7 do e AV = (2.1.7)
B1/3(0)

whereas the average spatial variation of the mean-field potential is expected to be of order
1:

ANV (7% py) ~ C)\N/ 2|75 da ~ AyNSTE = 1. (2.1.8)
B, 1/3(0)
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In comparison to [PP16, Pet17, BBP*16] where the scaling parameter is chosen to be Ay (s) =
N %, our interaction energy is not only of much large order but the mean-field interaction
potential does also significantly vary over typical distances of the system. This is not the
case for the scaling of A ~n(s)=N 3" as one easily estimates

Av (1175 %p0) ~ 1, ANV (|- % p) ~ N5 (2.1.9)

Thus, we do not expect that the leading order of our regime is free dynamics of the fermionic
system as in the case for Ay(s) [Pet17].

In [BPS144, PRSS17] a much smaller volume of order 1 is considered with a scaling parameter
of order N°3° and re-scaled time-scales of order N~1/3. Since the small spatial volume the
kinetic energy per particle is of order N%/® and therefore large. This setting is naturally
coupled to a joint mean-field and semiclassical scaling where one identifies N='/3 = f as
small semiclassical parameter. It is well known [NS81, Spo81] that in this setting the Vlasov
equation describing the classical phase space density is a good approximation of the system.
To compare with our setting, we re-scale our Hamiltonian (R.1.2) in its spatial and temporal
component by N~/ yielding

N
iN‘é@@:(—N‘?ZAHLN%s_Q > v(g;i—xj)) . (2.1.10)

i=1 1<i<j<N

The scaled-interaction parameter Ay (s) = N *37 is in our case much larger than the mean-
field scaling of N=! in [BPS14a, PRSS17], and thus we are not expecting a semiclassical
behavior such as convergence to the Vlasov dynamics in our setting.

To provide an early overview, we state the main result below. While the detailed nota-
tions appearing in the assumptions will be introduced later in Section @, they are briefly
summarized in the following main theorem:

Theorem 1. Consider the interaction parameter s € (0,2/3) as introduced in () Let
D, be the solution o () with normalized initial state ®y € L2 (R3N) and let {4}, be
the solutions of (R.1.4) with normalized initial data {Q0}5_, € L*(R3) satisfying for a Co > 0

(®g, (1 —p1)Pg) < CoN 1,
N
1 1
(o, (AW = = 360 (~A))| < CoN

=1

> (AR + VeRl?) < CoN

N
k=1
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where py = Zgil |o0) (DR ]1 denotes the projector onto the orbitals acting on the first particle
variable x1. Additionally, consider for t > 0 the quantities pgt = chvzl IVi]? and pﬁt =
SV AL and for allt > 0 the quantity

S(t) = max{|lpelloc, [l oo, 105 1o 13-

Then there exists a universal constant C' > 0 such that for all bounded multiplication operators

M : L*(R%) — L*(R3)

N N
(®,, M®,) — /\ @ M\ )| < Ce“O )M o max {
k=1 k=1

_2-3s
32

with C(t) = fot dr exp (Cln((2+1¢)S(t)) [y do S(0)) .eq

Remark 2. The right hand side of the inequality of Theorem EI is small for N — oo for
macroscopic times ¢t € O(1) with respect to the particle number N as long as S(t) € O(1).
The first two assumptions on the initial conditions address the fraction of particles outside the
condensate (®g, (1 —p;1)Po) and the difference between the kinetic energy of the macroscopic
and effective initial states. Both assumptions may be slightly relaxed at the expense of a
deterioration in the error bounds; we refer the reader to Subsection 2.3.2 and Lemma
for more details. For the reader’s convenience, we have stated the slightly stricter version
of the assumptions here. The third initial condition of S0 | (J|A@Y|2 + [[Vel|?) < CoN
corresponds physically to the setting where the particles occupy a volume of order N. Note
that the setting of the extensive volume of order N, is also reflected in S(t) € O(1) as the
density p; and the pointwise kinetic energy density py are not pathologically concentrated
in space.

Remark 3. Instead of considering this setting of an extensive volume and macroscopic times,
we can equivalently treat the case of a volume of order 1 and short times of order N=%/3. This

is a direct consequence of the homogeneous interaction potential | - |~* and can be seen as
follows: For any s > 0, we can introduce re-scaled time and space variables (£, %) € R x RN
via
=N, 2.1.11
i = N3z (2.1.11)

and the re-scaled many-body wave function via
= - 1 1
Vi@, ..., 2In) = \IIN,N*%E <N 5%1,..., N 3xN) (2.1.12)

which now solves the Schrédinger equation in the new variables with coupling parameter
1. Thus, by this re-scaling argument we can treat the Hamiltonian () with Ay(s) =1
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for all s € (0,2/3) for shorter times t € O(N~%/3) and conditions on the Hartree solutions
adjusted to the volume of order 1, that are:

N N
max {N7/3 D IIAQRP, NN ||wg||2} < G (2.1.13)
k=1 k=1

for a Cy > 0. We emphasize that the time scale of O(N~2/3) is expected to be optimal for
the mean-field description since it neglects correlations arising from the interaction. Thus, as
soon as the expected the kinetic energy per particle changes significantly due to the interac-
tion, the mean-field description is not expected to be valid anymore. Due to Proposition ﬁ
we can bound the change of the expected kinetic energy per particle by the product of
mean-field force and momentum per particle. It follows, that for t € O(N~%/3) the expected
kinetic energy per particle cannot be bounded of the same order anymore. Thus, the time
scale is expected to be optimal.

Remark 4. In [HMP25], we replaced the singular interaction by a regular one and studied
the re-scaled dense case with a volume of order 1 and short times of order N=2/3. Due to
the restriction to regular interactions, the analysis simplifies making for example Lemma m
obsolete as the long-range behavior of the interaction is sub-dominant. In this case, one
circumvents the quantity S(t) = max{||pilsc, 103 loc, [|05:[loc; 1} and all assumptions can be
fully reduced to initial conditions on the orbitals and microscopic state.

(a) (b)
N
. A A A
PR A A
A S A AT
Vol ~N N N I N : N It
' N

Figure 2.1.1: (a) Illustration of a possible setting satisfying the conditions of the main the-
orem. The total occupied volume is of order N and hence extensive, the distance between
the cells is of order 1. (b) Illustration of the alternating occupation number using a checker-
board pattern as a representative example. The system is divided into a regular array of
cells, with fermions initially confined to alternating occupied cells (white) while neighboring
cells remain unoccupied (yellow). In the time scale of interest, the particles can traverse the
nearest-cell distance.
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Remark 5. Given that we assume the particles have an initial kinetic energy of order 1 with
respect to IV, and we can prove that this property persists over time due to Proposition [L6,
the particles can traverse the typical inter-particle distance within the time scale for which
our proof is valid. Thus, similar to the extensive volume setting in [PP16, BBP*16], observ-
ables M of interest should be sensitive for local properties on small scales. As an example,
one considers M as an alternating occupation number: The system’s volume is partitioned
into 2N cells of order-one volume. As an initial state, we consider smooth wave packets
with disjoint supports, arranged such that occupied and unoccupied cells alternate. The
alternating occupation number M is then defined as the number of fermions found in the
initially unoccupied cells at a given time. This observable is particularly sensitive to small-
scale spatial transport and captures local spatial redistribution in an interacting fermionic
system.

Strategy of the proof

We briefly explain the strategy of the derivation. The central idea is to extract the large
potential by introducing a gauging phase and consider the gauged Schrodinger and Hartree

equations. We start by decomposing the potential () into a singular part u(SN) and a

long-range part v(™):

uN) = u(SN) + @) (2.1.14)
Anlz|™* Lz <1
N N ) >
(@) = uMx(|z] < 1) = {0 e (2.1.15)
oM () = W™y (|z] > 1). (2.1.16)
The gauged wave functions
\I/t _ ei(zlﬁk<lSNU(N)(xkixl))tq)t, wli — ei(U(N)*pt)tQOl]; (2117)
satisfy the equations
N
2
00, = HE )T, HE() =Y (Ni + tﬂ) + Y @ —m), (2118
i=1 1<k<I<N

10y, = hE ()Y he(t) = (N + t7>2 — 10, (v(N) * pt> + < (2.1.19)
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with

Z O Y = V™ (@ - ay), (2.1.20)
J=Lig#i
) = fM(z) = —(Vo™) « p,)(x), (2.1.21)
a=(x) = (W) % py) (2) (2.1.22)
Let us note that

0™ p) =GV - f)+ (f-iV) +2tf - f (2.1.23)

with
(f -iV)(21) = /dy ZW(@/)VW(N)(% —y)-z’V%(y), (2.1.24)
¥ D) = [y 3690 0) Vol - ) i), (2129
T T = [ 4y Ve -0 T ) (2.1.26)

Note that () is a direct consequence of the continuity equation d;p; = —V - J; with
J; : R? — R? and

y) =23 I {g () (Vi) ()} + 2t (w)on(y) = 2 Zlm {3 (Ve)w)}. (2.1.27)

We note that well-posedness of () and () are inherited from (El%) and (Ela)

since the solutions only differ by a gauging phase. More specifically, we can write

U, = Ut\po’ U, = = ¢ (Zl<k<l<N o) (2 — Iz))te*lHt (2.1.28)

Y

The existence and uniqueness of solutions of (El_ﬂ) is given by [BDPF76] and our regularity
assumptions on our initial conditions (see also [BBP*16, Theorem A.1.]).

In order to simplify H® we make use of the projectors p! == p¥i=¥~ = STV |t} (k] and
¢' = 1—p, with the orthonormal solutions {¢! }7*_, of () The new equations will then

be studied with the aid of an auxiliary Hamiltonian that is denoted by H#(t) and obtained
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by writing

N N
= (0 + dh) (iVm Y (g fn (0 + qi)) x
m=1

k=1k#£m

N
X (ivm +t > P+ a) frpl + Qf)) o +d)+ Y. ) (m—m).
I=1,1%m 1<k<I<N

(2.1.30)

and discarding all terms that contain more than three g operators except for the singular part
u(<N). The reason for introducing this auxiliary Hamiltonian is that although the gauging
procedure eliminated the large potential u™) from the generator of our gauged dynamics,
we are still facing a magnetic-type explicitly time-dependent Hamiltonian H#(¢). The main
difficulty is to treat the gradient terms where V¢! W-terms appear making direct Gronwall
estimates in terms of ¢! ¥, or V¢, ¥, impossible. Due to the restricted number of ¢‘-operators
in the auxiliary Hamiltonian, we can avoid such gradient terms in the Gronwall estimates.
Note also that this problem does not apply to the singular part since no gradient operators
occur.

For the auxiliary dynamics generated by Ifﬁi(t), we will show convergence in the sense that
there exists a C'(t) > 0 only depending on ¢ and a > 0 such that for all ¢ € [0,7] for a
T>0

(t) = (U, i ¥y) < C(t)N7" (2.1.31)

where q; =1 — Zk LY (Yk]; and U, = Ut oWy with Uts being the two-parameter groups
generated by H g( ). The rigorous result is stated in Proposition }ﬂ and will be shown using
ideas and techniques similar to the ones introduced in [BBP*16, Pet14, PP16]. Moreover,
due to the magnetic-type structure of (R.1.18), it is necessary to find kinetic bounds of the
form ||V1¢!W,|| < CN~ for a v > 0. Since the quantity ||V;¢!¥,||> corresponds to the
kinetic energy of the particles outside of the orbitals, we need to control the time evolution
of the bad kinetic energy. Such a bound is provided by propagating an appropriate energy
difference (see Proposition R3).

In a second step, we will show that the auxiliary dynamics allows a norm approximation for
the dynamics generated by HY(t), that is for all t € [0,7T] for a T' > 0

1T, — 0, 2220 (2.1.32)

where U; = U; U as defined in () The main challenge lies in establishing sufficiently
good bounds for g-operators acting on ¥; which cannot be achieved by directly applying a
Duhamel argument. Instead, we will use a cut-off weight function in the Duhamel argument
that seamlessly integrates with the techniques employed to prove Proposition R1. Note that
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in this step all the difference (H& — ]—ﬁ) appears and necessarily the gradient term Vﬂﬁ\it
appears which has to be estimated with the previously derived kinetic bound. Further details
on this approach are explained in Section @

Note that due to the fact that it holds

Oé(t) - Oé( ) <\Ijt7 Q1\Ilt> <§Dt7 Qi\i’t>
- <\IJt7 Q1\Ijt> - <\Ilt7 qilsilt> + <\Ijt7 Q§\~I/t> - <®t7qiijt>

< ts Qi(q’t - ‘i’t» + <\I’t - \i[tv Q§i’t>
< a(t )1/2H‘Ijt - {I}t” + Oé(t)l/QH‘I’t - ‘thH (2.1.33)
~ 1
a(t )+2||\I/t_\1/t||2+104(t) (2.1.34)
we find 8
alt) < 5 (H\ift — Wy + &(t)) DR (2.1.35)

This is already sufficient to conclude the desired result due to the following known results:

Lemma 6 ([PP16, Lemma 3.2]). Let uf be the reduced one-particle density matriz with
respect to W € L2 (R*N) and p§ter = LSV k) (k| with {y* Y, being a orthonormal
system. For any bounded operator A : L*(R3) — L?(R?) it holds

[trApy — e A | < Allopllid — g8 | < 2v2]|Allop{T, 01 )2,

1 T
A e e

From that we can conclude:

Proposition 7. Let u® be the reduced one-particle density matriz with respect to ®, being
he_solution of (E.1.4) and pfter = LSOV |GtV (@b with {@4 Y, being the solution of
2.1.19). For any bounded multiplication operator M : L*(R3) — L*(R?) it holds for any
t>0

S~

—

Mgt — trM S| < (| M loplld — 18 || < 2V/2]| M [|oper(t)/?
with (0) < || — pftter]], /2.
2.2 Preliminaries

2.2.1 The counting functional formalism

We use the following counting functional as introduced in [PP16] for the fermionic setting:
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Definition 8. Let {¢;}}, € LQ(R?’) be orthonormal. Define the projectors

pi=pf W:—Zm oil=Nng,,  q=1-p.

For any one-particle operator A : LQ(RS) — L*(R3) and i € {1,...,N}, we define the
notation A; to indicate that the operator acts only on the first variable, i.e.

A =1®... A .® 1.
i (9 ® & &®

i-th position

Definition 9. Let {¢;}, € L?(R?) be orthonormal. We define a weight function as
f:{0,...,N} — [0,1] satisfying f(0) =0, f(N ) = 1. The weight operator is defined by

N

fom o ka_zf (qunpm) |

k=0 = m=k+1
For ¢ € L?*(R*") be normalized define the functional
ag = ay (W, o1, on) = (¥, f0)

where (-, -) denotes the scalar product on L?(R3N).

Note that in general Py, satisfies for each k € {1 ..., N} that Py Py = 0Py and

Py = Z le " (g

{bm}m€EA, mel

A = {7 = {b,}N_, €{0,1}": iv: b = k:} :

The most important choices of weight functions which appear in Theorem Ej are defined by

where

n(k) = N (2.2.1)
m(k) = m.,(k) = min{l, %} with v € (0, 1], (2.2.2)
I(k) = % (2.2.3)

for all k € {0,..., N}. Note that the definition for the functional is consistent with ()
since it holds for w € L2 (R3Y)
N

N N
Qn = amwzl - Z ¢ PN kqu) Z %@07 Z QmPN,szD) = <¢7 Q1¢)> (224)
k=0

k=0 m=1
due to the antisymmetry of 1.
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2.2.2 Estimates of the Hartree solution
Throughout the entire proofs, we have to rely on bounds of mean-field quantities depending

on {¢t}V  as solutions of (2.1.1g) and the corresponding spatial density p, = SN | [4f]? =
SV |¢t| where {¢!} are the solutions of ()

2.2.2.1 Estimates of mean-field quantities

In the following, we summarize the relevant bounds for the mean-field quantities of interest
in dependence of ||pt]|s and ||p:|l1. We collect the estimates under the following statement:

Lemma 10 (Estimates of the mean-field terms). There exists a constant C' > 0 such that

_1 —
1. N75 [0 pyloo, IS0 5 pellso < (lotlloo + lloell N7,

2 NP s prlloo < CeN=*(lptllo + el LNT!) where

1 s < 1/2
a=ua(s)=<1—¢ ,s=1/2
22-s) ,s>1/2

for e > 0 arbitrarily small,

N—3 ,s <1

3.V - M pel|oe < Cllpell oo N ’
V- 7 pilloe < Clllptllos + el N7 421y s=1

4o AL s pelloos, AV - O piloe < CAn(Ilpelloe + oeiN T,

N
5. IV f(Nl)I2  pilloos (1AL 5 pilloos [1FN % pell oo 1UE 2 % prlloo < CXZ (lpelloo +
ol NT),

N N N _
6. [ 5 polloos [1VeL7] % ol ool 26D ] % pilloe < CANlpt]loo + 06k NTY) for s < 1.

Remark 11. The condition ||ps]]; < ¢N is trivially satisfied since {¢!}_ | are normalized.
Later on, we will apply the bounds to quantities convoluted with pf* := Zszl | Ayt |? for
operators A on L?(RR?).

Proof. In the following, we demonstrate explicit bounds for a representative subset of the
terms. The remaining terms can be bounded analogously. Note that it holds ||p][1 = N
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since the orbitals are normed such that we can estimate by the Holder inequality

o)« p, < Ay v (z = y)p(z) dz
(™) % pr) (v) (/() (@~ y)o(o) do+ [

B]cvl/g, (v)

< [ ol / oM@ —y)dz+ . swp ol
By1/3(0) v€BT1/5(0)

/30
N1/3
< Ay (H/)tHoo/ |7+ d]| + ||pt||1N‘3>
1

s (1 _ 1 (1 _
< (Gl + i) < 3 (Gl + V) @25)

|z =y pe(x) daf)

and analogously

1
(42 0) 00 = il ([ 1ol i
0

1 —
3V (pello + lloel N7 (2.2.6)
(IS5 p1) () < llpelloe + oo LN (2.2.7)

<

In order to bound the mean-field quantities with respect to variations of p; we make the
following definition:

Definition 12. Let p? = S0 |Ott]? where {¢}} are orthornomal solutions of () and
O is an operator on L*(R?). We define

D(t) = max{lpelloc, 12 lloos 117 loos N7 oY 11, N7 Io2 11, 13-

Lemma 13. Let pl = SO |h&(t)yL)> where {¢L} are orthornomal_normalized solutions
of the gauged Schrodinger equation generated by h8(t) as defined in (R.1.19). There exists a
C > 0 such that fort > 0 it holds

ot loe < C(1+1)*D(t)?,
Iptll < C(1+t)* D(t)*N,
1BEp1||op < C(1 4 1)*D(t)> N7,
1B5p1]|opas < C(1+1)2D(t)2.
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Remark 14. In order to control the kinetic energy of particles outside the orbitals (the so-

called bad kinetic energy), we will later consider the slight deviation l;v??(t) of the gauged
Hamiltonian h&(t) as

~ t 1 2t>

with R and W as defined in () and (respectively. It is easy to check that h&(t)

satisfies the same estimates as h%(¢) in Lemma [13.

Proof. Recall that h® = (iV + tf)? — t0,0 + U< thus by direct computation we obtain

N
. 2
pr=_ liowy
k=1
< C (21100131 + [Tl oope + 1 F I3y + p7)
<C((X+1)'D)'p +2D(t)py + p7) - (2.2.9)
For antisymmetric wave functions we find

PSP 2 as = SUD  (P}thas, Pl tas) (2.2.10)
YELZ(RPN),

Hwasuzl

with p? = 3TN [hE(t)4!) (1. Thus, by using Lemma @ it follows immediately

1
”h%plugp,as < NHP?HI (2211)
As a simple consequence of Lemma @, we obtain analogously ||hfp1|Z, < [|p}]|:- ]

2.2.2.2 Conversion of gauged to ungauged quantities

Let us note that the properties on the LP-norms for p € [1,00] of the solutions {¢t}
of the original mean-field equation (@) translate to the solutions {1!} | of the gauged
mean-field equation (R.1.19) as both differ only via a phase factor. In particular we find the
following statement by direct calculation:

Lemma 15. Consider D(t) as defined in Definition and d(t) = max{||p||oo, 1} for
t > 0.There exists a C' > 0 such that for p € [1,00] and t > 0 it holds

li0iilly < C (((1+1)D(E) + D)%) lloillp + 120 )
IVUilly < C (td®) okl + Vi)
1A%, < C ((td(t) +£2d(1)*) llehlly + td@) I Veorllp + [ Agkly) -
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Moreover, with 'OZt =, |Vg0};|2,p£t = S0 |ApL[?, there exists a C' > 0 such that for
p € [1,00] and t > 0 it holds

ot lls < € (log Il + () llpel)
oy < C (oG llp + 2d®)llpg Il + (Fd(t)* + t*d(6))lpelly) -

Proof. This is an immediate consequence of the back transform ¢! = e=™)! yielding

10t = (=t — A + 1<)l (2.2.12)

Recall that —0,0 = (iV - f) + (f - iV) + 2tf - f which can be estimated by Cauchy-Schwarz

and Lemma m

i) ()
g}j/ﬁyWﬂvamem—ynwwww\

< ([ a1 !Z}% )”(/ﬁwaWmm—yngvaww)

<1 o) 2 | 1F \*m ()] (2.2.13)

and similarly

1/2

07 Tl <11 ) s ()| Y2 | |F] 5 p¥ (1) |2, (2.2.14)
77 g/ﬂyww — )| [F@)| piw)
SMﬂMHmMMﬂMHm@M- (2.2.15)

Furthermore, it holds
Vi = e (=it fol, + Vl) (2.2.16)
Ayl = e (—tz?%;, —it(V - gk —itf - Vil + sz) . (2.2.17)

We find the desired estimates using Lemma @ with [|pt]lecs 107 e, |02 |lee < D(t) by defi-
nition. In addition, it holds by direct computation

105l < € (6%, + E(llpellcc + 1 uly) (22.18)
ol < O (181 + 2ledloe + D165,
+ (0l prlloo + 120+ E(lorllos + 120l ). (2.2.19)
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2.2.2.3 Kinetic energy estimates

Since the normed (ungauged) solutions {¢} }4_, of () satisfy energy conservation in the
sense that E(t) = (¢k, h(t)pl) is conserved in time, we obtain under the assumption that
|pt]lco < D(t) for all ¢ > 0 the simple bound

ol

D IVEIE < B + ) ek vei)| < Y IV +2(D(0) + D(t) N (2.2.20)
k=1 k=1 k=1

where we used Lemma @ to estimate |[7]jco and [|f|lo. Using Vir = e™™ (it for + Vo)
we obtain for the gauged solutions {1t} | satisfying S_r | [[V42||> < CN for a C' > 0 that

N
S IVYL? < Ct)N (2.2.21)
k=1

where C(t) depends quadratically on D(t) and t.

In the following we will show that the N-dependence of the kinetic energy () can be
improved by a Gronwall argument.

Proposition 16. Let {¢t}Y | be orthonormal solutions of () satisfying for each k €
{1,...,N} and for a C > 0 it holds

IVerll* < C.
There is a constant C > 0 such that for all k € {1,...,N} and for allt >0

[Vh |2 < CeClo drllioelloet1)

Under the additional assumption that for each k € {1,...,N} and for a C >0
[A]* < C,

it follows that there exists a non-negative function t — C(t) which is affine linear in D(t)
such that for all k € {1,...,N} and for allt >0

A2 + [Vl || < CeC o dr(lptlloot1).

Proof. We neglect the implicit t-dependencies in the notation of our proof. Consider
i 2| _ t A (N) t
dt - {(90@ [ U *p} ¢k>|
= |<90ll;7 (AU(N) * pt)soi +2 (VU(N) * Pt) : VSOZ>|
<2/ Va™ 5 pelloo Vil + 1A 5 py|oo [l 25 (2.2.22)
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Due to the assumption that ||p||s < D(t) and Lemma [10 it holds N'/3||Au™) xp, ||, || Vu™)
Ptllooc < C (||ptlloo + 1) . Thus, it holds by Gronwall’s inequality

VLI < cChiarllorlesd (172 1 1). (2223)

Similarly, it holds

= [{eh, [EV)*, ™) % p] b))
< 2[(=Agk, (Vul™ x py) - Vb )| + 3 [{oh, (Au™ x p,) (—A)eh) |
+2 [{(Vul™ % p) - Ve, (—A)eh)]
< 3)Vu™ s pylloo (IAGEI + VL) + 1AW % pyloo (1 + [|AgL])

d
el A t|12
G

< C (el + 1) 1AGLIP + C (lptllos + 1) IV (2.2.24)

and therefore
T (IALLI* + IVLI) | < C (lpellos + 1) (IAQENZ + IVeLl* + 1) (2.2.25)
[ |

2.3 Properties of the auxiliary dynamics

In this section, we define the auxiliary dynamics ¥, generated by the simplified Hamiltonian
He. Subsequently, we show that the counting functional with respect to the auxiliary dy-
namics qft can be bounded with a Gronwall estimate. In order to bound the norm difference
between the gauged dynamics ¥,, generated by H®, and the auxiliary dynamics U, we need
to establish a bound for the gradient term ||V1gW,||. This will be done in Subsection @

Let {¢! }_| be orthonormal normalized solutions of the gauged mean-field equation ()
We define the projectors p and ¢ with respect to orthonormal system {w}&  as

N
t t
pi=pt=plie =y (v, (2.3.1)
j=1
g=q¢" =1-7p". (2.3.2)
It is convenient to define the projector PS¢ only acting on particles with indices in C C
{1,2,...,N} to for all a = 0,1,...|C| as the sum over all products of projectors where in

each summand g¢-projectors occur exactly a times (and p-operators (|C| — a) times) as

pé= Y [ rh(gm) (2.3.3)

{bm}m€EA, meC
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with
=17 |cw
Agi=13 b = {bn}mec € {0, 11> b =ap. (2.3.4)
meC
We introduce the following notation
Wfffi = Z Pb{m’k} (t)wmkpjz’k}(tl (2.3.5)
b=0
winy = P (Own P (1) (2.3.6)
b=0
for any two-body multiplication operator of the form w,,; = w(z,,—xy) form,k € {1,...,N}
and three-body multiplication operator wy,, for m,k,l € {1,..., N}. Now, we consider the
two-body terms
Wik (1) = H(W ) + 12 (Wf )k + (U< )k (2.3.7)
with (wvf)mk = (va) ke + foke (va) + (ka)  frm + frm - (Nk), (2.3.8)
(Wf)mk = fink * fmk + frm * fam (2.3.9)
(<), = 02 (@ — 1) (2.3.10)
and the three-body term
Wikt (1) = 12 (W g )i (2.3.11)

for m,k,l € {1,...,N}.

The auxiliary Hamiltonian can be decomposed into its one-body, two-body and three-body
part the following way

He(t) =D (=Ap)+ > @)+ Y Wanlt) (2.3.13)

m=1 1<m<k<N 1<m<k<I<N
with
Bk (1) = Wi (£) + WA (E) + Wi (£) + (u) (1) + (u<) Sk (8), (2.3.14)
Bk (£) = Wiy (£) + Wity (8) + wii (2). (2.3.15)

The well-posedness of the auxiliary time evolution generated by Pﬁ(t) is given by the fol-
lowing statement:
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Lemma 17. Let T > 0 and assume that there is a C' > 0 such that D(7) = max{||p; |lso, [|2Y [lo0s |22 |lcc, N
C for all 7 € [0,T]. Then there exists a unique two-parameter family of unitary operators
U(r,o): L2 (R3N) — L2 (R3N) such that

1. the 7 +— U(t,0)¥ is continuously differentiable for each o € [0,T] and ¥ € L2 (R3N)
with i0,.U(t,0)¥, = He(T)U(T, )W,

2. U(r,7) =1 and U(r, p)U(p,0) = U(r,0) for all p,o,7 € [0,T],
3. (r,0) = U(r,0)V is strongly continuous on [0,T]? for all U e L2 (R3N) .

4. The solution map ¥y —> 0(7, 0)V is unitary.

Proof. The proof is based on [SG16, Theorem 2.5] and analyzing the time-dependent part
of Hs(t)

B(t) = He(t) =Y (A — > ul(wp —m). (2.3.16)

i=1 1<k<I<N

It is sufficient to show that B(t) is a bounded operator and that ¢ — B(t) is Lipschitz
continuous in operator norm.

Boundedness can be seen by [|¢t]lops [P} ]lop < C, (@) and [L0 since for all m,k = 1,..., N
and ¢ € [0,7]

| frniePrmllop < Hiﬁgw,pﬂfﬁﬁw S FE #pilloo S D(B). (2.3.17)

In addition, note that by definition of H contains the full singular part u(SN) of the interaction
and at most two g-operators per term such that gradient terms can always be evaluated with
a p-operator, for instance it holds for all ¥ € L2 (R3Y) that

i ph fro - Vidi b |
SNV lop 11 % pell 2 + I llop 1| V1 - fral® * pel| X2 < D(£)2. (2.3.18)

where we used |[|[Vipi1|lop < [[p2]]1 in the last step.

The Lipschitz continuity of ¢ — B(t) follows from the Lipschitz continuity of ¢ — p' =
p¥i+¥~ . This is achieved by considering the time-derivative using idyp' = [h&(t),p'] and
RSPt llop < D(t)* by Lemma . The last item is a direct consequence that Hs(t) is

~

self-adjoint. ]

We will use the notation U, = U(t,0) and ¥, = U,¥, with respect to an initial state
Uy € L2 (R*N) from now on for the two-parameter group form Lemma [17.
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2.3.1 Convergence of the counting functional

Let ¥, = U, ¥, be generated by () for some Wy € L2(R3N) with || W)l = 1 and {¢}},
be the orthonormal solutions of the gauged mean-field equation (R.1.19). In the following,
we study the time-dependent counting functional

df(lf) =y (‘i/tﬂﬂi, ce ’¢§V>
for specific weight functions f. We define for v € (0, 1]

O =0 (1) = Gy, = <\i/t, Tﬁy\,t\i’t%

O =0, (1) = Gy, = <\it, i U,).

It is convenient to decompose the gauged mean-field Hamiltonian as

R§(t) == —Ay + tRy + *W, + u<(zy) (2.3.19)

with
Rj = Rj(t) =iV, - f(x;) + f(x;) - iV, + GV - f)(a;) + (f -iV)(x;), (2.3.20)
Wy = Wi(t) = 2f - Flay) + T Flay). (2.3.21)

Lemma 18 (Derivative of &¢). It holds for allt > 0 that 0yés(t) = (I)+(11)+ (L) +(IV)+(V)
with

(1) = I Ty, N (f — f_1) ((N )PP, () B 2, (tR) + w=(11)) p1> ),
(1) = Im( T, N (f = fo) PI" (N = Dwio (1) PEHE,),
(I1) := Im( T, N (f = f1) PN = 1) (u<) o P20,
1 . P -
(V) = Stm(B, N (f = 1) (V= DOV = 2) P2V wna () Y — 662 Wap ) W),
1 ~ ~ -
(V) = gtm(W, N (f = o) PRIV = DOV = 2w ()P,



2.3. PROPERTIES OF THE AUXILIARY DYNAMICS 65
Proof of Lemma |1§. Due to the antisymmetry of U, it holds
Driy(t) = O Wy, f‘ift>
N
— (W, [He(t) = D RE(), | W)
- a N
=i(Ty, | D W)+ Y W) = Y (LR + W+ (1)), f | B
[1<m<k<N 1<m<k<I<N j=1
(0, _wwm(t) — % (tRy + u<(z1) + tRy + u<(72)) ,f} 0,)
+ (0, {N(N — 16)(N — 2>w123(t) - tQ% (2W; + 2W, + 2Ws) ,f] v,)
= i(¥, [Alg( } U,) + (0, [3123( }\1/ ). (2.3.22)

Analogously for as in [PP16, Lemma 6.5] one obtains for the two-body part by combining
that P{"? consists of exactly two terms for a = 1,2 with wys = wa; and (u<)12 = (u<)a
and using that R; and Ry give exactly the same contribution on antisymmetric states

- <\I/t, [Am( i|\11t>
= §<\ijt7 (]E — fll) ((N — 1)P1{1’2}w12(t)P(j{1’2} - 2(]1 (tRl +@($1))p1> \I/t> —h.c.
CNN D g, (= ) PO PO — he.
N(N —1)

(U, (f = f2) P (uc) 1o P H0,) — hec. (2.3.23)

Similarly we obtain by combining that P consists of exactly three terms for a = 1,2
with W123 — Wi132 = W213 W321 and using that W17W2 and W3 give exactly the same
contribution on antisymmetric states

- <\I/t, [3123@)7 f] \ijt>
_ %@t, <f - f_l) (( —1)(N — 2) Pyt )P{123}> 7)) —he.

- %<\I~’t, (]E - f—l) 6t2q1W1p1\th> +h.c.
LN - 16)(N —2)

<\Ijt, (f — f_2> P2{172’3}w123(t)Pd{l’273}\i/t> — h.c. (2324)
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Lemma 19 (Estimates on 0;&,,). Consider D(t) as defined in Definition |14 as and a = a(s)
as defined in Lemma . In the setting of Lemma m with f =m it holds for all t € R that

(D] < CLD(1)AY? (G + N )2 4 CL2D(1)al /2N 3

+ CD()aY? (N~ + N7*) 2

1/2 1/2
|(IT)| < CtD(t)ak? ((dm - Nl‘V‘“> + (A?V&m + ANN1‘7> )

+ CED()EY? (NG, + AZN )
+ OD(t)&}r{Q (N—a&m + Nl—’Y—a)l/Q ’

2

[N]]S)

|(II1)| < CD(t)N

Qs

(IV)] < CED(£)*aY/2 (G + N )2,

(V)] < CED(E a2 (G + N 7)1

Remark 20. We remark that in all estimates it is essential to utilize the g-operators via the
bounds Lemma @ to close the Gronwall argument with the right order of N. By construction
of the auxiliary Hamiltonian (R.3.13), we can avoid the occurrence of V¢ -terms, which
would otherwise worsen the estimates.

Proof. We estimate each composite of wiz = t(wys)iz + t2(wy)12 and wiz = 2 (wyy)123
separately. The general strategy for f = m is that we split

(i —1m_q) = (i —1m_a) > (e —m_4)"* = D_4D_, (2.3.25)

and push D_, via Lemma @ to the right. Subsequently, the g-operators are estimated with
the weight functions via Lemma B4 and the p-operators are estimated with the interaction
terms via Lemma B§.

Error terms: First we show that the wy-term contributes only to the error. We estimate
with Lemma

(W, N (i — i ) (N — 1) P2 (w)) 1 P, )|

<NYD 0, P wp) o P& E W)

< 2N FP # pulloollar Doy Wy || B B

< C2D(t)Nz 37 *GL/? (2.3.26)
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where we used the weight estimates for lA)_l and E_l from Lemma @ and the bounds for
the mean-field quantity from Lemma m in the last inequality.

Furthermore, it holds by applying Lemma @ and Lemma @
(0, N (i — o) PEYH (N = 1) (w)) 1o PN, )|
< NP D0y, (wp) P E )|

< CRaY2 (D()2N " + DONSN )2 (2.3.27)

lg-terms: The 1g-term for wy; is estimated by applying Lemma @ after using lAl*/\lql U, and
pushing [ to the left using Lemma B( and the estimate

2¢g-terms: For wys-term we estimate with Lemma @
(W, N (1 — o) PN N — D)t (wy )1 PE0,)|
< tN2[(D_y ¥y, P (wp) o By By 0,))|

1/2
< cralf( (Dt (007 DO 1))

+ (D(t)QN—%dm + D(t)QNé—”/>1/2> (2.3.28)

and
(¥, N (2 — 1h_g) PPN (N = 1)(IV = 2)wias () PE230,)|
<ECND oWy, P (wyp)ios P2V B 0|
< CED(t)*aY? (G + NVT70) 2 (2.3.29)
Similarly, it holds for the u<-term
Im{ Wy, N (7 — 1i_5) (N — 1) P{" (ue) 1o PEVH0, )|
< N2 D_o Wy, P (us) o P B 0,)|
< CD(ANGY? (G + N2 (2.3.30)
with A3, < N7
3g-terms: We estimate with Cauchy-Schwarz and Lemma @
\Im@ft, N (i —m_1)q1g2(N — 1)(U§)1QQ2P1‘E>\
< N(N — 1)|<D—1\I~lt> Q1Q2(U§)12P1QQEA—1‘E>|
< CD(t)ANNZ Gy, (2.3.31)
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Proposition 21. Let D(t) as defined in Definition |14 and a = a(s) as defined in Lemma .
There exists a C' > 0 such that for all t > 0 and for v € (0, 1]

Gy, (1) <
G (t) <

e“® (@, (0) + N~y
e“® (@ (0)+ N7
with C(t) = C [, dr (1 +7)*D(7)*) for a C > 0.

Remark 22. Recall that we we decompose the interaction potential into a singular part, as
described in , and a residual part, which is incorporated in the gauge phase. The
radius at which the decomposition occurs is chosen to be N~* with k = 0. For x # 0, one
would find a deteriorated convergence rate in Proposition 21| arising from the estimate on
the singular part and Lemma [10.

Proof. Note that m,—; = 1. The statements follow from Gronwall’s inequalityE |

2.3.2 Estimates of the bad kinetic energy

In this section we want to show that the kinetic energy of of particles outside the orbitals is
bounded in the following sense:

Proposition 23. Let U, be the solution of auxiliary dynamics as given in Lemma with
normalized initial state ®y € L2 (R3N) and let {L}Y | be the solutions of (2.1.19) with

normalized initial data {0}, € L*(R3) satisfying for a Cy > 0
| X
19,20 — 5 Do IVARIP < CoN 2,
k=1
n(0) < CoN—°

with a = a(s) as defined in Lemma . There exists a non-negative map t — C(t) such that
forallt >0

||V1Q1‘i’t“ < e“ONTE

with C(t) = C [} dr (1 +7)*D(7)*) for a C' > 0.

LGrénwall’s inequality states that for a differentiable function o : R — R satisfying d;a(t) <
C(t) (a(t) +€) for t > 0 and for a continuous function C' : R — R it follows for ¢ > 0

at) < elo Co)ds(0) 4 (efot Clo)ds _q)e,
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Remark 24. In fact, we find a more general estimate of the form
1/2

N

1 ~ _a

V10| < € (HV@oHQ—NZHW I+ Ga(0)!/2 + NG (0) + N
k=1

(2.3.32)
with the same C(t) as in the proposition. For the ease of the reader, we restrict here to the
assumptions of the main theorem under which we obtain a more compact bound.

For the kinetic energy estimate, we define an adjusted energy functional with the following
mean-field Hamiltonian

~ t 1 t2

with R, and W,, as defined in () and () respectively and for m € {1,..., N}.

Note the bounds in Lemma [L3 for h® can be applied to A% with the same dependencies in
D(t) and t since they are obtained by estimating R,,, u<(z,,) and W,, separately.

We introduce the gauged fermionic Hartree energy

N
= (U, he(t) (2.3.34)
k=1

and the energy difference between the microscopic system and the fermionic Hartree system

B(t) = <®t(1§é(t) - Eg(t)>\ift>. (2.3.35)

With the following statement we are able to control the bad kinetic energy in terms of the
energy difference:

Lemma 25. Under the assumptions of Proposition @, there exists a constant C' > 0 such
that for allt > 0 it holds

S IVianBi|® < C(1+8)D(0)B(E) + C(L+£)°D(1)*N <d3/2(t> T NTE N%“an(t)) .

k=1

Proof. We rewrite

N
Z )+ wo L w® L w® Lyt L yg®w (2.3.36)
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where W) only consists of summands with exactly j g-operators and correspondingly for

U = Zl<m<,€<1\,(1,o<)£n;C (see notation ()) It then holds

N N
Z G (—Am)Gm = Z {(=An) = Pm(=Am)pm — Pm(=Am)@m — @m(—=Ln)Pm}
m=1 m=1
— He — {Wm) + WO+ WO L y® 4 g™}

- Z {Pm(=Am)pm + Pm(—=An)@m + @n(=Apn)Pm } - (2.3.37)

Now we add and subtract F#(t) such that

Z IV ¥el|> = B(t) + Do + Dy — Dy — D3 (2.3.38)
with
Dy = (¥, (Eg(t) = Pl =An)pm — W<°>> v,), (2.3.39)
Dl - <\i/ta (Z Qm + qm( A )pm) - W(1)> \ijt>7 (2340)
— (T, W 5)@ D, (2.3.41)
= (0, (U® + UW) ). (2.3.42)

The goal is now to show that Dy, D; and D, can be bounded by the alpha functionals. We
emphasize that the main purpose of working with h# instead of h® is to bound Dy with an
appropriate diagonalization estimate.

Dy-term: To bound this term, we add and subtract p; hNglpl such that

N N
DO = <\I]t (7 me (ilvgm + Am) Pm — W(0)> @t> + <\Tjta (Eg - mefjgmpm> \Tjt>
" " (2.3.43)

Recall that wia(t) = t(wys)ie + 2(wp) + (u<)o and wiss(t) = 2(wys)1as and he,, =
—Ap + LR, + Su(zy,) + t2W,,. We employ Lemma

N
(W, (W(O) — > pm (f?o’m + Am> pm> Uy
m=1
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< |<\ijta ( Z wr(;gl)c(t) - % me (tRm +@($m))pm> \i/t>|

1<m<k<N m=1

~ 2 N B
+ (%, ( > walt) -3 mewmpm> @)
m=1

1<m<k<I<N

71
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N, = -
< t§|<‘1’t; <(N - l)P(;{LQ}(wVf)12P0{L2} —P1R1P1> Uy)l
N - -
10 (V= DA () 2R — prr(anp ) B)|
N -
S (T (V= DR (wp) P 2|

N . -
#E (B, (V= DOV = P g as B = 262 Wap ) B
< C(1+t)*D(t )N1 a+0( t)?D(t)N&/? (2.3.44)

with D(t) from Definition @ Additionally, we use Lemma @ with h8 instead of h® to
estimate

(0, (E mehgmpm) )| < o2 (Na, + 1)1

m=1

< C(1+1t)’D(t)>’Nal/. (2.3.45)

D;-term: In contrast to the approach in the proof of Lemma @ where we had to use the

cancellation with the mean-field term, we estimate this term directly in terms of &, "2,

URTIE ST SN AL AU ST RTCR
1<m<k<N 1<m<k<I<N
= N(N — 1)Re{ 0, B, (1) P,
. N(N = 1)(N —2)

R€<q/t, PO{172’3}U)123 (t)Pi{17273}‘1~/t>

3
with
N(N = 1)Re( 0, B (wy )1 P,
< CtD(t)N(1+ N~5)al/?, (2.3.46)
(N DRe( W, B (wp) o P10,
< CED(t)N'""a)/?, (2.3.47)
(N 1)Re( ¥, P, {12}( PN
< CD(t)AyNal/? (2.3.48)

with Ay < N~%2 and

) Re(W,, B> w5 (8) PE*21, )
= Ct*D(t)*Nal/?. (2.3.49)



2.3. PROPERTIES OF THE AUXILIARY DYNAMICS 73
Moreover, the kinetic terms are estimated by Cauchy-Schwarz

|<\ijta Z {pm(_Am)Qm + Qm<_Am>pm} \ijt>|

<2N(Ty, qi (—A1)pr )|
2N ]| [[Arpr P

< 2N&Y2||Aip Ty < 2D(t)Y2Nal/? (2.3.50)
where we used Lemma @ in the last line to estimate
N
. 1 .
A1 < NII‘I%IIQI; IAYL]1? < D(t) (2.3.51)

with D(t) from Definition .

Ds-term: We decompose

EWOR) = Y (el0i) s Y (G0,

1<m<k<N 1<m<k<I<N
N(N—=1),- -
_ NV -1) 5 )<\I/t,Pl{l’Q}wu(t)Pl{l’Q}\I/t> (2.3.52a)
- {1,2} {1,2} 7
+ N(N — 1)Re(Wy, Py win(t) Py 70y (2.3.52b)
N(N —1)(N —2) - -
M ) )<\Ift, P2 0 () P, (2.3.52¢)

Re(W,, B> w5 (8) P, ) (2.3.52d)

6
N N(N — 3)(]\/—2)

where we recall that wp,(t) = t(wef)mr + (W) mk + (U<)mp and Wik (£) = (Wsf )kt

We estimate using Lemma @ and Lemma @ for the symmetric 2¢-terms

|(2.3.524))| < C(1 +t)D(t)Na, + CtD(t)NaL/?|| ViU, || + C2D(t)N %G,  (2.3.53)
(2.3.524)| < C¥*D(t)*Na, (2.3.54)

and for the antisymmetric 2¢-terms

(R:3.521)| < CLD()NGY? (6, + N-2)?
1/2
+ CtD(t)Na/? <&n N-% 4 Ai[)

+ DY (a3 +23)"?
+ Ct*D(t)Nay, (2.3.55)

(R.3.52d)| < C2D(t)2NGY? (6, + N=)7 (2.3.56)
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Note that it holds due to the antisymmetry of ¥,

N
~ 1 ~
tD()N&Y?| Vi1 Ty < Ct*D(t)*Néy, + 5 > Vo Wl (2.3.57)
m=1

Dgs-term: Note that since 0 < u< we can neglect the U®-term and it holds with Lemma @
—D3 < Z ‘Pt, U< ‘Pt>‘

1<k<I<N
< N?Re(¥y, P ()1 P2,
< CD(t)*A\yN2d, < CD(t)V’N: 54, (2.3.58)
n

Lemma 26. Consider the energy differences B(t) as defined in () fort > 0. Under the
assumptions of Proposition |2 E there exists a constant C' > 0 such that for all t > 0 it holds

NY3B()| < COA+ ) D) (N7 B(E) + dn(t)/? + N %a, (1) + N73) |

Proof. We use the time evolutions from Lemma @ in the form of
00, = f?é\ift, (2.3.59)

and will neglect the t-dependence of the operators p' and ¢! in our further notation. We
calculate

i0,8(t) = (0,10, (ﬁé _ Eg) b))
N N
= (¥, <(28tHg > (W, (0.2 > +5 G, [hgl?g} vy (2:3.61)
k=1 k=1

Recall that the Hamiltonians are time-dependent

~ t 2 1
h%@ = - Am + tRm + t2Wm + @(l‘m) = hgm + §Rm + §t2Wm + 5@(357%)’

> (wenh+ (wepin + (we) )

m=1 1<m<k<N

w2 3 () + () + (wn) )

1<m<k<N

0 2
+2 > <(wff)£n;cl + (wpp)oh + (Wf)f&z)

1<m<k<I<N

Il
sz

+ 03 (W)l + (w)E A+ () + (u)

1<m<k<N
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with R,, and W,, defined in () and (), respectively, and the shorthand notation
(E.3.5).

There are three sources of t-dependence in he and He:

(a) the derivative of R,,, W,, and u<(z,,) for each m € {1,..., N} will cancel with the
commutator term [h&, hg|,

(b) the derivative of the explicit t-dependence will be treated as in the proof of Lemma @,

(c) the derivative of w(® will only contribute if the derivative hits a p-operator in W)
due to cancellations of the following form

(0:q1)q2p3h123p102ps + (Oep1)gapshiaspipaps = 0,

that is each derivative of a g-operator in a W (¥-term has a canceling derivative of a p-
operator in the corresponding W@ Y-term for a = 1,2. Note that in (c), the singular
part u< does not contribute since we included the singular interaction without any
p, g-decomposition in the auxiliary Hamiltonian.

More explicitly, to estimate the time derivative () we decompose

N N
(i0,He) — Z Uk, (10hE)L) + ) (U, [hgﬁg] Ur.)
k=1

=(a) + (b) +( ) (2.3.62)

with
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N
= > (ke e )
k=1
_ Z ol < (i0;R) ’52 (i(?tW) + %(z’@tm)) Vi), (2.3.63)
N
Wi=i 3 (o) + @) = i5 > s P
1<m<k<N m=1

N
. ST
+ 12t Z (wff)ggz - Z2§ Z PWinDm
m=1

1<m<k<I<N

. 1 1 . 1

+i Y (wephh+wl) +i2t DD (wi)ok

1<m<k<N 1<m<k<I<N

. 2 2 . 2

+i Y (wepf+ o) +izt D (wi)ek (2.3.64)
1<m<k<N 1<m<k<I<N

(C) = Z <¢lt’w7(j;€8)q/t>—f— Z <\Ift,w kl \Ijt> (2365)
1<m<k<N 1<m<k<I<N

where we introduced the notation w®9 corresponding to the cases where the derivative hits
a p-operator in (c).

Now, we explain how to estimate each part of the time derivative.

(a): We first note that the following trace identities hold

E5(t) = try (pﬁgl(t)m) ; (2.3.66)
Ry = tra (pa(wvy)i2p2) | (2.3.67)

Wy = %trzs (p2ps(wyg)i2spsp2) , (2.3.68)
u<(z1) = tra (pou<(z1 — 2)p2) (2.3.69)

where tra(A2) = >, cn(Un, A12uy)2 denotes the partial trace over the second variable of a
two-body operator Ao and {u, },en denotes an orthonormal system of L? (R3) and similarly
for a three body operator Ajs3. Moreover, we can re-write (a) as the following trace terms

(a) = try (p1 {h :, ( Ry + t;wl + ;u<(x1))} p1>

try (p1 (i(z’@tRl) tQ(zatwl) ;(z‘a@(:pl))> p1>. (2.3.70)
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Now, using the symmetry (wyy)12 = (wys)21 and u<(xq — 22) = u<(r2 — x1) it follows

try (p1(i0,R1)p1) = —tr1 (prtra (p2 [A5, (wes)i2] p2) p1)
= —tr12 (P1p2 [h5, (Wys)12] P2p1)
= —try (p2 [A3, (wyf)i2] P2)
= —try (p2 [h5, Ry p2) (2.3.71)

and completely analogously
try (pu(i0<(21))p1) = —tra (p2 [h3, u<(22)] p2) - (2.3.72)
Similarly, using the symmetry of (wyy)125 we obtain

] 1
try (p1 (10 W1)py) = _étrl (p1tras (paps [AS + RS, (wrf)123] P3p2) P1)

= —tr123 (P1p2ps (M5, (Wif)123) P3P2p1)

Therefore, we obtain the identity

(a) = tI'l (pl [h%, (tRl + t2W1 +@($1))} p1> = tI‘l (pl [h%, hgﬂ pl) =0. (2374)

(b): This term corresponds to the Dy-term, Dj-term and Ds-term from the proof of
Lemma where the time derivative acted on the explicit time dependence. Thus, we
find the estimate

(T4, ()W) < C(1+t)D(t)N <N‘16 + a2+ NG, + N—%) . (2.3.75)

(c): In this part, we are only estimating the non-singular part
lf)mk(t> = wmk(t) — (u§>mk = t(wvf)mk -+ tQ(’LUf>mk (2376)

It holds due to the antisymmetry

<@t7 (C)\ijt>

= Y (@l + Y (TLuE)(0)0)
1<m<k<N 1<m<k<I<N
N(N N(N —1)(N -2

1) - - i D
- D) e + Kool 00

6
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with

wi? (1) = (08" ) (P + PP (t) (i0,P8)

+ ((i0p1) g2 + @1 (i0,p2)) wro(t) P 4 P (t) ((i0ip1) g + @1 (i0ip2))

U}gg)< ) = (i@tPO{LZ’S}> wlgg(t)Pg{l’Zg} + P2{172’3}'U}123(t> (z@ P{1’273}>

+ (g3(i0ip1p2) + q1(i0ypaps) + q2(i0ip1p3)) wias(t )P{l 29
+ PP 0155 (8) (g3(i0p1p2) + @1 (i0ipaps) + ga(i0pips)) -

Using wia(t) = weq(t) we further simplify

(B, (0 P8) wiat) P
= 2(Wy, (h§p1 — pih) patins (£ P20,

(T, ((0ep1)a2 + q1(Fep2)) () P20y
= 2<\Tjt7 (h%pl - plh%) QQ'Llujlg(t)Pl{l’Q}\i/t%

and using wigg = w13 = W321
<\I~/t7 <8tP0{1’2’3}> w123<t>P2{1’273}q/t>
= 3<\ijt> (hp1 — p1hY) papswias(t )P{l 23 t)s
and
(Uy, (g3(8ip1p2) + @1 (Bipaps) + @2 (Orprps)) wias(£) PL210,)
= 6<\ijt7 (h§p1 — p1hf) <p26]3w123( )P{ 23}) U £
Thus, it holds
<qjta (C)\i]t>
= ZQN(N — 1)Re(¢/t, (h%pl — plh%) lele(t>Pé{l’2}qft>
+iN(N = 1)(N = 2)Re(T, (h8py — p1h8) popswias(t) P22,
+i2N(N — 1)Re(W,, (hépy — p1h8) gutbio(t) P 0,)
+2N(N = 1)(N = 2)Re(y, (hp1 — pif) (pagswras ()P ) Ty

(2.3.77)

(2.3.78)

(2.3.79)

(2.3.80)

(2.3.81)

(2.3.82)
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which is estimated by using Lemma @ with ¢ = ¥, and the bounds for Pt by Lemma

|(.3.834)
< O+t DN Vig || (N *a, + N~) "2
+ O+ DN Vil (N + ) 2
+C(1+t)°D(t)3N?a,
+C(1+1)* D> N'""GY? (14 6,) ", (2.3.84)

(.3.831)|
< C(1+t)*D(t)*NaY? (N~ + &,) "

+ O+ 0D N G, (2.3.85)

and by using Lemma @

(.3.834)|
l—a

< O(1L+ DN 6l (812 4 [ Vag i)

+C(1+t)°D(@t)*N (&;/valql\ift\l + N*%dn>
+O(1L+8)*D(t)* Nz a,, (2.3.86)

|(2.3.83d)

<C1+0)'DE)'N"* 24,
+C(1+t)*Dt)*Na,. (2.3.87)

In total, by using Lemma @ we arrive at

(T, () T,)| < C(L+t)'DE)*N (N7'B +al/? + N' ™G, + N7%). (2.3.88)

Proof of Proposition @ From Lemma @, we infer by Gronwall’s inequality
N7IB(t)
t
< @l dr (i (N‘%(O) + / ds (e (t)"/? + NGy (t) + N_;))
0

< CR A DD (N0 4 (@,(0)% + ', (0) + N F)) (2.3.89)
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where we inserted Proposition @ and used a > 2/3 for s < 1. Using the antisymmetry of
W, it holds with Lemma

N
N 1 -
Vil = 5 > Vil
k=1

< C(1+)DEON B
+C(1+1)*D(t)? (d}/Q(t) L NTE 4 Nl_Tadn(t)>
< Clodr DO (NTLR(0) + G, (0)/2 + N179G, (0) + N75)  (2.3.90)

where we used that (14 ¢)"D(¢)" > 1 for all n € N and thus the prefactor can be absorbed
in the exponent. Note that by definition () it holds

N N
N7UB(0) = (W, (-A Z Ui (=2)9k) = [Vi®ol* — ZHW)QHQ-
k= k:l

We assumed initial conditions such that N°&,(0) < Cp for a universal constant Cy > 0 to
obtain the desired result. [ |

2.4 Norm approximation of the gauged dynamics

It remains to show the norm approximation between the gauged dynamics and its auxiliary
dynamics. However, a direct application of Duhamel’s formula in the form of

t —_—
T, — 0, < 2/ ds (Uq, <Hg(s) - Hg(s)> 8 (2.4.1)
0
is not sufficient, as one encounters terms of the form

N(N — Dt(Vs, 1p2 V7 - ffév)%%‘i’sﬂ
< NSO 5 ol L2 g2 | [V aan @) (2.4.2)

Even if it would hold Hqul\IJSH,N“quqg@sH < C(s) for_a C(s) > 0 under appropriate
assumptions, we still can only find an upper bound for ) of the O(N3/2N—3%/2) which
is even at best not small with the estimates of Lemma .

In order to make the most of the properties of the auxiliary dynamics we introduce a weight

function
Wy = Wqyy =1 — 1y for v € (0, 1] (2.4.3)

and prove the following lemma:
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Lemma 27. Let UV, = U, as defined in (P ) and Ut\lfo = ﬁ/t be the solutions of
(B.1.3) and (), respectively, with normalized initial state Vo € L2 (R3N) and interaction
parameter s € (0,2/3). Consider

Aw(s) (t) = <‘Ijt7 (Hg(t) - ﬁg@)) w'?(s)’tqjt>’

B,y(s) (t) = <‘Ift, ‘Ift>

N
He(t) = > " hE(t), ity (o)
j=1

with ~(s) = max{1/8, (2 — s)/12}.
Under the assumption of Proposition @ such that for allt >0

Ao (D] + | By (B)] < e“® max N_%,N_%
v(s) v(s)

with C(t) = Cfot dr (14 7)*D(7)? for a constant C' > 0.

Remark 28. The term B, (t) corresponds to an analogue of the difference appearing in the
Gronwall argument Lemma @ as derivative of the counting functional. The term A.(t)
contains the remainder terms neglected in the auxiliary Hamiltonian. Since (H g_[’_j’g) include
terms with many g-operators, it is unavoidable to encounter a gradient term V¢;. As to be
seen, it is crucial that we can control the ||Vyq; %, via Proposition R3. In comparison to
() we have an additional weight function . ; to utilize g-operators via Lemma B3

Before turning to the proof, we show how to obtain as an immediate consequence of Lemma @
the desired norm approximation:

Proposition 29. Let U,V = U, as defined in (R.1.28) and Uy = U, be the solutions
of (513) and (R.1.18) respectively with normalized initial state Vo € L2 (R3N). Under the
assumptions of Proposition |23, there exists a C > 0 such that for allt > 0 and s € (0,2/3)

9 — W < €O max { N, N5
with C(t) = C [{ dr (1+7)*D(r)2.

Proof of Proposition @ By triangle inequality it holds for any v € [0, 1]

[Ty — || < Wy — b0 Ty | + ||, T — Ty

S \/2R€<q/t, \ilt — w%tq]t) + \/2R€<\Ift, \I/t — UAJ,y,tqjt>

— V2al? 4 \/ 2Re { (W, 1,0 W0) + (W, (ihy0 — Uiy, U)W0) } - (2.4.4)
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using U; g¥y = ¥; and Ut70\110 = \i/t. Note that a,,, is bounded by Proposition @ and
t d .. 5 ‘ t
—(Wy, (0 — U wtht)\Im) <\I/0,/0 gUsw%SUS\PO ds) :z/o ds {A,(s)+ B,(s)}.
(2.4.5)
Note that for any v € [0 1] it holds kN~7 < N'™EN-! it follows d&,,,, < N'77@&, and
therefore &, (0) < CoN—%() implies d, L (0) < N'=7=a(s) Recall that a(s) € [2/3, 1] for any
€ (0,1]. Thus, by takmg the choice of Lemma @, which can be written as v(s) = a(s)/8,
it follows

Qa(s) 8

Ay (0)] + By (1)] < CCON- (2.4.6)

and we obtain the desired result. [ |

Proof of Lemma @ Note that the bound for |B,(s)| is similar to the Gronwall argument
Lemma E but Wlth two different states on the left and right side of the inner product.
Similarly to Lemma [I§, we can use of ||qui/ >0, ||2 < CN - Ly, and @, < CO(t) (N~et=1)
from Proposition

Using the antisymmetry of ¥, and ¥,, we obtain similarly to () and ()

(W, V)

N
He =" h(t), 1
j=1

= <\I/t, [Wﬁ)lg(t) — ﬂ (tRl + U<<£L‘1) + th + U< U< IL'Q :|
+(w, {N<N_16)<N_2)wl o) — £ g(W1+W2+W3> }\p
= —<\1/t, [Ava(t), 1] Ty ) + 1(% [Bias(t), ] ¥y (2.4.7)

with

(Wy, [Asa(t), 7] Uy

= N(U,, ( — 1)P0{1’2}w12(t)P1{1’2} —2py (tRy + u<(z1)) q1> (i — 1) W, (2.4.8a)
_ N@t, (i — 1) (( N — )P ()P — 2¢0 (tRy + uz(21)) pl) U,)  (2.4.8b)
N(N = 1)(W,, PP o (6) PEY (i — o) Uy (2.4.8¢)
N(N = 1)Uy, (1 — in_s) P o (6) P2, (2.4.8d)
N(N = 1)(W,, P (u) 1o P (i — iy ) Wy (2.4.8¢)
N(N = 1)(W,, (2 — 1) P (ue) 1 P (2.4.8f)
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and

(Uy, [Bias(t), m] U;)

= N(T,, ((N —1)(N = 2) P (1) P — 6t 2p1W1q1> (i — 1) B, (2.4.9a)
~ Ny, (1 — 1) ((N —1)(N — 2) P (1) P 212, Wlpl) b)) (2.4.9b)
+ N(N = 1)(N = 2)(U,, P30 (6) P (7 — iy Uy) (2.4.9¢)
— N(N = 1)(N = 2)(T,, (1l — _y) P w5 (t) P20, (2.4.9d)

Now, we estimate each term:
Using Lemma @ with ¢ = D_ 1\I/t and ¢ = E_ 1V, and Lemma @ yields

(.14

; L~ a 1/2
<INV - £ il B @l (N = Dl g Dyl + D12

N

1 A~ A ~ ~ - 1/2
+ CENE ([ fD 5 Y (IS pel |2 B e <(N — Dllgann D1V |* + \|Q1D—1‘I’t||2>
+ CENI P 5 pellooll By W] [lg2 D1 T
< C(1+t)*D(t)at2? N2 (2.4.10)

where the last line of each inequality is given by the error term wy estimated by Lemma @

With ¢ and ¢ switched we obtain

(.8t
<INHIV - SO pulacll BB (V= 1) 2 Doy il + 1™ 1/%115—1%”2)1/2
F OV 0 T L2115 | LAY B
< (8 = Dl 2qoq Doy 2 4 2w )

+ CtQNH’f(N)| * pt”oonL}&—lQ 1‘I’tH ||ﬁ_1/QCI2D—1‘I’t||
< C(1+t)*D(t)at?N—2 (2.4.11)
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Similarly, using Lemma @ with ¢ = D_,0, and p= E_,U, and Lemma @ yields

(.a.8d)]

< tNH(hE2‘1%”(<6H!f(m|2*ptvllool|l52‘i’t\|2+3||!f(N)| % pelloolllS 0] % Y lloclln Do | )

N . 1/2
+ (107 S92 5 pull ol Do Bl + 1 - £ 5 pul el D2 4] )
+ ENISYE « pllocllan B2 g D2

(V)2 ¥ - ) ™) 4 )
(12172 5 pF oo NN 4+ 187N 5 pulla L] 5 5 o)

1/2
(2107 SO 4 gl NN+ BlIV - S5 12 )

< C(1+1)2D(t)al? (1 +NEE ) (2.4.12)
and with ¥ and ¢ switched

(4.8d)

. - 1/2
StNquDz‘I’tH<<6H|f(N’\ o7 el BBl 4 315 puloollF ) % 0 ol B 02

A~ . 1/2
+ (107 £ 5 ploc | B B2+ 1V - 1) 5 2l B2 2) )
+ENIEF » pilll Bl D2
< C(1+t)*D(t)a 1/2( ) (2.4.13)

Furthermore, it using Lemma @ with ¢ = D_,¥, and Y= E_1U, and Lemma @ yields

|(R.4.8)], |(2.4.81)|

< ONH|[ulP s pu| 2N g By W] [ o D10
< CD(t)N?73. (2.4.14)

For the three-body term we use Lemma @ with ¢ = ﬁ_lift and ¢ = E’_lllft and Lemma @
|(2.4.94)
< CPN | g2 Eorl] (N = V)laan Doyl + gy Do)
< Ct*D(t)%a, N2 (2.4.15)
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and with ¥ and ¢ switched

|(.4.90)

1 " oA~ o . A oA 1/2
< CENF|IFO 5 pl i Br el (V= )2 2o Da @l + 7 D10 )
< CD(t)*a, N2, (2.4.16)

Similarly, using Lemma @ with ¢ = D_,¥, and p = E_,U, and Lemma @ yields

|(R.4.9d)]

< CNIFN) 5 il | B2 0] %
~ ~ “ - 1/2
x (17 %l llargs DBl + IR 5 puloe IO 5 pulo lan Do ?)

< O D(t)*aY? (1 + Nl_'%_") (2.4.17)

and with ¥ and ¢ switched

(.4.9d)|

< CENISN ] pelloslar B2 %

x (I 5 ol llas Do el + 117V 5 puloc 11 % ol D ?)

< O D(t)YaY? (1 + N“z“”) . (2.4.18)

1/2

In total one obtains with Proposition @ a C' > 0 such that

l—a—n

|B,(t)] < CeCr® <N + @m(())l/?) (2.4.19)

with C1(t) = C [; dr (14 7)2D(1)?.

In order to estimate A,(s) first note that the difference between the gauged Hamiltonian
and the auxiliary can be written as

He(s) — He(s) = WO 1 W 4 w® 4 w® (2.4.20)
with j = 3,4,5,6
wi = S wlo+ > w0, (2.4.21)
1<m<k<N 1<m<k<I<N
Wik (1) = Wi () — (<), for m,k e {1,...,N} (2.4.22)

and the projector notation from () and (R.3.6). Note that since He was defined to
include all u<-terms, we need to subtract them here from the two-body terms w,(t).
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Every term is in the following estimated by applying Lemma @, Lemma @ and Lemma @
The general strategy is shift the g-operators in form of 1 to wq¥; and to make use of the
weight estimates from Lemma B5. When possible we shift all V;-operators to ¢;\W; to use .

W®): We first decompose

(U, W0,

= Y (T a8+ Y (T, wh, (0T (2.4.23)
1<m<k<N 1<m<k<I<N
N(N

1 I
_ —)<\1;t7 (wflpl{m}wu(t)%{l’z} + w+1p2{1’2}17112(t>P1{1’2}) \I]t>

2
N(N —-1)(N -2 ~
+ ( 6)( )<‘I’t, (@D,1P1{1’2’3}w123(t)P2{1’2’3} + wHP2{1,2,3}w123(t)P1{1,2,3}> \I’t>
N(N —-1)(N -2 ~
+ ( 6)( )<wtqjt> (@_3]30{1’2’3}10123(t)Pgl{l’Z’g} + 121+3P3{1’2’3}w123(t)Po{l’z’g}) qjt>

(2.4.24)

and use Lemma @ with ¢ = w41V, and ¥ = U, in combination with the weight estimates
Lemma Bj and Lemma @fto obtain

N(N —1 R N N 3 ~
NV 1) 5 )|<‘1’t7 <w+1P1{1’2}w12(t)P2{1’2} + w_1P2{1,2}w12(t)P1{1,2}) W)

< Ct NaP|FOP s p| L2 [ VaqnBe|| + 2N27(||V - fO2 5 |12
3
+Ct N ([N 5 oY |12 4+ IV - FOP 5 ]| 4L2)
+CtN2||[FN x| 2
< CtD(t) (eCQ@N“T“*”*% + N%V*%> (2.4.25)

where in the last line Proposition @ was used to obtain Cy(t) = C’fot dr (1 + 7)*D(7)*.
Furthermore, it holds

N(N —1)(N -2 ) R N
< O &LN| SR 5 o112 11PN # piloe
< C*D(t)> Nz, (2.4.26)

Similarly, we use Lemma @ with ¢ = w_3W¥, and ¢ = ¥, and Lemma @ to estimate
N(N-1)(N -2
6
<O GPNVNSOP x ol (5P * prlle + 1171 2l12)
< C2D(t)> Nz~ (2.4.27)

) (i, T, <w+3P§1’2’3}w123(t)P§1’2’3} + w_3P§1’2’3}w123(t)P[;{l’Q’?’}) )|
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W®: We first decompose

(U, WD)
= > (ealnmal)+ D> (T wl), (b))

1<m<k<N 1<m<k<I<N

_ W@t, WP i, PN,
LNV - 16) (V—2) (v, (mzpl{l’”}wm(t)Pg{“’?’} + w,zp?fl’?’?’}wlzg(t)Pfl’“’}) b))
N N(N — ?W —2) (U, 0P Pyt L2, ) (2.4.28)

and use Lemma @ with ¢ = @V, and ¢y = ¥, in combination with the weight estimates
Lemma B3 and Lemma @O‘uo estimate

N(N —1 ) ) -
NV~ 1) 5 )\<kIJt,wP;1’2}w12P§1’2}\Ift>\

< Ot N2 f M Vi || + N2 (V- F™ e + [FY]2)
<Ot (602('5)]\[177”_%7_% + N”—%) (2.4.29)

where we used ||V - ™|, [If™ ]l < Ay < N=%2 due to the cut-off and Proposition @
Furthermore, using Lemma {7 with ¢ = wV¥,; and ¢ = ¥, and Lemma Bj we estimate

N(N — 1)(N —2 -
( 6)( (0 P2 0,05 (1) P2, )|

<t @ 2N (II1LFYP  pulloo + 1F™N 15 pellooll £l oo)
< CED(t)Nz 37 (2.4.30)

where we used || f™[[o < Ay < N7 and

N(N —1)(N =2 A . .
( 6)( ) |<‘1,t, <w+2P1{1’2’3}w123(t)P?;{l’Q’S} + w_QPg{l’Q’S}wlgg(t)P1{1’2’3}> ‘I’t>|
< O &2NY||fMP % pilloe < CEED(E)N2~29420 (2.4.31)

using Lemma @ with ¢ = WV and ¢ = ¥, and Lemma @

W®): We apply Lemma @ with ¢ = w41V and ¢ = 0, in combination with the weight
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estimates Lemma @ and Lemma @
(T, WO,
< X Kewp@id)

1<m<k<I<N
N(N —1)(N —2 ~ ~
_ ( 6)( ) |<‘1’t, <w+1P2{1’2’3}w123(t)P3{1’2’3} + w_1P3{1’2’3}w123(t)P2{1’2’3}> \I/t>|
< O AN F™P2 5 oo |12 1f oo < CL2D(1) N3+~ 30 (2.4.32)

where we used || f™V)]|o < Ay < N7%2,

W©). We apply Lemma @ with ¢ = WP, and ¢ = ¥, in combination with the weight
estimates Lemma B5 and Lemma é

(U, WORTN < Y (T, wl, (1))

1<m<k<I<N
N(N —1)(N—=2)., -
_ M 6)( )|<w\11t, P2 w0y (0) PE2PH0,) |
< 2 @ANY | FM2 < cENEtITe, (2.4.33)

It follows that there is a constant C(t), C2(t) > 0 only depending on ¢ such that for suffi-
ciently large N it holds

4, (0)] = (W, (HE(E) = HE()) i, 00)|

< O+ 4?D(1)? (N 4 Na#21-de 4 (Ol i+ dont) (2.4.34)

In total, by combining () and (), we obtain
A, ()] + B, (1)
< C(1+1t)?D(t)? (N%“W—“ 4+ Nat2r-3e 4 oC20) Nyatiy—ie 4 eCI<t>N%—%—%> . (2.4.35)

For s € (0,1/2), we find with Lemma [10 and Proposition @ a = a(s) = 1 and thus, the
optimal choice of v = 1/8 such that

|A, ()] + | B,y(t)] < C(1+)2D(t)Pe™{C20:10} =15 (2.4.36)

For s € [3,%), we find with Lemma [10 and Proposition @ a = a(s) = 2(2 — s) and the

optimal choice of y(s) = (2 — s)/12

3.1

|A, ()] + |By(1)] < C(1 4 1)2D(t)*e“2ONss—1.
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Proof of Theorem . Recall that due to Proposition H it holds

< 2V2|| M || oparn ()2 (2.4.37)

N N
(Dy, M) — </\ P M /\ k)
k =1
with a,(t) = (¥y, g1, ¥;) which can be bounded by &, (t) = (Uy, ¢, ¥;) due to

an(t) < g (Gat) + 19 — W) (2.4.38)

as shown in ()

We apply the norm approximation given by Proposition @ and the bound for the counting
functional given by (ﬂo) to obtain the desired result

- 1/2
(®y, M®,) - /\ s M /\ o) |M||op (n®) + 10— o))

< Cecm 0 ap (@ (02 4 mmax { N, N~

wh

4.39)

with C(t) = C [ dr (1 + 7)*D(7)*. The desired constant follows from the initial condition

Zk:l (HAcpkH2 + ||Vg0 1) < CyN, Proposition [L6 . and Lemma @ such that we can esti-
mate the term D(t) — max{ /oo, 19¥ e, 162 loor N4 6¥ lli, N5, 1} with respect to
S(t) = max{||pelloo, 13 |, 125 oo, 1} in the following form:

D) < € ((1+01S0P + 1+ 250 5)
< CM(EHDSM) fg do S(o) (2.4.40)

2.5 Toolbox and general estimates

We consider in this subsection the projectors p = p¥t¥~¥ and ¢ = 1 — p with respect
to a general orthonormal system {¢;}¥,. Moreover, we consider for m = 1,2,..., N and
self-adjoint operators A on L?*(IR3)

N

P = 1A@) (@ilm, (2.5.1)
i=1
N

Pt = |Agl (25.2)

=1

with p! = p,, and p' = p.
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2.5.1 Properties of the counting functional

It is convenient to use the operator P¢ only acting on particles with indicesinC C {1,2,..., N}
to define for all @ = 0, 1, . ..|C| as the sum over all products of projectors where in each sum-
mand g-projectors occur exactly a times as defined in (R.3.3). Due to the antisymmetry of
the wave function we simplify our presentation for the case C = {1,2,3} and {1,2} in the
following;:

P = pipaps,
P1{1,2,3} = P1¢2q3 + q1P2q3 + q1q2p3,
P2{1,2,3} = q1G2p3 + q1P2q3 + P1G24s,
P = qigags,

PO{LQ} = P1D2;

P1{172} = p1q2 + Q1p2,
P = qigo.

Lemma 30. Let h be a self-adjoint operator only acting on the particles with indices
C,C1,Co C{1,2,..., N} with |C|,|Ci|, |Ca| < 3 and define for any d =0,+1,...,+N

N
fa = ZX[O,N](k +d) f(k+d)Py.
k=0

Then it holds for all a,b=10,1,...,3 and k =1,..., N that
f (PERES) = (PEREY) fas
and for C;NCy =0 and a,b=10,1,...,3 and a’, b/ =0,1,...,3
fPS (P2hPg?) P = PO (P2RPS) Py iPe farar—b-v-

It also holds that
IC| C]

Y F=]le+a) =1

k=1
Proof. The first set of equation was shown in [PP16, Lemma 6.4], the second set can be
proved by using the decomposition

[C1] [C2]

Pvw=Y Y P{PRRL N
d=0 d'=0
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and shifting the {1,..., N}\(C; U Cy)-part to see that for all ' = 0,1,...,|C;| and O/ =
0,1,...,|Cs| it holds
PPy PSH = PGPS Py = Py PSP

Lemma 31 (Inversion of f, [Petl4, Lemma 6.5)). Let f(k) > 0 for all 0 < k < N and
f(0)=0. Let 0 < s € Q, then then it holds for f== = Sn_| f(k)"*Pxy that

ffl = fﬁl(Zd— PN,O)-
Furthermore, we need the following statements for concrete choices of weights f .

Lemma 32 (g-conversion to 7). Let € L2 (R3*N). It holds forng = 1,...,6 and sufficiently

large N
no+1

[ H a||” < 20, ()™ ).

Proof. Since Py, contains exactly k g-operators it holds Zﬁzl gm PN = kP, which implies

N
N kPyp=N"" quZPNk N~ qu (2.5.3)
k=0 m=1

Thus, the statement is true for ng = 1. Moreover, it holds, recursively by the projector
property of g;

:>

no 1 N o
0 < (W, | [ ditmpsrt) = N e > @ [ [ aamy)
i=1 m=no+1 i=1

i o (w’ I_OI 4 Z qm¥) — o, 1_0[ Qﬂ/}>>

< N — Z Gm¥)
N —ng—1 !N"o+l el n0+1
< = N ) (N z}f’?ﬂ)
N —ng — 1)IN70
R ), (2.5.4)

The desired result holds for sufficiently large N and in particular in the case of ny < 6 the
result holds for N > 33. ]
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Lemma 33 (I-conversion). Let ¢ € L2 (R3N) and N sufficiently large.
It holds for s,ng € N with ng < N, s/2 <ng and d=10,1,2,3

|1~ S/?qu < 20, ()" ?),

||z+quzwu2 <2 ({0 + e () )

Proof. Note that we can commute Py j and an;rl ¢; with the same argument as used in the
proof of Lemma B0. Since Py j preserves the antisymmetry we can apply Lemma
___mo N N —s/2 N0
RISy (E) . Py [ at)
i=1 k=1 i=1

< 2, ()™ "2y)

and using (I44)? = f4q it follows

HlerHszHQ Z <k+d> wakaHsz

2d

~ (W, (2)™Y).

< 2, ()" + o

Lemma 34 (Welght estlmate for 77, [PP16, Lemma 7.1]). Let D_g = (1, — 111, _q)"/? and
E_g= (40— 31y Cin, (k) Py i)V? for d = 0,1,2,3. Then it holds for all x € L2,(R3N),
h acting on particles with indices C C {1,2,...,N} and a =0,1,...,|C| — d that

Ohw—4ﬁ7,@ff;gﬂf3:uﬁ (PS, ;hPC) E_y.
Furthermore, it holds for all x € L2 (R3N) the following estimates
1D—ax|* < dN77,

lgrD_ax||* < d(d +1)N""
g2 D—ax|* < d(d+1)>N7"2 o

and
IE_ax|* < dN7,
g E_ax|® < dN"' «
g E_ax|* < AN o
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Lemma 35 (Weight estimate for w.). It holds for all v € L2 (R3N), sufficiently large N,
n=1,...,6 andd=0,1,2,3

|| H in'y,—dqvb||2 S 2Nn(7_1)0‘m7

i=1

I TT gstorsats ) < 2N ( + N

i=1

Proof. 1t holds

NY NY

. k

w(k) = Z <1 - m) Py < ZPN,k (2.5.5)
k=0 k=0

and furthermore

N
IT] arto-avoll® =D w(k — d)*(w, [ [ ¢: Pyt
k=d i=1
(k" k—d\’
s2;(ﬁ (1— NW) (. Pra)
N7 n
o N(r—1) (%) (1 kN d) <w7PNkw>
k=d
< 9N"O-D) Z %(w, Py i)
k=d
< 2N"0 Vg, (2.5.6)

where we used max{z" (1 — 2 —¢)? | z € [¢,1],0 < ¢ < 1} < 1. In addition, it holds

n N n
T atbsatll® =D w(k + d)*(w, qu-PN,m
=1 k=0 ;
< o ”Z <k:+d> ( k;d) (0 Pt
< 2Nm0Y (am +dN77) (2.5.7)

where we used max{z"(1 —x)? |z € [0,1]} < 1. |
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2.5.2 Diagonalization estimates

In the following we state a generalized version of the diagonalization lemma [Pet14, Lemma
6.9] which is needed to study our magnetic-type Hamiltonians. We emphasize that the two-
body diagonalization is sufficient for our purpose as the three-body terms are estimated by
a simple triangle inequality argument.

Lemma 36 (Diagonalization of (p3')*hiap3). Consider a two-body operator hig on L*(R3, dr,)®
LQ(]R?’, dxrs) acting on the first and second particles and satisfying hia = Bagia + g12B5 =
(id ® Bs)gi2 + g12(id ® Bj) where g1o = g(x1 — x2) is a multiplication operator for some
measurable function g : R> — R and By = Bj is a symmetric operator acting on the second
particle. Let A be an operator such that

sup [(Ap;, hisApj)e(z1)| < o0 forall1<i,j < N.

r1€R3

For fized x1 there exists an orthonormal set {x}},_, y ={X{'}imi  n Cspan(or,...,on)

7777777

77777

N
(p')" haops = Z Xi(@1)[xi) (i |2

=1

with (Ax}, h12Axj)2 = 0 fori # j and

N N
Z )\i<371) = Z(AS% h12A901'>2(371)>
i=1 i=1

Ai(r1) = (Ax;, o Ax; )2 (1)
Remark 37. In the special case of hyy = h(x; — x9) = h(zy — x1) for a measurable function
h:R3 — R, then it holds \;(x;) = h * |Ax}|*(x1) and in particular

N

D Xilw1) = hx pt(). (2.5.8)

i=1

Proof. The proof works similar as in [Pet14, Lemma 6.9] where A =1 = B, h is a multipli-
cation operator and (pgl)* = p5 = po. First note that

N N
(p5)" haaps = Y (i, haAgs)a(an)l@i) (pil2 = Y (Api, (Bagia + g12B3) Agj)a(1) i) (512
i,j=1 i,j=1

(2.5.9)
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is a self-adjoint N x /N matrix in the second variable and can be diagonalized with eigenvalues,
i.e. there exists a unitary N x N matrix U(z;) depending on the first variable x; such that

foralli=1,...,N
N
X2 =Y Usn(1) o)
k=1
and
N
(p3)" haaps = Nz xd) (|-
i—1
Thus, it holds

Ni(z1) = (xd, (p3) " huaps X1 )2 (21)

N
= Z Usi(21)Usi(z1){0), (p3) " hazpsop)2(a1)
jkfl
Z Uik 96’1)<A90],h121490k> (1)
7,k=1

= <AX}, h12AX11>2(371)-
Moreover, for all k,1 =1,2,..., N it holds

(Axhs P Ax)2 (1) = (X (P8) " Paapixi o (1)

N
= > i) (ks XD (0 XD

i=1

= A (@1)0p-
Thus, it holds

N N N

Y dilwn) =Y (Axd e Axd)a(01) = D (Ay, naAp)a (1)

i=1 i=1 j=1

where we used ), U (21)Us(21) = ji-

(2.5.10)

(2.5.11)

(2.5.12)

(2.5.13)

(2.5.14)

Lemma 38 (Diagonalization estimates). Let hy,, = h(x,—xi) for a non-negative measurable

function h >0 for m,k € {1,..., N} and A be an operator such that

N

1h % p*llee < 00 with p* =) |Api|*.

i=1

Let ¢ be antisymmetric in xs,...,xn. Then it holds
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1.
% 1
(0. (02) hiapd) € e p ),
2. .
(¥, p1 (PQA)* hiapy 1) < m”(h «p) plli(w, ¥),
3.
X 1
(¥, g5 (p1')" pahazhaspi psg)) < (N D)(N —2) 1% plloollh s p™floo (80, qu ).

In particular, it holds for he = h(xs) the estimate

(o, (08" Popde) < el 0.

Remark 39. We emphasize that Lemma @ applies to a broader class of two-body opera-
tors hio, whereas Lemma is valid only for non-negative multiplication operators. This
is consistent, as in practice, we always take the absolute modulus before estimating with
Lemma B8. The diagonalization in Lemma will be needed for cancellations with the
mean-field quantities in Lemma {0 and Lemma @1].

Proof. The proofs work similar to [Pet14, Lemma 6.10, 6.11, 6.12] where A = id. Note that
due to the antisymmetry of ¢ we can lift a projector of the second particle variable to all
antisymmetric variables in ¢ from which the projector does not depend on. In particular for
the case that ¢ is antisymmetric in x5, ...,z y it holds for any + = 1,..., N that

(W, D O ) = / dzydey - dey (21, 2,23, ., 23)XE (22) / dy (@, 9, T, . Ty)

_ 1 a 1 1 1 2
= m(%; ) O lmt) < = Il (2.5.15)

since 20 [xE) (X} m is a projector (the mixed terms vanish since {x!}X | is an orthonormal
system). Thus the first statement follows immediately from A;(z;) > 0 for all i = 1,..., N
and

N
W,Péthzpéqw = Z Xi(@) (W, Ixi) (G |29) (2.5.16)
i=1

The second inequality follows applying Lemma @ a second time with an orthonormal system
{&}02, satisfying

(¥, pr in(xl)m = Zuﬂ&ﬂ@-\z (2.5.17)
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with p; > 0 forany j =1,..., N and
N N
Zuj = /de)\Z(x)p(:p) = /dx (hxp™) (z)p(x). (2.5.18)
j=1 i=1

Additionally, with A7 C L2 (R*") denoting the subset of wave functions which are anti-
symmetric except for the j-th variable and A** .= A7 N A¥ for any j,k = 1,..., N it holds
that

(W, q3 (P)" P2hazhispipage) = (v hiopa/ hispi s, v/ haspsy/ huapi aor))
< llgs®|| (SUP ||\/h13p’14¢||) ( sup ||\/h12p2¢||> X
bEA3 pEALD

(smo II\/Epgcbll) (Sup I hlzp’f‘qzﬁH) a2l

peAL2

2 2
< HQNDHQ (sup H\/h13p1¢]|> ( sup ||v/ h12p2¢|])
PpeA3 PpcALS3

1
SNV =2

1% pllosllh % p ooty 1) (2.5.19)

Note the proof works analogously with a different constant if we replace g3 with q4. ]

2.5.3 Estimates of terms in H® and h®

We give a collection of estimates depending on the number of g-operators occurring. Recall
that p" = 37,0, [k

Lemma 40 (Og-estimates using diagonalization). It holds for ¢, € L2 (R3Y)

1.
N, ((V = DB (wep)ioP = piRip) )]
< 3NE(||FO 5 plI2FN) 712Nl (N = D)llprgeds])? + 1)) 2
+ NS5 o L2015 oY 1210 (N = Dllpasel® + Iorel?) V2,
2.

N(N = 1)[{p, P (wp) o PE0)] < 2NN 5 pllollell (1],
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3.
Nl (V= DR (wo P = priz(ap ) )l
1/2
< N3l 5 pllolliell (N = Dllpraats 2 + paes]2)
4.
Nl (V= )NV = 2) P> (s B = 2 Wi ) )
1 1/2
< 2NH[FN s pliZ el (V= Dlipraavl* + Iprl?) .
d.

1€ (Z Prh&Dm — Y {Pr, hg%)) b))l

k=1

< 12" N2l (Nllgowe|? + 19]1?)

1/2

Proof. We estimate

< N|{p,p1 (N = 1)p2(iV1) - fropa — iV« f(21)) p1o)|
+ N|{@,p1 (N = D)pafiz - (iV1)ps — f(21) - V1) p1ad)]

+ Nl o1 (¥ = 0p2 ((V2) - for + for - (iV2)) p2 = GV - F)(a1) = (F - iV)(@1) ) pats)|
(2.5.20)

NKSO’ ((N - 1)P6{172}<wVf)12P6{ - p1R1p1> w
I
) -

Now, we apply Lemma @ for each of the three differences. More specifically, for the first
term (iVy) - fi2 we use Lemma B for each component of fi5 to obtain

p2fi2p2 = Z/\z(951)|Xz1><le|2 (2.5.21)

with A\(z1) = (f™) % [x}|?) (z1). The strategy is now to utilize that the mean-field term

is equal to the trace S~  Ai(z;). The difference of () and the mean-field term thus
effectively corresponds to a g-operator. We separate the the projector part the trace and the
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projector part by applying the Cauchy-Schwarz inequality:
N|{@,p1 (N = 1)p2(iV1) - frapo — iV - f(21)) 1))

= N|<807p1(iv1) : (Z PmS1mPm — 7(1‘1)> p1¢>|
= N’<go,p1(iV1) : (Z Az@l)(Z |Xz1><Xz1|m - 1)) p1¢>|
N 12 , y N
<N (Z |HAi<x1>|sto||2> (Z (32 I~ 1)pl¢|12>

_1 1/2
< NNz |[fD)] % p|| 1] max (F™ 5 P o 12 el (N = D lpageds? + lp]]?)
(2.5.22)

1/2

1/2

where we used two ingredients in the last line: Firstly, the operator 32 | (1—2222 IxH(x} ]m)

acts as a projector on ! that are antisymmetric in all variables except z; since {x;}¥, is
an orthonormal system and mixed terms vanish

<w1,i (1- S XY )01 = (01, (N - ipm)w
= (", (N = (V=12 )0

= (N = 1)(¢", qoo") + (", 0", (2.5.23)
Secondly, it holds

N N
Dol pYel® <) Ailzn)] _max (o, (py)* i) Ipy )
i=1 1=1

< F™ T plloo] e (1P xi?) 2V

< F™ L plloo IFNT 97| (2.5.24)
since [||x}|?|[y =1 for all ¢ € {1,..., N}. Thus, by combining both ingredients, it holds

N\<<,0,p1 ((N = D)pa(iV1) - frape — iV ?(xl)) p1¢>]

1 1/2
< NE[FO s plIL2FD I (N = Dllgats ] + [ll]2) 2. (2.5.25)
Analogously to (), it follows
N{o,p1 (N = D)pafia - (iV1)p2 — f(z1) - (V1)) p1o0)|
1 1/2
< NS5 ol 2N LI (N = 1) sl + lell?) . (2.5.26)
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Since ((iVg) - fo1 + fo1 - (iV3)) is symmetric in x, we can apply Lemma @ to obtain
N N

P2 me EDm — Y _(Uh heUL) ((iV2) - far + far - (iV2)) p2 = Y k(@) [x}) (X |2
k=1 j=1

with (1) = (f(N) x5 (AVx 1) + fO) x (ZVX})X_;) (71) and estimate by Cauchy-Schwarz

()] < 2 (1FN) % P @) 7 (1Y)« [V P ) 2 (2.5.27)
N
S Irae)? < 2015 5 p¥ oo max O] [y}, (2.5.28)
— ie{1,...,N}

With the same approach as in () it follows

Ni(e,p (N = Dps ((i92) - for + for - (V) po = GV - F)w1) = (F V) (21) ) pr0)|

< 2NE|[FO 5 YL 1FN) % pl12 el (N = D) llaotol® + [l]1?) (2.5.29)
and
N|(p,p1 (N = 1)pa(u<)rops — U< (1)) p10)]
1 1/2
< N2 [[ul s pllo ol (N = 1) lgo ]l + [[]2) 2. (2.5.30)

Now for (wys)i23 we estimate with the triangle inequality

Nl (V= DN = 2R (s A = 20 Wi ) 0)|

< NI (V= DY = 2paps (s o) o = - Tlaw)) o)

+ 2N|<()07p1 ((N D(N = 2)paps3 (fi2 - f13) pap2 — f( 1) - [z )p1¢>|
< AN[(@, pip2 (N = 1)(N = 2)psfor - fazps — (N = 1) for - f(22)) pop12))]

+ 4N (¢, ;1 <(N Dpafor - f(z2)p2 — ﬁ(mﬁ) piY)]

+ 2N‘<907p1p2 ((N —1)(N =2)ps (fi2- fiz)ps — (N — 1) fr2 7(331)) p2pl¢>’
+2N[{@,p1 (N = DN = 2)pa(N = 1) frops — f(1) - f(21)) pr13))] (2.5.31)
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The first line can be estimated similarly to () with (f21)Y2 = | far|/%e4,,

N<go,p1 ((N - 1)(N - 2)p2p3f21 - fazpapa — (N - )p2f21 7( )pz) p11/J>

< NN - 1)|<%P1p2 f21 (Z/\ (z2) (Z X3 (X | — 1>> |f21|1/2p2p1¢>|
N 1/2 N 1/2
< N(N -1) (Z ||/\z‘($2)’f21|1/2p2p190|\2> (Z I < > I m — >|f21|1/2p2p1¢||2>

=1 =1 m=3

N N
< NI L G s InGelpae)? 1Y (32 0 = 1w

=1 m=3

1 1/2
< NEF 5 plZ el (N = Dllpagstel? + [[pel]?) (2.5.32)

Furthermore, for the second line of () we write

pafor - f $2 )p2 = Z,Uz T \Xz XZ|2
with g4 (1) = (f™ % - fx}]?) (z1) and estimate

pir) = / dy x{ () ™M (@1 —y) - Fly)xi (v)
<N <l [ dy 1 = )] )P (25.33)
Thus by taking the same approach as in () we find

N{p,ps ((N — Dpafor - f(z2)p2 — i )p1¢>
< N<S07P1 (Z ,ui(ifl)((N —Dlxi) (il — 1)) p1¢>

1/2

N FN s pl 2 ol (N = D]l + [[¢]?) (2.5.34)

Similarly, we obtain for the last two lines of ()

N{p,pir (N = 1)(N = 2)paps fr2 - fispsps — (N — Dpafiz - f(z1)p2) pied)
< N3|||FNL 5 pl % el (N = D) llprgadl® + pal?) 2, (2.5.35)
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and additionally
N<907P1 ((N — 1)p2fio ‘7(131)172 - 7 : 7(901)) p1¢>

< N{¢.p (Z Ai(1) 7($1)<Z X)) (X |m — 1)) pi)

1 1/2
< NI 5l Z Nl (V= Dllpraet 2 + lprvll?)
The w-term is estimated with Lemma @ as an error term without mean-field pendant:
NN =1, B (g B 1)

< N(N = D){, pip2frz - frapaprt))
< NP5 pllocllel] 11l- (2.5.37)

(2.5.36)

The last item follows again from Lemma @ which yields

N N
mehap =) (i, BEYy) = Zez (Z 160} (&ilm — )
= k=1

with e; = (&, h8&;), where {&}Y, C span(ipy,...,py) is an orthonormal set, defined as in
, that satisfies 21:1 &) (&i|lm = pm- Thus, by Cauchy-Schwarz it follows

I (Z Phpm — > (k. hgwﬁ) V)

k=1
N 12 /N N 1/2
< <Z |||€i|§0||2> (Z | (Z 1600 (il m — 1) @/)||2>
i =1 m=1
1/2
< "1 llell (Nllazel* + [1917) (2.5.38)
where in the last line we used () and
N
Z les]” < Z (hE€;, hegs) =y (hegw, hEor) = ||p"|v- (2.5.39)
k=1
|

Lemma 41 (lg-estimates using diagonalization). It holds for p,v € L2 (R3N)
1.
N|<907 ((N - 1)P0{1’2}(ww)12p1{1’2} - 2lel€I1> ¢>‘
<N |V - Y s pllsoliell (N = Dl |? + lqne]1?)
+ 6N 2| FN] 5 o [N 5 ol L2l (N = Dllgearel® + [l ]?)

1/2

1/2



2.5. TOOLBOX AND GENERAL ESTIMATES 103

Nl (¥ = DOV = P () g P —6p1w1q1) V)l

1 1/2
< 36N || £ % pl2 Il (V= Dllgegr o] + ane]2) "

Nl{p, (N = DR ()P — 2py(a)ay ) )]

N 1/2
< 2N2 [[ul 5 pllliell (N = Dllgrgdl* + a9]]?)

Remark 42. The estimates in Lemma @ and Lemma @ alter from the diagonalization
estimates in [Pet14, PP16] where one finds estimates in terms of |||u™)|? % p||o. Since in our
scaling regime the corresponding quantity is not sufficiently small ||| f™)]? % p||so > N 7' (see
Lemma @), we rather want to utilize all p-operators via Lemma @and

] izl ?potp]] < (N = 1)7Y2[ | F ] 5 pl| o (2.5.40)

where we can use Lemma @ to estimate the right hand side in our applications.

Proof. The estimates work similarly to Lemma @ with the only difference that we want to
avoid that the V-operator acts on a g-operator. Therefore, all expressions with a V-operator
are acting on the left ¢-side here. We decompose

N (e, ((N - 1)P0{1’2}(wvf)12P1{1’2} - 2]9131611) V)]
< 2N|(p,p1 (N = 1)p2(iV1) - frap2 — iV1 - f(21)) qu0)]
+ 2N (o, p1 (N = Dpafrz - (iV1)p2 — f(z1) - iV1) @)

+ 2N’<907P1 ((N — Dp2 ((1V2) - far + far - (iV2)) p2 — (iV - f)(21) — (f - ZV)(ZU1)> Q1¢>’-
(2.5.41)

In comparison to the proof of Lemma @ we estimate

N[{,p1 (N = D)pafia - (iV1)p2 — f(z1) - iV1) qiep)]
< N[, (me Vi fim)pm — (V1 7)(%)) Q)]

m=2

+ N|{p,pY - (N = D)pafiops — f(21)) q1v)|

= N|(e,pY (iv ( —1)|0><03|z—1)>q1¢>|

+ N[{p,pY <Z i — D)Xl — 1)) Q)] (2.5.42)
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with \i(z1) := f™V x|x}2(21) and vi(zy) = V- f™) % |x}?(21). Thus, with the same approach
as in () it holds

N[{,p1 (N = D)pafia - (iV1)p2 — f(z1) - iV1) qip)]
< NIV - ™ plloliel (N = Dllgaand | + ans]|?)
+ N3N % 2N 5 ol L2l (N = Dl o)+l ) (2.5.43)

The other terms are estimated in the same manner as in the the proof of Lemma @ For
instance, write again

1/2

N

b2 ((iVQ) for + for - (ivz))pQ = Z/fj($1)|le-><le-\2

=1
with k;(z1) = <f(N) « XJEVXE) + )« (ZVX})X_;) (z1). With the same approach as in
(.5.29) it follows
N’<90>P1 ((N — D)p2(iVa) - fapa — (iV - f)(951)) Q1¢>‘

SN2 ||| FN s pV 2] pll 222 ol (N = DllgequtdI* + lgaed]|®)
Note that it holds

N|{e, <(N —1)(N - 2)P(5{1’2’3}(wff)123P1{1’2’3} - 6P1W191) V)|
=6N|(p, (N = 1)(N = 2)pipaps (f12 - f13) (@p2ps + 2p1gaps) — piWiqr) ¥)]
< 6N[{@,p1 (N = 1)(N = 2)pops (f12 - f13) pops — f(a1) - f(21)) @)
+ 12N|<90ap2 <(N = DN = 2)pips (fi2 - fi3) psp1 — ﬁ(fﬁz)) Q2@/J>| (2.5.45)

Y2 (2.5.44)

which allows us to use the same triangle inequalities as in the proof of Lemma @, that is
(.5.31) with
N<807P1 ((N — 1)(N = 2)paps fiz - fispsp2 — (N — 1)pafio 'T(ﬂh)m) Q11/1>
1 1/2
< NEFD ] plZ el (V= Dllgraatell® + llav]2) 2, (2.5.46)

N<90>P1 ((N — D)pafar '7(352)]92 - ﬁ(%)) CI1¢>

< NE D] plZ el (V= Dllasgets 1 + Naneell?) (2.5.47)
and additionally
N<<p,p1 ((N — Dpafio ‘7(1’1)]?2 - 7 ‘ 7(%)) Q11/1>
N N
< e (e T (S Wi 1) v
i=1 m=3
< NE[||F s pl il (V= Dllgrgl|? + g ?) (2.5.48)
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Furthermore, it holds

Nl (V= DR (we) o P = 2pyizan ) )
< 2N|<90,p1 (N = 1D)pa(u<)izps — u<) Q1¢>’

N
< 2N|(p,p1 Zﬂi(%) (N =Dxi){xile — 1) )]
N - 1/2 1/2
<2N (lem(a’l)pls@\lQ) (ZH N =D xile = 1) @l )
=1
<2Vl 5 pllcllio] (N = D] + llgre]2) (2.5.49)
with pi(wr) = (0 22 (o). .

Lemma 43 (lg-estimates). It holds for ¢, € L2 (R3N)

1.
M= Do, B (o) aPlH )] < 2V 5 57 1LVl L2l gt

+ 2NV - ) 5 pllligl gl

2.

N(Nz D, PO )P < 2N 5 pllcligl] sl

3.
N(Nz D (g, PO (u)aPE)) < Nl 5 pllcliol ozl

/.

N(N_16>(N 2\< Py w1 PH )|

< BN plS el Nl -

Proof. The estimates are straightforward by exploiting the p-operators with Lemma @ and
splitting fiz = (fi2)'/?| f12|"/? with (fi2)"/? = | f12|"/?€y,, if possible. Furthermore, we priori-
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tize Vipy over Viq;. We estimate
NN = D), By (we )P 0)]
< 2N(N = 1)[{@, pip2 ((iV1) - fiz + fi2 - (V1)) (@2p1 + p2q1) V)|
<AN(N = D)l[(f12)"2 - pY pal ] fral 2 (g2p1 + P21 |
+2N(N = D[[|V1 - frol Ppaprpll IV - fral 7 (g201 + poar) |
S AN [FD 5 pV 2NN 5 pl Lol Nt
+AN|IV - F ) 5 pllo el g2l

and similarly

N(N = 1)|{p, Pt (wy ;)12 P10

(2.5.50)

< UN[|fOL Y I 5 pllZL2 101 lgell + AN - f 5 pllocllel laopll- (2.5.51)

In addition, we estimate
N(N = 1), By (wphia P )|
<2N(N = D{p,pip2 (fr2 - f12) (@201 + p2q1) V)|
<2N(N = Dl frzlpzprell [ f12l(g2p1 + pagi)?|]
< AN FNP % pllsolloll g2l

N(N = 1D)[{p, P (uc)1o P )|
< 2N(N = D) (u<)12] 2papro|l 1] (u)ra]*(qepr + pagi) |
< 2N|[u 5 pllaolioll N0,

and is
NN = DN = 2){p, B> (wyp)aas P 0)|
<6N(N —1)(N — 3)|<<P7P1P2P3 (f12 - f13) (qupaps + 2p1Q2p3)¢>|
< I8N F™ ] pllZ Mol el

Lemma 44 (2g-estimates, symmetric terms). It holds for o, € L2 (R3N)

1.
N(N —-1) 1,2 1,2
TK%H{ Hwg 5)12 Py }¢>|
< 12N F M5 V12N 5 o122 g0 || a2l

2N If N5 plloe (IV1ar9]l a2l + lazell V1))

(2.5.52)

(2.5.53)

(2.5.54)
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2.

N(N _ 1) 1,2 1,2

——5 e P (wp) 2Pl 0) < NP 5 pllc el gt
> N(N —1)

B , , N

—— e " ()P0 < 2Nl 5 pllcarel] flg2ll

4.
N(N —-1)(N -2
( 6>( ) (0, P2 (w ) 1as P20

SON[IFM 1 pll Nl gz -
Proof. We estimate

N(N = 1)[{p, P we )12 P )|

<2N(N = 1)@, (@1p2 + p1¢2) ((iV1) - frz + frz - (iV1)) (@2p1 + P2q1) )]

<2N(N — 1)“(f12)1/2 : (pYQQ +p2V1Q1)80H H|f12\1/2(Q2P1 +P2Q1)¢H
+2N(N — 1)”|f12‘1/2(Q1p2 + p1g2) || ”(f12)1/2 ‘ (P1vfh +p2Vig) Y|

AN plloe IV 2]l a2l + a2l Vagel])

+ 24N L)% pV 2] ol Nzl Nzt (2.5.55)
We estimate with Lemma @
N(N

-1
T)K% P1{1’2}(wf)12P1{1’2}¢>|

<2N(N — 1)<807 q@ip2fi2 - fr2(pagn + C]2p1)¢>
< 2NN # pllssllarell el (2.5.56)

Furthermore, it holds

N(N —1)(N -2
(N DO =2 B2 gy P20

= N(N -1)(N - 2)<<P7 qQ1p2ps fiz - f13Q1p2p3¢>
+2N(N - 1)(N - 2)<90, qQ1p2ps fiz2 - f13p1Q2p3"¢>
+2N(N - 1)(N - 2)<90,p1Q2]93f12 : f13Q1p2p3"¢>
+2N(N - 1)(N - 2)<90,p1Q2p3f12 - f13(p1gaps + p1p2Q3)1/1> (2.5.57)

We estimate with Lemma @

N(N = 1)(N - 2)|<% q1p2ps fi2 - f13Q1P2P3¢>|
< NI plZllaell el (2.5.58)
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and

AN(N —1)(N - 2)|Re<g0, q1p2p3f12 - f13p1Q2p3¢>|
SANFN s plZ el g2l (2.5.59)

and

QN(N - 1)(N - 2)<\T/t,p1qu3f12 : f13(p1Q2p3 + p1p2q;>,)qft>
AN pllZ llazeell llaebll (2.5.60)

Lemma 45 (2g-estimates, asymmetric terms). It holds for v, € L2 (R3Y)

1.
M=), P g ) Pf )
< Nllaiel ((6N-1||<f<N>>2 0 P 0+ 3L plloll 01 % 2 cllnel?)
1/2
+ (NI - O 5 plall? + 11T - ) 5 plI vl )
2.
M=), P ) 0P )
< Nlagall (71 5 plloclll? + I 5 plllaal?)
3.
WK% Pc){l’Z}(Us)12Pé{1’2}¢>|
< vl (2P % ol + 02w ol o)
4.

N(N —1)(N —2
( 6)( ) (o, P23 (wyp) 125 P5 > 0))|

< BN pllocllgrell <
< (P pll gz 1 + HF 5 plll10117)

1/2
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Proof. Similar to before, we exploit the p-operators with Lemma @, split | fia] = | fia|*/?] f12]'/?
if possible and avoid V¢, by applying V to the corresponding p-operator. We estimate by
utilizing the antisymmetry of ¢, 1 to introduce a sum and apply Cauchy-Schwarz to estimate

N(N = 1)[{p, B (we ) Pf )|
<2N(N — 1)|<90,p1p2 ((iV1) - fia + fi2 - (iV1)) Q2CI1@/}>|
<2N(N = 1)[{@, pip2 (2(iV1) - fiz + (iV1 - f12)) (2qu2))|

N N
< 2V q | (20 G frmtn - YN+ 1 i (V- Fum) prapiie) (2:5.61)
m=2 m=2

and furthermore, we employ the symmetrization method with estimate 3 of Lemma @

N

m=2
= (N - 1)<80>p2plv - fi2q2.f12 'p1vp2<ﬂ>
+ (N = 1)(N = 2){qop, p3py - fisfiz - DY P2G3p)
BN 50 oV [[allol? + 3NN  pllooILF N 0V o lane ], (2.5.62)

N
|| Z val : flmpmp1§0||2

m=2

< NV £ 5 plallolP 4+ IV - £ 5 2 o (25.63)

In addition, it holds

N(N = 1)[{p, P (wy) 1o P 9))|

<2N(N = D[{q10: @2.f12 - fropap10)]
N

m=2

with

N
|| Z melm . flmpmp1¢||
m=2

< (N - 1)<1/1,p1p2f12 - Ji2q2.f12 - f12p2p11/1>
+ (N = 1)(N = 2){, pipafi2 - f120203f13 - f13psp1i))

< FMI s plloollll® + 1P pll2 a1 (2.5.65)
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Similarly, it holds

’ ’ N N 1/2
NV = D, B2 () PSP 20)] < Nl (1271 5 pllocl 91 + 12 5 ol s ]?)

(2.5.66)

In addition, we estimate

N(N = 1)(N = 2)[{p, P{"** (wpp)ias P2 0)]
=6N(N —1)(N — 2)|<90,p1p2p3f12 - fis(p1g2gs + QQ1C]2P3)¢>|

N
< 6NN = D)l[[ fro] *prgoell 1D @l frm| | frol*prpopimtd|

m=3

+ 2N(N = D[ fisl osqrel | D gl fiml [frs]/*Prpmpstdl
m=2,4,....N

< I8N M) x plloollqr ]l X
1/2
X (IF 5 plZ a4+ 1172 5 pllocls]) (2:5.67)

where we used

N
1> @l frm| [zl Drpapmtd ||
m=3

< (N - 2)@/’;p1p2’f12|1/2P3|f13|2])3|f12|1/2p2p1¢>

+ (N =2)(N - 3)@/1,p3p2p1|f12|1/2|f13|Q4CI3|f14| |f12|1/2plp2p4¢>
< H|f(N)|2 % plloo (¥, P12 frz|p2p11))

+ (N = 2)(N = 3)(quth, pr fral " pal fral* sl frs /2 | fral /2 pal fral 2 pal fral " prased)
< NTHIF P 5 plloolllLF ST plloo (0, 40)

+ N pllS st Nlaseol

which gives us the desired result. |

Lemma 46 (3q-estimates). It holds for o, € L2 (R3N)
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1.
N(N—l) 12
TK%PE }(ww }¢>|
<AN(N = D)2 M2 4 pllif lai 2ol 1720, V1q0]
LON(N = 2|V - P s pl|Y2 Jsnase] 2~ gt
N(N —1) 12 1,2
TK@,PJ }(ww { }¢>|
<AN(N = D21 FOR ¢ ol laraagl | Vaauet|
F12N(N — DY FOPR s o |42 [0 qgal] 7 g0
ANV = D2V - O s pl 2 0 2] 15 200,
2.
N(N —1 . .
=D o, P (g PL5) | < 2NV = )2 O s L2 il [ gz
N(N —1
WD) (o, P2 ) n PP 0] < 2NV = V2 FO s L2 [ 2] 1~ g1,
3.
N(N =1 ) N
NV =10, PO ), PAP)) < NV = Y2 a5 ol 22 Jisasel] 13 gzl
2
N(N -1
NV =1, PO (0, POD )] < NV — DV al « ol 10 2g0aol] 13210l
2
4.

N(N —-1)(N -2
W= D=, P2 ) P2

SON(N = D2 P pllZ2 M F ] plloo Nl 17 qaseol,

N(N — N — 2
( 6)( |<90, Pz{l’Q’g}(wff)lzzpi{m’g}@|

SONN = D2 ILFP 5 pll 22 115N 5 plloo 122 sl 12721
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N(N = 1)(N = 2)[(0, P{*™ (wyg) 105 P52 )|
< 6N

ol

(N — )||n Q1Q2C]3¢|| ||n+3go\|><

) (NP 5 pll2 4+ IFN R 5 plllF L5 plI%) 2
< — (N = 2)[{p, P> (wpp) 1o P22 )|

N3 (N = 1)llgigagse]| 0] %

N#(N
x (I1FM2 5 pl2, + IFNP # plloolfN )2

%

Proof. Similar to before, we exploit the p-operators with Lemma @ Note that here we
cannot avoid Viq; anymore. We estimate
NN = 1), P (we )i PS0)|
<2N(N - 1)|<90: (@ip2 + P1ga) ((1V
<4N(N —
+2N(N

1)+ fiz + fiz - (V1) i)
DI, (@ + prge) (fr2 - iV1) @i~ a20)|
— D{p, frs1(q1p2 + p12) (iV1 - fr2)n goquth)]

<BN(N = DYV FMP2 5 pl 12 lgn ool 13720V aqu |
+AN(N = D)2V - fYOR s ol il 127 gaqnd| (2.5.68)
and similarly,
N(N = D)l{p, 3" (we )Pt )]
<2N(N = D¢, q12 (V1) - fra + fiz - (iV1)) (@12 + p1g2)¥)]
<AN(N — 1)|<%¢]1sz12 (iViqipa + py 2PR P g) )|
+2N(N = D{p, 22 1a2(iV1 - fro) ™ (q1ps + P1g2)¥)]
<AN(N — )1/2’“][ N)‘z *PH1/2 gzl Vi
+12N(N = DY FN2 5 V(12 [0 o]l 12 g
+HAN(N = D2V - fOR |12 ([0 quaaep] (122 qp |- (2.5.69)

In addition, it holds

N(N = DI, P (wp)n P2 )|
< 2N(N - 1)‘<907 (p1Q2 + Q1p2)f12 : f12(]1CI27/1>\
<AN(N = DY2[[|FN) 5 o[22 gl 12 qrgot| (2.5.70)
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and
N =D, P (wp)e P )|
<2N(N = 1), q1¢2f12 - fr2(p162 + @up2))]
2NN = )N pl| L7 [0 B qrasepl| ([0 P ard]. (2.5.71)
In addition, we estimate
N(N = 1)(N = 2)[(e, pit3 (wff)123P2{1’2’3}¢>|
=6N(N —1)(N — 2)|<90, (q1p2p3 + p1aps + p1p2as) fr2 - fi3(P1g2qs + QQ1Q2P3)¢>|

< B5AN(N = 1)(N = 2)||| frz|pa fisl *psarivsre|l || fis]"2pin gogst)||
<BAN(N = D)2 NP2 pl| 221N plloo aaiienl] 172 g2gs0 | (2.5.72)

and
NN = DN = 2)[{, P> (wy )P 0)
=6N(N —1)(N — 2)|<90> (P142G3 + 2q1¢2p3) f12 - f13(q1paps + P1geps + p1p2Q3)1/1>|
< BAN(N = 1)(N = 2)[[| frs| 203t Col| || frolpal frs] Y21~ 2qs0)|
<BAN(N = )2 FNR % pf 2 £ % pllo i 2]l 117 2gs]- (2.5.73)
Moreover, we estimate
N(N = 1)(N = 2)[(p, Py (wyp)uas Py )|

=O6N(N —1)(N — 2)|<”+/3 @, p1p2psfia - frsn C]1Q2Q3@/’>|
N

A ~3/2
<ON(N = DA~ 2quaagsv || | Y | fim | frzlpripepmd 5|

m=3

< 6N (N — V)|~ 2qqaqs|| [2750] %
1/2
(11PN 5 o2 + 11PN 5 pllso I £ 5 pl|2) (2.5.74)

where we used

N
I Z | fim! | Fralp1ipepme
m=3

< (N - 2)<90»P1P2’f12\pS\f13|2p3\f12\p2p190>
+ (N = 2)(N = 3)(p, pspapi| fra| | f13] | fra] | fr2lp1papasp)
< |||f(N)|2 * P||oo<<Pap1p2|f12|2p2p180>
+ (N =2)(N - 3)<S0apl’f14|1/2p2|f12\p3\f13|1/2 |f14!1/2p4’f12|292|f13\1/2p190>
< NHIFP ol 2Nl
+ NP plloc LS 5 ol Sl (2.5.75)
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and similarly,
NN = (N = 2)[{. B> (wpp)aas Py >V 0)
< 6N (N = Dl qiaagsepl| 11|
X (IFOOR w2+ DR 5 pllolllF ™ pl2) (2.5.76)
which gives us the desired result. |
Lemma 47 (4q-estimates). It holds for ¢, € L2 (R3N)

1.
MO, P g )Pl 2
< 2N(N - 1)Hf Hoo HQ1Q2A1/2<P” ||ﬁ71/2(J2V1Q11/1”
FNW = DIV - Do largzivg] 177" aan]
2.
M=), PP ) o P20 < NN = DI, fauaagl 17 gz
3.
N(N — 16)(]\7 —2) (o, P23 (15, ) 1 P23
< NV =2) (TIN5 plloe + 2015 5 plloe 15 o) lgagaeell 172" qugat]
4.
s 16)(N (o, PP (w105 P2 )|

~3/2 "
<BN(N = D[[f™P % plloe 5ol 1572 q1a2050])

N(N —1)(N -2
W= =2 o, P29 ), P25 )

1/2
<BN(N = D[IF™N 5 plloe 825 qrgagsel] 1221

Proof. We estimate
NN = 1)l(. P (wy )Py )]
<2N(N = D¢, q1¢2 ((iV1) - frz + fi2 - (iV1)) g2qa¥))|
<AN(N = D, 2" gz (frz - iV1) o™ P gat))|
+2N(N —1) ’<90>7TQ1Q2(iV1 - i) g
<AN(N = D[ fM|oo g2l |27 20V 1qu )|
+2N(N = DIV - f Vo [lrgarip|| 127" g2q1)]]- (2.5.77)
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In addition, it holds

N(N = Dl{p, Py (wp)oPy )
< 2N(N = 1)[{¢, g fr2 - froht™ ' qrgot))|
<2N(N = DIFNZ agiaee| 17 agat ]l (2.5.78)

In addition, we estimate

1,2,3 1,2,3
N(N = 1)(N = 2)[{p, P> (g p)1as P2 )|
=6N(N —1)(N —2) |<S0> q1p2P3 + P1G2p3 +p1p2Q3)f12 : f13Q1Q2(I3¢>|
< 18N(N — 1)(N = 2)|| fizlpa| fislpsqi s oll 1137 q1gag500 |

<INV = DIIIF NP % plloo a5 el 177 q1a2050 (2.5.79)

and similarly

NN = DN = 2){p, P (wp)iasP P 0)

=6N(N —1)(N —2) ’<907 01G293f12 - f13(q1p2ps + P1gaps + p1p2Q3)¢>|

< 18N(N — )(N — 2) |5 q1g2a30]| ||| Frolpe| fralps ™ qd||

SIBN(N = DII[F™P % plloo 1325 qrgogsell 77 *aquep]|. (2.5.80)

Moreover, we estimate

N(N = 1)(N = 2)[(e, P2{1’2’3}(wff)123P2{17273}¢>\
=6N(N —1)(N — 2)’<807 (P142G3 + @1P243 + 1G2p3) f12 - f13(p1gags + 2(]1Q2P3W>’
< 2NN = 2)|[IfN1 # pllooll2 q1g20 || [Rg205]|
+12N(N = 2)[|[F] 5 plloo | Ml [0 q1020 || [1g2a30 (2.5.81)

which yields the desired result. ]

Lemma 48 (5q- & 6q-estimates). It holds for o, € L2 (R3N)

N(N —1)(N —2)
6
1 ~
<BN(N = DV = 2 [IFYP % 21N e larao el 12 0gaasl,
NN DN =2) o
: (o, PSP (g By 0|
<BN(N = DIV = 2 [IfYP 5 21N o lanaaasii-sil] 137 qrgo],

1,2,3 1,2,3
(o, P> (wpp) 10 PL )|




116 CHAPTER 2. DERIVATION OF THE FERMIONIC HARTREE EQUATIONS

N(N —1)(N —2
( 6)< ) (o, P32 (wy )12 P52 )|

< N<N - 1)(N - 2)|‘f(N)||<2>o‘|ﬁ3/2611Q2Q3€0‘| ||ﬁ73/ZQ1Q2Q3¢||‘

Proof. In addition, we estimate
NN = 1)(N =2)l{p, Py (wypias P>
= 6N (N — 1)(N = 2)[{@, (102P3 + D124 + 1D2G3) fr2 - fraq12q30)]
< I8N(N = 1)(N =2)[| fi2 - f13P3CJ1Q2ﬁi/1290H 12 qgaqs)
SIBN(N = (N = 22| |fN 2 pll 21 f N o ool 1572 qugagsll  (2.5.82)
and similarly
1,2,3 1,2,3
N(N = 1)(N = 2)[{g, P{"*P (w103 PY > 0)|
= 6N(N - 1)(N - 2>|<<P, 01G293.f12 - f13((l1qu3 + P1G2q3 + q1p293)¢>|
1 . L
<I8N(N = )N =22 [[[ /N 5 pl| L2 f Moo Nargoasi ]l 107 qrgovrl]l. (2.5.83)
Moreover, we estimate
1,2,3 1,2,3
N(N = 1)(N = 2){p, PP (wyp)1as P22 )
=6N(N —1)(N — 2)|<%0; 719293 /12 - f13Q1Q2C]3¢>|
<6N(N = DN = 2)[fME N0 2qgaas0 ] 1272 0gaas0

which gives us the desired result. ]

2.5.4 Estimates of terms in 0,4(t)

The terms appearing in 0;/5(t) typically involve h&(t). We show the following statements:
Lemma 49 (2q-estimates of kinetic terms, asymmetric terms). Let p* = Ejvzl |h&Y; | =

N 1840512 and assume h8py is a bounded operator. It holds for ¢ € L2 (R3N
7=1 J 1 as

1.
(N — D)|(, (hEp1 — pihf) pa(we )12 PS> )|
< 2Vl F N1 % ol 21 B5p1llopas (N = 2)llg2tbl|? + 1)
@l 11V FDP 5 pl L2 [115p1 lopas (N — 2)llgze)® + 1)
+ 2 V1 | (NHIFOP % 0 0"l 4+ lardPFY ] 5 pllooll ] 5 ploo) 2
bl (N IV - SR p ol + s P11V - SN % pllao 1Y - N % 92 ) 2,

1/2
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2.
(N = D)|(e, (hEpy — prh%) pa(wy)12 P2 )|
1/2
< 2l || 111FM1 5 ol L2851 lopas (N = 2)[lgato]® + 1)
_ 1/2
20l (NHFN 5 0 o+ g PPN 5 p)2) 2
3.

(N = 1)(N = 2)|(), (hBp1 — p1h?) paps(w ;)12 PL 43 0)|
1/2
<[ pllL2NFN L o122 Nl (FY1 # plloe + Nlas )21 £N] 5 pll%)

1 1172
+9(N = 1) 2 [|WEpallopasl 7N # pllso 1O P 5 1P ln ol (lgstoll® + (N =2)71) 7.

Proof. Tt holds due to the antisymmetry of

(N = D)[(&h, (hEp1 — pihs) pa(wy )1a PN 0))|
= (N = D[, (hpr — p1h%) p2 (V1 - fi2 + fi2 - V1) 2q1¥)|
+ (N = 1)[(¥, (h5p2 — p2hs) p1 (V1 - fiz + fi2 - Vi) ).

We first focus on the first line and estimate the following terms separately

(N = 1), (Wip1 — puhs) p2 (V1 - faz + fro - Vi) PLV20)|
< (N = 1), hipip2 (V1 - fi2) + 2f12 - Vi) gaqu¥) | (2.5.84a)
+ (N = D[, pihipa (Vi - fr2) + 2f12 - V1) gar))]- (2.5.84D)

It holds for the first line of the right hand side using hip; is a bounded operator

(2.5.344)

N N
<2IViq ol 1Y dmfrmPmpr B0 + bl 1D @n(Vi - fim)Pmprh§and||

m=2 m=2

< 21V 1F P pll S22+ e [ IV - £ = pll2L7)
1/2
X 1h3p1llopas (N = 2)[lg29[* + [[¥]]%) (2.5.85)

where we used with || - ||opas denoting the operator norm on antisymmetric wave functions

[prAS I < [1A5p1 [lop.as 1]
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Furthermore, it holds with including p* = >N | |h€;|* and Lemma @

(.5.841)

N N
<2Vigi | 1D @ Frmpmhiprtll + o | 1 4V - frm)pmbiprd|
m=2 m=2

< 2Vaqueo | (NTHIFP 5 0 oM+l P plloollLF ] % "l o)

_ 1/2
+lla ol (NTHIV - FRR 5 0 "l + g PV - N pllool 1V £ 0" lo)

Similarly, we estimate

(N = D), (hpy — pihf) po(wp)ia PSH0)|
< 2(N = 1), hipipa fra - fr21q29) |
+ 2(N = 1)[(¢, p1hipafiz - fraquq29)).

with

(2.5.874)

N
<20 amfim - FrmpmprB50|| and|
m=2
1/2

< 2llquo || [11F1 ol 21851 lopas (N = 2)llgatbl® + [12]1%)

and

(2.5.87H)
N
<2l 1D Gmfrm - Frmpmhiprt)|

m=2

_ 1/2
<2llg ol (NI 50 o+ N PP+ 0l1%)

(2.5.86)

(2.5.87a)
(2.5.87b)

(2.5.88)

(2.5.89)
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Finally, we estimate

[, (Wpr — 1) pops (wypias Py 2|
[(p, (hSp1 — prh%) paps (fiz - fiz + 2fa1 - fas) (P1G243 + 1p2Gs + q1qeps)))|
(¥, (hipr — p1hY) paps (fra - f13) (P1g2G3 + 2q1p203)7)) |
+ 2|(th, (hEp1 — p1hY) paps (fa1 - fo3) (P1G2as + 1p2as + Graeps))|
< 2[(h, (hsp1) paps (fiz - fi3) (1p2g3)¥)]
+ 2[(0), (R3p1) p2ps (fo1 - fos) (q1q2p3)V)]
+ 2|(th, (hEp1) p2ps (far - fas) (P1G243) )]
+2[(¥, (hip1) p2ps (f21 - f23) (1D203))]|
+ [(, (hp1) paps (frz - fi3) (P162g3) V)|
+ (¥, (p1h}) paps (fi2 - f13) (2010203 + P1a2q3))|
+ 2/, (p1hT) P23 (f21 - f23) (91623 + q1P2as + P1G203)Y)|.

< (&, (h
< (&, (h

We introduce p? = Zjvzl |h81);) (1;]1 and estimate analogously to Lemma @

(10, (p1h%) paps (fi2 - f13) (2q1p2as + P1g2q3) V)]
N

< (N =207 @2/l fioPp2antd]| + I fr2Porgev]]) | ZQm|f12|1/2 | fum|Pmpaplab||

m=3

<3N = D)THN =27 I1F] % pll L lanvoll

1/2
X (ILFEP 5 plloollLF N 5 oo + Mgz [PIF ] plZ AT 5 " loo)

(2.5.90)

and

[0, (p1h%) paps (for - fos) (@1G2ps + qup2gs + P1g2q3) V)]
N
< (N - 2)71 (H|f21|1/2p2Q1¢H + H|f21|1/2p1Q2¢H) | Z:Qm|f21\1/2 \f2m|pmp2plf1/1”
m=3

+ (N =2) 1 fas| o5l | D @l fosl'? | Fomlpspap |

m=1,4,...,N
<3N = 1)7HN = 2) SN pll L2 ] " 182 Mgl

1/2
X (ISP % plloo + Nlase PN 5 pl12) (2.5.91)
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Next, we estimate

|<¢, (h%pl)pﬂ??) (f12 : f13) (Q1P2Q3)¢>‘

N
_1 _
< (N=172(N =271 gl frzl? | fum pepmpr SIS 2 Nl (2.5.92)

m=3

< (V= D) = 27 g 15D s (2.5.93)
1\ 1/2

< LFN 5 plloclll PP 5 o2 (lasell? + (N = 2)7)Y (2.5.94)

[ |

Lemma 50 (2g-estimates of kinetic terms, symmetric terms). Let p" = Z;V LREY; 12 =

Z;.V:l 00512 and assume hip; is a bounded operator. It holds for ¢ € L2 (R3N)

1.
(N = D)|(eh, (hépy — p1hE) ga(wy )12 P2 b))
< 4N = 1)) gotb|| 1hEp1llopas (11 - N1 5 12l ]| + 201 £ 5 ol L2V 10 ]])
+ 8]l [IVaqubl 1FO] s pll X201 £ 5 o)) 12
Al 11V - FN 5 2N - £ 5 |2,
2.
(N = D)|(0, (Bp1 — prh8) qa(wp) 12 P2 )|
< 4(N = 1)2]|gotb|| |hEp1llopasl| F 1 5 pll L2 |
+ Al PPN s pl| L2 £ 5 |2,
3.

(N = (N = 2)[(, (h§p1 — pih$) qaps(wyp)ias PP 0)|
< 9N = 1)2 gt | [R5p1llopas 17 ™1 % plloc L7 N1 # o132 el
OIS pl 22N o1 .

Proof. We give a sketch how to arrive at the stated inequalities starting with

(N = D@, (h§p1 — p1h§) aa(wep)a P )|
< (N = D[, (hip1gz + hgpaqr) (V1 - fi2) + 2f12 - (V1)) (1g2 + qip2)¥)|
+ (N = D@, (p1hfga + pah5ar) (Vi - fi2) +2f12 - (V1)) (1¢2 + qp2)¥)|. (2.5.95)
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The first line is estimated with ||p1hg0 || < [|hp1]lop.as||@2?|| on the left side and the second
line is estimated similarly to (.5.84H) with e.g. [[(Vy - fio)h$pigod|| < (N — 1)7YV2|||V -
F)2 % ph||<1>42||q2@/)||. The right side is estimated similarly to ()

Similarly, we estimate

(N = D), (hEpr — pihf) qa(wp) 12 P )]
< 2(N = D, (h5p1) @2fr2 - fi2(praz2 + qup2)V)]
+ 2(N = D@, (p1hY) @2fr2 - f12(p1ga + qup2)¥)|. (2.5.96)

In addition,

(N = D)(N = 2)(0, (hp1 = pi1hf) @ops(wyp)uas P27 )
= (N = 1)(N = 2)[(¢, (hip1 — p1h%) qops(wyys)123(qupaps + praeps + pipags))|
< 2(N = 1)(N = 2)|(¥, (hip1) @2p3for - fos(qipaps + P1gaps + P1pags)V)]
(N = 1)(N = 2)|(, (hp1) @eps fiz - fis(qipeps + p1geps + p1p2gs) V)|
+ (N = 1)(N = 2)[{¢, (p1h%) q2p3(wyg)123(qupaps + p1geps + p1p2gs)Y)|.- (2.5.97)

The first two lines are estimated by using Cauchy-Schwarz and bringing two g-operators,
one (pyh%)-operator to the left side to obtain ||| f(™)] pHclprlh%ngle, in the third line we
estimate similarly to Lemma {4. |



122 CHAPTER 2. DERIVATION OF THE FERMIONIC HARTREE EQUATIONS



Chapter 3

Effective Polaron Dynamics of an
Impurity Particle Interacting with a
Fermi Gas

This project is mostly a replication of the peer-reviewed paper [HP25] co-authored with
my supervisor, Peter Pickl. I made substantial contributions to all results, particularly
in developing the main idea and its proof. The final version of the paper was edited in
close collaboration with Peter Pickl. New sections on the comparison with the Landau-
Pekar equations and the derivation of the Loschmidt echo, which were not included in our
publication, are added by me. We are grateful for helpful discussions with David Mitrouskas,
Benjamin Schlein and Karla Schon.

3.1 Introduction

The study of impurities in quantum gases has garnered considerable attention due to its
relevance in various physical contexts, ranging from solid-state physics to cold atom experi-
ments. In this context quasi-particles such as polarons stand as intriguing entities emerging
from the interaction of a single impurity particle with a surrounding medium. The concept
of a polaron, originally introduced by Lev Landau to study the motion of an electron in a
dielectric crystal [Lan65], most famously emerges from the celebrated Frohlich Hamiltonian
in second quantization formalism describing electron-phonon interactions [Fr654]. Subse-
quently, the polaron concept was extended to all kind of surrounding media including Bose
and Fermi gases. The formation conditions and properties of polarons are believed to play
a central role to understand the transport properties and the effective mass of impurities
within the host material.

123
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In this article, we study with mathematical rigor the dynamics of an impurity particle
immersed in a dense gas of fermions as surrounding medium. Interactions between fermions
are neglected, and we assume that the impurity particle interacts with the Fermi gas via a
finite-range potential in momentum space. The initial state i) of the system is a product
state between the impurity state and a filled Fermi ball. This mathematical framework finds
resonance with recent experimental and theoretical advancements in the study of ultracold
atoms [SWSZ09, KSN*12, CJL*15]. We emphasize that our assumption on the interaction
potential aligns with the growing interest among experimentalists and theorists in cases
where the impurity is charged, and hence the interaction potential is long-ranged in position
space [CCGB22, MJ24]. We show that the effective dynamics of the system is governed by a
Frohlich-type Hamiltonian, which linearly couples the impurity particle to an almost-bosonic
excitation field. More specifically, the excitations relative to the filled Fermi ball are up to
a constant described by the Hamiltonian

H' = (-A,)®1+1®Dg + ®(h,) (3.1.1)

with (—A,) describing the kinetic energy of the impurity particle, D describing the kinetic
energy of the excitation field and ®(h,) = ¢*(h,)+c(h,) the linear coupling between impurity
particle and excitations. The operators ¢* and ¢ describing this excitation field coincide with
those introduced in a series of pioneering studies on the correlation energy of interacting
fermions [BNP*19, BNP*214, BNP*21h]. We note that an effective Hamiltonian of a similar
type to () has recently been derived in another microscopic setting involving a tracer
particle interacting with excitations of a Bose Einstein condensate [LP22, MS20].
Subsequently, we show that the effective time evolved state can be up to a phase factor
approximated by a time-dependent coupled coherent state W (n,)¢ ® 2 where W is the Weyl
operator of the excitation field which is simply parameterized by a function 7; and €2 is the
Fock space vacuum. An explicit expression for 7, is derived which allows for determining the
number of collective excitations over time. We believe that such quantities are particularly
helpful to gain deeper insights into the formation process of quasi-particles as studied in
experiments such as [CJLT16]. Eventually, we show that the linear coupling term ®(h,)
cannot be omitted in the effective description but adds a leading order effect to the effective
dynamics in the setting of interaction couplings of order 1.

Our results hold for a variety of time scales and couplings, describing different interaction
strengths and mass ratios, which will be specified in the subsequent section. We note that
the same microscopic model has been studied in [JMPP17, JMP18, MP21] but with very
specific choices of couplings different from ours, leading to an effective decoupling of impurity
and gas.
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3.1.1 The microscopic model

We consider an impurity particle interacting with N spinless fermions on a 3-dimensional box
with periodic boundaries described by A := T? := R3/(27Z3). The system is described by a
state in the Hilbert space L?(A,dy) ® Hy with Hy = L*(A)™ where y is the coordinate of
the impurity particle and {x;};—1, .y are the coordinates of the fermions. The Hamiltonian
for our main model of the system is given by

N

Hy = =80y + > (=A;) + A V(zi—y) (3.1.2)

=1

and parameterized by 5, A > 0. Note that the different parts of the Hamiltonian on different
tensor components of our Hilbert space writing, i.e. we used the shorthand notation writing,
for example, —A, = —A, ® 1 for the Laplacian acting on the impurity particle. The
interaction V is assumed to have a Fourier transform V with compact support satisfying
V(k) = V(—Fk) and V(k) > 0 for all k € Z3. Tt is well-known that under this assumption
the Hamiltonian (B.1.2) defines a self-adjoint operator which generates by Stone’s theorem
the unitary time evolution e #~?.

We are interested in the dynamics of the system governed by the time-dependent Schrodinger
equation of the form

L d _

where N is the reduced Planck constant. For mathematical convenience we will always set
h = 1 unless explicitly stated otherwise.

Note that the filled Fermi ball is a ground state for the non-interacting Fermion system. It
is non-degenerate and explicitly given by

_ exp(ikx)

o : 2
ke Bg
We choose the initial state to be of product form
Vo (yimr, ... an) = (y) ® Qo(x1, ... 7N), (3.1.5)

with a general state ¢ for the impurity particle i.e., the system is initially prepared in a state
describing a ground state of the ideal Fermi gas which does not interact with the impurity
particle.

Furthermore, we choose the Fermi momentum kr to be our parameter of the system in the
sense that the particle number is defined as
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N = N(kg) := |Bg|, Bp = {k € 2 : |k| < kp}, (3.1.6)

i.e. the particle number N of the Fermi gas is chosen such that the Fermi ball is completely
filled. Note that the average density is in this case proportional to the number N of gas
particles due to the following relation

iy = <%>1/3N§ +on) (3.1.7)

which is a consequence of Gauss’ counting argument.

3.1.2 Relevant parameters and time scales

In the following, we present the ranges of  and A we are aiming for, and discuss the physical
meaning of the parameters. In addition, it is important to discuss on which time scales our
results hold.

o The parameter § determines the mass ratio of the impurity and Fermi gas particles
such that 8 < 1 corresponds to a relatively heavy, 8 > 1 to a relatively light impurity
particle. The case of equal masses corresponds to § = 1. Our work requires the
restriction 5 € o(kr) see Remark p7. Since kp tends to infinity, this allows to include
all three cases.

o The parameter A € [k Y 6, 1] models the coupling strength between the Fermi gas and
the impurity. For small A we expect a decoupling between the gas and the impurity in
the sense that the time evolution given by (@3 does not entangle an initial state of
product form ¢ ® 2. Such a result was shown in [MP21] with 5 =1 and A = k:;l/2
in three dimensions and [JMPP17, JMP18] with § = A = 1 in two dimensions. Note
that our interaction coupling A is much larger than in [MP21] and in particular, we
are able to include A = 1. As will be discussed in Remark 60, it is necessary to include
excitations of the Fermi gas into the effective description for A = 1.

« Our approximations will apply for times t € O(kz'A71), so that a weaker coupling
strength A corresponds to slightly larger times. The times ¢t € O(kg') are on the time
scale of the fermions near the Fermi surface, which have an approximate momentum
of kr and thus travel a distance of order 1 in this time. We are therefore able to enter
a time scale where the impurity particle can resolve the motion of the fermions. We
remark that the results in [MP21] can be transferred to this setting of A = 1, however,
allowing only for shorter time scales of t € o(kp").
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We remark that results obtained in the previously mentioned parameter range remain valid
under re-scaling by multiplying the Hamiltonian by an overall factor and absorbing it by
re-scaling the time variable. Although we will stick to the above choices, it might still be
helpful for the reader to see some connections to other scaling regimes by re-scaling. We
present two of them briefly:

« Time scales of order 1 are obtained by multiplying the Hamiltonian by an overall factor
of kz'. In this case, the factor k' appears as new parameters in front of the kinetic
energy of the Fermi gas corresponding to a heavy fermion regime.

o Inrecent years the so-called semiclassical regime has been widely studied in the analysis
of dense Fermi gases, as can be seen for example in [Ben22, Saf23]. This regime is
associated with identifying h = kg ! as small parameter instead of setting A = 1. It
is achieved by multiplying the Hamiltonian by an overall factor of k7> and absorbing
kz! in the time variable. For this new time scale, our theorem makes a statement for
times of order 1. The re-scaled Schrodinger equation takes the form of

N N
iho, = (h?ﬁ(—Ay) H R (=A) + Meg® Y V(i — y)> Uy (3.1.8)
=1 i=1

One identifies \kp? € [ky 13/6, k2] as re-scaled interaction coupling.

3.2 Preliminaries

Second quantization It is convenient to consider L*(A, dy) ® Hy as the N-particle sector
of L?(A) ® F with the fermionic Fock space F constructed over L?(A). This way, we have
access to the powerful formalism of second quantization with the fermionic creation operator
a, creating a particle with momentum p € Z? and the annihilation operator a, annihilating
a particle with momentum p € Z3. Those operators satisfy the canonical anticommutation

relations (CAR)
Vp,q € 27 : {ay, al} = Oy, {ap,a.} = 0= {a,,a}. (3.2.1)

Furthermore we introduce the fermionic number operator N := > pezs Apap and the vacuum
Q satisfying a,Q2 = 0 for all p € Z5.

We lift our N-particle Hamiltonian Hy to Fock space as

H=—B0+ Y [kPafar+X > V(k)e™ala, (3.2.2)
—ho leZS k,peZ3

'

~~
—:[Hkin
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which agrees with Hy if restricted to L*(A, dy) ® Hy. We denote by (-, -) the inner product
on L*(A,dy) ® Hy and by || - || the induced norm if not stated otherwise.

We will mostly use the abuse of notation A = 1® A as operator on L*(A) ® F where A acts
as an operator on the Fock space part.

Particle-hole transformation In our analysis, the primary objective is to focus on exci-
tations relative to the non-interacting Fermi ball. In particular, we want to use a description
of our fermionic system in which the non-interacting Fermi ball Qy =[], B, @S is mapped
to the vacuum. To achieve this, we employ the particle-hole transformation, which is a
specific type of fermionic Bogoliubov transformation as creation operators are mapped to
linear combinations of creation and annihilation operators while preserving the CAR. The
particle-hole transformation is defined as the map R : F — F satisfying

v if k € B§
“apR = “ 1 €O and RO = Q . (3.2.3)
a, if k€ By

It is easy to check that the map is well-defined, unitary and satisfies R~! = R* = R.

With this, we can re-write the initial state () representing a non-interacting impurity
particle and a Fermi gas as

ho=9R = (1QR)(p®Q) = Ry. (3.2.4)

Later on, we will mostly use the product state ¥ = ¢ ® 2 of the impurity and the vacuum
instead of 1.
Furthermore, we define
ERY =) |k]> = (RQ, Hy, RQ) (3.2.5)
ke By
to be the energy of the non-interacting Fermi ball.
Of greatest interest is of course the action of the particle-hole transformation on the mi-

croscopic Hamiltonian as generator of the dynamics. The conjugation with R of H =
—BA, + H<™ +V yields

Ho = R'H""R — E}Y' = ) |k[°R*ajRR*a;R — EY" (3.2.6)
keZ3
=Y |klParay + > |kPPapar — ERY (3.2.7)
k€Bg keBg
k> if ke B¢
= Z e(k)aja, — with e(k) = 1% ) l F (3.2.8)
=, —|k? if k € By.
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Similarly, we can see that

R'VR=X Y V(k)e™R a;RR a, R

k,p€Z3
= Z Z V (ke aya,_j, + \ Z Z f/(k)eikya;a;_k (3.2.9a)
keZ3 p—keBE, keZ3 pEBg,
pEBF p—kGBF
FAY D VkeMapar  +AD > V(k)eMasa, . (3.2.9b)
keZ?® peBF, keZ3 peBE,
p—k€EByp p—k€eBE

For later purposes we shall introduce for ¢ € (?(Z3) the short-notation

b(p) = Z (k) Z Ap—kQp, (3.2.10)

kez3 pEBE,
p—kEBF
b*(p) = Z (k) Z NS (3.2.11)
kez3 pEBE,
p—keBr
We can then write ) )
R'HR = —BA, + Hy +b*(hy) + b(hy) + & (3.2.12)

with hy (k) = AV (k)e’* and £ is given by the terms of () since

Z Z f/(k)eikyapap,kzz Z V(k)eag, rag

keZ3 p—keBE, keZ? PEBE,
pEBR p+kEBR
=>" > V(k)eMa,_a, (3.2.13)
keZ3 peBg,
p—k€EBp

where we used that V(—k) = V (k).

Almost-bosonic operators and patch decomposition Our effective description of the
microscopic system described by (@) will involve the emergence of almost-bosonic particles
describing pair excitations of the Fermi ball. Those pair excitations will be delocalized over
the Fermi surface in the sense that they correspond to a linear combination of pairs of
fermionic operators. As mentioned before the almost-bosonic pair operators which occur
in this article coincide with the ones introduced in the series of seminal works [BNP*19,
BNP*21a, BNP*21h, BPSS23] on the correlation energy of a weakly interacting Fermi gas.
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We give a brief introduction to the construction of those operators with the most relevant
properties in this subsection and in Section :

A key ingredient for the approximation of the microscopic fermionic system by almost-
bosonic excitations is the decomposition of the Fermi surface into patches. This will allow
to approximate the fermionic kinetic energy term by a term quadratic in the almost-bosonic
pair operators.

Introduce the bisecting subset of Z* N suppv

r— {(kl,kQ,kg)EZgﬂsuppV:(kg>O\/k3:0),(k2>ka2:k3:0),k1>0}

) (3.2.14)
allowing the decomposition I' U (=T") = Z3 N suppV .
The construction works as follows:
(i). Choose the number M of patches satisfying
1
N « M < N2 §5e(0, o) (3.2.15)

The lower bound on M is needed to control the number of momenta inside each patch
whereas the upper bound is needed to suppress Pauli’s principle. The choice of § and
¢ will be taken later.

(ii). Define equal-area disjoint patches p, as follows

 p; is spherical cap of area 47 /M,

« decompose remaining semi-sphere into v/ M /2 collars,

e leave corridors of width 2R := 2 suppV between adjacent patches,
 define patches of southern semi-sphere by reflection k£ — —k.

Define w, € S? as centers of the patch p,. A useful graphical sketch of this patch
construction is given in Figure 1 of [BNP*19].

(iii). For given k € I' define the set of north and south patch indices

Zh={ac{l,... .M} | k-@&y > N}, (3.2.16)
I, ={ac{l,... M} | k-&o < —N"°} (3.2.17)
and Z, .= Z,” UZ, . This has the effect of excluding a strip around the equator of the

Fermi ball, where the number of momenta per patch may become too small. Note that
0 > 0 coincides with the parameter in step 1.
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(iv). Define the collective almost-bosonic creation operator and its normalization factor as

o (k) = bi(+k) ifa €}, na(k) = ma(k) ifa €I, (3.2.18)
vi(—k) ifaez;.” me(—k) if a €I, . o

with )
* — * ok 2 .
b (k) = ) Yoo aay, mak)= ) 1 (3.2.19)
pEB%NBa, pEB%NBay,
p—keBpNBy, p—k€BpNBa

being sensitive to being on the north or south hemisphere. The creation operator can
be seen as collective in the sense that it involves a superposition of all possible fermion
pairs with relative momentum k.

Similarly to () introduced in the previous subsection, we define as in [BNP* 214

() =23 nalk)c (k) (3.2.20)
kel aeZy

with inner product (1, ) = >0 D ez Ma(k)pa(k) for all n, o € @, (i)

The following statements hold as a consequence of the above construction.

o The surface area of a patch satisfies o(p,) € O(1/M).

« The Canonical Commutation Relations (CCR) are satisfied up to an error term (see
[BNP*19, Lemma 4.1]): It holds for all ¥,k € T and « € Zy, 8 € Ty

[ca(k), ca(k)] = [ca(k), c5(k)] = 0, (3.2.21)
[ca(k), 5 (k)] = 0ap (Orpr + Ealk, K)) (3.2.22)

satisfying &, (k, k) <0, E,(k, 1) = E,(1, k)* and

, 2
VQ/} c F: Hga(k?k WH < W

o The almost-bosonic operators change the number operator by two (see [BNP*19,
Lemma 2.3]) in the following sense

calk)N = (N + 2)ca(k). (3.2.24)

N (3.2.23)

o The normalization constant satisfies (see [BNP*19, Proposition 3.1])

A2
LF Ik - Gl (14 0(1)). (3.2.25)

na(k)2 =
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Also note that the summation in the definition of the almost-bosonic operators ¢ (k) and
co (k) involves only finite sets. Unlike in the exactly bosonic case our almost-bosonic operators
therefore inherit boundedness from the fermionic constituents which satisty ||a} || = [Jax|| = 1.
Subtle questions about the mutual adjointness and domain of the almost-bosonic operators
remain trivial in our case.

3.3 Main results

3.3.1 Effective time evolution

We are now focusing on the effective time evolution of the initial state ¥y = Ry = ¢ ® R} €
L*(A,dy)®@Hy, i-e. a uncorrelated product state with the non-interacting Fermi gas prepared
as its non-degenerate ground state with no initial excitations. This set-up corresponds to a
system where the impurity does not interact with the cold Fermi gas at time ¢ = 0. Over
time, we expect that the influence of the impurity particle creates and annihilates excitations
of the Fermi ball. Therefore, we will use the particle-hole transformation as defined in ()
to connect the microscopic description to the following effective description: Let

H = — 8A, + Y ealk)ci(k)calk) + ER

kel (XEIk

FAY ) V(k)e*ng (k) (cj;(k) + ca(—k)> (3.3.1)

kel OéEIk

be our effective Hamiltonian with €,(k) = 2kp|k - wo| and EY" as defined in (B.2.5). We
introduce for all k € I' and a € 7,

(hy)a(k) = AV (k)e*¥n, (k). (3.3.2)

Note that the effective Hamiltonian acts on the components of the Hilbert space L?(A,dy) ®
Hy in the sense that we can write

HT = (—BA,) ® 1+ 1 @ D + ®(h,) + E (3.3.3)
with ®(h,) = c¢*(h,) + c(h,) and

(hy) = > (hy)alk) k), (3.3.4)

clhy) =Y ) (hy)a(k) calk), (3.3.5)
Dg =Y > ealk)ch(k)calk) with ea(k) = 2kp|k - wal (3.3.6)
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describing the kinetic energy of the almost-bosonic pair excitations with linear dispersion
relation. Note that by the Kato-Rellich theorem the effective Hamiltonian (531) is self-
adjoint in its natural domain and generates a unitary time evolution.

To state an effective description of the time evolution of those excitations we compare the
particle-hole transformed microscopic dynamics R*e~" Ry with the effective time evolution
e‘iHeﬁtw in Hilbert space norm:

Theorem 51 (Effective dynamics of the system). Assume that V >0is compactly supported
and satisfies V(—k) = V(k) for all k € Z3. Let \ € [k:;l/ﬁ, 1] be the interaction parameter
as introduced in_(B.1.2) and take the number of patches to be M = N with § = 135 as
introduced in (B.2.15). Then it holds for the initial state 1 = ¢ @ Q € L*(A,dy) @ Hy that
there is a C' > 0 depending only on the interaction V' such that for all kg > 2 and t > 0

||R*e—thRw . e_iHth¢|| S C (BCAkFt _ 1) kF%

Remark 52. Note that the right hand side of the bound is indeed small as long as t €
O(kz'A71). The error kp /% is a result of the optimized choice of M and §. The non-optimal
error bound depends on the patch parameters and is given by

C ((1 FAYAYM 2+ MNT3) 4 (N2 + N6 M%)> (Mt — 1) (3.3.7)

3.3.2 Effective coherent state

The effective time evolved state from Theorem El can be further simplified. Our second
result shows how the dynamics can be approximated on the level of states. In order to state
the second main result, we introduce almost-bosonic coherent states.

Note that since B = ¢*(n) — ¢(n) defines for all n € @, >(Zx) a bounded operator and
satisfies B = —B*, the exponential operator e? is well-defined and is unitary.

Definition 53. Define for n € @, - *(Z);) the Weyl operator
W(n) = el = e M=), (3.3.8)

If n = 7Y is additionally a bounded multiplication operator for each y € R3, we call W (n)p®@$
a coupled coherent state with ¢ @ Q € L2(A,dy) @ Hy.

Remark 54. If ¢*, ¢ would satisfy the CCR without error, one could use the Baker-Campbell-
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Hausdorft formula to formally write
W(n)e e Q :e*”m‘zﬂec*(")(ﬁ ® {1, 0,...,0,... }

:elln2/2ec*(’7){¢, 0,...,0,... }

,r}®2¢ n®n¢ }
\/ﬁ,...,m,...

i.e. the coupled coherent state corresponds to a superposition of different particle number.

(3.3.9)

:ellnsll2/2{¢’ no,

Remark 55. The coupled coherent state from Definition @ satisfies the following well-known
properties of the Weyl operator (cf. for example [BPS16, Chapter 3] or [FZ17, Appendix
A]) up to certain error terms:

o (shift property) For 1, € @, 1*(Zx) it holds

OWmo Q=D &u(k)na(k)p @ Q, (3.3.10)

kel aeTy

« (expectation of the number operator) For € @, [*(Z;) it holds
(W(ne@QNW(n)e© Q) =~ 2[n|? (3.3.11)

o (time derivative of the Weyl operator) For 7, € @, *(Zx) differentiable in ¢ with
derivative 7j; € @, 1*(Zy) it holds: for all t € R:

W (ne) =~ (¢ (1) — (i) + tlm (e, 9e)) W (), (3.3.12)

We give rigorous statements on the error terms and proofs of the approximate properties in
Lemma 65, Proposition 67, Lemma @ of Section @p

Consider now the following state for all times ¢ € R

by = e TOW (n,)o © Q (3.3.13)
t
with P(t) = 2Im(v,) — EX't — Im/ ds(ns, ns)r (3.3.14)
0
with the choices of
e—isea(k) -1 e—iSEa(k) -1 ik
(ns)a(k) ::(ng)a(k) = ————(hy)a(k) = ————AV(k)nq(k)e"™, (3.3.15)

€a<k) Ea(l{?>
e~iscalk) 4 jge —
=3y Fiscalk) 21 (2 (3:3.16)

2
kel aely, Ea(k)
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for all k € I', & € Z). Due to (ns)a(k’) = —ie*i“a(’“)ﬂ%(%)a(kz) and Lemma @ the

norm is bounded for all s € R

1/2 R R
Insll = (Z > |(ns)a<k>l2) < min{\/ﬂlV(-)”ﬂlgAsz,M||V||2Alog<4sz +2)}

kel aey
(3.3.17)
as shown later in Lemma @ and similarly for |vg|.
In particular, it holds (no,v9) = (0,0) and lim.,(x)—0o(7s,vs) = _(=ish,,0) and therefore

Yo = ¢ ® ). Thus, as mentioned before, n = n¥ as defined in () corresponds to an
interaction term with a bounded multiplication operator acting on L?*(A,dy). The state
Yy = ePOW (n,)¢ @ Q can therefore be seen as a time-dependent coupled coherent state.

The following theorem states that 1, approximately corresponds to the effective time evolu-
tion generated by He".

Theorem 56 (Effective coherent dynamics). Consider the initial state ¥ = ¢ ® Q €
L* (A, dy) @ Hy with Y0, ([|9,0] + 102¢]]) < ¢ < oo for a constant ¢ > 0. Under the
assumptions of Theorem , there exists a constant C > 0 and a function Q) : Rsg — R
monotonically increasing with Q(0) = 0 such that for all t > 0

e~y — POW ()| < CQNkpt) max{ky ™, Bt}

with P(t) given by (), ne given by (), C' and Q) depending only on the interaction
V.

Remark 57. Note that the upper bound above is indeed meaningful in the sense that the
bound is small for t € O(kz' A7) and 3 € o(Akg). The latter condition together with the
upper bound for ||A,W (n,)¢ @ Q|| from Lemma E ensures that the contribution from the
kinetic energy term hy = —fSA, of the impurity particle remains negligible on the relevant
time scale. This seems to be crucial in our approach since otherwise hy would generate
non-trivial correlations and make the coherent state form inapplicable.

Remark 58. Due to the explicit formulation of the coupled coherent state provided in (),
we can quantify the number of collective excitations over time. More concretely, using
(B.3.11)) the term ||n||?, which is calculated in Lemma [f(, represents the expected number
of excitations generated by the interaction with the impurity. Assuming that the impurity,
together with its excitations, can be interpreted as polaron-like quasi-particle, the quantity
||me]|? offers insight into the quasi-particle formation process. As displayed in Figure B.3.1 on
page [13G the graph shows a parabolic growth followed by a logarithmic increase as qualitative
feature.
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Figure 3.3.1: Plot of ||7;]|* using Lemma @ with constant V and A = 1. As a qualitative
feature one observes a parabolic growth followed by a logarithmic increase.

Remark 59. The proof is based on the following observation: It holds by virtue of Duhamel’s
formula

—iHef i
le™ ™ — e POW ()|

|l — eiHcHte—iER,Wteiﬂm(ut)efilm I dsms,nS)W(ntW”

(3.3.18)

= /0 ds ™" PE) L(H — ERY 4 2Im(1,) — Tm (i, 75) )W (1s)30 — i0,W ()90} ||
(3.3.19)
< / ds|| (H™ — ERY + 2Im(i) — Inie, 7)) W (ns) ¢ — i0,W (1) (3.3.20)

If the collective operators ¢, (k) and ¢, (k) were exactly bosonic, i.e. the CCR held without
error, we could use the shift property (B.3.10) of the Weyl operator to commute ¢, (k) to the
vacuum €2 with the cost of some inner product terms. In this case we would observe with the
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short-hand notation c*c(e) = >, 1 >, ez, €a(k)c;(k)ca(k) and by applying () that

[H — ER + 2Im(Vs) —i{c" (1) — ()} | W (ns)y

[ho + c*c(e) + " (hy) + c(hy) + 2Im(v,) + c*(—in,) — c(z’ﬁs)] W(ns)p @

[hO +c*(ens) + ¢ (h ) + <hy7778> + 2Im () + " (—ins) — <iﬁs7773>}w(778)¢ ®
=hoW (ns)p @ 2 (3.3.21)

is exactly vanishing up to the kinetic energy term hg of the impurity particle since 7, as
defined in (5.3.15) solves the ODE en, + h, = i1, and v, as defined in (B.3.16) absorbs all
scalar terms.

Remark 60. Note that as long as ||n|| is of order 1, the coupled coherent state is different
from a free decoupled dynamics with ¥ ~ e¥#24t¢ ® Q. Vice versa, if ||| € o(1) in terms
of kr one can easily see with a Duhamel argument, analogue to the previous remark, that
||qpfree — POV (n)ah|| — O for large kp. This is because all the terms appearing in 9, (1)
from () can be bounded in terms of ||7;||. Using (B.3.17) we can identify the following
cases:

e A=1,t€o(ky'): ||nell € o(1) with respect to kg
The time scale is too short for forming excitations thus 9" is a good approximation.
Note that this is compatible with [MP21] as mentioned in Subsection E 1.2

e A=1,t € O(k"): ||n:|| € O(1) with respect to kg
On thls time scale exitations of the Fermi gas become important and thus the free
decoupled_evolution is not a good approximation anymore. We refer to the proof of
Corollary b1l on how to show rigorously that the derived effective description is relevant
on this time scale.

e M€o(1),0<t e O(ky'\7Y): |Ime]| € o(1) with respect to kp
Also here, ¥ is a good description. Note that the number of excitations grows only
logarithmically in time. Thus, for any A € o(1) on gets ||n:]| € o(1). In the case of
A € o(1) we expect this result of free decoupling to hold for even longer times, possibly
of order 1. In order to show this expected behavior, we expect a method different from
ours to be more suitable, for example a perturbative expansion in the spirit of [MP21]
to higher orders to exploit the small coupling.

Now by virtue of the previous statement we are able to show that the linear coupling term
of the effective Hamiltonian is essential for the effective description and cannot be neglected
on an approximate level for A\ = 1 and ¢t € O(kz").

Let
Het = BT — ¢ (h,) — e(hy) = B(=0,) + > Y ealk cal(k) + BB (3.3.22)

kel €Ty
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be the effective Hamiltonian without the linear coupling.

Corollary 61. Under the assumptions of Theorem |56 with A =1 and a T' > 0, there exists
a monotonically increasing function C': Rsg — R>¢ only depending on V' such that for all
te0,7)

||R*6_thR1/J o e_iﬁtl/}H 2 C(t) o O (max{k;%,ﬂk:gl}) )

In particular it holds C(t) € O(1) with respect to kp for all t € O(kg').

3.4 Proof of Theorem H1

In all of our estimates, we need to control the number operator N acting on the time evolved
state 1, = e_iHeH% ® . The following statement shows that the effective time evolution
preserves the order of magnitude of the number of excitations:

Proposition 62 (Effective time evolution of the number operator). There ezists a constant
C > 0 only depending on 'V such that it holds for allt € R,n € N and ¢ € L*(A,dy) @ Hy

<6_iHeEt¢, (N + 1)n€_iHeﬁt1/)> < enC)\kFt<,¢’ (N + 3)n¢>

Proof. We want to use Gronwall’s lemma and therefore estimate the derivative

0 (e My (N + 3)”6—%“6%)‘
n—1
< <6’iH°Htw,Z(N + YN HA (W + 3)n 9=y
j=0
n—1
=12> > (e (N + 3) (k) — calk)) (N +3)" 7 Le BT 0| (3.4.1)
kel a€ly ]:O

We split the difference of (cf,(k) — cq(k)) and consider the term with (k) first. Insert
here id = (N + 1)z 17 (N 4 1)7+172 between (M +3)7 and ¢ (k) and use the commutation
Nt (k) = ¢ (k) (N +2) to obtain

(N +3Y ¢ (k)N +3)" 7 = (N + 3NV 4+ 1)2 ek (k) (N +3)2. (3.4.2)

We introduce the notation & = (A + 1)2 77 (N + 3)e ") and € = (N + 3)ze "y
to estimate

n—1

2D WIANE) SLRATT)

kel acTy j=0
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<D D l(hyalk)] io lea (k)& 1I€]

kel aeZy
A 1/2 n—1 /2
<r Y \v<k>|(2 na<k>2) 3 ( 3 Hcaw)gju?) 1€l
kel a€ly 7=0 a€ly
n—1
<CNep > V() D INY2 €]
kel j=0
n—1
<CNep [V D) IV + DG €]
j=0
<CnXkp||[V]]1(e” ™, (N + 3)"e =) (3.4.3)

where we used Lemma @ and Lemma @ in the fourth line and the operator inequality
NY2 < (N +1) in the fifth line. Note that |k| < C for all k € I since I' C suppV and V
has bounded support by assumption.

The second term with c, (k) can be treated by inserting id = (N + 1)277(N + 1)~z and
using the commutation ¢, (k)N = (N + 2)c, (k).

(N +3Yca(k) N +3)" 771 = (N +3)2ca(k)(N +1)772(NV 4 3)" 7L (3.4.4)

1

>3 )k 3

kel aely

n

We introduce the notation y; == (N + 1)772 (N + 3)» =9~ 1e= iy
(€, calk)xs)
0

<
—_

n—

<D BRI Y lealk)xsll €]

kel acZy, =0
) 1/2 n—1 12
<ONY [V (k) ( 3 na<k>2) T ( 3 Hca(k)xj|!2) €
kel a€ly 7=0 a
n—1
<CMep > [V(E)D IINY2x51I€]
kel =0
<OM IV S I + D 1]
=0
<CnXkp ||V || (e ™ ) (N 4 3)"e T p). (3.4.5)

Altogether it follows with the Gronwall’s lemma that
(e (N4 8)"e ) < exp (CnMVbt) (0, (W 4 3)") (346
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which is the desired result since ||V ||; < C. |

The following statement shows that the fermionic kinetic energy term () can be approx-
imated by the almost-bosonic kinetic energy term.

Proposition 63 (Approximation of the kinetic energy). There exists a constant C' > 0 only
depending on V' such that it holds for allt € R and ¢ € L*(A,dy) @ Hy

| (o — Ds)e™ ™ "*y||  ||(Ho — D)y

1

< O(L+ A YN (eG%et 1) (M‘%||(N+ 3)ep|| + ke MN ||V + 3)2¢|l> (3.4.7)

using Proposition @

Remark 64. Note that in the case of ¥ = ¢ ® Q it holds (Hy —Dp)y = 0 and ||[(N +3)%|| =
9 < C. Also note that (e“r! — 1) = Mgt + O((Akrt)?).

Proof. 1t holds

OUl(Hy — Dp)e "y

— |0p(e ™y, (Hy — D)2e )

= [(e7 "y, [(Hy — D), HEM e~ )|

= [(e7™"*y, ((Hy — Dp)[(Hy — Dp), H + [(H, — Dp), H*T)(H, — D)) €_iHeﬁt¢>‘
<2 ’<e—iHe”t¢, (Ho — Dp)[(H, — Dp), Heﬁ]e_iHeﬁtw)‘ (3.4.8)
(3.4.9)

and make use of

[(Ho — D), (k)] = €M (k)" — €B(k)" = k)", (3.4.10)
(Hy — Dp), ca(k)] = —€a(k) (3.4.11)
to arrive at
[(Hy — Dp), H*] = [(Hy — D), c*c(e) + c*(hy,) + c(hy)] (3.4.12)
= (&, c(e))r — (c(e), E)r + (&, hy)r — (hy, E)p (3.4.13)

with the short notation (A, B)r = > icp D ez, An(k)Ba(k).
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Bounds for the error terms are readily provided in Lemma @ and Lemma @ of the appendix:

S el < € (N5) [+ 1 (3.4.14)
a€ly
S €2kl < € (kedIN=E9) [+ 1) (3.4.15)
aETy

Furthermore, use the bounds 7 ch(k)ca(k) <N, ea(k) < Ckp and that €5 (k), € (k), ca(k)

all annihilate exactly two fermions to estimate
< 7’L’Heﬂtw (HO . ID)B)< ( ) ehn _ eB> *'L’Hegtw>
< Z Z ) Ea Ca N+ 1) 1/2<H0 _ DB) _ZHeﬂtw7 thn( )(N—l— 1)1/2€_iH8Htw>‘

kel acTy

30 [lealkyealk)V +1)7H2(Ho — Da)e™ ™y, €R (R + 1)2e "1y

kel aeTy
(3.4.16)
. 1/2
<2 ( > lealk)ea(k)N + 1)7/2(Hy — D)™ twn?)
kel a€Ly
1/2
(< Z ||thn N+ 1)1/2 zHeﬁth2) (Z ||Q3B N+ 1)1/2 zHeﬂth2> )
a€ly a€ly
(3.4.17)
<Chry||(Hy — Dp)e™ = || (NIM (N + 1)e ™ ]| + kg MN 5 (M 4 1)2 5 1)
(3.4.18)
<C%he N3 | (Bl — Dp)e ™ yl| (M 3|V + De ™" | + ke MN -V + 1)% 51y
(3.4.19)

The term (c(¢), €)r can be treated analogously. The other terms can be estimated similarly
using |(hy)a(k)| < CAV (k)||n (k)| and Cauchy-Schwarz inequality with (@)

<€—iHefft77Z), (HO . DB)<€1in . QEB, hy>F€_iHth"¢>
SC)\Z |V(k’)| Z ’<na(/€)(H0 _ DB)G_iHeﬂtq/;’ egn(k>e_iHefftw>‘

kel a€ly
+ A V)Y |(mak)(Ho — D)™ s, @B (ke "0y (3.4.20)
kel Q€T
1/2
<CAkel|(Hy = Dg)e™ ™| Y [V(k { ( > ||€3“(k)6"'Heﬁtw|l2> (3.4.21)
kel a€Ty
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. 1/2
+ (Z &g (k)e™ fwu?) } (3.4.22)

a€Tly

<CN|V || 1Fep || (H — DB)e—"He%H{M—%NéH(NJr 1)ze My (3.4.23)
+ ke MN 5|V + 1)SeiHCﬁt¢\|}
<CAkepM ™ 2N3||(Hy — Dp)e 5| { (N + 1)ze )| (3.4.24)

+ kpM2NO(N + 1)3e—iHe“t¢||}. (3.4.25)

Thus, we derive
Ol (H — Dp)e =y
<CMNeg M2 N3 <y|(/\/+ Ve ™ || 4 kg M2 N7 (N + 1)26’“&%”)
+ CNkp N3 (|| (N + 1)2e B || 4+ fp M3 NI (N + 1)%e—iHe“t¢||) (3.4.26)
<CheN (N )] + ki MEN 92N (A 4 3)2)
4 CMkp NS (é”’“FtH(N 4 3) 30| 4 hp M3 NTIHBCNRY (Af 4 1>%w\|) (3.4.27)

where we used the Gronwall bound from Proposition @ in the last inequality. Now inte-
grating over ¢ yields

|(Ho — Dp)e ™ || — || (Ho — Dp)y||
<CTMTENS (€t = 1) (I|V + 3)0l] + ke MENTII N 4+ 3% )

+OM™ENG (Mt 1) (||(N 4 3) 30| 4 ke M3 NI (A + 1)%w||) (3.4.28)
which corresponds to the desired result. |

We are now ready to give the proof of the main theorem.

Proof of of Theorem . We employ Duhamel’s formula for ¢ — ¢/ Re—iH"1;

e R e ] (3.4.20)

t .
= | / ds ¢ (HR — RHT)e " sy (3.4.30)
0
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t
< / ds |[(R*HR — H)e E sy (3.4.31)
0

where we used that R is unitary.

From our considerations in () it follows that

R'HR — Hf = —BA, + Hy + b*(hy,) + b(h,) + ER' + & — H

= Ho — Dg + b*(hy) — ¢*(hy) + b(h,) — c(hy) + E. (3.4.32)

The interaction terms can be approximated in the sense of Lemma @:

() = ¢ () wll < ADZ VR I (bCR) = S malk)ea (k)|

kel O(GIk

< CAN3|[V|[{(N~3 + N"s M3)|(N + )39

Therefore, by combining the bounds from Proposition @ with (Hy — Dg)1 = 0, Lemma @
with ||V]|; < C and Proposition 62 we obtain

HR*efthRw o e*iHCHth

t t
< [ as 18~ Dyl + [ s ey
0 0

t
+C’)\/ ds [Ne B sqp)|
0
t
+OWHVE 4+ N [ ds OV + 1) oy
0
< C(L+ATHATING (kglM—% I[N+ 3)|| + MNPV + 3)%“) (e“F — Nkpt — 1)

+ Chg [N+ 3)9|| (M — 1)
+C(NT3 4+ NTOMO||W +3) 20| (¢ — 1)

< CC|(N + 3)%y|| (e“Mrt —1). (3.4.33)
The prefactor is given by
¢ = max {(1 PN TS ING (M—% + kFMN—1+5> kil (N73 4 N-%M%)} (3.4.34)

_1
where we optimize over M and § with A > &k, ® to obtain the desired result. [ |
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3.5 Proof of Theorem 56

Properties of almost-bosonic coherent states We first show the following rigorous
properties of the Weyl operator which was introduced in Definition

Lemma 65 (Approximate shift property). Let n,& € @ *(Zk) and Wy(n) = P =
e¢" M=o¢) for all o € [0,1], then it holds

Wo(n)"c(§)Wo(n) = c(§) +o(&n) + (£, R)r,
Wo(n)" ¢ ()Wo(n) = ¢*(§) + o(n, &) + (R%, Er,

with (-, )r : Bper 3(Zk) X Bper 2(Zi) — C given by

ER)r =) Lk (3.5.1)

kel a€Ty
and a o-dependent error term RE(k) = [ dr e (3 ,cp na(DEa(l, k) €78

Remark 66. We will give an estimate for R to show that this term corresponds indeed to
a small error. Note that it holds &, (k,l) = E,(I,k)* for all [k € I and o € Z;; N Z; from
Lemma z and therefore

RY(1)6, (1) = / Cdr e (Z £, k)Ww) (3.5.2)

kel

SRS (1) = / dr e (Za 0y (K)E, (k, z>> (3.5.3)

kel

For ¢ = 7 the above equations coincide, i.e.
<n7 RU>F = <R07 77>F (354)

from which it follows immediately that (c*(n) — c(n))W,(n) = W,(n)(c*(n) — c(n)), ie.
[BvWU(n)] = 0.

Proof. We observe that W, (n) = e® defines a strongly continuous one-parameter semigroup.
Thus we can define a derivative and make use of Duhamel’s formula of the form

e " Pe (e’ =c, (1) + /00 dr e "Ple, (1), Ble™. (3.5.5)

The interested reader is referred to [Paz83, EN06] where definitions and properties of operator
derivatives are discussed. The desired statement follows with the CCR as stated in (3.2.2@)

ey (1), e7P] = 7B /0 " dr Bl (1), Bl
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_ B /0 " dr P (W) 3 (WE, z)) eP

kel
= on,y(1)e”” + e”PRI(1) (3.5.6)

Since ¢(§) = per D aez, Salk)ca(k) is linear the result follows from the above identity. M

The following statement shows that the number of particles in the state W (n)¢p ® Q corre-
sponds to a random variable with expectation approximately being 2||n||*.

Proposition 67 (Expectation of the number operator). Let ( = ¢ ® Q € L*(A,dy) @ Hy,
then it holds for all n € @, *(Z1)

W NW)E) = 2| + 4 / do (¢, (1, R7)eC).

Proof. Using W*W = id yields for all ¢ € L*(A,dy) ® Hy with ||¢]| =1
(W(mGNW () = (W(n)¢, N, WO + (GNQ. (3.5.7)

We use Duhamel’s formula to calculate
1
NV, eP] = eB/ dr e BN, Ble™®
’ 1
=2 [ dr e (@) +en) 7
0
1
= QeB/ dr e ™2 (B + 2¢(n)) e
0
1
=288 + 46B/ dr e"™Be(n)e™ (3.5.8)
0
where we used () Therefore
1
WG, VWG =206 BO +4 [ dr (€. clae™)
1
= 2(C.BG) + 2l +4(C.cnQ) +4 [ drlC RN (359)

where we used the shift property Lemma @ and that ™ is unitary

(€77C e(m)e™C) = (™7, [e(n), €7P]0) + (. e(n)C)
= 7lnll* + (¢, (0, RM)rC) + (¢, e(n)C).- (3.5.10)
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Inserting () and (E5§) into (B.5.7) we obtain

1

(WCGNWm)E) = 2[nl* + 2(C, (¢*(n) + e(m) €) + (¢, NC) +4/0 d7(¢, (1, R")rC).-

(3.5.11)
The desired result holds for ( = ¢ ® Q since ¢(n)p @ Q2 = 0.

For later purposes, we can bound the expectation of the number operator in the following
way:

Proposition 68 (Stability of the number operator). Let n € @, *(Zx). There exists a
constant C' > 0 such that it holds for all 7 € [-1,1],n € N and ¢ € L*(A,dy) @ Hy

(e8¢, (N +1)"e™BC) < eClminiTli¢ (N + 3)"¢).

Proof. The proof works analogously to the proof of Proposition @ with a Gronwall argument
and B instead of H which is given later. Note that

VB = V() —em)] =2 D nalk)(ch(k) + calk)) (3.5.12)

where we again used () The result is than obtained by using the same estimates with
Inll taking the role of ||h,|. |

Lemma 69. Let n, € @, 1*(Zk) be differentiable in t with derivative 1, € @y 1*(Li) for
all t € R. Then it holds for all t € R

1
W (ne) = (" (e) — c(me) + aIm(a, me)) W) + Qi/ AT Wy (1) T (7, RV ) e Wi ()
0
with the shorthand notation Tm(A, B)yp == =537, .1 3" 7, (A% (k) Ba(k) — Bi(k)Aa(F)) .
Proof. For arbitrary s € R it holds

W (ns)*0sW(ns) = e B 9,e7Bs

1

dr

1
=1 _ / dr a‘r (e—TBSaseTBS>
0

=0

e TP 0,e™ + e77P0,0,e7P) (3.5.13)
0
1

(=B
7 (=Bse 70,677 + e 7P 0, (Bse™)) (3.5.14)

oL

[e=]
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1
= / dr (—Bse_TBS(?seTBS + e B (0,B,) "B + e_TBSBSé?SeTBS) (3.5.15)
0

1
= / dr e ™ (0,B,) 7. (3.5.16)
0
Thus
1
oW (ns) = / dr e85 (9,B,) 7
0
1 1
:/ dr (8535)6(17)336TBS+/ dr [6(177)35,8333} e™Bs (3.5.17)
0 0
1
= (0,B;) €”* + / dr [e""7B 9,B,] €7, (3.5.18)
0
With
05 Bs = 05 {c"(ns) — c(ns) } = ¢ (1)) — ¢(1)s) (3.5.19)

from the linearity of ¢(n;) it follows

[e(l_T)BS, 9B e

= ((Wa—n(ns), ¢ ()] = (W) (1), c(0)]) W (ns) (3.5.20)
= W(1—7)<7]S) <<1 - T) <773, 775> - (1 - T)<7757 7]8) (3521)

T (i R e — (RIT, m>r) W (1) (35.22)
=W (ns)(1 — 7)2ilm {5y, ns) + 2iWa_ry (ns) Im (5, R T)r W (). (3.5.23)

Inserting the above identity yields

W (ns) = (" (1) — c(ns) + tIm (s, 1)) W(ns) + 2i/0 AT W) (ns)Im(is, R'7) e Wr (ny).

(3.5.24)
u

Proof of the main theorem First, we collect some useful observations on the function 7;
in the form of the following two lemmata. We postpone the proofs to the end of the section
in order to concentrate on presenting the proof of the main result.

Lemma 70. Let s be defined as in () for N¥ < M < N3720 then it holds for all
selR

2= m\? VUC)? log(2kg|k|s) — Ci(2kp|k
oI = % 3= S Qog(hvl ) = Ci2hiils) +)
kel



148 CHAPTER 3. EFFECTIVE POLARON DYNAMICS
X {1 + g(kp|kls) O (M%N’§+5 + N"S)} .

where 7y is the Euler-Mascheroni constant and g : R — R s a function independent of kp
and monotonically increasing.

Furthermore, define f : R xR — R by

(y, ) = f,(x) = min{eV™IVO 2llve emnvnzaoguswé)ye@Wuzyz}_

Then there exists a C > 0 independent of kg such that for co > 0 and kg sufficiently large

Ins]l < log (fr(Mkrs)), (3.5.25)
ecolnsl < £ (Akps). (3.5.26)

Remark 71. Note that f, is for all y > 0 monotonically increasing with f,(0) = 1.
The previous statement is useful when combined with the following estimate:

Lemma 72. There exists a constant C > 0 only depending on V such that it holds for all
seR,neN ¢peF

(i). S wer K™ ns(F) iz < Clinsll
(ii). (ns,|k|"ns) < Clnsll?,

(iii). |l (|k["ns) o[l < Cllngll |V + 1)),
We will now give the proof of the second main theorem.

Proof of Theorem . We use the approach as sketched in Remark @ Since the bosonic
property holds only with an error, the equality (B.3.2 I) holds only approximately:

et — PO ()] = [ — e ER )t sy )|

g4dﬂmﬁJﬁ#ﬂmw—Mmew%W—@W%WH

¢
< / ds||hoW (ns)e @ Q|| + ||Error || + ||Errors||. (3.5.27)
0

We will first estimate the error terms and then subsequently treat the hy term in a separate
lemma. We give an explicit expression for the first error term using Lemma on the
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approximate shift property applied to ¢, (k) in the c¢*c(e), c(h,) and c(ins) terms. Thus, the
error of (B.3.21) is given by

Error; i= /0 sy Y <ea(k:)c:;(k:)+(1—ei““(k))(hy)a(k)> W(n)RL(K)w.  (3.5.28)

kel’ OéEIk

The second error term is given by Lemma @ on the time derivative of the almost-bosonic
Weyl operator and therefore

¢ 1
Errory = —22'/ ds/ dr Wi, (ns)Im(ns, R\ e W, (ns)
0 0

=2 /0 t ds /O 1 dTe(lT)B(Z > et ®(h,)o (k)R (k)

kel €Ty

X SR O ) (3520

kel acTy

Firstly, we show that the term R) (k)¢ = [ d7 €™ (3,cp ()€ (1, k)) €7P9 as defined in
Lemma constitutes indeed a small error. We estimate

> D IR el

lel’ v

Y (Sl 1d¢||5y<k,1>e73w||)2

lel’ veZiNZy, kel

< 0 (N3l 1)V + 8y (3.5.30)

2
where we used 3,7, (Zkel‘ !na(/f)\) < S ser )i lln(K) 12 < Clnll* by Lemma [

and
1
/dTHSW(k,l)eTBwH (3.5.31)
0
1 1
< / dr (™, &, (k, D)2 ™Py) /2 < CMN—5+° / dr(e™Bap, N2eTBy)1/2 (3.5.32)
0 0

1
= CMN_H/ dreCImIT|[ (A + 3]l < Cllnall 7 (S — 1)MN3TW + 3)|
0
(3.5.33)

which follows from e”? is unitary in the first inequality, Lemma B3 in the second inequality

and Proposition @ in the third inequality.
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Secondly, we estimate

>3 llen(k)ePRE (k)|

kel aely
<Y / drles (k (Z ol ) ey
kel o€y, lel

/ eSS D] ke b

k,lel’ aeZpNI,

/ ar > > )] e (k) Pl k)em Y|

kel aeZiNI

) 1 1/2 ) 1
< Clnary 5 [ar (v 1! TBW) +ClPaN 0 [Car (= ey
0

il [far(S X mws )

kel lel’ aeZyNI;
< OMN=5H(CIl— 1) [N+ 3)2 6] + CMN 5 (el — || = D[V + 3)|
+ CMENT5H(Clnl 12|V + 3)%y|
< CM2N"54 (Ol — 1)||(V + 3)%). (3.5.34)
where we used [c},(k), e7B] = =M, (k)e”? — e?BRL (k) from Lemma @, the Cauchy-Schwarz

inequality for the a-summation, Lemma B3 in the third inequality and in the fourth inequality
we used Proposition @ and (B.5.30).

In total by combining () and () we end up with the following estimate

||Errory || < / dsz Z [ {ea + (1 - eisea(k))(hy)a(k)} PR (k)|

kel a€Zy
ng;F/dsZZHc k)ePRL (k)|
kel aeZy
+ O [ s 100 S Inah)e R ()01
kerl a€Zy
gczfp/dsZZHc )ePRL (k)|
kel a€Ty

1/2

+O)J<:F/O dsHVHQ(ZZHRl W)

kel a€Ty
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t
< C’l{:FMN_§+5/ ds (€1l — 1)||(NV + 3)2y||

0

+ CAkp MN 3+ /t ds (€=l — 1) ||V + 3)y|
0
< C (fe(Mkpt) = DA+ Dkpt MN 3T (N + 3)%0]|. (3.5.35)

where we used (@) and e? unitary in the third inequality and Lemma @ in the last line.
Using ¢ = ¢ ® ) we obtain the desired bound.

Similarly, we obtain an estimate for the second error term using Cauchy-Schwarz, ()
and Proposition

|Errors||
<2 [ as [ S (IR W ol + R0 ()ub o1
kel aeZy,
<o [as [ a3 S Wm0l (IR0 + 1R 7k
kel aely
/2 1/2
<o fas[ar AkFIVHz((ZZHRl “ T%HZ) (S IR wreeR) )
kel aely kel aely
< CNkp MN-3+ / ds / dr (C1710-7) )| + 8)emPy|
SC)\]{ZFMN_3+5/ ds/ dr (ec||77s||_eC||77s||T)||(N+5),¢H
0 0
< C(fo(Mkpt) — DAt M N3 ||(N + 5)1)]. (3.5.36)

Again, by using ¥ = ¢ ® 0 we obtain the desired bound.
With the subsequent Lemma @, we can conclude with a bound on hg = —BA, of the form

/OdSIIhoW(ns)qb@QH SOB/ ds {(Ins]l + Ins]|*) (€11 + 1)}

< OBt {log [f1(Mest)] + log [fr(\ept)]*} { fo(Mest) + 1} (3.5.37)
where we used (B.5.25) and (E5Qa) in the second inequality. Together with () and
() inserted in (B.5.27), we obtain the desired result. |

Lemma 73. Under the assumptions of Theorem , it holds that for all t > 0
1AW (1) @ QI < C(llmell + | ]|*) (e + 1)
for C' > 0 independent of kg.
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Proof of Lemma . We explicitly calculate the action of the Laplacian on the coupled co-
herent state W (n,)y = eP1 i.e.

— AW (ns)p = — (AW (05)) 0 = 26V, W (1) - Vo — W(ns) Ayth. (3.5.38)

In total we expect, that all terms can be bounded by assumption on the initial condition on
¢. We will first focus on the term A, W (n;). Recall that it holds

1
W) 0, (n) = [ dr e 0,8, (3.5.30)
0

due to the same calculation as in the proof of Lemma @ With

0y, Bs = 0y, {c"(ns) — c(ns)} = ¢ (0yms) — c(9y,ms), (3.5.40)
—isea(k) _ . )
Oy = %)\V(lﬂ)na(k)ikie’k@/ — ik (3.5.41)
€a

it follows analogously to Lemma @ that

1
0,W(n) = [ dr e (0,5

0
= (c*(ikims) — c(ikins) + ilm(ns, ikins)) W(ns)
1
+ 2i / dr Wi_,(ns)Im{ik;ns, R ") r W (n,). (3.5.42)
0

And repeating the differentiation with

ainT(US) =7(c" (ikinS) — c(ikins) + iTIm(ns, ikiﬁs)) W (775)
42 / do Wiy ()T (ikse, R™=)p TV, (ns) (3.5.43)
0

yields

AW(US) = Z 8§ZW(775)

=1
1
= (e (W) — e(kPny) + iTm{n., Kn,)) W (n,) + 2 / dr Wi () Tm (K2, R W, (n.)
0

3
+ Y (¢ (ikins) = clikans) + ilm(n,, ikins)) 9, W (n,)

=1
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+2y° /D dr Tm(ikins, 8y, (Wi () RE (KW, () i (3.5.44)

1
= (c*(k:gns) — c(k:QT)S) + iIm(n;, k2n5>) Wi(ns) + 22’/ dr Im(k‘Zns, R1_7—>[‘WT(T]S)
0
3
+ Z (" (ikins) — c(ikins) + ilm(ns, ikins)) X

i=1

1
X {(c*(z'kms) — c(ikins) +ilm(ng, ikns)) Wi(ns) + 22’/ dr Im(z’kms,RlT>pWT(ns)}
0

+ %i /0 dr ik, 0, {Wir ()R (B)W-=(n:) })r (3.5.45)
=1 +I;+ I3+ 14
with
= (" (K*ns) — c(k*ns) + dm(ns, K>ns)) W (ns)
23: “(ikins) — c(ikims) + ilm(ns, ikins)) (" (ikins) — c(ikins) + ilm(ns, iks)) W (ns),
h (3.5.46)

1
I =2 / a7 Wi () Im{k2n, RY) W, (), (3.5.47)

1
— Z (ikins) — zk:ms)%—dm(ns,zk:mS})/ dr in_T(ns)Im@kzms,Rl_T>pWT(ns),
i—1 0

(3.5.48)

=2y /0 dr Tm(ikie, 8y, (Wi () RE (k)W () V- (3.5.49)

We show that each term can be bounded here by a constant at most of order 1.
For Iy, we can treat all ¢*(- -+ ) and ¢(- - - ) terms with Lemma @ and Lemma . Furthermore,

we use that ¢, (k)N = (N + 2)c, (k) to estimate

1wl < Cllnll IV + 1)Y2W ()@l + Cllnsl* + s W ()2 | + CllnslPIHN + 3)W ()|
< C(llnsll + sl ?)eI NN+ B)l| + CCllmsl® + llmsl1*) (3.5.50)

where we used Proposition @
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For I,, we use a similar approach to () to obtain
1
o] < CllaMN-5 [ ar (110 N+ 3)We ()0
0

1 N _
< C||ns||MN‘§+5/ dr (LIl @=Olmelir _ (Clmslry|| (A7 + 5)o|

0

< CMN—%HGCIMSII(QCII%II — DN +5)]. (3.5.51)

For I3, we first observe that for n € N and u € [0, 1]

IV R (k)o]| < /OH dr [|N"e™™? (Z nﬂ(l)&a(hk‘)) ey

lel

< / Cdr IS s (O] E5(1, YN + 3) ey

ler’

H 2
<C / dr eClnsliT § na(l)] MN 73PN (N + 3)"e By ||
0

el

< Ol (e — Y MN=FHN" ng ()] (W +5)" gl (3.5.52)

ler

We use a similar approach to () and insert the above inequality () to obtain

IZ39]] < Cllngl Y Z/O dr | ([l [|N +1)Y2 + Cllngl|?) Wr—r () Re (k)W (no) |

k?EF OLGIk

1
<CllnPY "> /0 A7 [NWi—r ()R (k)W (ns)wol| + Cllns* [ 12/

kel aeZy

1
<ClnPPY- > /0 dr eI IEDINRET (kYW () 90]| + Ol |11 2240

kel a€Zy
1
< CllpMNH [ ar IO 1)+ 5] + Cln P v
0

< O|lns|| M N=5+3Clnel (Cllnel — 1) || (A + 5)2p
+ CMN=540 |, ||2eCmel (Clmel — 1) | (N + 5|
< CMN=5(|In|| + [|nsl2)eClmel (el — 1) [N+ 5)%]|. (3.5.53)

For 14, we first calculate

ayi {WI*TOIS)RiiT(k)WT (773) }
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1 1
= / do 9,,et=P (Z na(l)ga(l,k)> B+ / do e1=9B (Z z‘kma(l)é"a(l,k)> P

ler ler
1
+ / do e1=9)B (Z Na(D)Ea(, k;)) 0,,e”8 (3.5.54)
T ler
= Iy + Lo+ Iu3+ Lya+ Iy
with
1
Ly = / do (1— o) (¢ (ikigs) — e(ikins) +i(1 — o)m(n,, ikis))
x 1= (Z Na(DEa(, k)) e, (3.5.55)
ler
1 l1-0
Iys = 2@'/ da/ da M= PIm(ik;n,, R~ pe? (Z Na(D)E(L, k)) e’B, (3.5.56)
T 0 ler
1
I3 = / do e1=9)8 (Z z'k'ma(l)ﬁa(l,k)> P, (3.5.57)
T ler
1
I4,4 = / do e(l_U)B (Z na(l)ga(la k)) g (C* (Zkzns) - C(Zkzns) + iUIm(%; Zkzﬁs)) 6UB7
T ler
(3.5.58)
1 o
L5 = Qi/ do =98 (Zna(l)ga(l,k:)>/ da e YBIm(ik;n,, R re®®.  (3.5.59)
T ler 0
We approach each term similarly to ()
For 14, it holds
[ L2190l
1
<Cy. lna(l)l/ do (1 =) (Ins]l |V + 1)e =€, (1, k)e || + Cllns|Pl|€all, k)e P ]))
lel T

1
< Clingly \%(l)!/ do (1= o) (eI N + 3)Ea(l, k)e™PPl| + Clins | [[€a(l, k)e 1)

lerl’

1
< CllnsHMN‘g”ZMa(l)l/ do (1= 0)eI0=) 4+ Olln[]) [|(N + 3)%e 5|

ler

1 _
< Cllns | MN=5+ > Ina(l)\/ do (1= o)el10=2) 4 Cfjn,l) e“I17)| (N 4 5)%¢|
ler T

(3.5.60)
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< CMN%M Z N (1) ((1 _ T)eCHnsH(lfT) + CHnsHeC”"S”) H(N+ 5)%“ (3.5.61)

lel’

where we used Lemma @, Lemma [{(J and Lemma @ in the first inequality, Lemma @ in
the third inequality and Proposition 6§ in the second and forth inequality. Therefore, using

fol(l —7)e?0Ndr =y~ ((y — 1)e¥ + 1) yields

/ ar il (33" a2 (3.5.62)

kel a€T,NT,

< OMNTH (((fnsl|® + [lnall = DeW! 4 1) |V + 5)%0 (3.5.63)

2
where we used Y, (z \na(l)!) < Y ser IO e n(@) e < Cllnl2 by Lemma g and
Lemma @

For I, it holds

1 142%]|
< ClnMN=3 S [0, (0) / do / 0 (N + 3)emBE, (1, K)o By

ler

< Cllnsll (MN 3”) > lmall |/ da/ da eI (N 4 5)%e7 Py |

lel’

<C<MN 3+5> S |/ dor(C1m0=0) _ 1y Clmsllr | (A7 1 8)24)]

ler
< Ol (MN-5) S I @I (W 48] (3.5.64)

lel’

where we used Cauchy-Schwarz with (), Lemma @ and Lemma @ in the first inequal-

ity, Proposition 6§ and Lemma 83 in the second inequality. Therefore, it follows

[ ar il [ 5 aavl < OMEN-EE - 8

kel a€T,NT;

The term I, 3 is estimated similarly to () by
1750l < CllnlI T MNT55Y ~ na (D] (11— M) (A + 39| (3.5.65)

lel’

and therefore

/ ar Il [ S Iaswll2 < CMN-39I(W + 3)0). (3.5.66)

kel a€Z,NT,
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Similarly for I, 4, we estimate

[ 14,49
1
< CMN—5%° Z 1701 / do o|N (¢*(ikins) — c(ikins) + iolm(n,, ikmns)) e7Bap||

ler

1
< Clnll + I PMN TS )] [ do a7+ e

lel’
< Clnll ™+ DMN=FED " o (D] (X171 + (1 — €|l |7)e1I7) [|(A + 3)%

ler

< O(|ngl|™ + 1)MNTFFS " [ (1)] el

lel

(N +3)%]| (3.5.67)

using f: do oe¥ =y 2 ((y — 1)e¥ — (ty — 1)e¥") and therefore

1
/0 ar il (3 S aaw]?

kel aeZNZ

_2 ;
< OMN =32 ([lngll + s 2!

(N +1)%]. (3.5.68)

For I, 5, we estimate

1 o
[ a9 = ||2i/ do =% (Z%(U%(L@)/ da e~ PIm(ikin,, R7-*)re®y||

ler 0

1 o
< CMN%”ZMQ(M / do / da |N e~ BIm(ik;n,, R7*)reBy||
T 0

lel’

) 1 o 1/2
< Cla N S o) [ do [ da eC“%““-“)(Z||<N+3>Rg-“<k>ea%||2)
T 0

lel’ a€ly

1 o
< Ol | M2NH25 ST [ (1) / do / da Ol 0=0) (Clmlle=0) _ 1) (A7 + 8)2e" By
T 0

lel
1 o
< CUIAEN 3 lan()] o 7 da cretmiee ey 47 1 10701
ler T 0
< Cllnl AN S ()] (e — eI+ 10)20) (3:5.69)
lel’

where we used () in the third inequality. Therefore, we obtain

1
/ dr ndll > > [ Ls50]2 < CM2N=5+2||(N + 10)%]|. (3.5.70)

0 kel a€ZynT;
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Taking the five bounds together we finally obtain
3 1
[ La|| = [[2i Z/ dr Im(ikns, Oy, { Wi+ (1) R (K)W- (1) e

/ ernnsn(Z ) mmn?)

kel aeZ,NI;

< CMNTH ((Inall® + flmsl) = e 41) [V +8)9. (3:571)

Combining (B.5.50), (B.5.51), (B.5.53) and (B.5.71) with ¥ = ¢ ® Q yields the desired final

result of

1AW 0)) 2|l < C(llmsll + [l ) (1) + 1), (3.5.72)

Similarly to () and (), we further estimate the second term of (B.5.38)
IV, W( s) - Vi

= || Z ( (tkins) — c(ikims) + idm(ns, ikins)) W (n;)

1
—|—2@/ dr Im<’ik’ﬂ73,Rl_T>FWT(ns)>ayin
0

3
< C ((lmsll + eV (a1 + llmsl1) D 190
i=1

3
+ CMN=EH LIl — 1) S 19,0 (3.5.73)
i=1
3
< ClImsll + s I I +1) > " 1[0, (3.5.74)
Therefore, in total for all t € R
1A, W (n)¢ @ Q| (3.5.75)
3
C {(HnsH + I I 1)+ (sl + sl (P + 1) 9y, 011 + (105, )} :
i=1
(3.5.76)
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Proofs of properties of 7

Proof of Lemma . Recall that by definition it holds

Il =" > 1(0s) B =223 VK D |na

kel aely kel OéEIk

sm ea(k)s/2) |?

Ol (3.5.77)

v

=5k
with €, (k) = 2kp|k - wo|. We will first approximate Sy and then give a upper bound.
Firstly, we approximate the a-sum Sj by an integral by identifying

Na(k)? = E2[K|0 (pa)ta(k)? (1 + O(M%N%*‘S)) (3.5.78)

with cos 0y = |k-Ga| = ua(k)? analogously to Lemma @ Thus, we calculate the half-sphere
integral as approximation for S

5, — ‘k|/ / desm (kp|k|s cos 0)? sind 4 £

cos 0

1dusm(kp|k:|su)
|’<7| u
{log(2kp|k| ) — Ci(2kp|k|s) + v} + & (3.5.79)

+&

[k

with total error & = & + & + &3 consisting three terms: the error &; from ()7 the error
&y from approximating the discrete variables 6, by continuous 6 given by

/ do sin(kp|k|s cos 0)* sin(kp|k|s cos 6,)*
pa

52 - - J<pa)

cos 6 cos 6,

: 2
< sup 4 sin(ke|k]s cosf) sup [0 — 6ol o(pa)
&(0.p)epa |40 cos ¢ (0.0)Epa
< C(kp|k|s)>M 2 (3.5.80)

and the error &3 from the patch construction which is given by

a( U pa> —a(9)

OéEIk

sin(kg|k|s cos 6)?
cos 6

< Chylkls (N—5 +M%N—%> .

&= sup
@&(0,0)€Epa

(3.5.81)
Thus, with the triangle inequality

Sk —

1 Qos(2heltl) — Citzkelkl) + 1)
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O

<0 {M ENTE 4 (kplk|s)2M 3 4 kelkls (N—6 + M%N—%)}. (3.5.82)

We will now give an estimate for Sy by approximating for any m € R

r 2 T 1 if 2mx > 7/2

sin(ma)? 11— cos(2ma) < {m% if 2max € [0,7/2],
where we used 1 — 22/2 < cos(x) for all z € [0,7/2]. Therefore,

2 1dusin(kp|k\su)2
& Jo u

2 ! 1
< ﬁ/ du {(kp|k|s)2u X(Qkﬂk]suﬁﬂ/2)+ax(2kp|k]5u>7r/2)}
0
<2—7T/1du (kells)2u x(u € ) + = x(u> =)
= Tk F A= Trelkls) 7w N\ Lkg[k]s
2 T 2 T T
ke e g (— 1 1>
|k|{ (kv lk]s)” (4l<:p|k:|s) Og(4kF|k|3)} x(1> 4I<:F]k|s>
21 1 T
kew |k 1<
gy L) (1< 4kp\k:|s)

_ 2_”{ i — log( )+log(4kF|k|8)} X(’“FV“"S ~ %)

2w 1 s
< =
+ g (belkls)? x (kelkls < )
2
< |—k7:|m1n{ (kplk|s)?, log(4kF|k|s+1)} (3.5.83)

Note that log(4kp|k|s + 1) < log(4kps + 1) + log |k| using 22? < log(4z + 1) for all z < 2
and |k| > 1 for all k € Z3. Thus, it holds

Inl® < 200 Y [V(K)P?

kez3

< 27\’ min {||v(.)1/2||§(sz)2/2, V13 (log (ks + 1)+ 1)} (3.5.84)

Thus, by using vz +y < /x4 /y and /log(z + 1) < log(x + 2) we obtain the desired
17s]] < Amin {bkps, log(4kps + 2)* + a}, (3.5.85)
eIl < min {ePeoMrs e20A (4fps + 2)0r ) (3.5.86)

with @ = V27|V, b = VAV (2. .
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Proof of Lemma . For the inequalities, we observe that for n € Ny it holds

S0l = SRS aF) = ARV (507 (3587

kel kel a€Ty kel

with Sy from () Since by assumption ||(-)"V |y is bounded for each n € N, the first
statement follows. The second statement simply follows from the same calculation and
recalling@hat (N6, [E["ns) = Drer 2oaer, [k*Ma(k)]?. The third statement follows from

Lemma and

e (& n )@l < Y 11D IR naR)es (ROl < D NIEM ns(R) | (N + 1))l (3.5.88)

kel a€Zy kel
|
3.6 Proof of Corollary 61
Proof of Corollary @ We observe that by the inverse triangle inequality it holds
||R*€_thR77Z) . e_i]}rﬂ;ﬁtdjn
> ([P OW () — e | (3.6.1a)
— [le” Tty — POW (|| — |R*e™ Ry — e E p||. (3.6.1b)

The second line () is to be bounded from below by bounds of order o(1) from Theorem
ifi 6.14

and Theorem Therefore, it is sufficient to show that the first line (B.6.14) is large.

The first line () can be explicitly estimated by the same approach as in the proof of
Theorem p6. That is use Duhamel’s formula, commute all ¢, (k)-operators with W (n,) and
collect the error terms via Lemma

(€i®t€iP(t)W(’r]t) . 1),¢)

EW+mm%»4m%mmwwm¢—wmwm@ (3.6.2)

(s
y /0 s TGPl < (ho — ¢ (hy) — c(h, ))W(ns)¢+Err0r> (3.6.3)
g -

W () (¢ (y) + (s hy) + (s 1.)) 0+ hgW om¢+me
(3.6.4)
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with f(f ds Error = Error; + Errory from () and where we also commuted ¢*(h,) and
c(hy) with W (n,) such that the new error term is of the form

Error == Z Z (ea(k)c;(k:) — eisea(k)) (hy)a(k:)W(ns)Ri(k)@b

kel OéeIk

3OS WIRLK) (hy)a (k)Y

kel acTy

1
— 2z'/0 dr Wi_r(n)Im({n,, R* ") r W, (ns)1). (3.6.5)

Note that Error is s-dependent even though we did not include the dependence explicitly in
the notation.
We employ the Cauchy-Schwarz inequality, insert our previous finding with the triangle

—Heftg

inequality and use that e is unitary to estimate

|ePOW () — e 5|
_ || (eiHcHteiP(t)W(m) o 1)7/’” Z ‘<w’ (1 _ eiHCHteiP(t)W(nt))i/J))

/ ds (e PO~ E sy, (HF — FRY 4+ 2Tm(i) — Tm (., 7)) W ()b — z'aswms)w‘
0

> /Ot dS(@D, eiﬁ;rseip(s)w(%) (C*(hy) + 2Re<hy7 775>) w>‘

t N
. / ds’<e—ip<8>e—iH“’“w,Error+hOW(ns)w( (3.6.6)
0

> / ds(y, (1+ ™ POW (5,) = 1) (¢ (hy) + 2Relhy, 1)) w>]

— [ as {imort + v (367)

> /Ot ds { (1, ¢* (hy)) + 2Re<hy,77s>}’

/ As(( T OW () — 1) (¢ (hy) + 2Relhy, ) w>\

- [ s (i + haw ol (368)

t _
>9 _ (Hc*(hy)wn +2 sup} |Re<hy,773>]) / dsH<ezHeffSezP(s)W(ns) _ 1)¢||
0

s€[0,¢

t
[Faemeti
0

—t sup {|[Exvor]| + oW (n,)e] } (3.6.9)

s€[0,¢]
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where we used (¢, ¢*(hy)1) = 0 since c¢(hy)¢ @ Q = 0.
The three parts of the above inequality () can be bounded in the following:

Firstly, the error term can be bounded with () and analogously to () and ()

t sup {|[Brror| + W (.} }

s€[0,t]

< CMept MN ™5 (fo(Mept) — 1) + OB (log [ f1(Akpt)] + log [fi (Mket)]") (fo(Akpt) + 1)

< CQy (kpt) max{\kpt MN 3+ Bt}

< Cmax{MN 3" BL'A"1} = d (3.6.10)

where we used 0 <t < O(kz' A1) and defined the error variable d.

Secondly, the prefactor of the integral term is bounded by Lemma @

" (hy)b|| + 2 sup |Re(hy,ns)]

s€[0,t]
1 — cos(seqn(k))
<y N + D)2 +2 sup > Y ; |(hy)a(K) 2 (3.6.11)
s€[0t] kel aezy ca(k)
2
< [[hy | + EthHQ < CMex (VI + AIVI?) =0 (3.6.12)

where we introduced the variable 6.

Thirdly, we want to show that the remaining term | fg dsRe(hy,ns)| is large:

—isea(k) _ 1

= / ds Re ) Z |(By)a ()2

kel acTy

= / ds ReZ)\2 Z Tk)_na(k)Q

kel €Ty
—iQkF‘k‘S _ 1

t
/ dsRe(hy, ns)
0

T2k
ke

{1 o) (M%N—%+5 + N-5> }

(3.6.13)

where we used that the sum over « is approximated similarly to (@) by integrating over the
half sphere

e—isca(k) _ 1 ) /2 e~ is2kp|k|cos® _ | L L
Y ———na(k)* =2 ing 1 (M*N“*‘; N }
k) na (k) 7r/0 dé Sk cos cosGsmG{ +O(M2N"37"+ )
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271’]{51% e~i2krlkls _ 1 1 1

= 1 Ma2N"50 L N9)§.
e 2k|k]s {Lro(auinie g Nyl

(3.6.14)
Therefore, we obtain
e~ iZkrlkls — cos(2kplk|s)
ds Re Y V(k)———— V(k / : 3.6.15
/ kezr Qkp\k\s keZF 2k |k|s ( )

It is well-known that for all z > 0 it holds cos(z) < 1 —4x? /7% and thus 1 —cos(z) > 42%/7
for all z € (0,7/2) . Also, it holds for all z > 7/2 that

/ h%dy = In(x) — In(5) + Ci(3) = Ci(x) = In(x) — In(3)
since Ci(m/2) > 0 and Ci(w/2) > Ci(x) for all z > 7/2. Thus we obtain

v _ 4 1-—
/ —;OSydy > x(a > g) {/ ydy+/ _ycosydy} +xlz <) / v (3619
0 0 2

T 1 T T 212
— Nz —In(Z < I\
X(x>2){2+ln(:v) ln(2)}+x(x_2)
which is a differentiable lower bound.

Therefore, we find

¢

2 / ds Re(hy, ns)
0

2 N2k

S VR okt > Ty L L og(kelkle) — ()
b ke K\ o) 2 T OB 2

7 2(2kp|k|t)? 1. 1.s -5
+ x(hrlk]t < 2)==EED {1+0(MiN-3 4 N)}
= b +d (3.6.18)
with d € max{M N3+ Bkz'A~1} defined in () and
)\2k2 1 7 8k kt
(2kp|k|t 2kp k|t < . 6.1
S0 (xChlbe > D -kl < HE) . 610

In total, we can re-write the inequality () for g, = || (e iHE P YW (n,) — 1)¢| as the
following integral inequality
t
thbt—e/ dsgs
0

(3.6.20)
with b; and 6 defined in (E6la) and (5.6.15), respectively.
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Claim. We can bound g; from below for allt > 0 by a differentiable map h; which obeys the
initial value problem

t
hy = by — 9/ dshy  with hy = —d < 0 = gp. (3.6.21)
0

Proof of claim. Assume for the proof by contradiction that there exists a tg > 0: hy, > g4,
and set I C R.y as the largest open interval satisfying ¢ty € I and h; > ¢, for all t € I.
Note that since h; is differentiable such an open interval exists. It holds t; = inf I > 0 since
ho < go and for all t € T

thbt_egt>bt_0ht:ht

and therefore . .
0 0 .
/ gst > / hst — ht1 — 9t1 > hto — gto > O

t1 t1
Thus, we obtain the desired contradiction to t; being the infimum of the largest set satistying
ht > Gg. [ |
The solution of the initial value problem () is uniquely given by

t
hy = e / bee?*ds —d. (3.6.22)
0
Consequently it holds by inserting ()

t
hy = e_et/ bee?*ds
0

TA2kE ~ ! T 1
— kQ —Gt/ e | ke N 0s
TS Ve [ (xChlbls > De

¥ kel

ol
+x(2helk]s < Tyef 8F—||S)d —d (3.6.23)
7T

A m  Skplk
> 7\ke Yy V(k)? ( (|k|t < e —) 9;712’ (e +0t—1)+

kel
™\ 8krlk] o ake ) Om
TSR — 1) | = .6.24
+ x(|k]t > T — ) e (e +4kp|k\ ) d (3.6.24)
A2k2 w6
> F — .0.
> o ;erv 2|k| min (f(@t),f(%F’k’)) d (3.6.25)

with f(t) == (e7* +t — 1) defining a non-negative monotonically increasing function. Recall
that d € maX{MN’%”,ﬂk:F_l)\‘l} from (B.6.10) for all 0 < ¢ < kF_l)\_l and 6 < C'\kp with
a constant C' > 0 depending only on V from (B.6.12). Thus, we obtain the desired result
that (3.5.3%) has a lower bound of order 1. |
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3.7 Comparison to the Landau-Pekar equations

The derived effective equation for 7, is connected to the Landau-Pekar equations, which are
an effective equation for the Frohlich polaron model in the strong coupling regime. In the
following we present a brief discussion of this topic on the torus A.

The Frohlich polaron model is given by Hamiltonian of the form

H=-2+a2Y b taty (Gy(k)b;; + Gy(k)bk) (3.7.1)

keZ3 keZ3

where G, (k) = |—,1€|e_"ky, b, by, satisfy the bosonic CCR and « is the coupling parameter
which is imagined to be large in the relevant regime. This models a system where a fast
impurity particle (usually associated to an electron) interacts with a slow bosonic field with
constant dispersion relation. The separation of scales comes from the fact that the kinetic
term of the bosonic field is suppressed by a~2 whereas the kinetic term of the electron is

not.

The Landau-Pekar equations are then given by the coupled equations

Z:a’*ft = (FAy Ve (3.7.2)
100y = 1n+ 0y
where V;, : A — C with
Vo) =S (Gy(—k)n(k:) + Gy(k:)n(k:)) for all y € A (3.7.3)
kez3
corresponds to an effective potential for the impurity particle and oy, : Z* — C with
oo() = / dy Gy(R)|o2(y)  for all k € Z° (3.7.4)
A

to a source term. Recent, in [LMR21] a norm approximation, similar to Theorem @, has

been shown for the Frohlich polaron model in the strong coupling regime: On times of order
2 .

a” it holds

e (6 ® W (@) To) — € b g, @ W (o) ]| < Ca™ (3.7.5)

where ¢, is the ground state of h,, = (—A, + V,,) and T; describes quantum fluctuations
incorporating the correlations within the bosonic field. The dynamics of the fluctuations T,
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is explicitly determined by the Landau-Pekar equations. Since in the above case W (an) T
is allowed to be the vacuum, the result is of a similar form as Theorem describing a
formation of a coherent state which is coupled to the impurity via ()

However, in our case the impurity particle corresponds to the slow degree of freedom whereas
the almost-bosonic excitation field takes the role of the fast degree of freedom. Thus, we
obtain a slightly modified version of the above effective description:

{zng: _ Z;fl N (3.7.6)
with
0=y, (3.7.7)
V= —{ens, m)r
LTy e
=30 3 () (R + (), () (3.7.5)

where (h,),, (k) = AV (k)e™¥n, (k) . The differences are; Firstly, on our time scale the kinetic
term of the impurity particle is negligible by Lemma [f3 in comparison to the contribution
from the almost-bosonic field. Secondly, the almost-bosonic field has a linear dispersion
relation € instead of a constant one as for the Frohlich Hamiltonian (B.7.1)). Thus, we cannot
exploit the existence of a spectral gap as it is done in the proofs in [LMR*21]. Thirdly,
the bosonic field, as the faster degree of freedom, is able to resolve the contribution of
the impurity particle. Thus, the source term of the bosonic function 7 depends on the
impurity particle position y instead of averaging over the density |¢;|* associated with the
impurity particle. In particular, n decouples from the slow degree of freedom ¢ and becomes
easily solvable at the cost of making 7 a function of the position y of the impurity particle.
As a consequence of the y-dependence of 7 the effective potential becomes a constant, i.e.
V,(y) = const for all y € A.

3.8 Derivation of the Loschmidt echo

The Loschmidt echo Ly, (t) is defined as overlap between the non-interacting dynamics and
the interacting dynamics, i.e.

Ly (t) = [(e™ 0%, e 04 | (3.8.1)
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with Hy from () and hg = —BA,. We give a rigorous approximation of the Loschmidt
echo Ly, (t) in the high-density regime for the initial state 1y = ¢ ® RQ € L(A,dy) ® Hy,
i.e. we assume initially a product state between the impurity wave function ¢ and the filled
Fermi ball RQ2. The assumptions on the initial state are natural since the typical setting in
ultracold atom experiments is that the impurity is initially in a non-interacting state with the
Fermi gas and then at ¢ = 0 an interaction is suddenly switched on [CJL*15, CJLT16]. The
Loschmidt echo is a quantity of interest in these experiments, as it is not only accessible but
also characterizes the strength of the impurity’s perturbation on the Fermi sea. A Loschmidt
echo close to 1 indicates that the impurity remains well-defined as an isolated particle.
In contrast, for polaron formation, one expects a parabolic decay according to short-time
perturbation theory [KSNT12]. Over longer times, the echo exhibits a characteristic power-
law decay. Ultimately, the Loschmidt echo decays to zero, signifying that the initial state
has become completely orthogonal to the interacting system. This behavior was recently
measured in experiments with °Li atoms [CJLT16].

We will show that the expected behavior of Ly, (t) is found for the case of an impurity parti-
cle interacting with a dense Fermi gas. Our technique uses the recently established rigorous
effective description of the interacting dynamics of the impurity particle. In this effective
picture the impurity particle creates and annihilates almost-bosonic collective particle-hole
excitations such that the dynamics can be approximated as an explicit coupled coherent
state. Since this effective state can be seen as a superposition over different numbers of
almost-bosonic excitations, we can identify the Loschmidt echo as the overlap between the
non-interacting dynamics with the zero excitation sector which is exactly given by the nor-
malization constant of the coupled coherent state.

3.8.1 Effective Loschmidt echo and discussion

Definition 74. We define the effective Loschmidt echo for t > 0 as
~ 1
L) =[] exp (—%VV(I@Y? {log(2kg|k|t) — Ci(2kr|k|t) + ’y})

keZ3\{0} %1
where v is the Euler-Mascheroni constant and Ci : R>¢ — R denotes the integral cosine.
Remark 75. Due to the identity

oo r —1
Ci(x) = —/ COS(y)dy =7+logx +/ Mdy (3.8.2)
T Y 0 Y

for all # € Rsg, the map = — h(z) = 27! (logz — Ci(x) + v) is well-defined and bounded
for all x > 0. Thus, for all t > 0

Leff(t) _ H e—ngtA2V(k)2h(2kF|k|t) (3.8.3)
kez3




3.8. DERIVATION OF THE LOSCHMIDT ECHO 169

is bounded and for t € O(A kg ") the effective Loschmidt echo is of order 1. Also note that
{log(z) — Ci(z) +~} /z 229 0, thus we can exclude k # 0.

Theorem 76. Let ¢y = ¢ ® Qo with Qg = RS denoting the filled Fermi ball and ¢ satisfying
Z?Zl (10, ¢ ¢ll) < ¢ for a c> 0. There exists a non-negative map t — C(t) such
that for allt > 0

| Lo (£) — LT(8)| < Clkpt) max{kp ™ (1 + 1), (8t)%}

where P(t) € R and n; are given by () and (), respectively.

Remark 77. In the proof, we obtain a slightly stronger statement than in Theorem @, as
we can also incorporate the phase of (e, e=#~t)) into our approximation. However,
the phase P(t), as defined in (B.3.14)), has its dominant contribution in the energy E}' =
Y okene |FI? 1e. P(t) = EX't 4+ O (kit®) . Thus the phase is well approximated by a linear
function with slope EY' € O(k3).

Remark 78 (universal properties of LT). We emphasize that t — L°T(¢) qualitatively satisfies
the properties the experimental measurement of L(t) obtained in [CJL*16] (the Loschmidt
echo is referred to as contrast in this work). For small ¢t ~ 0, LT exhibits a parabolic
transient as the Taylor series is of the form

L) =1 —w(kpt)® D NV (kK| + O(t*). (3.8.4)
keZ3\{0}

The oscillatory behavior is inherited from the Ci-function (see ()) The large time
behavior is given by a power-law decay: since —Ci(x) + v < 1 for all z > 2, it holds for all
t>kp!

A2V (k)?
Lok 2 (0 e | = 3 G (ostalk) + ) (3.85)
kez3\{0}
with R
V(ky
= )\Qz .8.
o 1 > 7 (3.8.6)
kezZ3\{0}

Furthermore, since Ci(z) EmalN 0, it holds for ¢ >> kg !

LMtk ) = C(t) “ + o (t7) (3.8.7)
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Figure 3.8.1: Exemplary plot of L%(¢) for a truncated function V (k) = % for ro > 0.

with the explicit constant

T A2V (k)2
C=exp|— 3 Z%(log(?]k!)%—’y) | (38.8)
kez3\{0}

The fact that Lf(¢) tends to zero as t — oo indicates that the free evolution becomes
orthogonal to its time-evolved interacting state, reflecting Anderson’s orthogonality catas-

trophe [INDD6q, IKSN+12|].

3.8.2 Proof of Theorem @

Lemma 79. Under the assumptions of Theorem , there exists a non-negative map t — C(t)
such that

etz — L) < O gtk .
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2

Proof. Due to Lemma @ it holds for ex(t) == g(kp|k|t)kp *® with a non-negative map g

67H77t||2/2 o Leﬁ(t) _ 67\\”7;\\2 B eiHW;HQ (L4en (D)

2
— 2@7w6751\’(t)% sinh (8N(t) ||7]t|| )

4
2
S exp (_HU;H _€N<t>||ni

I

+en(t)? ”71”2)' ) en(t) ””;”2 (3.8.9)

where we used the well-known bound sinh(z) < ¢”/Sz in the last line. Thus for all ¢ €
O(A'kgt) we can make use of the bound Lemma [7(] to obtain the desired bound. |

Lemma 80. Under the assumptions of Theorem , there exists a non-negative map t — C(t)
such that

forab>0.

Proof. We recall that hy = —A, and that the almost bosonic operators satisfy ¢(n;)p®Q =
0 and the approximate shift property

c(ns)W(ns) = W(ns)c(ns) + (ns, ns)r + & (3.8.10)

with the error from the almost-bosonic Weyl operator

&= <ﬁsaR>F = Z Z (ns)a(k)/ dr W<_7-775) (Z na(l)ga(l7 k)) W(Tns>' (3811)

kel acZy 0 ler

We obtain for the derivative
o620, (Wny) —e 1) o 0))
< [(& @, (=G, b + T, nde) W) + € + € = Redii,nhre 12) 6 @ )|
< [Re(is,nibrl (6 © Q, (W) — e 112) 6 0 0)
+l(E+€) sl (3.8.12)

with £ = 2i fol dr W((1 — 7)n)Im(n,, R*"")rW(71;) as the error from the derivative.

Now in the error analysis we show that || (5 + €~> ¢ ® Q|| is small and that |Re(ns, ns)r| < C

for s € O(kg'). We estimate using Lemma

1€6 @ Q|| < CMN=50[ || (C11 = 1) ||V + 3)¢ @ Q|



172 CHAPTER 3. EFFECTIVE POLARON DYNAMICS

< CMN“359||5 || (fo(kes) — 1) (N +3)¢ @ Q|| (3.8.13)

and since £ = Errory from () satisfies

s 1
I€¢ @ Q| < CszMN-§+5/ da/ dr (eIl — Clnel™) A+ 5)p @ Q|
0 0
< C (fo(kes) — 1) kesMN~5P|(N + 5)p @ Q|| (3.8.14)

where we estimated the exponential eIl by a monotonically increasing function. Moreover,
one can estimate

1/2
o] =2(Z|v 'S (k)2 sim (ealk >s/2>|2>

kel aETy
1/2

< (SR 1KY olpu)ua(bsin (al5/2) )

kel a€Zy

1/2

<OkF(Z|V )2 |k:|/ du sin(kp|k|su)? )

kel
< Che|(-)/2V]ls. (3.8.15)

In total it follows for the derivative

04(6 @ Q, <W(n5) - e_“”S”Q/z) 6® Q)‘
< CB(s) (‘ @@, (Wn)—eI2) e Q>‘ + CMNE) (3.8.16)

where
B(s) = max {log (fo(krs)) kg, (fo(kps) — 1) kps} (3.8.17)

is a monotonically increasing function which implies by the Gronwall inequality
(620 (W) —e /) g @) < CMN-34 (Cha 50 1) o 2.0
< OMN=5%0 (£ 1), (3.8.18)

Proof of Theorem . Since ¢ ® (2 is normed it holds

<efih0t¢ ® RO efiHthS ® RQ)
= (™" = 1)o@, (Re™ R — "W (n)) 6 © Q)
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(6@ (R VR — POW () 60 O

+{p®Q, (eiP(t)W(nt) - 6iP<t)e—||mH2/z> 6 Q)

+ PO p=lmell?/2 _ PO L1

+ e PO L) (3.8.19)
Thus, by the triangle inequality it holds

<e—ihot¢ ® RQ, e—iHNt¢ ® RQ> _ eiP(t)e—\lﬁt||2/2
< |[(e7™ —1)p @ Q|| || (R*'e ™ N'R — e "OW (1)) ¢ ® Q||
+ (000 (W) — /) oo Q)+ eIz - L)) (3.8.20)

Since 7, 102 ¢|| < ¢ for a constant ¢ > 0 by assumption, it follows by Duhamel’s formula

t
I ™ — 1) o Q| < 8 / dsl|(A,6) ® Q| < bt (38.21)
0

and we obtain with Theorem @, Lemma @, Lemma @ and the reverse triangle inequality
the desired result. |
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A.1 Estimates within the bosonization framework

In this section we collect all relevant estimates of the bosonization framework which was
first developed in [BNP*19, BNP*21la, BNP21b, BPSS23] in the semiclassical regime. In
addition to the references we present brief proof sketches where we think they are helpful
for the interested reader.

Lemma 81 (Approximation of ng(k), [BNP*21h, Lemma 5.1]). For N% <« M < N3~
and k € T, € Z;, it holds

_ Awky

na(k>2 M

|k - Qo] (14 0(1)).
Note that |k - &) > N7 by construction of Iy.

Lemma 82 (Approximation of }- . na(k)?). For N* < M < N3~ gnd k € T it holds

S na(k)? = Klklx {1 +0 (M%N—%+5 + N‘é)} .

a€Ty

Proof. Tt holds from [BNP*19, Proposition 3.1]
na(k)? = k2[Klo(pa)ua(k)? (1 4+ O(MENTH))

with cos@, = |/A€ - Wo| = uq(k)?. Choose ¢, for the azimuth angle of w,. We estimate the
a-sum by an appropriate surface integral over the patch p,

d
/ do cos@ — o(pa)cosby| < sup |—cosf@| sup |0 —0,|0(pa)
Pa 5(6.0)epa | 40 (0.9)Epa
< CM~2

where we used [0 — 0,] < CM~z and 0(pa) < CM~! by the patch construction. Note that
the integral over S = UaEIk P which excludes a collar of width N9 can be approximated
by an integral over the half-sphere S

/da cos@—/da cos
S S

which can be calculated explicitly

<C (N"S + M%N*%>

w/2
/da cos@zQw/ df cosfsinf = 7.
s 0
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Thus in total we obtain with the triangle inequality and |k| < C

> na(k)® — kilk| / do cosf
S

a€Ty

< CR2|k| (M%N—%+5 FME N4 M%N—%)

Y na(k)? — kglk|m

a€Ly

< Ck2|K| (M%N—%+5 + N‘5> .

|
Lemma 83 (Estimates on the CCR error term, [BNP*21b, Lemma 5.2]). For k', k € I' and
a € Iy, B € Iy the error term E,(k, k') as defined in () satisfies Eq(k, k') = EL(K', k)*,

commutes with N and for all v € T, N Ly it holds for all { € F
2
E kK< D 18R < C(MNTFEN)

’YGIkﬂIk/

Dk KGN < CMENTIRIN).

YELKNLys

Lemma 84 (Pair operator bounds, [BNP*21b, Lemma 5.3). It holds for all k € T and
Y eF,fel(y):

(1) Caez, lealk)d|? < N2,
(i) Cez, lea(R)vll < M2 Nz,
(iiD): Ceg, leaB)vll < MW + M)z,
(iv): Paez, llea(R)I? < NN + M)z,
(V) | ez, faca Rl < [IF Il N+ 1)29,

(VD). Yoer, chlk)ecalk) <A

Lemma 85 (Error of linearized kinetic energy, [BNP*21b, Lemma 8.2]). It holds for k € T,
a €Ly and allp € F _
[Ho, 5 (k)] = 2kplk - walcg (k) + €5 (k)"

with

lin 2 10 1\? 1 2

ST le)e]? < o (NIMH) | + 1)
a€ly
> el kel < CNs M=)

a€Tly
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Proof. Observe that

B =g XX [eWdaa
1

PEBENBa,p—k€BrNBa 1€Z3

- ST (elp) +elp— k) ata,

n
pEBENBa,p—kEBrNBa

= 2kplk - alc (k) + €5 (k)"

One makes the identification €1"(k) = ¢ (k) representing a weighted operator (see [BNP21b,
eq. (5.11)]) with
9(p, k) = e(p) + e(p — k) — 2kplk - &a| = |p|* — Ip — kI* — 2kp|k - ©a
= (2k - (p — kpwa) — |K[?)
where we used e(p) as defined in () The bound follows from [BNP*21b, Lemma 5.4]

which depends on ||g||;. This can be estimated by using diam(B,) < CN3M~2 such that
l9(p. k)| < ON5 M2, u

Lemma 86 (Error of bosonized kinetic energy, [BNP*21h, eq. (8.6)]). It holds for k € T,
a €Ly and allp € F
(D, co (k)] = 2kplk - dalcs (k) + €5 (k)"

with

S el < 0 (kebsN=30) O + 1)

a€Ty

ST IEB (k)| < ChpMENTI(N +1)29].

a€Ty

Proof. Tt holds €B(k) = 2kp >, |1 - @a|EX(1, k)ca(l)x(a € T;) and therefore

> lledk)wl?

a€Ly
2 2
<y (Zszpu-aars;u,k)ca(zwu) <k Y (Zuszu,k)ca(zw)
a€ZNI; lel’ a€ZNIy lel
2
<on ¥ (S omn e )
a€LNI; leT

< Che (CMNE9) ST S S flea O — 206 eall)N — 200

aclNZ; el l'el
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2
I

< Ckg (C’MN%“) (N +1)39)2

where we used in the second line [ € T" bounded, Lemma B3 in_the third line, Ne,(l) =
co(l)(N = 2) in the fourth line and Cauchy-Schwarz and Lemma 84 in the last line.

The second statement simply follows from Cauchy-Schwarz. |
Lemma 87 (Approximation of patch decomposed operators). It holds for all k € T’

1(b(k) = >~ na(k)calk) + hoc)y]| < C(N3=3 + NS MDA +1)29].

a€Ty

Lemma 88 (Estimate of non-bosonizable terms, [BNP*21a, eq. (4.6)]). It holds for £ as
defined in (B.2.9Y) the following estimate for all ) € F

I€L] < CAIVILINY.
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Chapter 4

Conclusion

In this thesis, we have made significant contributions to the understanding of strongly in-
teracting fermionic systems and polaron dynamics. Our research has focused on extending
the derivation of the Hartree-Fock equations to a novel regime and exploring the dynamics
of impurity particles within a dense Fermi gas.

Summary of key findings and implications Firstly, we derived the Hartree-Fock equa-
tions for strongly interacting fermions, achieving a rigorous approximation at the level of
the reduced one-body density. This derivation is particularly notable for its exploration
of a new regime characterized by a “quantum” density profile, where classical phase space
density approximations are not expected to hold. Unlike previous works, our setting is,
through re-scaling, equivalent to an unscaled system that does not depend on weak coupling
constants on volumes of order 1. This makes it highly relevant for both fundamental physics
and practical applications. Our result is valid on an optimal time scale, within which the
mean-field description is expected to be valid. Furthermore, our approach can incorporate
singular and long-range potentials, enhancing its applicability to a broader range of physical
systems.

Secondly, we have provided a derivation of the polaron dynamics for an impurity parti-
cle interacting with a dense Fermi gas. After deriving a Frohlich-type Hamiltonian, we
went beyond the typical Hamiltonian-level approximations by developing an effective time-
dependent state that captures the leading order effect. This work reveals a significant differ-
ence from free time evolution on the time scale of interest, contrasting with previous studies
that assumed weak couplings. Therefore, we partially refuted a conjecture raised in Sub-
section that the free-decoupling effect in 3D, due to the Pauli exclusion principle,
remains valid for stronger interactions and longer time scales. Additionally, we calculated
the response function, which exhibits characteristic features of the polaron quasi-particle,
which align with recent experimental and theoretical findings.
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Contributions to future research Our work suggests several potential directions for fu-
ture research, particularly in the application of advanced mathematical techniques to quan-
tum many-body systems.

Firstly, the gauge phase method from Chapter E, which we employed to extract leading-
order effects, can be further extended to investigate short-time regimes. This method is
particularly relevant for fermionic systems, where a significant portion of the particles possess
high momenta due to the Pauli exclusion principle. Consequently, the time scales of interest
for effective theories are relatively short. This can be utilized by the gauge phase method, as
it introduces explicit time dependencies into the transformed system, potentially minimizing
problematic terms. This methodology may offer insights into new dynamics in strongly
interacting systems, potentially enhancing our understanding of formation processes and
non-equilibrium phenomena.

Secondly, the dynamical incorporation of almost-bosonic excitations in fermionic systems
presents a powerful approach, albeit currently restricted to the torus geometry. The central
tool here is to decompose interactions into an almost-bosonic component and a remainder.
The almost-bosonic component corresponds to the creation and annihilation of particle-
hole pairs, while the transport of excitations or holes constitutes the remainder terms. For
future research, one could explore the interplay between internal interactions and impurity-
induced interactions. Additionally, it would be valuable to combine this approach with the
perturbative resolvent method to demonstrate that, under weak coupling conditions, the
impurity particle exhibits free evolution. Recent works into this direction involve the study
of Bose-Fermi-mixtures [CMMP25].

Thirdly, our approach of deriving a simpler intermediate Hamiltonian and subsequently
identifying an effective state, which captures the leading-order effect, offers potential for
exploring the formation of new states in a dynamical sense. By explicitly tracking the
real-time evolution of quantum states, we gain insight into how interactions gradually give
rise to collective phenomena, rather than assuming their existence from a purely spectral
perspective. This perspective could be particularly relevant for superconductivity, where
the ground state of an attractive fermionic system is believed to exhibit Cooper pairs. The
dynamical counterpart would involve investigating whether the time-evolved state effectively
exhibits superconductive

features, such as long-range off-diagonal order.

Limitations and open questions While our research has made significant advances,
several limitations and open questions remain.

In the context of the Hartree-Fock equations, future work should aim to include more singular
interactions, particularly the Coulomb case, to enhance the model’s applicability to real-
world systems. One possible approach is to find a better estimate of the bad kinetic energy
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by propagating a more controllable quantity and varying the auxiliary dynamics to allow
for a better norm approximation. In addition, relaxing the L°°-conditions on the effective
dynamics or reducing these time-dependent conditions to initial state conditions would be
preferable. This requires propagation-in-time estimates, possibly via Gronwall estimates.
Another possibility is to avoid these conditions by finding different estimates for the mean-
field quantities, as can be easily done for bounded interactions in confined systems.

For polaron dynamics, future investigations could focus on incorporating more singular and
decaying interactions V between the impurity particle and the Fermi gas, as well as weak
internal interactions gyW within the Fermi gas. Singular interactions V' are likely feasible
as long as the singularity is integrable. One possible approach is to decompose the Fourier
transform V into singular and decaying parts, where the decaying part contributes minimally
and the singular part is treated similarly to a compact support scenario. For internal interac-
tions gy W, we expect no significant effect for sufficiently small coupling gy (see discussion in
Subsection ) Otherwise, these interactions might be included in the almost-bosonic de-
scription through a Bogoliubov transformation, as demonstrated in [BNP*21a]. This would
effectively alter the dispersion relation of the collective excitations. Additionally, consid-
ering systems with multiple impurity particles and deriving mediated interactions between
polarons would offer insights into the collective behaviors of these quasi-particles [BHFT23].
Furthermore, exploring longer time scales is of particular interest, as physicists expect de-
caying processes, at least for the repulsive Fermi polaron, due to its finite lifetime [KSN*12].
The same questions can also be addressed for the low density case, where recent progress in
bosonization methods has been achieved in static settings [Gia23, GHNS24, Gia24].

Addressing these remaining challenges in future research would further extend and deepen
our understanding of quantum many-body systems and their potential applications.
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