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Dimensioneller BCS-BEC-Crossover in ultrakalten Fermigasen

Wir untersuchen die Thermodynamik und Phasenstruktur ultrakalter Fermigase.
Diese kénnen mit modernen Fallentechniken im Labor realisiert und vermessen
werden. Dabei ndhern wir uns dem System sowohl vom theoretischen als auch ex-
perimentellen Standpunkt. Ein zentraler Punkt der Analyse ist der systematische
Vergleich des BCS-BEC-Crossovers zweikomponentiger Fermionen in drei und
zwei Dimensionen. Eine Reduktion der Dimensionalitét l&sst sich im Experiment
mit stark anisotropen Fallen verwirklichen. Die Funktionale Renormierungsgrup-
pe (FRG) erlaubt beide Fille in einem einheitlichen theoretischen Rahmen zu
beschreiben. In drei Dimensionen diskutieren wir mit der FRG den Einfluss von
Teilchen mit hohem Impuls auf die Dichte, erweitern bisherige Zugéinge zum
unitdren Fermigas um quantitative Prézision zu erreichen, und untersuchen den
Zusammenbruch der Superfluiditéit aufgrund einer Asymmetrie in der Besetzung
der zwei fermionischen Komponenten. In diesem Zusammenhang untersuchen
wir auch die Stabilitdit der Sarmaphase. Fiir den Ubergang zum zweidimensio-
nalen System spielt die Streuphysik in reduzierter Dimension eine entscheidende
Rolle. Wir legen theoretisch und experimentell relevante Aspekte dessen dar.
Nach einer qualitativen Untersuchung des Phasendiagrams und der Zustands-
gleichung in zwei Dimensionen mit der FRG, beschreiben wir die experimentelle
Bestimmung des Phasendiagramms des zweidimensionalen BCS-BEC-Crossovers
in Zusammenarbeit mit der Gruppe von S. Jochim am PI Heidelberg.

Dimensional BCS-BEC crossover in ultracold Fermi gases

We investigate thermodynamics and phase structure of ultracold Fermi gases,
which can be realized and measured in the laboratory with modern trapping
techniques. We approach the subject from a both theoretical and experimental
perspective. Central to the analysis is the systematic comparison of the BCS-
BEC crossover of two-component fermions in both three and two dimensions.
A dimensional reduction can be achieved in experiments by means of highly
anisotropic traps. The Functional Renormalization Group (FRG) allows for a
description of both cases in a unified theoretical framework. In three dimensions
we discuss with the FRG the influence of high momentum particles onto the den-
sity, extend previous approaches to the Unitary Fermi Gas to reach quantitative
precision, and study the breakdown of superfluidity due to an asymmetry in the
population of the two fermion components. In this context we also investigate
the stability of the Sarma phase. For the two-dimensional system scattering
theory in reduced dimension plays an important role. We present both the the-
oretically as well as experimentally relevant aspects thereof. After a qualitative
analysis of the phase diagram and the equation of state in two dimensions with
the FRG we describe the experimental determination of the phase diagram of
the two-dimensional BCS-BEC crossover in collaboration with the group of S.
Jochim at PI Heidelberg.
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1 Introduction

Pushing the experimental frontier in physics has always refreshed and deepened
our understanding of the fundamental laws of nature. With the achievement of
quantum degeneracy in ultracold quantum gases (Anderson et al. [1995], Davis
et al. [1995]) an exciting new chapter of research at the interface of few- and many-
body quantum physics has been opened. Most characteristic for the corresponding
experiments is an unprecedented degree of control and tunability of the atomic
ensembles. This enables both a systematic study of the mechanisms governing
these systems and a solid benchmarking of their theoretical description.

The big interest in ultracold quantum gases is twofold. First, anticipating the
idea of Feynman [1982] of a quantum simulator, we can hope that the realization
of atomic clouds in the laboratory will shed light on outstanding questions such
as high temperature superconductivity in solid state materials, the properties of
dense nuclear matter in neutron stars, thermalization in heavy-ion collisions, or
particle production in the early universe. Second, and this will be the focus of this
thesis, ultracold atoms as a new system in the field of condensed matter physics
promise to reveal how the rich and often surprising macroscopic phenomenology
of quantum few- and many-body systems emerges from a given, relatively simple
Hamiltonian.

Typical ultracold quantum gases consist of 10% —10° alkali or earth alkali atoms
trapped by electromagnetic fields (Ketterle et al. [1999], Dalfovo et al. [1999],
Grimm et al. [2000]). With a succession of laser and evaporative cooling techniques
it is possible to reach the sub-uK regime (Pethick and Smith [2002], Pitaevskii
and Stringari [2003]). At those low temperatures the complex interatomic col-
lisions can be described by effective contact interactions. Moreover, by diluting
the ensemble it is possible to suppress three-body processes which would result in
clustering of particles and eventually solidify the sample. As a consequence the
low-energy physics of the gas, irrespective of its atomic details, is faithfully de-
scribed by a simple many-body Hamiltonian with pointlike interactions between
the particles (Bloch et al. [2008]). This model is often applied to other systems,
where, however, it is only an approximation.

The artificial character of the systems just described is also their key feature. By
modifying the preparation or trapping of the gas, experimentalists can nowadays
engineer a large class of many-body systems which are of high general interest.
The cold atoms tool box contains a variety of isotopes whose scattering properties
are classified and well-understood. Interacting quantum gases with Fermi or Bose
statistics, or mixtures thereof, can be designed by populating distinct hyperfine
states of fermionic (e.g. SLi or “°K) or bosonic atoms (e.g. “Li or 8’Rb). Ap-
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plying an external magnetic field operated close to a Feshbach resonance of the
trapped species (Chin et al. [2010]), the coupling constant between particles can
be tuned almost at will, thereby connecting perturbative and nonperturbative
regimes (Giorgini et al. [2008], Gurarie and Radzihovsky [2007]). Interference ef-
fects of the electromagnetic trapping fields can be employed to create effectively
two- or one-dimensional systems, or to simulate Hubbard model physics in optical
lattices (Jaksch and Zoller [2005], Lewenstein et al. [2006]).

In this work we will mainly be interested in the thermodynamic properties of
interacting Fermi gases. However, many other promising directions in the field
of cold atoms have appeared in the past two decades, out of which we want to
present a small selection.

The study of finite quantum systems with a well-controlled particle number ad-
dresses fundamental questions concerning the transition from few- to many-body
physics. Starting with three particles, where the famous Efimov-effect (Efimov
[1970, 1973]) has been studied in detail (Ferlaino et al. [2011]), the subsequent
adding of particles to the system (Serwane et al. [2011], Wenz et al. [2013]) allows
to enter the mesoscopic regime, which is relevant, for instance, in nuclear physics.
It is also possible to generate long-range interacting systems by trapping Rydberg
atoms or polar molecules (Baranov [2008], Carr and Ye [2009], Saffman et al.
[2010], Baranov et al. [2012]). Furthermore, there are many theoretical proposals
on the implementation of SU(N) quantum magnetism or lattice gauge theories
with ultracold atoms (Ye et al. [2008], Gorshkov et al. [2010], Daley [2011], Baner-
jee et al. [2013], Goldman et al. [2013], Celi et al. [2014]).

Another exciting direction is the study of systems out of thermal equilibrium.
On the one hand, this comprises generic non-equilibrium phenomena in closed
systems such as (pre-)thermalization (Berges et al. [2004], Gasenzer et al. [2005],
Hofferberth et al. [2007], Cramer et al. [2008], Rigol et al. [2008]) or the response
to parameter quenches (Greiner et al. [2002], Sadler et al. [2006], Calabrese and
Cardy [2006], Kollath et al. [2007]). In particular, the interest in integrable one-
dimensional systems was renewed with the experimental realization of cold atom
ensembles in cigar shaped potentials. Cold atoms are also promising setups to
investigate dynamical critical phenomena. On the other hand, ultracold quantum
gases naturally represent open quantum systems. Whereas the loss of particles
is often an unwanted effect, its influence can also be used to reveal interesting
physics. By adjusting the pump of particles or energy into the system with the
corresponding loss, such driven systems may eventually reach a non-equilibrium
steady state (Diehl et al. [2008b], Verstraete et al. [2009], Diehl et al. [2010b],
Dalla Torre et al. [2010]). Many interesting aspects of closed system like phase
transitions or scaling phenomena are to a large part unexplored in open quantum
Systems.

Here we investigate the BCS-BEC crossover in two-component Fermi gases (Ea-
gles [1969], Leggett [1980], Zwerger [2012], Randeria and Taylor [2014]). It de-
scribes the s-wave pairing of fermions with pointlike interactions in two distinct
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hyperfine states, labelled |1) and |2). The nature of the pairs can be of very differ-
ent form. In the BCS-limit, the system is fermionic and Cooper pairing between
states on antipodal points of a sharp Fermi surface modify the low-energy physics
on exponentially small scales. The theory of Bardeen, Cooper, and Schrieffer
(BCS) for conventional superconductivity of weakly attractive fermions yields a
good approximate account of the many-body state. In contrast, in the BEC-
limit, every two fermions are bound into a diatomic molecule, and the fermion
chemical potential is negative. The corresponding system of composite particles
is well-described by a gas of weakly repulsive bosons, which may eventually form
a Bose-Einstein condensate (BEC).

Remarkably, both limits can be connected continuously by varying the micro-
scopic coupling strength. In the intermediate regime a strongly correlated super-
fluid emerges. At zero temperature the transition from the BCS- to the BEC-limit
is a crossover, which explains the name of the system. In most systems where
fermion pairing is relevant, such as superconductors or neutron stars, the pairing
is, however, of one particular form. In those cases the corresponding microscopic
coupling is fixed, and it determines the nature of the superfluid or superconductor
under consideration. In contrast, for cold atoms the whole BCS-BEC crossover
can be addressed by varying an external magnetic field in the vicinity of an in-
teratomic Feshbach resonance. This allows in a unique fashion to experimentally
study the transmutation from an atomic to a molecular superfluid by crossing the
strongly correlated regime. At the same time this calls for a complete theoretical
description which captures the rich phase diagram in all its facets.

Such a theoretical framework is offered by the Functional Renormalization
Group (FRG) (Wetterich [1993], Berges et al. [2002], Pawlowski [2007], Gies [2012],
Delamotte [2012], Kopietz et al. [2010], Metzner et al. [2012]). The method is
built on the functional integral formulation of quantum field theory. In the cold
atoms context we work with the coherent state path integral representation of the
grand canonical partition function. A characteristic feature of the FRG is that
it not only allows to resolve critical phenomena and scaling behavior, but also
non-universal properties of a given Hamiltonian like phase diagrams or thermo-
dynamic functions. During the renormalization group flow, the complexity of the
many-body system is treated in a length scale resolved fashion: The impact of
fluctuations on microscopic length scales is well-separated from the many-body
effects and long-wavelength excitations on large length scales. In this way the
often complicated substructure of correlation functions can be explained by the
running of couplings and the decoupling of modes when going from microscopic
to macroscopic scales.

The three-dimensional (3D) BCS-BEC crossover has been investigated exten-
sively with the FRG after the seminal works by Birse et al. [2005] and Diehl
et al. [2007a). Landmarks are for instance the description of universality due to
an ultraviolet fixed point (Diehl et al. [2007a,b]), the correct description of the
second order superfluid phase transition in the whole crossover with critical ex-
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ponents in the O(2) universality class, the inclusion of particle-hole fluctuations
in the description of the strongly correlated regime (Floerchinger et al. [2008]),
and a study of the influence of dimer-dimer- and dimer-atom-scattering onto the
many-body system (Floerchinger et al. [2010]). The corresponding approach is
technically parallel to FRG treatments of the quark-meson model (Berges et al.
[2002], Schaefer and Wambach [2005, 2008]) or partially bosonized versions of the
Hubbard model (Metzner et al. [2012]). This often leads to a fruitful mutual
influence of these fields.

In this thesis we extend these earlier works in three directions. First we attempt
to reach the level of quantitative precision which can compete with state-of-the-art
experiments and theoretical methods such as Quantum Monte Carlo calculations
or Luttinger-Ward approaches. This also aims at a solid benchmarking of our
approach and at finding possible shortcomings or missing ingredients. Second we
allow for an imbalance in chemical potential or population of |1)- and |2)-atom
states. In this way it is possible to destroy superfluidity at zero temperature in
either a first or second order phase transition. The qualitative resolution of this
effect requires sophisticated methods for the computation of the effective potential
of the system. Third we confine the system to two spatial dimensions (2D). This is
experimentally relevant for cold atoms, as it can be emulated in highly anisotropic
pancake traps, and may also shed light on unconventional superconductivity in
solid state materials. Due to the enhanced role of fluctuations, the theoretical
description of 2D systems is often plagued by infrared divergences. We show that
those are absent in the FRG approach and apply the methods which have been
successful in the investigation of the 3D system to the 2D BCS-BEC crossover.

In our quest for quantitative precision we mostly address the phase diagram and
the equation of state of the system. The phase diagram consists in the critical
temperature of superfluidity, T¢(u,a) or Te(n,a), as a function of the chemical
potential p or density n, respectively, and the s-wave scattering length a. The
latter fully characterizes the atomic interactions, which we assume to be of zero
range. The thermodynamic information of the system is contained in the equation
of state, which can be expressed in terms of the pressure as a function of the
chemical potential and the temperature, P(u,T,a). First or second order phase
transitions manifest themselves as non-analyticities in the equation of state. Thus
the knowledge of P(u,T,a) allows to determine the phase diagram in those cases.

It is a beautiful and remarkably simple insight into thermodynamics in a large
external potential that the equation of state of the homogeneous gas can be ob-
tained from an in-situ density profile of the trapped gas (Ho and Zhou [2010]).
For this to hold we have to assume that there exists a local equation of state for
the gas at each point 7 in the trapping potential V(7). We then find that the
measured in-situ density at point 7 is given by n(ug — V(7), T, a), where py is the
chemical potential in the center of the trap. Besides good statistics for the optical
density, a precise measurement of the equation of state requires an accurate deter-
mination of pg and T'. This is a key challenge for experiments. There have been
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equation of state measurements for the BCS-BEC crossover in both 3D (Horikoshi
et al. [2010], Nascimbene et al. [2010], Navon et al. [2010], Ku et al. [2012]) and
2D (Makhalov et al. [2014]), which focus on different parameter regimes.

By introducing a chemical potential (or spin) imbalance du = (1 — p2)/2 be-
tween atoms in state |1) and |2), pairing becomes energetically less favourable.
In particular, for a very large imbalance, the density of minority atoms vanishes.
At zero temperature, this happens at the so-called polaron chemical potential.
For intermediate values superfluidity breaks down at a critical imbalance dpu.. At
this point, pairing is no longer related to a gain in energy, and thus the system
enters a normal phase with unequal densities of |1)- and |2)-atoms. Within BCS-
theory, the associated Chandrasekhar—Clogston limit appears for exponentially
small mismatches of the Fermi spheres with p1 # po (Clogston [1962], Chan-
drasekhar [1962]). However, as we cross the resonance, the Fermi surfaces soften
and superfluidity persists even for rather large imbalances.

From the mean field analysis of the spin-imbalanced BCS-BEC crossover, and
also from experiments, it is apparent that the breakdown of superfluidity often
manifests itself in a first order phase transition (Sheehy and Radzihovsky [2006],
Parish et al. [2007], Navon et al. [2013]). A computation of the effective potential
U(¢) of the pairing field ¢ thus has to account for the competition of local minima.
In the FRG framework this can be resolved in several ways, e.g. by higher-order
Taylor expansions of U(¢) beyond the ¢*-approximation, or by projecting U(¢)
onto a complete function set like Chebyshev polynomials. Here we resolve the
effective potential on a grid of typically 100 values of ¢. The FRG analysis of
the effective potential goes beyond the mean field approximation as it includes
the feedback of U(¢) onto its own RG flow. This leads to a highly coupled set
of equations, in sharp contrast to the mean field analysis, where the one-loop
integral for the effective potential is readily integrated. We reproduce the correct
perturbative limiting cases in the BCS-BEC crossover and find the transition of
the Unitary Fermi Gas (UFG) to be of first order at zero temperature.

The breakdown of superfluidity due to a mismatch of Fermi surfaces is also of
interest for neutron stars, where the imbalance between up- and down-quarks (due
to an isospin chemical potential) results from a majority of neutrons over protons.
Besides the relativistic dispersion relation of the fermions, the Lagrangian of the
system and its mean field phase diagram are strikingly similar to those of the
BCS-BEC crossover. Motivated by the finding that fluctuations beyond mean field
theory induce a Sarma phase (Sarma [1963]) in the relativistic system (Kamikado
et al. [2013], Boettcher et al. [2014b]), we search for the Sarma phase in the
nonrelativistic setting. In the Sarma phase the system is a homogeneous superfluid
with gapless fermionic excitations. Our analysis shows that in the 3D cold atoms
case fluctuations rather destroy the parameter range which allows for a Sarma
phase. Moreover, the Sarma phase only appears on the BEC-side of the crossover,
where it describes a molecular BEC sprinkled with unpaired excess atoms.

The 2D BCS-BEC crossover (Randeria et al. [1989], Drechsler and Zwerger
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[1992], Loktev et al. [2001], Iskin and de Melo [2009], Bertaina and Giorgini [2011],
Bauer et al. [2014]) is similar to its 3D counterpart in the sense that it has a
fermionic limit with sharp Fermi surfaces (called BCS side), and a bosonic limit
of diatomic molecules with negative fermion chemical potential (called BEC side).
Both regimes are connected by a strongly correlated superfluid. However, there
are also inherent differences. Whereas a vacuum two-body bound state in 3D
only exists on the BEC side, there is always such a bound state in 2D. From the
corresponding binding energy ep it is then possible to define the 2D scattering
length @ according to eg = —h?/Ma?, where M is the mass of the atoms. The
proper crossover parameter is given by log(kpa) with Fermi momentum kp =
(27n)1/2. For log(kpa) = 0 the interparticle spacing is of the same order as the
interaction strength. Hence the system is strongly correlated. There is no non-
trivial unitary regime in the 2D case (Nussinov and Nussinov [2006]).

The famous Mermin—Wagner theorem forbids long-range order in the 2D BCS-
BEC crossover at nonzero temperature (Mermin and Wagner [1966], Hohenberg
[1967]). For a trapped system this is only partially relevant due to the finite extent
of the cloud. One then expects a nonzero condensate fraction which only vanishes
logarithmically with the system size. But even in the truly 2D case there is still
the possibility of a transition from a low-temperature superfluid phase to a high-
temperature normal phase by means of the Berezinskii-Kosterlitz—Thouless (BKT)
mechanism (Berezinskii [1972], Kosterlitz and Thouless [1973], José et al. [1977],
Frohlich and Spencer [1981]). Below the transition temperature phase correlations
decay algebraically. It is thus in accordance with the Mermin—-Wagner theorem.
The decay exponent is related to the anomalous dimension, which is nonzero below
the transition temperature.

We approach the 2D BCS-BEC crossover from both a theoretical and an ex-
perimental side. The theoretical description is performed with the FRG in close
analogy to the 3D case. The beta functions governing the 2D system are the same
as in 3D, however, with spatial dimension d = 2. Further modifications concern
the initial conditions of the flow due to 2D scattering physics. For the experimen-
tal part there has been a close collaboration with the experimental group of Selim
Jochim at PI Heidelberg, which realized the 2D BCS-BEC crossover using SLi-
atoms in a highly anisotropic pancake trap. One of the experimental highlights is
the determination of the phase diagram of the system. We outline the important
steps which have been necessary for its extraction.

This thesis is organized as follows. In Sec. 2 we review the basics of ultra-
cold atomic physics. In particular, after a discussion of Feshbach resonances we
introduce the two-channel model for the BCS-BEC crossover which is employed
throughout this thesis. In Sec. 3 we discuss functional approaches to interacting
many-body systems with focus on applications to ultracold atoms. The frame-
work of Functional Renormalization is then applied in Sec. 4 to the BCS-BEC
crossover. We investigate the 3D and 2D BCS-BEC crossover in Secs. 5 and 6,
respectively. In 3D we consider the Tan contact, the balanced Unitary Fermi Gas,
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and the spin-imbalanced BCS-BEC crossover with the FRG. The discussion of the
2D system is based on a systematic comparison to the FRG-approach to the 3D
system and the experimental realization of the setup using Li-atoms. We draw
our conclusions in Sec. 7, where we also indicate possible directions of future
research.

The compilation of this thesis is solely to the author. The results and presen-
tations have been obtained in collaboration with many other coworkers, which
is highly appreciated by the author. Large parts of this thesis are published or
available as preprint. The related works are:

Ultracold atoms and the Functional Renormalization Group
with S. Diehl and J. M. Pawlowski
Nuclear Physics B - Proceedings Supplements 228 63 - 135 (2012)

Tan contact and universal high momentum behavior of the fermion propa-
gator in the BCS-BEC crossover

with S. Diehl, J. M. Pawlowski, and C. Wetterich

Physical Review A 87 023606 (2013)

Critical temperature and superfluid gap of the Unitary Fermi Gas from Func-
tional Renormalization

with J. M. Pawlowski and C. Wetterich

Physical Review A 89 053630 (2014)

Phase structure of spin-imbalanced unitary Fermi gases
with J. Braun, T. K. Herbst, J. M. Pawlowski, D. Roscher, and C. Wetterich
e-print available from arXiv:1409.5070 (2014)

Sarma phase in relativistic and non-relativistic systems

with T. K. Herbst, J. M. Pawlowski, N. Strodthoff, L. von Smekal, and C.
Wetterich

e-print available from arXiv:1409.5232 (2014)

Observation of pair condensation in a strongly interacting two-dimensional
Fermi gas

with M. G. Ries, A. N. Wenz, G. Ziirn, L. Bayha, D. Kedar, P. A. Murthy,
M. Neidig, T. Lompe, and S. Jochim

e-print available from arXiv:1409.5373 (2014)
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2 Basics of ultracold atomic physics

2.1 Scales and interactions

The physics of ultracold quantum gases is governed by the interplay of several
scales. Tuning their relative size, it is possible to access different regions of the
phase diagram of the system, and thereby explore the underlying physics. In this
section, we show which scales are relevant in the context of alkali atoms. In par-
ticular, we will discuss the conditions under which we have an ultracold quantum
gas. These model-independent considerations will also reveal why it is possible to
formulate a simple effective Hamiltonian, described by a few experimentally mea-
surable parameters only, which governs all alkali (single valence electron) atoms.
Given a homogeneous gas of atoms with density n in d spatial dimensions, we

may write
n=10"1 (2.1)

with ¢ being the interparticle spacing. Indeed, consider a homogeneous system
in a box of volume V. We divide this volume into cells of size ¢¢ each. Putting
exactly one atom into each cell, it is possible to distribute N = V/¢¢ particles.
Thus we arrive at the density n = N/V = ¢=¢. For two-component fermions it is
common to associate a momentum scale kp o< £~ to the density such that

B3 (d=3)
b = {(27m)1/2 (d=2). (2.2)

This quantity coincides with the Fermi momentum of a noninteracting system.
For an interacting system kp = kp(n) is still referred to as Fermi momentum for
convenience, but it is not related to the presence of a Fermi surface. We also
introduce the Fermi energy and Fermi temperature associated to the density by
means of ep = hgk% /2M and Ty = ey/kp, respectively.

Experiments on cold atoms are performed in either magnetic or optical traps,
see e.g. Pethick and Smith [2002], Pitaevskii and Stringari [2003], Ketterle et al.
[1999], Grimm et al. [2000] and references therein. As a consequence, the state
of the many-body system is not homogeneous. In particular, the local density
depends on the point in space. However, there are many cases where the picture
of a locally homogeneous system is still valid and useful (Dalfovo et al. [1999]).
In order to understand this, we consider a time-independent external trapping
potential of harmonic shape. We have

M 5 9

Vext (Z) = ?wor (2.3)

16



2.1 Scales and interactions

with 7 = |#| and M being the mass of the atoms. The potential is characterized
by the trapping frequency wy. Equivalently, we may write Vi (Z) = h%(r [losc)?

with the oscillator length
B\ /2
losc = . 2.4
(Mw0> ( )

Thus, hwg and fos. are the characteristic energy and length scales of the trap,
respectively. We will later see that in a typical situation fus constitutes the
by far largest length scale in the system. (It will, however, act as an infrared
(IR) cutoff for very long wavelength fluctuations present e.g. at a critical point.)
Accordingly, hwg usually provides the smallest energy scale of the problem.

If the physics under consideration takes place on much shorter distances than
losc, We can use this separation of scales to work with the so-called local density
approzimation: Consider the density at points Zy and To, respectively. We can
then expand n(Z;) = n(Z2)(1+O(|#1—Z2|/losc)). Obviously, for both points being
close to each other we can neglect the correction and assume the density to be
locally constant. In particular, for large values of £y this may hold for subvolumes
of the trapped cloud which contain many particles. The rules of thermodynamic
equilibrium can then be applied to these small homogeneous subvolumes. We will
come back to this point in the section on thermodynamics of cold quantum gases.

The statistical behavior of the trapped cloud is determined by the ratio between
the interparticle spacing and the so-called thermal or de Broglie wavelength. To
get an intuition for the latter quantity, consider a gas of atoms coupled to a heat
bath of temperature T'. The nonvanishing temperature induces a nonzero average
kinetic energy (p?)7/2M per spatial direction of the particles. The thermal wave-

length is the length scale associated to this energy according to A\p = h/ <p2>;/ 2,
More precisely, using p = hk = h/\, with k and A being the wave number and
length, respectively, we define A7 as the de Broglie wavelength of a particle with
kinetic energy p?/2M = mkgT. (The factor of 7 is purely conventional but stan-

dard.) This leads to
2rh? \ /2
A\p = (MkBT> . (2.5)

Note that A ~ T~1/2 becomes large for decreasing temperature. The quantities
¢ ={(n) and A\p = Ap(T) constitute the many-body length scales of the system
due to nonzero density and temperature, respectively.

Now we compare the length scales set by the interparticle spacing and the
thermal wavelength. Thinking of particles as being represented by wave packets
rather than pointlike objects, A7 determines the spread of these lumps. The ratio
¢/A\r is large if the wave packets of the individual particles are widely separated
and do not overlap. In this case the quantum nature of the particles does not play a
role. Indeed, we may follow the trajectory of an individual particle by subsequent
images, such that position and momentum are determined simultaneously, i.e. the
gas can be described classically. However, for £/Ar < 1, we are dealing with wave

17



2 Basics of ultracold atomic physics

2a \

Figure 2.1: Quantum degeneracy is reached when the thermal wavelength Ar is of
the same order as the interparticle spacing ¢ = n~%%. In this regime
it is important for the statistics whether the particles are identical or
not, leading to quantum many-body phenomena such as Bose conden-
sation or Fermi surface formation. We also indicate a typical order
of magnitude for the scattering length a, which, in the perturbative
regime, roughly corresponds to the radius of equivalent hard-core par-
ticles with contact interactions and cross section o o a?. Figure taken
from Boettcher et al. [2012].

packets which strongly overlap. The gas is then called quantum degenerate, or
ultracold. Clearly, it is then no longer possible to distinguish the single atoms and
their trajectories. In this case we rather have to deal with the whole many-body
quantum system. The behavior is then determined by quantum mechanics, with
statistics resulting from the spin of the constituents; ultracold atoms allow for
exploring both degenerate Bose and Fermi gases.
The transition from the classical to the quantum degenerate regime occurs for
n)\dT ~1,i.e.
O/ Ap ~ 1. (2.6)

We visualize this situation in Fig. 2.1. The combination
o =nr\k = (\p/0)? (2.7)

is called the phase space density. It indicates the number of particles contained in
a cube with linear extension set by the de Broglie wavelength. For two-component
Fermi gases it is common to work with the ratio

);

; (2.8)

3
Tr | 2(nA2)~! (d=2

T {1.31(n)\3T)_2/3 (d=

which is small for large phase space density.

Interactions and effective Hamiltonian

So far our considerations did not depend on the interactions of the particles. The
alkali atoms used in ultracold gas experiments are neutral and interact electro-
magnetically through van der Waals forces. A typical interaction potential U(r) of
two atoms separated by a distance r has a strongly repulsive part for small . The
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model potential with
same scattering length

true interatomic
potential U (r)

Figure 2.2: The interatomic potential U(r) between two neutral atoms is of the
Lennard-Jones type, with an attractive van der Waals tail ~ 1/r% at
large separations. From U(r) we can calculate the scattering length a,
which is the only parameter relevant for low energy scattering. The ¢-
like potential from Eq. (2.16), which is shown here in red, is an equally
good description (and more handy for practical calculations), as long
as it has the same scattering length. The reason is that under ultracold
conditions the short distance details of U (r) are never resolved. Figure
taken from Boettcher et al. [2012].

physical origin of the latter is Pauli’s principle which forbids the electron clouds of
the two atoms to overlap. This repulsive part can typically be modelled by a term
U(r) ~ 1/r'2, but a hard-core repulsion with infinite strength works as well. For
larger distances, two atoms experience an attraction due to mutual polarization
of the electron clouds. Each atom then acts as a small induced dipole, and they
attract each other according to a van der Waals interaction U(r) ~ —1/r%. (We
show the generic shape of the total interatomic potential, the Lennard—Jones po-
tential, in Fig. 2.2.) We thus approximate the microscopic interaction potential
to be

o0 (r <o),

—Cy/r%  (r > o). (29)

Uyaw (1) = {
We can use this expression to construct a typical length scale, the van der Waals
length, which characterizes the interatomic interactions. The typical length scale
for zero energy scattering is obtained from equating the kinetic energy of a particle
with momentum p = A/l,qw and reduced mass M /2, and the potential energy
Uyaw (r = lyqw ). This results in

MO VA
ﬁvdwz( C6> . (2.10)

h2

For typical values of Cg, we find that £,qw = (50...200)ag (ap = 0.53 x 1071%m
the Bohr radius), which crucially is much smaller than the interparticle spacing
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and the thermal wavelength (cf. Tab. 2.1):
€A > Lyaw. (2.11)

The many-body effects in an ultracold gas we are interested in thus never resolve
physics beyond the van der Waals length. As a consequence, we will be able to
specify an effective low energy Hamiltonian, valid on length scales 2 £yqw, as the
microscopic starting point of our calculations.

After indicating the rough scale associated to interactions, we now identify
the relevant physical parameter which can be extracted from scattering experi-
ments, the scattering length. This length scale characterizes two-body collisions
and emerges universally as the sole parameter characterizing low energy collisions
in potentials of sufficiently short range, such as 1/r% as we deal with here. To see
this, let us consider low energy elastic scattering of two particles in a quantum
mechanical framework. (As we explain below, we can assume only elastic two-
body processes to be relevant; further note that our meaning of “low energies”
is quantified by Eq. (2.11).) Restricting ourselves to three dimensions for con-
creteness, the relative wave function of two quantum particles colliding along the
z-axis in a short range potential can be written as

. . eipr/h
Up(T) = 7" + f(p,6)

(2.12)

The scattering amplitude f(p, #) depends on the center of mass energy p?/2m; (m,
is the reduced mass) and the scattering angle 6. Solving the scattering problem
for a particular potential U(r) consists in determining f(p,#) or, equivalently, all
partial wave scattering amplitudes fi(p) in the expansion f(p,0) = > ;2,(2l +
1) fi(p) Pi(cos @) with Legendre polynomials F;. A nonvanishing relative angular
momentum [ of the scattering particles introduces a centrifugal barrier term h2l(I+
1)/2m,r? in the Schrodinger equation of relative motion. As a lower estimate for
the corresponding energy, we can replace r? — 5\2de and find that this barrier
is far too high for particles with energies p?/2m, < h?/¢%;. Therefore, only
isotropic s-wave-scattering (I = 0) occurs in ultracold alkali quantum gases.

With p = hk, the low momentum expression of the s-wave scattering amplitude
is given by .

Iy lrep?—ip+..

folp) = (2.13)

In this expansion, a is the scattering length anticipated above. It constitutes the
most important parameter quantifying scattering in ultracold quantum gases in
three dimensions. The coefficient 7. is referred to as effective range. It represents
a correction which for the available p in ultracold gases is subleading, and thus
we work with f ~ —a. From Eq. (2.12) we then have (%) ~ —a/r for large r
and low momenta.

The limitation to s-wave scattering has drastic consequences for ultracold gases
of identical fermions. They are necessarily noninteracting. Collisions would only
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be possible in the p-wave or higher channels, but these cannot be reached due to
the low energies. In order to have interactions between ultracold alkali fermions,
we therefore always need at least two different species.

From a low energy expansion of the s-wave scattering amplitude in one and
two dimensions, respectively, it is possible to derive parameters similar to a which
quantify scattering in reduced dimensionality. Such low dimensional geometries
can be designed in experiments by choosing a highly anisotropic harmonic poten-
tial with strong confinement in either two or one directions. We refer to Sec. 6.1.1
for scattering theory in two dimensions.

Let us briefly comment on the role of inelastic collisions. For collisions which
do not change the spin of the particles, the most important inelastic mechanism is
the formation of a molecule: If two atoms come close to each other, there may be
energetically lower lying bound states and it is desirable for both atoms to build
a molecule. However, without a third partner which allows for conservation of
energy and momentum in this process, the excess energy from binding cannot go
anywhere. Therefore, in two-body processes molecule formation is ruled out. If
a third atom is involved, we end up with a high kinetic energy of both the third
atom and the molecule. These fast particles are then expelled from the trap.
This three-body loss results in a finite lifetime of the gas. Due to diluteness and
the contact interaction nature of ultracold atoms, such processes are suppressed
and we find stable gases even at extremely low temperatures, where solidification
would be expected. Increasing the density, we have to ensure the typical time
scale of three-body recombination to be much larger than the experimental time
of observation.

Equipped with the length scale characterizing interactions, we give a concrete
meaning to the notion of “weak” interactions by requiring the scattering length
to be much smaller than the interparticle spacing in this case. This is equivalent
to the gas parameter |a|n'/® being small. The criterion for weak interactions

lajn/? < 1 (2.14)

is often referred to as diluteness condition. This interpretation is motivated by
the fact that the scattering length provides the typical extent of a particle as far
as its collisional properties are concerned. We indicate this in Fig. 2.1. In the
dilute regime it is possible to perform perturbation theory in the gas parameter.
For short range interaction potentials and low energy scattering, the s-wave
scattering length can be calculated within the Born approximation. It is then
given by the Fourier transform of the interaction potential at zero wave vector,

M

= 7 d3zU(r). (2.15)

a

In particular, this formula can be applied to the Lennard—Jones potential for cold
atoms introduced above. Importantly, from Eq. (2.15) we learn (i) that value
and sign of the scattering length may depend sensitively on the short distance
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physics of the interatomic potential and (ii) that we do not need to know these
details, since very different shapes of the interaction potential will have the same
scattering length, i.e. the same low energy scattering behavior. Quite remarkably,
it is therefore possible to replace the microscopic Lennard—Jones potential by any
other model potential producing the same scattering length (cf. Fig. 2.2). For
practical reasons, it is often convenient to work with completely local contact
potentials

U(r) = 9a0(). (2.16)

This simple model potential needs regularization at short distances and a subse-
quent renormalization procedure. We remind to this fact with the index referring
to an ultraviolet cutoff A. The cutoff-independent renormalized coupling constant
g is related to the physically measured scattering length by the simple formula

B M
= g

(2.17)

The above considerations on ultracold atoms can be summarized in the effective
Hamiltonian

i [ (i (;@ PV ) @) +0rn (@) (219

where the operators a'(Z) and a(&) create and annihilate an atom at point &,
respectively, and 7(Z) = af(Z)a(Z) is the local particle density operator. Note
that the power of two in the interaction term ~ gn? stems from the fact that
two particles have to meet at one point in order to interact. The trapping po-
tential Ve (Z) lifts the energy of the particles at the point Z and thus this term
is proportional to n(Z). This rather universal Hamiltonian provides an accurate
description for all ultracold alkali atoms.

It is a key feature of ultracold quantum gases that they are accurately described
by effective microscopic Hamiltonians which depend only on a few system parame-
ters. The latter can be measured in experiments to a high precision, e.g. by spec-
troscopic methods or by measurement of the collisional cross sections (Grimm
et al. [2000]), without the need to resolve the full interatomic potentials. This
situation is very distinct from condensed matter systems, where the underlying
microscopic model is not known to such precision, and often has to be approxi-
mated by an educated guess. Moreover, realizations of ultracold quantum gases
allow to change the system parameters continuously and thus to understand their
influence on the many-body state.

In Table 2.1 and Fig. 2.3 we summarize our discussion by indicating the stan-
dard scale hierarchy, which is built up from the scattering length a, the inter-
particle distance (density) ¢, the thermal wavelength (temperature) Ay and the
oscillator length fos.. Moreover, the system has a natural UV cutoff A=! < £,qw.
Microscopic details on shorter length scales are irrelevant for our purposes because
none of the many-body length scales can resolve the underlying physics.
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Scattering length Particle spacing Th. wavelength Trap size
a / )\T gosc
(3...10)nm (0.1...1)um (0.5...5)um (0.5...20)pum

Table 2.1: Standard scale hierarchy in ultracold quantum gases with typical val-
ues. The ratios of scales have the following physical meaning. a/¢ < 1:
weakly interacting or dilute. ¢/Ap < 1: ultracold. As long as fog is
the largest length scale, the local density approximation is valid (except
for long distance physics in the vicinity of a critical point). In order to
simulate a 2D geometry, the transverse z-direction may be confined to
losc,> = 0.5um with a radial trapping fosc, = 10um. This results in an
aspect ratio n = w,/w, = 400.

f f f !

interaction scale interparticle spacing  de Broglie wavelength J (Oscillator length of trap)

Feshbach resonance

(I

optical lattice spacing

Figure 2.3: Violations of the scale hierarchy which do not invalidate the effective
Hamiltonian since all length scales are still much larger than fyqw.
Figure taken from Boettcher et al. [2012].

It is both experimentally and theoretically appealing that ultracold atoms can
be tuned such that they wiolate the scale hierarchy, allowing to reach strongly
interacting regimes — crucially, without loosing the validity of the above discussion.
One way is provided by Feshbach resonances of the scattering length. Here, we
can loosen the condition |a| < ¢ and explore new regimes of the many-body
system which are not captured by mean field theory or perturbative expansions.
Such resonances are realized in cold atoms if a bound state is located close to the
zero energy scattering threshold, and is tuned to resonance due to the variation
of an external magnetic field B. From this we infer that a Feshbach resonance is
a result of a specific fine-tuning of the microphysics. The scattering length can
then be parametrized according to

a(B) = apg (1 - BA_%()) , (2.19)

where ayg, AB and By are background scattering length, width and position of the
resonance, respectively. Obviously, approaching By we can obtain an anomalously
large scattering length, meaning that, by virtue of fine-tuned microphysics, it
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greatly exceeds the generic scale set by the van der Waals length,
|a] > law. (2.20)

We discuss Feshbach resonances in more detail in Sec. 2.4 when introducing our
effective model for the BCS-BEC crossover.

Another way to reach an interaction dominated regime is by superimposing an
optical lattice (Lewenstein et al. [2006], Bloch et al. [2008]). This is a standing
wave of counterpropagating laser beams in each spatial direction, which provides
a conservative periodic potential landscape for the atoms. Tuning the depth
of the lattice wells via the laser intensity, we can withdraw the kinetic energy
more strongly then the interaction energy and thus arrive at a strongly correlated
system. The lattice spacing is related to the wavelength of the light used for the
optical lattice. By engineering neighboring sites close to each other, we can reach
high densities (“fillings”). Each of these effects enhances the correlations in the
system.

Recall that the validity of the effective Hamiltonian in Eq. (2.18) is restricted
to length scales sufficiently larger than ¢,qw. Since the mentioned scale violations
happen at larger scales, the faithful microscopic modelling is not touched. There-
fore, the pointlike description of the interactions is also applicable in the dense
and strong coupling regimes.

For a more detailed presentation of low energy universality in atomic few-body
systems and from the viewpoint of quantum field theory we refer to Braaten and
Hammer [2006].

2.2 Thermodynamics

In this section we review a few thermodynamic concepts which are of relevance
for experiments with ultracold atoms. We derive general thermodynamic state-
ments, which hold independently of the particular system under consideration.
We will see that the phase diagram and the equation of state encode important,
experimentally accessible information about a many-body system and thus are
desirable quantities to be computed from first principles. This also serves as one
of the motivations to investigate cold atoms with the Functional Renormalization
Group.

For thermodynamics to be applicable, we require the internal processes of a
many-body system to be such that the system is in equilibrium on the time scale
of observation. Strictly speaking, thermodynamic statements and, in particular,
the theory of phase transitions are only valid in infinitely large systems. But this
requirement is less severe as it might seem at first sight because any thermody-
namic relation can be expressed in terms of intensive quantities only, like particle
density, entropy density, or magnetization per particle. Taking these densities to
be local quantities, we can apply the laws of thermodynamics locally for small
subsystems of finite volume and particle number. This procedure works perfectly
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at room temperature with large particle numbers N ~ 10%3, and is still justified
for trapped gases with typically N ~ 103 — 105. In addition, systems with low
atom loss rate and long lifetime can indeed be assumed to be thermodynami-
cally equilibrated over the period of observation. Such a system is provided by
two-component fermions in the BCS-BEC crossover.

We recall that the full thermodynamic information of a system is stored in the
equation of state P(u,T), which can be expressed in terms of the pressure as a
function of chemical potential and temperature. Using the Gibbs—Duhem relations
dP = ndy + sdT and ¢ = Ts — P + un we can calculate all other intensive
thermodynamic quantities from the pressure. Here, n = N/V, s = S/V and
e = E/V are the densities of particle number, entropy and energy, respectively.
The chemical potential p is a parameter which determines the particle number
N () for a given temperature. Eliminating p for the density n(u, T), the equation
of state can also be formulated in terms of the free energy density f(n,T'), which
is the Legendre transform of the pressure according to f = un — P.

In order to understand the influence of a trap, we consider a cloud in a time-
independent external potential Vey((Z) which varies on much larger length scales
than the typical atomic ones (e.g. interparticle spacing and scattering length).
Picking two neighboring small but yet macroscopic subvolumes V; and V5 of the
cloud, thermal and chemical processes between them will result in the equality of
their temperature and chemical potential. Since the subvolumes were arbitrary, we
conclude that temperature and full chemical potential are constant inside the trap.
However, from the Gibbs-Duhem relation we infer that the full chemical potential
corresponds to the Gibbs free energy G = F + PV per particle: u = G/N. The
latter is spatially inhomogeneous due to the trap and we find p = ppom(n(Z), T) +
Vext (&) = const. In this formula, ppom(n,T) is the internal chemical potential
obtained from a calculation in a homogeneous setting, e.g. a box of volume V
containing NN particles.

We conclude that a system where the thermodynamic quantities are replaced
according to

P11, T) = P(pt — Vet (7). T) (2.21)

behaves like a system trapped in a potential of large spatial extent. This prescrip-
tion is called local density approximation (LDA). The above derivation provides
an intuitive understanding why this procedure should give reasonable results. Of
course, if we cannot pick small, yet macroscopic subvolumes, the argument breaks
down. The applicability of LDA is therefore limited to systems where the trap
losc provides the largest length scale. This agrees with our earlier considerations.
From a field theory perspective it is very promising that properties of homoge-
neous systems can be obtained from trapped gases and, indeed, there have already
been beautiful measurements of the equation of state of the BCS-BEC crossover
to a high precision using LDA (Nascimbene et al. [2010], Navon et al. [2010], Ku
et al. [2012]).

The equation of state also contains information about possible phase transi-
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n(r)

A 4

4

normal

phase Te(p)

superfluid
phase

Figure 2.4: Within LDA, the inner regions of the trapped cloud correspond to
higher local chemical potentials: poc(r) = 1t — Vext (). We show here
the density profile of a weakly interacting Bose gas in an external
harmonic confinement. The inset shows a typical phase diagram in
the (u, T')-plane, where the blue region represents the superfluid phase.
We cross the critical line of the superfluid phase transition for fixed
temperature 7" at a certain chemical potential u.(7"). This corresponds
to a kink in the density profile at a critical value n.(7"). Note, however,
that LDA breaks down in the outer regions of the cloud, where the
gas is extremely dilute. Figure taken from Boettcher et al. [2012].

tions appearing in the many-body system. Phases consist of extended parameter
regimes which can be distinguished from each other by macroscopic observables.
As an example, we consider the element iron. Despite the difference of solid,
liquid and gaseous phase we can independently also distinguish the ferromagnet-
ically from the antiferromagnetically ordered phase, or furthermore the crystal
structures of v-Fe and a-Fe. Phase transitions manifest themselves through kinks
and jumps in the thermodynamic functions, typically in the higher derivatives of
P(u,T). These root in non-analyticities contained in the partition function. It
is easy to see that true phase transitions need a continuum of degrees of free-
dom, i.e. occur only in the thermodynamic limit. Indeed, the partition function
is Z = Tre P = don e PEn B, the eigenenergies of the system. Each of the
contributions is analytic. Non-analyticities can only be generated in the case of
infinitely many states entering the sum.

More formally, we distinguish two phases by an order parameter po(u,T), which
depends on the thermodynamic variables. In different phases, it is either zero or
nonzero, which gives rise to the phase diagram in the (u,T)-plane. For a fixed
value of the chemical potential, we define the critical temperature T,(u) at a
second order phase transition via the relation po(u, Te(p)) = 0F. Of course, we
can also fix the density n to obtain the critical temperature T¢(n) as a function
of n.

In the regime where LDA is applicable, the local chemical potential po.(Z) =
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1 — Vext (Z) has its largest value at the minima of the trapping potential. Accord-
ingly, an increase of the potential reduces pjoc.. For this reason, we can scan the
phase diagram over a certain region from a density image in a harmonic potential
Vext (Z) = Mw§r2, see Fig. 2.4. From our above considerations we conclude that
the corresponding path in the (i, T)-plane is an isothermal line. In particular,
we may cross the phase boundary when the local chemical potential reaches the
critical value pc(7"). For this reason, we can have a superfluid gas in the inner
regions of the cloud, whereas the outer shell is in its normal phase. The lobes in
the phase diagram of the Bose-Hubbard model lead to a wedding cake structure
of the density profile (Félling et al. [2006]).

2.3 Noninteracting Bose and Fermi gases

After these general remarks on thermodynamics we turn our attention to degener-
ate, noninteracting Bose and Fermi gases. The notions of Bose-Einstein conden-
sation and Fermi surfaces are introduced. They constitute the two cornerstones
of quantum statistical phenomena and are crucial for understanding interacting
gases.

The state of a single particle can be addressed by its momentum p and spin-
projection o. The corresponding occupation numbers n;,, are restricted to 0,1 for
fermions due to Pauli’s principle, whereas they can have arbitrary integer values
0,1,2,... for bosons. As is known from statistical mechanics, we then find for the
equation of state

d

— d%p —Blep—n)
P(p,T) = ¢ngT/ Wlog (1 Fe 7 ) ) (2.22)

where €, = p?/2M and g is the spin degeneracy of the momentum states. We
have g = 1 for spinless bosons considered here, and g = 2 for spin-1/2 fermions.
The upper (lower) sign in Eq. (2.22) holds for bosons (fermions). As we will see
below, for bosons, this expression is only valid in the absence of a condensate.

Free bosons and Bose—Einstein condensation

To understand the appearance of condensation as a purely quantum statistical
effect, we consider an ideal gas of identical bosons. At zero temperature, we
expect all bosons to be in the single particle state with energy e = 0. In particular,
this means that the occupation number Ny of that state is extensive, Ny ~ V.
We say that the zero mode € = 0 is occupied macroscopically. At low nonzero
temperature some particles will be thermally excited into the higher states. At
very high temperatures we approach the Boltzmann limit, where all occupation
numbers are small (in particular, none of them is occupied macroscopically) and
the distribution function n(e) is very broad. Therefore, there must be a critical
temperature T, below which macroscopic occupation of the single particle ground
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state sets in. Since this particular behavior is due to quantum statistics and absent
in a classical gas, we can estimate the critical temperature very roughly to satisfy
)\TC ~ /.

We obtain the particle number in a three-dimensional box of volume V' by virtue
of a p-derivative of Eq. (2.22) as

N(T,V,p) = Z@Aq) _ A‘gﬂ(;ﬁ) /0°° e:;;/i - (2.23)

For fixed temperature and volume, this formula has a maximum Np.x at p = 0.
However, if we decide to put more than Ny,.x particles into the box, the expression
necessarily becomes invalid. The critical temperature Ti.(n) where this happens
is determined by the critical phase space density

@e =1\ = (A /0)® = ((3/2) ~ 2.612, (2.24)

i.e. A1, // is indeed of order unity as anticipated above.

Since our starting point was physically sound, but we ended up with an unphys-
ical result, we must have made an error. This led Einstein and Bose to treating
the zero momentum mode separately. Indeed, in Eq. (2.23) we did not appropri-
ately incorporate the states with ¢ = 0: Replacing the quantized momenta of the
finite system, pz = 27hii/L, in the naive continuum limit

VZ /%h /Oooda\/é, (2.25)

we multiply the contribution from the zero energy state with e = 0 (or equivalently
p? = 0). This corresponds to a vanishing occupation of the single particle ground
state, which constitutes a bad approximation, as is apparent from our above
considerations.

Therefore, the situation at temperatures T' < T,(n) is as follows. Formula (2.23)
with p = 0 describes the excited particles in the states with € > 0. The remaining
No(T') = N — Nex(T') particles are condensed to the zero energy state, leading to
its macroscopic occupation. This resolves the puzzle from above. If we put more
than Np.x particles into the box, they will add to the condensate. The particle
number below T is given by

=((3/2). (2.26)
Obviously, No(T') = (d%d(j) ~ V is extensive. The condensate fraction Ny(T')/N

is an order parameter for the Bose—Einstein condensation phase transition. From
Eq. (2.24) we conclude

3/2
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u(n,T)

Figure 2.5: We plot the chemical potential p(n,T") from Eq. (2.22) for an ideal
Bose gas at fixed density n. In three spatial dimensions, the function
hits zero at Tc(n) > 0. Since Eq. (2.22) cannot be applied for positive
1, the chemical potential remains zero and condensation sets in. In
contrast, the chemical potential in two dimensions is negative for all
T > 0 and thus there are always enough thermally excited states and
condensation is absent. Figure taken from Boettcher et al. [2012].

It vanishes continuously for T" — T, which signals a second order phase transition.

In Eq. (2.25) we used the three-dimensional density of states p(e) ~ /¢ to show
why condensation appears. In d spatial dimension, we have p(g) ~ £4/2=1 and the
ground state contribution is not multiplied by zero for d < 2. Indeed, a similar
calculation shows that for one- and two-dimensional systems the particle number
N(T,V,u) does not have a maximum at nonzero temperatures and thus Bose—
Einstein condensation is absent. For d = 1 this also holds at zero temperature.
In Fig. 2.5, we plot the chemical potential as a function of temperature. Whereas
w(T,) = 0 for a nonzero T in three dimensions, we find T, = 0 for d = 2.
Our finding for noninteracting particles is a special case of the generally valid
Mermin-Wagner theorem (Mermin and Wagner [1966], Hohenberg [1967]), which
states that there is no spontaneous breaking of a continuous symmetry in d < 2
(noncompact) dimensions. The ingredients to this theorem are the locality of the
underlying Hamiltonian, and the universal relativistic long-wavelength form of the
dispersion relation. The long-range order is then destroyed by fluctuations with
very long wavelengths. However, in atomic gas experiments the trap provides
the largest length scale fos, such that these fluctuations are not present and
condensation can be observed in lower-dimensional geometries.

Free fermions and Fermi surface

Whereas the appearance of a Bose—Einstein condensate is closely related to the
fact that identical bosons can have arbitrarily large occupation numbers, the no-
tion of a Fermi surface is a consequence of Pauli’s principle for many-fermion
systems.
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2 Basics of ultracold atomic physics

To get an intuition, we consider an ideal gas of N identical fermions and ask:
What is the ground state of the quantum many-body system? (This state is
realized at zero temperature.) Obviously, each of the particles seeks to minimize
its energy. But since every single particle state can only be occupied by at most
one fermion, the ground state will be such that precisely the N energetically
lowest lying states are occupied. Equivalently, due to rotation symmetry, all
states with momenta inside a sphere of radius pr in momentum space will be
occupied. Restricting to three dimensions, we can count states by dividing the
classical phase space into cells of volume h3. This yields

N = i (2.28)
T

We call pp = hkp the Fermi momentum and deduce
kp(n) = (67°n/g)"/3. (2.29)

From pr we construct the Fermi energy and temperature, ep = €pp, = p% /2M and
Tr = ep/kp, respectively.

Our simple picture of the many-body ground state is correct, because from Eq.
(2.22) we have

_oP _ / d’p 1
"Zon T 7] @rh)p e 11
T—0 d’p g 3/2
o) = L (aMp)P2 2.
0 [ ot — ) = G 2Mn) (2.30)

On the other hand, from the zero temperature limit of the Fermi—Dirac distribu-
tion we infer that the highest energy present in the system is ep = p and thus we
find pp = (2Mp)'/2. As before, we eventually arrive at kp = (672n/g)/®. The
Fermi-Dirac distribution at zero temperature is shown in Fig. 2.6.

What happens to this picture at nonzero temperature? The Fermi-Dirac distri-
bution np(e) = (e=#/kT  1)~1 is no longer a sharp step function but is rather
smeared out around € = u. Nevertheless, the smeared out region is of order kg7,
whereas the distance of the edge from ¢ = 0 is of order u ~ ep = kpTF. Therefore,
as long as T/Tr < 1, the distribution function looks approximately like a step
function. We visualize this situation in Fig. 2.6. For T' > 0, there are thermally
excited particles with energies close to the chemical potential. We conclude that
the low lying excitations of a Fermi gas are not at zero momentum but rather at
momenta close to the Fermi surface, which consists of the momenta |p] = pp.

2.4 Feshbach resonances and BCS-BEC crossover

In this section we introduce the BCS-BEC crossover of two-component ultracold
fermions. For this purpose we discuss the underlying physics of a Feshbach res-
onance (FR), and then motivate the two-channel model for a field theoretical

30



2.4 Feshbach resonances and BCS-BEC crossover

141
ksT
<>

12
10

08
06
041

er = kTr
02
P R RS R A RS S B S L I E/EF
02 04 06 08 10 12 14

Figure 2.6: The Fermi-Dirac distribution at zero temperature (solid line) consti-
tutes a step function. For T > 0 (dashed line), broadening appears in a
region of width kg7 around the Fermi edge located at ¢ = ep = kpTF.
If the distance of the edge from the origin is much larger than the area
of broadening, the distribution function still displays the characteris-
tic step-like behavior. Clearly, this picture is valid for the dimension-
less parameter T'/Ty being small. Figure taken from Boettcher et al.
[2012].

description of the BCS-BEC crossover. We also discuss its relation to the single-
channel model in the case of a broad FR. We refer to Boettcher et al. [2012] for a
pedagogical introduction to the BCS-theory of superfluidity and the Bogoliubov
description of the BEC-limit.

Feshbach resonances and microscopic model

There are two cornerstones of quantum condensation phenomena in the weak
coupling regimes: On the one hand, attractive interactions lead to superfluidity
of two-component fermions via the formation of Cooper pairs. The momenta of
two fermions constituting such a pair are located on opposite points of the Fermi
surface. This locality in momentum space implies that the spacing between them
may be large in position space. On the other hand, there is Bose condensation of
weakly repulsive bosons, which are microscopically pointlike objects localized in
position space. Such bosons could effectively be realized as tightly bound pairs of
two fermions.

There exists an experimental knob to connect these two scenarios, the atomic
FR (Grimm et al. [2000]), which allows to change the scattering length through
the variation of an external magnetic field B. We write

a(B) = apg <1 - BA_L;O) : (2.31)

where apg, AB and By are parameters which can be determined experimentally.
This formula is a decent parametrization in a range of order AB around B =~
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2 Basics of ultracold atomic physics

By. In particular, at B = By the scattering length changes sign and becomes
anomalously large, |a| > f,qw. Recall that this does not invalidate our effective
Hamiltonian and the fact that scattering can be assumed to be pointlike, see the
discussion at the end of Sec 2.1.

Sufficiently stable ultracold quantum gases of two-component fermions are built
from either Li or °K, which are alkali atoms. Their internal structure is relevant
in order to have fermionic s-wave interactions at all, but also manifests itself in
the appearance of Feshbach resonances. To understand this, we consider a single
alkali atom. We can approximate the system to consist of an atomic core and a
valence electron. The ground state of the system is given by the electron being in
the s-orbital. Accordingly, the orbital angular momentum of the valence electron
vanishes (¢ = 0) and thus a fine structure does not appear. However, the electron
spin S couples to the spin of the nucleus I. The resulting quantum number F
introduces a (tiny) hyperfine splitting of the ground state. Since S = 1/2, the
value of F' is given by F' = I + 1/2. In addition, every hyperfine state has a
(2F + 1)-fold degeneracy mp = —F, ..., F. Thus, alkali atoms in their electronic
ground state can be distinguished according to their hyperfine state |F, mp).

Now suppose that two atoms in different hyperfine states scatter off each other.
Due to the internal (spin) structure of the colliding partners, we call this a multi-
channel scattering process. The two-body system of atoms will be in a superpo-
sition of the singlet and the triplet state. Depending on the species of atoms, the
former will have a higher or a lower energy than the latter, while the first option
is more generic. Moreover, due to the hyperfine coupling there will in general be a
mixing between both states. For our purpose it is enough to restrict our consider-
ations to two relevant channels, an open and a closed channel, which have different
magnetic moments. We normalize the potential such that two atoms in the open
channel at infinite distance have zero energy; this sets the scattering threshold.
The closed channel is separated from the open one by a large energy gap AFE (cf.
Fig. 2.7). It thus cannot be accessed by atoms in the lower channel. The relevant
feature of the closed channel is a bound state lying close to the open channel scat-
tering threshold. It is evident that this situation is not particularly generic since
typical bound state level spacings are much larger than typical collision energies
in ultracold gases, and thus requires specific, fine-tuned conditions.

Due to a difference in magnetic moment Au, open and closed channel couple
differently to an external magnetic field B. For this reason, the difference in
energies between both channels can be tuned according to AE — AE + Apu - B.
Consider a particular bound state from the closed channel. Its energetic distance
from the scattering threshold F = 0 is called the detuning

v(B)=Ap- (B — By). (2.32)
Due to second order processes, where two colliding atoms virtually enter the closed

channel and then leave it again, a bound state with small v affects the scattering
properties of the alkali atoms. In particular, changing the magnetic field such
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2.4 Feshbach resonances and BCS-BEC crossover

closed channel

open channel

lv(B)|, kT < AE

Figure 2.7: Interatomic potential U between two fermions in distinct hyperfine
states separated by a distance r. The closed channel consists of bound
states. Low energy scattering can only take place in the open channel.
However, by changing the external magnetic field B, we can drive one
of the bound states close to the scattering threshold at U(r — oo) = 0.
The energy distance related to this particular bound state is denoted
as v(B) = Ap - (B — Bp). The resulting scattering length a = a(B)
is parametrized according to Eq. (2.31). For B =~ By, it becomes
anomalously large, and thus it can largely exceed the interparticle
spacing: |a| > lyqw = |(kra)!| < 1. Figure taken from Boettcher
et al. [2012].

that v — 0, both channels become resonant and we obtain a strongly interacting
system.

We will see below that the scattering physics in the vicinity of a broad Feshbach
resonance will effectively look like that of pointlike fermions, however, with a
magnetic field dependent scattering length a(B) as in Eq. (2.31). The scattering
properties can thus be controlled by an external knob. This constitutes the most
important application of Feshbach resonances in ultracold atomic physics. For
more detailed discussions we refer to Chin et al. [2010].

We now incorporate the physics of a Feshbach resonance for two-component
fermions on the level of the microscopic action. The action for a fermionic theory
with pointlike interactions is given by

Syl ¢] = /X (W ((% - Z\z)w + A;’g(szzp)Q) : (2.33)

with Grassmann fields ¢ = (11,12), see Eq. (2.18) and Sec. 3.1.1. Eq. (2.33)
constitutes a single-channel model. To simplify notation we drop the dependence
on the chemical potential in the following.

The closed channel can be included explicitly in terms of a microscopic bosonic
field ¢, which constitutes a composite degree of freedom resulting from the in-
terconversion of two fermions into a closed channel molecule. The action for this
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2 Basics of ultracold atomic physics

boson field is modelled as

VQ
S, [0, :/ (0. — 2 1+ 1), 2.34
oo™, ] Xs@( i )90 (2.34)

The most important term is the detuning v, which acts as a mass term for the
bosons. In addition, we allow for a Galilean invariant kinetic term, where the
prefactor of 1/4M is related to the mass 2M of the composite object. As we will
see in a moment, the microscopic kinetic term is, however, unimportant for the
case of broad Feshbach resonances which are studied here, and could be equally
well omitted. The full microscopic action from which we will extract the physics
of the BCS-BEC crossover is then given by (Holland et al. [2001])

o ol = i _ Vz) Abg (112
St vl = [ (010 g )0+ )
2
+w%&=—Mw+uﬁw44www@—wﬁwa). (2.35)
The Yukawa-type cubic coupling ~ he*11)9 (called Feshbach coupling in the cold
atom context) allows for the interconversion of two fermions of opposite spin into
one molecule.

The parameters Ay, v and h of the microscopic action can be measured in exper-
iment. We show here that they correspond to the three parameters in Eq. (2.31)
for the scattering length a(B) across a Feshbach resonance in the broad resonance
limit. For this purpose, we consider the functional integral Z = [ DypD1) e Sl
For fixed 9 and 9*, we can perform the Gaussian integral in ¢* and ¢. This is
equivalent to the saddle-point approximation about the solution of the mean field
equations of motion,

08 h

=0 = SO:(?T—VQ/ZLM—H/%%' (2.36)

As the action is quadratic in ¢, the saddle-point approximation is exact. If we
formally insert this into the partition function and integrate out the bosonic fields,
we arrive at the action

h2
— V2/AM +v

St 01 = Sy + [ duvnz w193, (237)

with Sy from Eq. (2.33). We emphasize that the procedure described here cor-
responds to reversing a Hubbard—Stratonovich transformation for a slightly more
complicated inverse boson propagator; this is possible due to the fact that in Eq.
(2.34) we work with a quadratic bosonic action. We now take the broad reso-
nance limit, where h?, v — oo with h?/v kept fixed. Then, we can neglect the
derivatives corresponding to frequency and momentum dependence of the effective
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2.4 Feshbach resonances and BCS-BEC crossover

four-fermion vertex. More precisely, we scale v ~ h? for h — oo, while leaving the
derivative coefficients of order unity. We then obtain the action

1h2

SW* ¥l = Sylv™ ¥l - 5— (¥T)?. (2.38)
voJx
Apparently, this coincides with a purely fermionic action with an effective coupling
h2
Aeff = Apg — D (2.39)

We conclude that in the broad resonance limit the two-channel and the single-
channel model become equivalent (Diehl and Wetterich [2006, 2007], Gurarie and
Radzihovsky [2007]). The single channel model, however, acquires an additional
effective contribution to the coupling constant. The Feshbach resonances in 5Li
and YK are broad. The narrow resonance limit is conceptually interesting, as
it can be solved exactly (Diehl and Wetterich [2006], Gurarie and Radzihovsky
[2007]). Moreover, recently, examples of narrow resonances have been studied
experimentally (Kohstall et al. [2012]). In an RG language, it corresponds to a
Gaussian fixed point, while the broad resonances are governed by an interacting
fixed point (Diehl et al. [2007b]). The broad resonance fixed point is characterized
by a large degree of universality (Nikoli¢ and Sachdev [2007], Diehl et al. [2007b]).

Assuming the couplings in Eq. (2.39) to be the renormalized ones, we can relate
them to the scattering length according to A\ = 4wa/M.! We find

M h?
= —(dpe — — | . 2.4
“ 471'( be V> (2.40)

Comparing this to Egs. (2.31) and (2.32), we find that indeed v = Ap - (B —
By) corresponds to the detuning from resonance. The four-fermion coupling Apg
is related to the background scattering length in the usual manner via apy =
Mpg/4m. With AB = h2Apu/Ang, the Yukawa/Feshbach coupling h is seen to
determine the width of the resonance. We also remark here that the sign of h is
irrelevant.

For magnetic fields close to By, the scattering length becomes anomalously
large and the background scattering length can be neglected. In what follows, we
assume apg = 0 throughout the whole crossover.

As anticipated above, only the value of the scattering length plays the role of
a relevant parameter for the crossover in the broad resonance limit. Given the
density n of atoms, we build the dimensionless parameter (kpa)~!. Since the
interparticle spacing is given by ¢ ~ kg ! we find the following scheme for the 3D
BCS-BEC crossover:

1) kpa — —oo : weakly interacting fermions,

!Note the difference in convention to identical bosons, where A = 8ra/M.
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2 Basics of ultracold atomic physics
2) |(kpa)~!| < 1: strong interactions, dense regime,

3) (kpa)~! — oo: weakly interacting molecules.

The regions @ < 0 and a > 0 are called BCS and BEC side of the crossover,
respectively. We call (krpa)~! the crossover parameter. An analogous classification
scheme can be given in the 2D-case, where the crossover parameter log(kpa) =
1 log(er/|eb) expresses the ratio of fermionic (ep) and bosonic (ep = —h?/Ma?)
properties of the system.

The 3D system with a=! = 0 is referred to as the Unitary Fermi gas (UFG).
The origin of this term is the following. The cross section of two-body scattering
in the s-wave channel is given by ;- = 47|fi—o|?>. For the perturbative regions
with pla| < 1, where p is the relative momentum of scattering particles, we
then find o = 47a®. Naively extrapolating this to the resonance |a|~! — 0, this
would imply a divergent cross section, which is excluded from the fact that the
scattering matrix is unitary. Recalling however Eq. (2.13), we find in the latter
limit that o ~ 47|(—1/a—ip)|~2 — 47 /p?. Since scattering is meaningful only for
nonzero relative momenta, the expression on the right hand side constitutes the
upper limit on possible s-wave scattering; in the UFG, the typical scale for the
scattering momentum are kg, v/T. This effect has been observed by Gupta et al.
[2003]. We note that exactly at the unitary point, a=! = 0, the scale associated to
interactions drops out and the only remaining scales are interparticle spacing and
temperature. This hints at highly universal properties in this regime (Ho [2004])
(distinct from the broad resonance universality described above). However, at
this point and in its vicinity where |kpa|~! < 1, the gas parameter Eq. (2.14)
is large and cannot be used as a control parameter for systematic expansions. In
this regime, where the interaction length scale greatly exceeds the interparticle
spacing, we deal with a strongly coupled and dense quantum system.

Note that the crossover from the BCS- to the BEC side in 3D is driven by
interactions, since only for a > 0 there is a two-particle bound state with energy
eg = —h?/Ma®. This makes the BEC-side inaccessible to be reached by tuning
many-body parameters such as kp alone. One may also rephrase this in the
observation that a sign-change of the crossover parameter (kpa)~! can only be
achieved by changing the sign of a. In contrast, there always is a two-body bound
state with binding energy eg = —h?/Ma? in 2D. Hence the BCS- and BEC-sides
are not qualitatively distinct in vacuum. In fact, the 2D crossover parameter
log(kpa) can be tuned at will by changing the density of the sample. In this way
the overlap between pairs can be increased, which makes the system atomic for
sufficiently large n.

At zero temperature the system with equal number of |1)- and |2)-atoms is a
homogeneous superfluid in both 3D and 2D. For sufficiently large nonzero tem-
perature there is a second order transition to the disordered phase for all values
of krpa. The value of the critical temperature T /Tr as a function of kra is partic-
ularly interesting. In 3D in the deep BEC regime, we expect the noninteracting
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2.4 Feshbach resonances and BCS-BEC crossover

formula (2.24) to hold, with a shift due to the small, but nonvanishing diluteness
parameter krpa. On the BCS side, the BCS prediction for the critical temperature
will turn out to be insufficient, because it is lowered by a factor of approximately
two due to particle-hole fluctuations. One of the great challenges in many-body
theory consists of the calculation of T, /7% at unitarity from first principles and
the determination of the phase diagram of the 2D BCS-BEC crossover.
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3 Functional methods for ultracold
atoms

3.1 Functional methods in quantum field theory

3.1.1 Functional integral and effective action

In this section, the quantum field theoretical formulation of interacting cold atoms
is put forward. Starting from the functional integral representation of the quan-
tum partition function Z(u,T), we introduce the effective action I', which is a
functional of the mean field. It stores the same information as the partition
function or generating functional, however, in a way that is more intuitive. In
particular, it naturally provides the classical limit. The effects of both quantum
and thermal fluctuations on physical observables can be derived from it in the
few- and many-body context. Moreover, it allows for a transparent discussion of
spontaneous symmetry breaking, and allows to leverage the power of symmetry
considerations from the classical action over to the full quantum theory. We set
h = kg = 1. For the moment, we keep the nonrelativistic mass M in our formu-
lation, but later we will set 2M = 1 in the same spirit as for the fundamental
constants.

Functional integral

As we have shown in section 2.1, a system of ultracold atoms is accurately de-
scribed by the effective Hamiltonian

2
= [ (@) (35 + Veal®) @) + S, (3.1)
where af(Z) and a(Z) are operators which create and annihilate an atom at po-
sition &, respectively. Depending on whether we consider bosons or fermions,
these operators satisfy commutation or anti-commutation relations. The density
operator is given by 7(Z) = af (Z)a(x).

The Hamiltonian in Eq. (3.1) defines a quantum field theory with operators a
and &' on each point of space. Physical observables are derived from expectation
values of functions of these operators. However, the corresponding quantum field
theory can also be formulated in terms of a functional integral. The latter does no
longer depend on the notion of field operators. In the context of quantum many-
body systems, a possible derivation starts from the grand canonical partition
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function
2, T) = T (=71, (3.2)

where the trace is taken over Fock space. This trace can be represented in the
basis of so-called coherent states, which are eigenstates of the annihilation operator
a(Z). We then obtain

Z(u,T) = /Dgo* D eS¢, (3.3)

We call the expression in Eq. (3.3) a functional or path integral. It contains the
microscopic action S[p*, ¢] of a field theory, which in our case is a nonrelativistic
one.

The explicit construction of the functional integral representation of the par-
tition function for a generic many-body Hamiltonian is carried out in Boettcher
et al. [2012]. We summarize here the two main findings.

1) Bosonic atoms are represented by complex fields (7, &), whereas fermions
are described in terms of Grassmann valued fields ¢ (7, Z).

2) The non-commutativity of operators introduces the imaginary time 7, which
is restricted to the interval [0, 3]. Bosonic fields are -periodic in time, i.e.
©(8,%) = ¢(0,Z). In contrast, fermionic fields satisfy (3, ¥) = —¢(0, Z).

The second property implies that the Fourier transform of the fields ¢ and
in imaginary time direction reduces to a Fourier series with discrete Matsubara
frequencies

Wp =

nez. (3.4)

2mnT (bosons)
21(n +1/2)T  (fermions)’

We say that the imaginary time direction is compactified to a torus of circum-
ference 8. In this way, introducing a chemical potential p and compactifying the
time direction to 0 < 7 < 3, we can describe the equilibrium properties of the
quantum field theory at nonzero density and temperature. The action of the field
theory is related to the normal ordered Hamiltonian H = H|a'(Z), a(#)] according
to

B
Sle*, ¢l = / dT( / so*(nf)(&—u)go(r,ca+H[¢*<T,f>,so<nf>]> (3.5)

with inverse temperature 8 = T~!. For the particular choice of the effective
Hamiltonian in Eq. (3.1), we have

sietol = [ ar | (wn 2)(0 - o — )e(rd) + L (. Dt f>>2>.
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8 Functional methods for ultracold atoms

Generating functional and effective action

Starting from the functional integral representation for the partition function Z,
we now construct the corresponding effective action. The procedure outlined here
focuses on the application to systems of ultracold atoms. However, additional
insights into these concepts can be obtained from a comparison to classical Ising
magnets on a discrete lattice. We refer to Boettcher et al. [2012] for a comparison
of the setup for classical magnets and ultracold atoms. Therein, the continuum
limit is performed and the notions of functional differentiation and integration
are reviewed. In our discussion of functional methods we mostly restrict to the
bosonic case of a complex scalar field. There are only minor modifications for
fermions, which are discussed at the end of the section.

The bosonic functional integral in Eq. (3.3) allows for the definition of a prob-
ability measure on the set of fields . Given an observable O({y}) which depends
on the field, we define

©)= 5 [ DeDeO((phe S (37)

Herein, the action S acts as a weight. For instance, from O = ¢(X) or O =
©*(X)e(Y) we obtain the one- and two-point correlation functions of the theory,
respectively. More generally, we obtain averages of observables by introducing a
complex source field j(X) according to

Z[j*,j] — /Dgo* Dy e_S[W*7¢]+fX Jxex+/y PxIX (3.8)

We write X = (7,%) and [, = foﬁ dr [.. We call Z[j*, j] the generating functional
and have

B(X) = (p(X)); = f;(g)f) (3.9)
2
(" (s = 5 5 (3.10)

etc. The subscript j indicates that the external source is not yet set to zero. For
a physical picture of this situation, the external source j(X) can be thought of as
a (static) pump or loss of atoms such that the mean field of atoms at position X
is engineered to the particular value ¢(X).

Generalizing Egs. (3.9) and (3.10), we find the representation of a general
expectation value to be

o) =50({5}) 2.3 (3.11)

We conclude that all correlation functions of interest can be obtained from the
generating functional Z or the Schwinger functional

Wl5*, j] = log Z[5*, j]. (3.12)
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The latter constitutes the generating functional of connected n-point functions.
For instance, we find that the connected two-point function is related to W ac-
cording to

WX, Y) = L (p(X)e™(Y)); — ¢(X)o*(Y). (3.13)

0w J

This object is also called (time-ordered) Green’s function or propagator of the
theory. Imposing time-ordering onto the propagators leads to general time-ordered
correlation functions in Eq. (3.11).

The field expectation value carries a direct physical significance. For example,
for a three-dimensional Bose gas ¢(X) describes the condensate. Therefore, it
seems desirable to implement it into the theory in a more direct way. In fact, this
is possible by the aid of a Legendre transformation, which gives rise to the effective

action. We introduce the latter as the generating functional which depends on
the mean field ¢ defined by

6) = (X)) = 5o

Assume we have solved this equation for j and j*. We can then construct the
effective action according to the Legendre transformation

(3.14)

Il¢*,¢] = /X (ix + Fbx) — W, 4], (3.15)

where j and j* are defined implicitly by Eq. (3.14).! Note that while the active
variable for the partition function is the source, Z = Z[j], the active variable for
the effective action is the field expectation value, I' = I'[¢]. The effective action is
thus parametrized directly in terms of a physical observable. Applying the chain
rule for functional differentiation we find

06 =87 X) (3.16)
Technically speaking, the effective action is the generating functional of one-
particle irreducible (1PI) correlation functions. They can be obtained from T
by taking successive functional derivatives with respect to ¢(X) and ¢*(X). Dia-
grammatically the 1PI correlation functions are given by all diagrams that cannot
be split by cutting one (internal) line, hence the name. Often, we are mainly in-
terested in the situation of vanishing source. Then, given the effective action, we
have to solve the equations of motion

o
5oy 990l =0 (3.17)

!More generally we define T'[¢*, ¢] = sup;« ; ([ (xix +ixdx) — Wi", j]), see Eq. (3.45) for
the case of a real scalar.
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8 Functional methods for ultracold atoms

to obtain the thermodynamic equilibrium state ¢g = (¢);j=o of the theory. The
reference to the external field is no longer present and also not needed, because it
is already included in I'[¢*, ¢]. Often, especially for the purposes of this thesis, the
solution ¢¢ to Eq. (3.17) is constant in space-time. This will be explained in more
detail below Eq. (3.28). However, in general there also might be inhomogeneous
solutions ¢p to the nonlinear partial differential equation Eq. (3.17), such as
instantons, vortices, or inhomogeneous pairing fields (see Sec. 3.1.2).

Higher derivatives of the effective action with respect to the fields ¢, ¢*, denoted
by '™ for the nth derivative, provide the 1PI vertices. The second derivative of
the effective action,

@ __er
r'“(X,Y) 56" (X)0o(Y)’ (3.18)

plays a special role, as it is the inverse propagator. This is easily proven by
6j7(2) 0¢*(Y) | 0j(Z) d¢™(Y)
r®x, 2wz, vy :/ ( . + .
J e aween = [ (565 * i 6@
=0(X -Y), (3.19)

where we have used (3.14), (3.16), and the completeness relation of derivatives
with respect to j,j%.

In principle, Eq. (3.16) can be taken as a starting point to calculate the effective
action I'[¢*, ¢] in certain approximations. However, the definition of I" implies an
exact identity, which is equivalent to Eq. (3.16), but more useful. Applying Egs.
(3.15), (3.16) and W = log Z, we arrive at

e Tlo" ¢l _ o= [x G o+d™N+W _ o= [x (" ¢+6%)) /Dcp*Dcp =Sl [x (G ote* i)

_ / Dip* D e~ Sl 4S5 0 (p=0) (" ~6")3) (3.20)

_ / Dy* Dy ¢S x (55161 (9 =)+ (9™ —07) 5= )

This equation is called the background field identity for the effective action. For
¢ = ¢o with ¢g satisfying Eq. (3.17) we recover

Z(u,T) = e~ TWirool, (3.21)

i.e. the effective action then corresponds to the grand canonical potential. Fur-
thermore, by performing a shift of the integration variable, we rewrite Eq. (3.20)
as

ST

This functional integral representation of the effective action gives rise to the
intuitive picture that the effective action encodes the complete information on the
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3.1 Functional methods in quantum field theory

euclidean field theory by means of summing over all possible field configurations
dp deviating from the classical one (¢).

We now show that in the classical limit, the effective action and the classical ac-
tion coincide. Reintroducing Planck’s constant /i, we have I'/h and S/h appearing
in Eq. (3.22). The classical limit is obtained for i — 0 at fixed I. The integrand
is then sharply peaked around the solution to the classical equations of motion
0S/dp = 0. This results in I' = S, which physically is the classical approzimation.

It is clear that the effective action lends itself ideally for semiclassical approx-
imations, and also systematic improvements thereof. From Egs. (3.20) or (3.22)
we can easily go one step beyond the classical approximation by expanding the
exponent in the functional integral around its minimum value ¢y determined from

08 or 08 or
= pl =0 = ——= — (). 3.23
e ool + 55510 Lol + 510) (3.23)
For the particularly simple case where ¢ = g, the linear derivatives cancel and
we obtain

efF[Lpo} ~ 675[900] /DW*Dgpeéf(%@*)'s(z)[sﬁo]'(f*) (3.24)

with S the second functional derivative of S with respect to ¢, ¢*.

More generally, employing the rules of Gaussian integration to the functional
integral, the Gaussian approximation to Eq. (3.22) can be evaluated at any field
¢ which ensures the path integral to be dominated by small fluctuations d¢. This
leads to the so-called one-loop formula

Pl6", 6] = S16", 6] + ;Triog SO, g]. (3.25)

In this order of approximation, the linear derivative terms cancel due to the tree
level relation I' ~ S. Note that the effective action equals the classical action also
in the case of a free, noninteracting theory. Expanding the Tr log expression in
powers of the field, we generate one-loop perturbation theory. We may therefore
expect Eq. (3.25) to give good results in the perturbative regime of small coupling.

Our considerations can easily be extended to fermions as well. We introduce
independent Grassmannian source terms 7(X) and n*(X) into the generating
functional Z[j*, j,n*,n], which couple linearly to the fields ¢¥*(X) and ¥ (X), re-
spectively. The effective action is defined in the same manner as before via the
Legendre transformation of log Z with respect to the mean fields. The ground
state of the theory necessarily satisfies (1)(X)),—0 = (¥*(X))y=0 = 0, since Pauli’s
principle forbids macroscopic occupation of fermionic states. However, the gener-
ating functional I' depends on nonvanishing fermionic “mean fields”. Such fields
¥(X) can be constructed by applying a source n(X) = 0I'/d)(X). They must
not be regarded as physical objects, but rather as bookkeeping parameters used
to generate the 1PI correlation functions via Grassmannian functional differenti-
ation.
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8 Functional methods for ultracold atoms

Eq. (3.25) is also valid for fermionic fields, but with an additional minus sign
in front of the trace. For a mixed theory of both bosons and fermions we employ
the supertrace, STr, which takes into account the appropriate sign for fermionic
loops. Thus we arrive at the one-loop formula

T[4, 9] = 516,9] + 55Trlog S5, 4] (3.26)

More detailed presentations on functional integrals, with emphasis on quan-
tum many-body systems, can be found in Negele and Orland [1998], Altland and
Simons [2010].

3.1.2 Effective potential and spontaneous symmetry breaking

In this section, we discuss how phase transitions and spontaneous symmetry break-
ing (SSB) find their natural description in terms of the effective potential U(p).
The latter is the part of the effective action which does not contain derivatives
of the field. It includes both quantum and thermal fluctuations, and typically
changes its shape by tuning the system parameters like temperature, chemical
potential, or interaction strength. For parameter regions where the minimum of
the effective potential is nonzero, small perturbations can drive the system into an
equilibrium ground state which does not respect the symmetry of the underlying
physical theory. The symmetry is then broken spontaneously. We exemplify this
important concept of many-body physics on systems with Zo- and U(1)-symmetry,
respectively.

An intuitive picture of SSB is provided by a simple daily life observation. Sup-
pose a pencil is balanced on its tip to stand upright. Due to the cylindrical
symmetry, the pencil should stay in this position. Indeed, the underlying physics,
here given by the gravitational force pointing downwards, does not prefer any
direction. However, if there is a small perturbation of this symmetry due to the
environment, the pencil will immediately fall to the side and thereby minimize its
energy. Even if the perturbation is removed now, the pencil will remain in the
horizontal position.

Thermodynamics from the effective action

In order to study the properties of the thermodynamic equilibrium state we con-
sider a system of bosons. We assume the trapping potential Vey (Z) to vanish and
the external source to be constant, j(X) = j. Hence the setting is homogeneous in
space-time. We learned in Eq. (3.21) that the grand canonical partition function
Z(u,T) is related to the effective action according to

Plgo] = —log Z(u, T). (3.27)
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3.1 Functional methods in quantum field theory

Herein, the field expectation value ¢o(X) minimizes the effective action, as can
be seen from Eqs. (3.15) and (3.17). The effective action I'[¢] has the structure

lgp] = / (terms containing derivatives) —|—/ U(o(X)) . (3.28)
X X
If the part containing derivatives is minimal for constant fields, ¢g is a constant
field which additionally minimizes the effective potential U(¢) according to

U(d0) = min[U(9)]. (3.29)

Since the effective potential depends on both the external parameters p and T,
the same will be true for the field expectation value: ¢g = ¢o(u, 7). In the
presence of a nonvanishing background source field, we also have an explicit de-
pendence on j. Note that the above argument does not exclude the existence
of inhomogeneous ground states as they result from a nontrivial structure of the
derivative-term which favours nonconstant field configurations. The existence of
such inhomogeneous ground states is common in low dimensions, in particular in
141 dimensions, see e.g. Thies and Urlichs [2003] for the class of models under
discussion here.

Using Eq. (3.21) the effective potential at its minimum value is related to the
pressure according to

P(u, T) = =U(¢o, 1, T). (3.30)

This constitutes the equation of state of the system. Often we are mainly inter-
ested in the density n(u,T'), which is found from dP = ndu + sdT'. The relevant
thermodynamic information contained in the effective potential can thus be sum-
marized in the two equations by Eps. (3.29) and (3.30). These equations are
generally valid and constitute the main building blocks for the evaluation of the
phase diagram of the many-body problem. In particular, the above discussion
is not limited to bosons, but can be applied to an arbitrary many-body system
or quantum field theory, since the effective action approach is applicable to all
of these system. For instance, the field (X ) may as well describe the degrees
of freedom in a Heisenberg ferromagnet with magnetic moments, ni; or 7i(Z), on
a lattice or in the continuum, respectively. However, in the following we keep
denoting the fields by ¢ and ¢.

Spontaneous symmetry breaking

As a preparation for the more formal discussion of SSB, we first relate symmetries
of the microscopic action to those of the effective action. To this end, we recall
the definition of the effective action to be

Tl — / Dip e~ Slel+fx 316l (o=@ (3.31)
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8 Functional methods for ultracold atoms

Setting the external source j to zero, we see that any symmetry of the microscopic
action which is respected by the functional measure, will also be a symmetry of
the effective action. A nonvanishing source j(X), instead, typically leads to terms
in the effective action which explicitly break the microscopic symmetry. This is
accompanied by a nonzero expectation value ¢(X), because j(X) either introduces
a non-homogeneity in space-time or at least singles out a direction in field space
®.

Spontaneous breaking of a symmetry refers to a different scenario. In this case,
the external source vanishes such that the effective action manifestly shares the
symmetry of the microscopic action. Nevertheless, the ground state of the theory
(or, more generally, the thermodynamic equilibrium state), may spontaneously
break this symmetry due to a nonzero expectation value according to

¢0 = (#)j—0 7 0. (3.32)

The symmetry is then broken because of the field expectation value transform-
ing nontrivially under the symmetry transformation. Whenever the state of the
system does not respect the symmetries of the underlying physics (i.e. effective
action), we say that the symmetry is broken spontaneously.

We illustrate this discussion with examples. First, we consider classical Ising
magnets on a lattice. The symmetry transformation exerted on the Ising vari-
ables m; is a global reflection, m; — —m, for all i. The Hamiltonian H[m] =
—J >, mim;y is reflection symmetric, meaning that

H[m] = H[—m]. (3.33)

Since the functional measure [ []; dm;d(m? — 1) does not break this symmetry,
we have for the effective action

I'[m] =T'[—m] (3.34)

with mean field m; = (m;). We call this a Zs-symmetry.

Analogously, the microscopic action of cold atomic bosons given in Eq. (3.6) has
a global U(1)-symmetry, meaning that it is invariant under the following global
transformation of the fields

po =%, ¢t () =T (3.35)

with real parameter . In the basis of real fields, ¢ = 1 + ips, this corresponds

to a rotation
/- o _,
()0/1 (:E) — C?Sa S & @1(%) (336)
05 () sina  cosa a2 (Z)
in field space. Since the functional measure [ Dy*Dg shares this symmetry, the
effective action I'[¢*, ¢| possesses the global U(1)-symmetry as well.
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3.1 Functional methods in quantum field theory

By virtue of Noether’s theorem, the global U(1)-symmetry in conjunction with
a linearly appearing time derivative in the kinetic term of the microscopic action
leads to the conservation of total particle number N = [_(p*(Z)¢(Z)). This is a
characteristic feature of nonrelativistic field theories. A brief review of Noether’s
theorem in the classical and quantum case is provided by Boettcher et al. [2012].

The above mentioned properties of the effective action for vanishing external
source have a profound consequence for the effective potential U. Indeed, from
Eq. (3.28) we deduce that the latter is not a function of the individual fields ¢

and ¢*, but we rather have
U="Ul(p), (3.37)

where p is the most general combination of fields allowed by symmetry. For
instance, we have

(3.38)

B m?  (Zy — symmetry),
P= ¢*¢  (U(1) — symmetry).

We plot the effective potential U(p) for a second and first order phase transition
in Figs. 3.1 and 3.2, respectively. The critical temperature Tc(u) is defined such
that the location of the minimum po(u, ') approaches zero — either continuously or
discontinuously. In particular, for a second order phase transition we distinguish
the following three cases:

(i) po # 0, U'(po) = 0: phase with broken symmetry,
(ii) po =0, U'(pg) = 0: critical point,
(iii) po =0, U'(pop) # 0: symmetric phase.

In the broken phase, the location of the minimum pg of the effective potential
does not necessarily completely determine the state of the system under consider-
ation. In the case of magnets, we have m3 # 0 and thus there is still the freedom
to choose the sign of mg, which is a Zo-transformation. For the case of bosons,
the condition |¢g|? # 0 only fixes the amplitude of the complex field ¢g = |pg|e?,
whereas the phase 0 can still be chosen arbitrarily. In the latter case the possible
nonequivalent choices are given by 6 € [0,27) ~ U(1). We say that the condition
on pg singles out a manifold of possible ground states ¢, which in our examples is
given by Zs and U(1), respectively. In the absence of explicit symmetry breaking
terms, the precise choice of the ground state in the degenerate manifold indeed
happens spontaneously — it is induced by fluctuations or perturbations due to
the environment, which we can neither resolve nor control (Nambu [1960]). Nev-
ertheless, this phenomenon is ubiquitously observed experimentally; for example,
spontaneous phase symmetry breaking can be detected in BEC-interference exper-
iments of initially disjunct condensates (Andrews et al. [1997]), or the Josephon
effect in superconductor junctions.
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Figure 3.1:

Figure 3.2:

8 Functional methods for ultracold atoms

The effective potential U(p) for vanishing external sources is a func-
tion of the symmetry invariant p. The latter is given by p = m? or
p = |¢|? for magnets or ultracold bosons, respectively. Throughout
a second order phase transition the location of the minimum of the
effective potential changes from pg = 0 to pp > 0 in a continuous
manner. We have chosen here the temperature to be the control pa-
rameter. However, since the effective potential depends on pu, T, and
the microscopic parameters of the theory (e.g. coupling constants),
we may also drive the phase transition differently. Figure taken from

Boettcher et al. [2012]

U
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At a first order phase transition we find a jump in the order parameter
po as we cross T' = T¢.. From the plot of the effective potential we see
how this discontinuous behavior can arise, although we smoothly vary
the system parameters. Note that the effective potential is actual a
convex function, as the effective action originates from the Legendre
transform of the Schwinger functional. Therefore, the nonconvex parts
should rather be replaced by straight lines according to the Maxwell
construction, but this does not invalidate the overall picture of first
order phase transitions. Figure taken from Boettcher et al. [2012].
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3.1 Functional methods in quantum field theory

In Fig. 3.3, we plot the boson effective action in the tree level approximation
I'[¢] ~ S[¢] for a constant field in the complex ¢-plane. The microscopic action
S is given in Eq. (3.6). For constant ¢ we have

U(¢) = 5-Tl6) = —nlel* + TJol" (3.39)

1
1%
For obvious reasons U(¢) is called Mexican hat potential. Without loss of gen-
erality we assume the ground state ¢y to be real, such that real and imaginary
components of ¢ = ¢ + iy are distinct directions in the complex plane. The
ground state singles out the point (¢g,0). Now consider the field ¢ to be fluctu-
ating around this point. We write

(7, %) = ¢o + dp(T, %) (3.40)

with (d¢) = 0. The fluctuations d¢ are complex and can vary in both amplitude
and phase of ¢. However, the fluctuations which increase the amplitude away
from ¢g have to climb up the hill and thus are energetically unfavorable, i.e. they
are suppressed in the functional integral by a term

/lee—m%&p%_ (3.41)

We call them radial or gapped excitations. In contrast, fluctuations of the phase
are not hindered energetically, i.e. “gapless”, because they vary along the well of
the Mexican hat.

The existence of a massless or gapless mode in a symmetry broken phase ob-
served in the example above is a general phenomenon. In fact, it is an exact
property of the full theory, as has been established by Goldstone [1961]. More pre-
cisely, Goldstone’s theorem states that any spontaneous breaking of a continuous
symmetry results in the appearance of gapless modes in the excitation spectrum
of the system. The proof of Goldstone’s theorem is very simple in the effective
action framework. Since we are interested in a statement about the masses of
the theory, i.e. properties of the system in the homogeneous limit of vanishing
frequencies and momenta, we can restrict ourselves to the effective potential U.
As we have seen above, U(p) only depends on the symmetry invariant p = |¢|2.
Consider the field equation 6(% = 0 for the radial field. Since we assumed a
homogeneous setting, this reduces to

¢ U (40) = ol (po) Z8 7 (po) = 0. (3.42)

Here, a prime denotes differentiation with respect to p. The mass of the Goldstone
mode g is then found to be

2 82 an / (9,0 "
g = Gazton = (5E0 0+ (52) 0" >)]MO

= (U'(p) + ¢>§U”(p)) ‘(HO = U'(py) = 0. (3.43)
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8 Functional methods for ultracold atoms

Figure 3.3: The Mexican hat potential from Eq. (3.39) only depends on the
amplitude of the complex field ¢ = ¢; + ipo. Thus it reflects the
U(1)-symmetry of the bosonic theory, which is invariant under phase
rotations ¢ — e!“¢. The ground state of the system will, however,
spontaneously break this symmetry, e.g. by choosing ¢g € R. Figure
taken from Boettcher et al. [2012].

We used the continuity of the symmetry by requiring p to depend smoothly on ¢1 .
We have carried out the proof for the symmetry U(1) ~ O(2). The above steps
can be performed analogously for larger symmetry groups such as O(N), leading
to N — 1 massless Goldstone modes. In the above case, the vanishing of the
mass term allows for strong fluctuations of the phase field in the phase of broken
symmetry. In particular, they question the assumption of small fluctuations d¢
in the functional integral, which lead to the one-loop formula given in Eq. (3.25).

3.2 Dyson—Schwinger equations

Dyson—Schwinger equations (DSE) are an exact rewriting of the generating func-
tional log Z[J] in terms of an infinite hierarchy of equations for the n-point func-
tions of the theory. They provide a solid starting point for physical approximations
in terms of truncations of the set of equations. A diagrammatic representation of
the DSE can be derived, with the characteristic feature that each diagram in a
DSE contains exactly one microscopic vertex which is obtained from the classical
action S. Here we give a self-contained derivation of the DSE for a real scalar field
denoted by ¢. In Sec. 5.1.2 we investigate the DSE for the fermion propagator in
the BCS-BEC crossover.

Given the microscopic action S[y], the generating functional is given by

Z[J) = / Dpe ST ¢, (3.44)
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3.2 Dyson—Schwinger equations

where J - ¢ = [ Jxpx = fQ J_gpq. The generating functional is a rather
unintuitive object as it is parametrized in terms of the external source J. As
a consequence, physically motivated approximations are difficult. We therefore
introduce the effective action by a Legendre transform according to

T[¢] = sgp{J ¢ —log Z[J]}. (3.45)

Assuming log Z[.J] to depend smoothly on J, the optimal Jj is found from

L 1)
_5JX

R P i

[Jo] = ox — (px)a,-  (3.46)
Here (...); denotes the average in the presence of the source J. Hence this
equation states that the external field Js(X) is adjusted such that (¢x)s, = dx
for a given ¢x. Taking a functional derivative of I'[¢] with respect to ¢x we
obtain

or 0
519 = 5o 1 Jelel 6~ g Z1slol] |
0y dlog Z 0Jy 1
= Sonlol o+ dololx = U 00 = Jelolx. (347)

¢

This allows to eliminate J in Eq. (3.46) to arrive at

We write ¢ = ¢ + ¢ with (0p),, = 0.
We then have

Z[Jgl8)] = /D¢€—S[w]+J¢[¢>]-s@’ (3.49)

—Tl¢] _ Z[J¢[¢]]6_J¢[¢]'¢. (3.50)

Putting both expressions together we again arrive at the one-loop formula for the
effective action,

o—Tl6] _ / Dpe—SIeH+1sldl(o-0) _ / Dpe SIo+0e+ 5510100 (3.51)

To arrive at the DSE we take the functional derivative of this equation. We
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8 Functional methods for ultracold atoms

then obtain

or G%M'd) 4] S[p+6)+9L [¢]-6
2 = /D&pe [6-+8¢1+ 35 [8)-0¢
dpx Z[Js] 6¢x
551910 /m 05 1yt sl — T 41 bp | e Sloselt Blol (o)
= —— — - T * e
21750 ] 70\ x0T Sxag @ 0P
1 58 5°r —S[e]+2L[4]-
- b - b | e SleTsslele, 3.52
71/ go(mm sl go> (352)
—_————
~(0)74=0

The DSE or quantum equations of motion thus read

or S
— || = ( —— . 3.53
o= ( 5@X>J¢:gg[¢] (3.53)

3.3 Functional Renormalization Group

In this section we provide an introduction to the basic concepts of the FRG. It
is based on the continuum version of Kadanoft’s block-spinning transformations
on the lattice (Kadanoff [1966]), and has been formulated for the continuum by
Wilson [1971a,b]. Its modern functional form for the effective action used in the
present work has been put forward by Wetterich [1993].

For the description of ultracold atom experiments, the action S derived from
the Hamiltonian in Eq. (3.1) is a microscopic starting point. It is related to
an ultraviolet momentum scale A. The relevant physics, however, takes place at
momentum scales k far smaller than A, and the respective quantum and thermal
fluctuations have to be included. In the FRG framework, these fluctuations are
included successively at a given momentum scale k starting at A, with I'y = S,
leading to the effective average action I'y. The latter already includes all quantum
and thermal fluctuations above the momentum scale k. It can be interpreted as
a microscopic action for the physics below the scale k in the very same way S has
been introduced as the microscopic action of ultracold gases. After the inclusion
of all fluctuations we arrive at the full effective action I':

Teon = S, (3.54)
Tyeo =T (3.55)

The effective action I'y, interpolates smoothly between the microscopic (or initial
effective) action I'y and the full effective action I' = I'y—.

An infinitesimal change of the effective action with the scale k is described by
a flow equation O I'y, which depends on the correlation functions of the theory at
the scale k as well as the specific way the infrared modes with momenta smaller
than k are suppressed. Such an RG-step has similarities to a coarse graining where
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3.8 Functional Renormalization Group

details on short distances are continuously washed out, the difference being that
the effective action I'y, still keeps the information about the fluctuations between
A and k. At the end of the process, for k — 0, we include fluctuations with large
wavelength. These are the problematic modes which cause infrared divergences in
other approaches. Due to the stepwise inclusion of fluctuations, the renormaliza-
tion group procedure is not plagued by such divergences. In conclusion, a given
initial effective action I'y and the flow equation (3.66) define the full quantum
theory analogously to the setting with classical action and the path integral.

We derive the flow equation for I'j, and discuss its practical solution. To that
end we specify a suppression of low frequency and momentum fluctuations with
lqo|, ¢*> < k2. (In the following we write ¢ = ¢.) This can be achieved via a mass-
like infrared modification of the dispersion relation, while the ultraviolet modes
remain unchanged: We add a regulator or cutoff term ASk[p] to the microscopic
action S[¢| which is quadratic in the fields,

Sle] = Slp] + ASk[¢]. (3.56)

The field ¢ is general and may be a collection of fields. For concreteness, we will
use a notation analogous to ultracold bosons and write ¢(X) = (p(X)). We have

ASilg] = /Q #(Q) Re(Q) 0(Q). (3.57)

The requirement of the suppression of low momentum modes entails that Ry (Q —
0) # 0. In turn, for large momenta (in comparison to k), the regulator has to
vanish, Ri(Q — oo) — 0. These properties can be summarized in the conditions

lim Rp(Q) = k?, lim Ry(Q)=0. (3.58)

q?/k%2—0 g2 /k?—o00

For the sake of simplicity, we have restricted ourselves in Eq. (3.58) to regulators
that only depend on ¢, and that have a standard normalization R (0) = k2 in the
infrared. The extension to general regulators is straightforward. In particular, in
this thesis we will also apply regulators which depend on both gy and ¢2.

If we interpret the action in Eq. (3.56) as the microscopic action of a physical
theory, it has a trivial infrared sector: The fields are gapped with gap k?. The
generating functional of this theory is given by

Zlj] = / Dype S—A8+[iv (3.59)

From Eq. (3.58) we infer that Zx—_¢[j] is the full generating functional of the theory
introduced in Eq. (3.3). For kK — A, the regulator term dominates the path integral
as all physical scales are far smaller and we are left with a trivial Gaussian integral.
Moreover, for a given k, the correlation functions (p(Q1)---¢(Qy)) tend towards
the full correlation functions for |go;|,¢? > k* for all i = 1,....,n. In turn, for
90,4, 7 < k?, the correlation functions are trivial, as the fields are gapped.
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8 Functional methods for ultracold atoms

For explicit computations, it is more convenient to deal with the effective av-
erage action ['y, which is obtained via a modified Legendre transform according
to

Tylé] = / j- 6 —log Zulj] — ASHl4]., (3.60)

where j = ji[¢] satisfies (0log Zx/07)[j] = ¢. We have already shown that the
effective action has the simple physical interpretation of the grand canonical po-
tential in a given background ¢. Diagrammatically, it generates all one-particle
irreducible diagrams. As in the case without regulator term, I'y satisfies a func-
tional integro-differential equation similar to Eqs. (3.20), (3.22). Applying the
definitions of Z; and I'y, we find

e~ Trld] — /Dcp exp (—S[(b + ] — ASk[e] + /X 651::[(1)] : ‘P)u (3.61)
where
g 0Tk + ASy)
il =—=—%—" (3.62)

following from the definition of the Legendre transform (3.60). Eq. (3.61) makes
the suppression of the fluctuations even more apparent. Note first that the action
S in the exponent depends on the sum ¢+, whereas the cutoff term only depends
on the fluctuation . Hence, for large cutoff scales k — A, the functional integral
in Eq. (3.61) gets Gaussian and the effective action tends towards the microscopic
action, I'y_ o — 5. For k£ — 0, the regulator vanishes, R, — 0, and we are left
with Eq. (3.22).

For a successive integration of momentum modes we need to know the “flow”
Okl'k. Applying the k-derivative to Eq. (3.60) leads to

OkTr[¢] = —0%|; log Zy[j] — OxASk[g)]. (3.63)

The notation signals that j is k-dependent but the terms proportional to Okj
cancel. We have 0 ASk[¢] = fQ Ok Ri(Q)9(Q)9*(Q). The generating functional
Z. only depends on k via the cutoff term ASj. Taking the k-derivative of Eq.
(3.59), we can compute 0|, log Zj, to arrive at

k

ool = [ @ [(s@' @), ~o@ @] oy

Herein, we have restricted ourselves to bosonic fields . In the case of fermions, a
global minus sign occurs due to the Grassmann nature of the fermions. The ex-
pression in the square bracket in Eq. (3.64) is the full, field-dependent propagator,
which reads in terms of the effective action

((@)6°(@)) ~ 6@ (Q) = 57— (@.Q). (3.65)

1—‘,(C + Ry,
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3.8 Functional Renormalization Group

In Eq. (3.65), we have used the property of Legendre transforms that the second
derivatives of a functional and its Legendre transform are inversely related. In the
present case, we note that the Legendre transform of log Z, is I'y, + ASy, as defined
in Eq. (3.60). Hence, we are led schematically to 6%log Z; /652 - (I'® + Ry) = 1,
which we have used in Eq. (3.65).

The momentum integral in Eq. (3.64) can be conveniently written in terms of
a trace. Including also the possibility of internal indices and different species of
fields, we are led to the final expression for the flow equation for I'j,

1
Ty = 5STr | OBy | (3.66)

F,(C + Ry

the Wetterich equation. The supertrace includes the momentum integration and
the summation over internal indices and field species. In Eq. (3.66) we have
introduced the RG-time t = log k/kq with some reference scale kg, typically being
either the ultraviolet scale, kg = A, or some physical scale. For a given quantity
O}, the logarithmic scale derivative 0;Oy = kd, O}, has the same properties under
RG-scaling as the quantity itself. It is also a convenient parametrization of the
running of couplings as one usually integrates the flow over several orders of
magnitude in the momentum scale k. Henceforth we shall use the standard choice
t =logk/A.

Above we have argued that regulators with the properties (3.58) lead to a sup-
pression of the infrared physics of the theory. Moreover, since the finite initial
effective action I'y at the initial scale A already includes all fluctuations of mo-
mentum modes with momenta larger than A, no ultraviolet divergences should
be present. These properties have to be reflected in the flow equation (3.66): It
has to be both infrared and ultraviolet finite. Here, we show this explicitly for
the case of bosonic fields. For low momenta, the regulator adds a positive mass
to F,(f) in the denominator. The typical size of this mass is k2, in Eq. (3.58) we
have normalized it to k2. For the sake of simplicity, consider a classical dispersion
T 1(62) ~ igg+q? (with 2M = 1) for small momenta which tends to zero for vanishing
momentum. Schematically, we then have for small momenta

1 Q_m}) 1
r?(Q) +Ry(Q) 10+ @k

(3.67)

which is finite for ) — 0. For fermions, the infrared singularities arise close to
the Fermi surface. Accordingly, the propagators have to be regularized there. In
summary, this implies infrared safe flows.

In turn, for large momenta, the scale-derivative 0, Ry (@) vanishes due to Eq.
(3.58). If this happens sufficiently fast,

lim ¢?0;Ri(Q) — 0, (3.68)

q?/k?—o0
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Figure 3.4: We plot a typical cutoff function Ry(Q) = Ry(¢?), which only depends
on the spatial momentum. The function is nonzero for ¢ < k? and
thus provides an infrared cutoff for the propagators. For large mo-
menta, it falls off rapidly, thus becoming inactive in the UV. The scale
derivative Ry(Q) = kd,Ri(Q) is sharply peaked at ¢2 ~ k2. For this
reason, the loop integral on the right hand side of the flow equation
is dominated by these modes. This provides the mechanism how mo-
mentum shells are successively integrated out in the FRG framework.
Figure taken from Boettcher et al. [2012].

the momentum integral in Eq. (3.66) is finite. In the following, we shall show
results for regulators that satisfy Eq. (3.68). We also remark that mass-like
regulators, i.e. Ry = k2, do not satisfy Eq. (3.68) and hence require UV renor-
malization. The related flows are functional Callan—-Symanzik equations as first
derived by Symanzik [1970]. They are sometimes used due to computational sim-
plicity, see e.g. Diehl et al. [2007b]. The generic shape of a cutoff is shown in Fig.
3.4.

It is apparent from the derivation that I'y[¢] depends on the shape of the regula-
tor. This regulator-dependence disappears for k — 0, hence physical observables
are independent of the choice of Ry, but the trajectory I'y, from k = A to k=0
depends on Ry, see. Fig. 3.5. This leaves us with some freedom for the choice
of the regulator. Indeed, its choice can be optimized to the approximation un-
der investigation (Litim [2000, 2001b,a], Pawlowski [2007]). In general, such a
choice is further guided by computational simplicity, as in complicated systems
the computational costs can be high. Typical choices are functions Ry (Q) which
decay exponentially or even vanish identically for high Q. A slight complication
for nonrelativistic system is provided by the fact that frequencies and spatial mo-
menta appear differently. The Galilei symmetric combination is given by igg + ¢2,
in contrast to the O(4)-symmetric combination g¢,q, = q% + ¢? for relativistic
systems. At nonvanishing temperature, Galilei symmetry is broken. In the Mat-
subara formulation used in the present work, the coupling to the heat bath leads
to periodicity in the imaginary time 7 with period 5. Therefore, we may also
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3.8 Functional Renormalization Group

g3

g1

Figure 3.5: The flow of 'y, connects the microscopic action to the effective action
in the theory space of all possible action functionals. The latter is
of infinite dimension since the effective action is characterized by an
infinite set of couplings (or correlation functions). This is indicated
here schematically by the couplings g1, g2, 93 and {g;}. For different
choices of regulators, R](;), the trajectories in theory space differ, as is
indicated in the figure. At k = 0, however, the particular paths merge
again and eventually terminate at the full effective action. Figure

taken from Boettcher et al. [2012].

choose a regulator which only depends on frequency or momentum space. More-
over, we may sacrifice Galilei symmetry in order to obtain simpler expressions for
the flow equation.

Here briefly introduce a few common regulator choices for bosons with disper-
sion F,(f)(Q) ~igy + ¢*, and discuss their advantages and limitations.
For instance, exponential cutoffs are

k2 k2

B(@) = — iy T 1 elal/Bm 1

(3.69)

The power of n can be chosen such that the cutoff falls off sufficiently fast for
high Q. For n = 1 the cutoff insertion 9; Ry (¢?) is not peaked at ¢* ~ k? but is a
monotonously decaying function. Only for n > 1 we get peaked cutoff insertions.
On the other hand, a rapid decay of Ry as a function of gy can pose problems
for computing thermodynamic quantities. The best stability and quantitative
precision in the context of Yang-Mills thermodynamics was found for n = 2 by
Fister and Pawlowski [2011]. In this work we often employ the @Q-exp cutoff
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8 Functional methods for ultracold atoms

defined by

2 4
Re(@) = Gigo + 2)r (05T, r(v) = 1 (3.70)

They provide regularization of both frequencies and momenta, and thus lead to
particularly local Q-integrals contributing to beta functions. This is important
for the success of a derivative expansion.

A particularly useful cutoff is the g?-opt or Litim cutoff (Litim [2001b], Litim
and Pawlowski [2006])

Ry(Q) = (K — ¢*)0(k* — ¢*), (3.71)

which effectively reduces the momentum integration to ¢> < k2 and replaces ¢ by
k2. Tt facilitates the analytic derivation of flow equations for correlation functions
in the derivative expansion, and hence leads to important computational simpli-
fications. Its analytic property also allows an easy access to the structure and
interrelation of the flows (and hence the correlation functions). These properties
make it the standard choice within (lower orders of) the derivative expansion.
Moreover, in three-dimensional theories, the cutoff in Eq. (3.71) provides an
optimal choice (Litim [2000], Pawlowski [2007]) within the lowest order of the
derivative expansion scheme.
A manifestly Galilei symmetric regulator is provided by

I{?2

Rk(Q) = 1+c(iq°ki+2q2)"’ (3'72)
where n determines the algebraic decay for large momenta and c is a prefactor
of order unity (Floerchinger [2014]). Eq. (3.72) can be extended to more general
rational functions in the Galilei invariant igy + ¢?. Its key advantages are its
Galilei invariance as well as its analytic structure. The latter allows to continue
the results to real time, and hence may give access to transport properties or more
generally dynamics of ultracold gases. Similar choices in relativistic theories can
be used for computing decay properties (Floerchinger [2012]).

Note that the flow equation (3.66) has a one-loop structure, which can be traced
back to the quadratic form of the regulator in Eq. (3.57). Indeed, we may rewrite
Eq. (3.66) as

Or4[6] = ST dlog (T[6] + Ry ) (3.73)

where the derivative 9, only acts on the k-dependence of the regulator, i.e. we
have

I = O (3.74)

@
Fk
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3.8 Functional Renormalization Group

In Eq. (3.73), we identify the one-loop formula for the effective action (3.26) on
the right hand side. Therein, we have to substitute S (2) with the full two-point
function Fl(f) + Ry.

Eq. (3.73) is a very convenient form of Eq. (3.66) for deriving the flows for cor-
relation functions, e.g. atr,(f). It also allows for an easy access to the fluctuation-
dependence of specific correlation functions without performing any calculation.
To see this we note that the flow equation for any correlation function (e.g. a cou-
pling constant) can be obtained by deriving all one-loop diagrams which contribute
to the expression, replace the propagators and vertices by the full regularized ones

according to

L
5@ O g

§>2) _, p(m). (3.75)

and then take the d;-derivative. Remarkably, this renders the one-loop expression
an exact (flow) equation. Note that this only holds true for additive IR regu-
larizations of the one-loop formula for the effective action (3.26), see Litim and
Pawlowski [2002]. Note also that one has to take into account perturbative one-
loop diagrams where the involved vertices vanish classically, i.e. S = 0. Still
this one-loop structure is very useful: If the loop expansion of a given correlation
function does not exhibit a one-loop diagram, this correlation function is not sen-
sitive to quantum fluctuations. This either happens due to internal symmetries or
the pole structure of the diagrams. The latter is characteristic for nonrelativistic
theories, and in the case of ultracold atoms it leads to strong simplifications for
vacuum scattering properties in certain truncation schemes (Diehl et al. [2010a],
Floerchinger [2014]).

The Wetterich equation (3.66) is an equation for a functional and thus may be
evaluated for any (possibly inhomogeneous) mean field ¢(X). It is a functional
integro-differential equation and its full solution is, in most theories, beyond reach.
Instead, one has to use approximation schemes to the full effective action I';,
which include the physics at hand already at a low order of the approximation.
The systematics of a given approximation scheme and the control of the related
systematic error is of chief importance when it comes to the discussion of the
reliability of results. This point is tightly linked to the discussion of optimal
choices of regulators mentioned above.

Here, we briefly discuss the most important approximation schemes which cover
(in variations) all approximation schemes used in the literature. The most im-
portant scheme, which is partially behind all approximations used, is the vertex
expansion about a specific background ¢, schematically written as

rfol = Y [0 X [T o000 - 600]. @r6)

=1

The information about the effective action is encoded in the vertices F,gn). The
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8 Functional methods for ultracold atoms

related flow can be derived from that of the effective action according to
o T[4 (3.77)
0p(X1)...0p(X,) " M ‘

On the right hand side, we have to take the nth derivative of the one-loop diagram
in Eq. (3.66),

arMg(Xy,..., X,) =

on 1
50X o2

1
F,(f) + Ry,

O Rk | (3.78)

which produces all possible one-loop diagrams with cutoff insertions. Evidently,
the diagrams for the flow of Fl(gl) depend on F,(Cm) with m < n+2. Hence, within the
vertex expansion described above, we arrive at an infinite hierarchy of equations,
because the flow equation for '™ requires input from '™t and T("+2) The
flow of the latter two quantities depends again on higher correlation functions
and eventually the system never closes. We should not be surprised about this, as
the effective action necessarily contains infinitely many independent terms, and we
have just rewritten the functional integro-differential equation in terms of infinitely
many partial integro-differential equations. In most interesting cases, it will not
be possible to derive a closed expression for the functional I'[¢]. Practically, one
truncates the hierarchy of flow equations at a given order n, i.e. approximates

F,&m>n) ~ 0, and solves the restricted, finite set of partial integro-differential

equations for F’(cmgn)(le ooty Qm). Examples for this scheme can be found from
e.g. Metzner et al. [2012], Benitez et al. [2012], Husemann et al. [2012], Fister and
Pawlowski [2011], Dupuis [2009b,a], Sinner et al. [2009, 2010], Schmidt and Enss
[2011]. The self-consistency of this approximation can be checked by computing
the flow Otfl(cm>n) as a function of F,(Cmgn). This provides some error control.

A further important approximation scheme is the derivative expansion. Formu-
lated in momentum space, it is an expansion of the vertices in powers of frequencies
and momenta. Its nth order relates to the nth-order in igy + ¢. In contrast to
the vertex expansion, all orders of vertices are present already at the lowest order
of the derivative expansion. Here, we exemplify this expansion for the case of the

effective action 'y of a Bose gas. An often used ansatz for this theory is provided
by

Lo ol = [ (67210, - 40+ U(5°6)). (3.79)

Herein, U(¢*¢) is the full effective potential. It is a general function of p = ¢*¢.
Accordingly, we have U™ = 0 and thus vertices F,(Cn) to all orders in n. For
Zy = A = 1, the ansatz in Eq. (3.79) has the same momentum dependence
as the classical action and is the lowest order in the derivative expansion. The
derivative expansion, and, in particular, the above ansatz in Eq. (3.79) assumes
lower orders of the differential operators to be more relevant than the higher ones.
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3.8 Functional Renormalization Group

In the presence of a mass gap Mmgap, this is expected to be valid in the infrared,
because

(07 /migap)™ ~ (V?/mgap )" ~ |a? /mgyp|" — 0. (3.80)
Hence, within the derivative expansion, we make an expansion of the effective
action about the low energy effective action. Besides the ansatz in Eq. (3.79), we
also have to specify a projection description which determines the flow equations
Zy, Ay, and Uy(p) from Eq. (3.66). Examples for the full lowest order derivative
expansion in bosonic as well as mixed fermionic-bosonic theories can be found
from e.g. Berges et al. [2002], Schaefer and Wambach [2005, 2008].

Most applications to ultracold atoms discussed in the present work are done
within low orders of the derivative expansion with or without an additional field
expansion of the effective potential Ug(p) up to the nth order of the fields. Of
course, such an expansion can also be interpreted as the nth order of the vertex
expansion with an additional expansion in powers of momenta and frequencies.
Indeed, as has been mentioned before, any approximation scheme used in the
literature can be seen as combination, deformation or further approximation of
the vertex expansion and the derivative expansion. In any case, when using such
an approximation, we restrict the space of functionals. For this reason, although
we started from an exact flow equation, we may accumulate errors. In particular,
given the exact flow equation, every regulator satisfying the mentioned properties
should give the same result. But since we never integrate the full flow, we may
end up at two different “effective actions” I'y—g if we used two different regulators.
This regulator dependence can be applied to partially test the stability of results,
see e.g. the discussion in Schnoerr et al. [2013]. The approximate independence
of the results at vanishing cutoff, £ = 0, guarantees the self-consistency of the
approximation. In turn, the independence of I'y—g of the chosen regulator Ry or
the chosen trajectory in theory space can be utilized for devising regulators that
are best-suited (optimal) for the given order of a given approximation scheme
at hand, see Liao et al. [2000], Latorre and Morris [2000], Litim [2000, 2001b,a],
Canet et al. [2003], Pawlowski [2007], Salmhofer [2007].

In summary, the Functional Renormalization Group approach for the effective
average action constitutes a fully nonperturbative approach to quantum field the-
ory. It is neither restricted to small couplings nor to small amplitudes. For this
reason, it can be applied to many strongly correlated systems such as quantum
dots, the Hubbard model, graphene, QCD, quantum gravity, or — in our case —
the Unitary Fermi Gas.
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4 BCS-BEC Crossover from Functional
Renormalization

4.1 Ansatz for the effective average action

Every truncation of the renormalization group flow can be characterized in terms
of a set of running coupling {gx}, accompanied by a corresponding set of beta
functions {f,} and initial values {ga}. The latter ensure I'y = S in the beginning
of the flow. Here, A is a large momentum cutoff scale. It has to be chosen much
larger than the physical scales set by chemical potential, temperature, and scat-
tering length. On the other hand, A has to be much smaller than the momentum
scale where details of the atomic interactions are resolved, typically given by the
inverse van-der-Waals length.

We present a systematic truncation scheme for the effective average action,
starting with only a few running couplings which are necessary to describe the
superfluid transition, then including more couplings which give subleading quan-
titative corrections. As the proposed set of improvements is based on a physical
picture of the mechanisms in the crossover, the convergence of results verifies the
corresponding intuition. Deviations, on the other hand, hint on missing ingredi-
ents, and can be employed for error estimates. The truncations described here
are expected to work best for a sufficiently local RG flow, i.e. one-loop integrals
which are peaked at scale k in both frequencies and momenta.

4.1.1 Truncation

Our ansatz for the effective average action I'y consists of a kinetic part, which
comprises the fermion and boson dynamics, and an interaction part:

'y = Tkin + Dint- (41)
In terms of the renormalized fields v = Aql/ 2& and ¢ = A;/ QQE, the kinetic part is

given by

Tyin[th, ¢] = /X ( > s (Suds = V2 md )t + 0" (So0r — Vo2 - ;vfz)cp).
o=1,2
(4.2)

Here and in the following, the k-dependence of the couplings is understood implic-
itly. The coefficients of the gradient terms are normalized to constants by means
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4.1 Ansatz for the effective average action

of the wave function renormalizations A, and Ay. The latter two quantities do
not explicitly enter the RG flow, but rather appear via the anomalous dimensions

Ny = —kOilog Ay, Ny = —kOylog Ay. (4.3)

In the following, unrenormalized quantities are denoted with an overbar, renor-
malized ones without an overbar.
Interactions are parametrized according to

Tl o] = [ <U(¢*¢>> —h(§ v - ww;)). (44)

The effective average potential U(p) only depends on the U(1)-invariant p =
¢*¢. It describes higher order bosonic scattering processes. A nonzero minimum
po of Uk—o(p) indicates the spontaneous breaking of U(1)-invariance, and, thus,
superfluidity. In a Taylor expansion scheme we write

N
V) =l £ G o S el (09

where por = 0 in the symmetric regime of the flow (mé,C > 0), and mék =0
for ppr > 0. A truncation of the effective potential to order N will be referred
to as a ¢?N-truncation throughout this thesis. We always work at least with a
¢*-truncation.

It is important to note that, besides an ansatz for I'j, the truncation of the flow
equation also consists in projection prescriptions for the running couplings. The
corresponding equations are given in Sec. 4.2.

We can classify our truncations by means of the diagrams which are included
on the right hand side of the flow equation. Those containing only fermionic (F)
lines (or propagators) reproduce the mean field result. Including those with two
bosonic (B) lines is important to resolve the impact of boson fluctuations on the
critical temperature. The renormalization effects on the fermion propagator are
given by mixed (M) diagrams with both boson and fermion lines. We visualize this
hierarchy of diagrams in Fig. 4.1. By elaborating the truncation according to the
inclusion F — FB — FBM, we successively incorporate higher order terms while
keeping the physical content of the lower truncations in this hierarchy. Within
a class of diagrams, we still have the freedom to keep several couplings at their
classical level.

In this work we restrict to the following five truncation schemes:

e F: Fermion diagrams,
Running couplings: U(p), Ay

e FBy: Fermion and boson diagrams,
Running couplings: U(p), Ag, S
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Figure 4.1: The truncations employed in this work can be classified according to
the diagrams which appear on the right hand side of the flow equa-
tion. Here, as an example, we show the flow equations for the boson
propagator (dashed line) and the fermion propagator (solid line), re-
spectively. All lines and vertices are fully dressed. The cross indicates
a regulator insertion Ry.. The particle-particle loop of fermionic (F)
atoms corresponds to the F-truncation. Within the latter, the fermion
propagator does not get renormalized. The same holds for the FB-
truncations, where, in addition, purely bosonic diagrams (B) are also
taken into account. Eventually, our highest truncations also include
mixed diagrams (M) with both a fermion and a boson line. Figure
taken from Boettcher et al. [2014c].

e FB: Fermion and boson diagrams,
Running couplings: U(p), Ag, Se, Vs

e FBMj: Fermion, boson, and mixed diagrams,
Running couplings: U(p), Ag, S¢, Vs, mi

e FBM: Fermion, boson, and mixed diagrams,
Running couplings: U(p), Ag, S¢, Vs, mi, Ay, h?.

The subscript 0 in the second and fourth truncation indicates that we leave out
some running couplings which are included at a higher level of the truncation
hierarchy with the same diagrams. For the last truncation we still keep Sy, = 1.
The effective potential U(p) can be elaborated independently of the other running
couplings. In the study of the spin-balanced BCS-BEC crossover we will mostly
restrict to a ¢*- or ¢-truncation, whereas this is inappropriate for the imbalanced
system. In the latter case we resolve the effective potential on a grid of field values.
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4.1 Ansatz for the effective average action

4.1.2 Regularization schemes

For choosing the cutoff function Ry(Q) in the context of the BCS-BEC crossover,
mainly two strategies can be applied. On the one hand, since the flow equation
is valid for every appropriate regulator, one may choose a particularly simple
function Ry (Q) which is sufficient to yield finite loop-integrals. A convenient
choice consists in the optimized cutoff, which only cuts off spatial momenta ¢> =
|7]2. For bosons and fermions, respectively, it is given by

q2—0pt:
Ros@ = (1~ )2 - 4), (46
Ryr(Q) = [senle® = 1k = (* = )]0 (k? — ¢ = u]). (4.7)

where 6 is the step function. (The notation g?-opt shall indicate that this is
a purely momentum cutoff.) The bosonic regulator Ry takes into account that
the boson mass is twice the fermion mass, whereas the fermionic function Ry
regularizes around the Fermi surface. For a k-dependent running Fermi surface,
one has to replace the chemical potential ¢ with a running coupling. In the spin-
imbalanced case we employ either Ry, 1(Q) = Ry k(Q) with Ry ;. from Eq. (4.7)
and p = (u1 + p2)/2 for the fermions in hyperfine state |o) (symmetric scheme),
or

Ryo(Q) = [senla® — uo)k® = (¢ = o) |0(K? — 1> — o) (48)

(asymmetric scheme). For details we refer te the discussion in Sec. 5.3.2.

Whereas the ¢?-opt regulators provide an efficient regularization of spatial mo-
menta, they do not limit the range of summation for the Matsubara frequencies.
Thus, at every scale k, both very large and very small frequencies contribute to
the flow of I'y,. This, however, spoils the separation of scales discussed above. As a
result, the frequency and momentum structure of the k-dependent propagators is
complicated. Precision then requires a sophisticated (numerical) treatment. For
successful implementations with the nonperturbative RG in the context of the
Kardar—Parisi-Zhang equation see Canet et al. [2010, 2011], Kloss et al. [2012].

A second possibility consists in the use of regulators which implement the idea
of frequency and momentum shells, thereby depending on @ = (qo, ¢). In order to
implement such regulators for a nonrelativistic system, we face the problem that
the Galilean invariants for bosons and fermions are given by igo + ¢?/2 and iqo +
q®> — u, respectively. Due to the imaginary frequency dependence, the regulators
frequently employed for Lorentz invariant relativistic systems cannot be applied

65



4 BCS-BEC Crossover from Functional Renormalization

here. We choose the regulators

Q-exp:
2 2, 4
(i O\, (BT /A
Ry r(Q) = (1q0 +5 )T( ok ), (4.9)
2 2 2

: qp +(q° —

Ry r(Q) = (1% +q° - M)?“(O(kM), (4.10)
with an exponential shape function
r(X)=(eX -1 (4.11)

(The notation is again chosen to indicate that the Ry are now frequency and mo-
mentum cutoffs.) This particular choice respects all requirements on appropriate
FRG regulators, cuts off frequencies efficiently, and has shown to be numerically
convenient.

The relative cutoff scale ¢y in Eq. (4.9) allows to regularize bosons and fermions
on slightly different scales ~ k. Given the different shapes of the dispersion
relations and the somewhat arbitrary parametrization of the regulator functions,
cy = 1 is not necessarily a natural or distinguished choice. In particular, earlier
works found rather strong dependences of observables on relative cutoff scales in
two-species systems (Diehl et al. [2008a], Krippa et al. [2010], Birse et al. [2011]).
Since exact results do not depend on cg, the residual dependence found with a
given truncation gives some indication of the error due to the truncation, see e.g.
Schnoerr et al. [2013]. For the truncations employed in this work with the Q-exp
regulator we find that both A/u and Tt./u for the UFG show only 5%-variations
with respect to 0.2 < ¢y < 1.

Regularized Loop Integrals

For spatial cutoffs which only depend on ¢?, the Matsubara summation can be per-
formed analytically. The remaining momentum integral can often be performed
analytically for the ¢?-opt regulator. This is outlined in Secs. 4.3.2 and 4.3.2. For
frequency and momentum dependent regulators, however, the Q-integral has to
be performed numerically. Here we discuss how this can be implemented in prac-
tice and how the cutoff substantially simplifies the integration. For concreteness
we consider the @-exp example relevant for the following analysis.
We consider the frequency and momentum regulator

2 2
_ . a0 + ¢
RP = A(igo + &)r(Y), Y = °k4 g

where &, = ¢?/2 for bosons and &, = ¢* + mi for fermions. All one-loop integrals
entering the beta functions become UV finite due to the insertion of

(4.12)

R = Aliqo + &) [-nr(¥) — 4Y0/ ()] = Aligo + O#(Y).  (4.13)
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4.1 Ansatz for the effective average action

A typical diagram contributing to the flow has the form

R? (igo + &) (Y) ()
/Q (P9 + RO)" > /Q (igo + &) (1 + 1)~ /Q Y (=1/2(1 4 p)n’ (4.14)

The integrand is cut off for a sufficiently large value of Y, such that only terms
with Y < N contribute, where N depends on the particular choice of the regulator.
Accordingly, we find that the frequency and momentum integrals can be restricted
to the domains

lGol < N2 |62 + rhi| < N2 (fermions),

4.15
ldol < N2, |g] < 2V/2N1/4 (bosons). (419

V=@G+&<N = {
Herein, gy = qo/k?, & = &,/k%, ¢* = ¢*/k?, and Thi = mfﬁ/lt2 For the Q-exp
cutoff, we found that N = 25 is a good choice. Enlarging N allows for a check of

the stability of the numerical integrations. For the fermions, the spatial condition
translates to

qc [Kw,mina Kw,max]7 (416)
where
—(NY24+m2) if NY24m2 <0
Kl/),min = ( 7/)) ¥ s (417)
0 else

N2 @2 if NY2 — ;2 >0
pomax = { 4 ¥ . (4.18)

Ky min else

Finite temperature flow

At nonzero temperatures the loop integration over frequencies turns into an in-
finite Matsubara sum over frequencies w, = 2m(n + 1/2)T and w, = 2wnT for
fermions and bosons, respectively. However, it is an interesting property of the
renormalization group that, for large k2 > T, the flow can be approximated by
the zero temperature flow. In fact, the system at scale & can only resolve the
actual value of the temperature once k? is comparable to 7. We detail here how
this feature is reflected in the flow equations and how it can be implemented
numerically. ‘

Given a function f(do) o< R(Q) which has finite support due to the frequency
and momentum regulator R(Q), the Matsubara summation is restricted to a finite
domain according to

M

T Y f@)=T Y f(@n), (4.19)

n—=oo n=—M
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4 BCS-BEC Crossover from Functional Renormalization

where the number M depends on the choice of the regulator and the value of
T = T/k*. With the choice of N from Eq. (4.15), the number of bins which are
summed in Eq. (4.19) is given by

N1/2 N1/2 k?2
— o). (4.20)

M(T) ~
) Ao,  2xT T

In particular, for large T or small k2, we have

T i F(Gon) E{Tf (0) (bosons) (4.21)

0 (fermions)

Our strategy is as follows: We search for the lowest number of bins M(T)
such that the area of the Matsubara sum is still well approximated by the zero
temperature integral. This will be the case in the early stages of the flow. Once
the rescaled temperature T gets too high, we evaluate the sum. However, due
to the finite support of R(Q), this will involve only a few terms. Eventually, for
k? — 0, we only have to take into account the lowest modes, say n = 0, £1.

We define a transition temperature Ttr such that

Na M r(g) T < Ty
T o) = 4 N2 o] LT 4.22
gf( 2 TYND g @) T >, 422
during the evolution of the flow, where
- N1/2
M(T > 0. 4.23
@) = |5=] (4.23)

Herein, [z] defines the ceiling function, which maps z to the smallest integer not
less than . With this choice, we keep more terms than are actually necessary
from the consideration in Eq. (4.21). For the Q-exp regulator T}, = 0.01 is a good
choice. Thus we switch from an integration over continuous frequencies to a sum
over finite frequencies once the number of Matsubara frequencies has decreased
to M (Ttr) = 80. By decreasing T, we can check for the stability of our numerical
computations.

4.1.3 Physical content

We now discuss the physical content of the running couplings introduced above.
The momentum dependence of the inverse bosons propagator

Py(Q) = Ay (iS50 + Voad + ¢*/2) (4.24)

is generated during the early stages of the RG flow for a broad Feshbach resonance.
It parametrizes the (-dependence of the particle-particle channel of the four-
fermion vertex. The coefficients Ay, Sy, and V; can be regarded as the expansion
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4.1 Ansatz for the effective average action

coefficients of a derivative expansion of the boson self-energy for each scale k
individually.

For large k and a sufficiently large initial Feshbach coupling h?, the running of
couplings is attracted to a universal vacuum fixed point with 74, = 4 — d. Then,
Ay in 3D scales as

Agp ~ k7o ~ kL. (4.25)

Accordingly, A¢7kq2 ~ Ad),qq2 ~ q in the early stages of the flow. In fact, the
inverse boson propagator can be integrated analytically in this regime, yielding
Py(Q) ~ \/ igo/2 + ¢?/4 — p, which indeed scales linear in q. We see that, al-
though we pushed the truncation into a g¢*>-dependence of the propagator, the
running couplings react in such a manner as to undo this forcing. The character-
istic running of 1y, S4, and Vi in 3D is visualized in Fig. 4.2. In 2D the propagator
in the scaling regime is given by Ps(Q) ~ log(igo/2+¢?/4—p), corresponding to an
anomalous dimension of 1, = 2. To see this note that (z¢~2—1)/(d—2) — log(x)
for d — 2. The behavior of Sy is very distinct in reduced dimension. We discuss
this in more detail in Sec. 6.1.1, where we also derive the analytic expressions for
the boson propagator in vacuum.

The quadratic frequency dependence V¢q§ in the boson propagator constitutes
the first nonvanishing frequency dependent term of the real part of the boson self-
energy. Deep in the infrared Goldstone regime, it is expected to be dominant over
the linear frequency term. This is well-known from purely bosonic systems, most
pronounced in reduced dimensionality d < 2 (Wetterich [2008], Dupuis [2009b]).
The Vy-term is important for the two-dimensional BCS-BEC crossover. In 3D we
find a rather mild dependence of the overall flow on the presence of V, for the
Q-exp regulators. This indicates that the frequency and momentum regulators
work sufficiently well, such that already the truncation without V4 captures the
leading frequency dependence. In contrast, for purely momentum regulators, the
influence of V4 turns out to be stronger.

In order to capture the physics of the second order superfluid phase transition,
a Taylor expansion of the effective potential U(p) needs to be at least of order
¢*. We start at large k with a non-vanishing boson “mass term” (or detuning)
mi > 0. The field expectation value is zero in this symmetric regime of the flow,
pok = 0. Scattering between bosons is described by the boson-boson coupling
Ay, and n-boson scattering processes are encoded in w, for n > 3. Due to a
nonzero chemical potential, the boson mass term decreases during the flow and
may reach zero for a nonzero symmetry breaking scale kg,. This is equivalent to
the Thouless criterion of a diverging four-fermion vertex, however, at a given scale
k. Typically, the symmetry breaking scale is slightly above the chemical potential,
k'gb 2 . The origin of this divergence can be rooted in large contributions of
fermion fluctuations due to an approximate zero of the inverse fermion propagator
iqo + ¢> — p1, which occurs as soon as the typical momenta become of the order
of the chemical potential. The flow of the boson-boson coupling Ay at 7' = 0 is
displayed in Fig. 4.3.
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4 BCS-BEC Crossover from Functional Renormalization

Figure 4.2: Typical running of the couplings which parametrize the boson prop-
agator Py(Q), shown here for the spin-balanced UFG. Units are such
that 4 = 1. From top to bottom we show the ¢ = log(k/A)-dependence
of ne (blue, solid upper curve), Sy (red middle curve), and V,, (green
lower curve) at "= 0. The initial values correspond to t =0 (k = A),
and the infrared regime is found for ¢t - —oco (kK — 0). Many-body
effects strongly influence the flow at k% ~ u, which corresponds to
t = —6.9 in this plot. We also show the anomalous dimension 7y
for T' = T, (blue, dashed), which does not vanish in the infrared but
settles at the critical exponent n = 0.05(1) for a ¢*-truncation. This
value is expected in the O(2)-universality class within this order of the
truncation. Figure taken from Boettcher et al. [2014c].

For k < kg, a nonzero expectation value pg ;. of the boson field indicates local
order on length scales ~ k1. Within our truncation, this results in an anomalous
fermion self-energy

Ean,k(Q = O) =Ap = (hip(),k)l/27 (426)

which enters the fermion propagator as a gap, hence removing the zero in the
denominator. The fate of the k-dependent gap A depends on the temperature of
the system. For T' = 0 one finds a superfluid ground state with pg # 0 at £ = 0 in
the balanced case. For higher temperatures, thermal fluctuations may destroy the
local order, such that pg ;, > 0 for some k > 0, but pg 1—o = 0 at the end of the flow.
We call this temperature range the precondensation region. The local expectation
value pg j, of bosons can then be regarded as indicator for bosonic correlations on
scales of order k, which do not yet suffice to produce a true long-range order.
It is closely related to the notion of a pseudogap A,g, see also the discussion in
Sec. 5.3.2. We may use the nonvanishing value of pg at intermediate scales k
to estimate roughly the size of the pseudogap according to Ay, = maxy Ay or
Ape = Ap—p. The former choice is illustrated in Fig. 4.4. A more accurate
resolution of the size of the pseudogap can be obtained by computing the fermion
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4.1 Ansatz for the effective average action

A A
o = N w B (&) (o2}

Figure 4.3: Zero temperature running of the boson-boson coupling A4 (blue, upper
curve) for the UFG. We can clearly identify three regimes in the flow:
For t ~ 0 the coupling follows the scaling solution with constant 5\¢ =
kAg. This behavior would continue in vacuum, where p =T = 0. For
a nonzero i > 0, however, the flow is influenced by many-body effects
at k% ~ p (t ~ —6.9). For smaller scales, the flow enters the Goldstone
regime, where all contributions to the running of couplings come from
infrared Goldstone fluctuations, whereas the chemical potential 11/k?
is gapped out due to k& — 0. The behavior exemplified here for \y4 is
found for all running couplings. We also show the running of A, =
(h%pp)'/? in the red lower curve. It has a nonvanishing value below
the symmetry breaking scale t5, = —6.7. Figure taken from Boettcher
et al. [2014c].

spectral function from the full fermion propagator. For temperatures above the
precondensation temperature, no local order emerges during the flow and we have
pox = 0 for all k.

The gap parameter is defined as

A = lim Ay. (4.27)
k—0

Superfluidity corresponds to pgr—¢ > 0, and thus is equivalent to a nonzero gap
parameter in our truncation of the effective action. The critical temperature for
the phase transition to superfluidity is defined as the highest temperature such
that a precondensate pgj > 0 appearing during the flow survives at £ = 0. In
the BCS-limit, no precondensation occurs, and the rise of bosonic correlations is
in one-to-one correspondence with bosonic condensation. On the BEC side, in
contrast, the precondensation region is huge. The running of A, for the balanced
UFG is shown in Fig. 4.3. The continuous behavior of A(T") for all T is shown in

Fig. 4.4. It indicates a second order phase transition.
Whereas the phase transition and thus the critical temperature is mainly driven
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Figure 4.4: Temperature dependence of the minimum po(7") of the effective po-
tential U(p) for the UFG within a FBMy-truncation (blue solid curve,
multiplied by a factor of 5 for better visibility). The continuous behav-
ior of this order parameter at T is found for all of our truncations and
results from the inclusion of bosonic fluctuations, which become dom-
inant close to criticality. Units are such that g = 1. In our bosonized
model we define the gap parameter according to A = \/h?py (red,
dashed curve), where h? is the Yukawa coupling. The actual gap in
the single-fermion spectrum persists even above the critical temper-
ature, where it constitutes a pseudogap. Within our approach we
observe the pseudogap behavior as a temperature region with pg ;. # 0
during the flow, but pg = pg =0 = 0 in the infrared. Here we estimate
its value by Ap, = maxy A, shown in the green long-dashed curve.
The pseudogap ceases to exist above Tp,c/p = 0.50 in this truncation.
For zero temperature we have A = A,. Figure taken from Boettcher
et al. [2014c].

by the bosons, we expect the renormalization of the fermion propagator to be
important for the density of the system due to the Tan contact effect, see Sec.
5.1. When employing purely momentum regulators, the diagrams renormalizing
the fermion propagator vanish in vacuum. This is a result of the possibility to
analytically perform the frequency integrations, which have all poles in the same
half-plane. When employing frequency and momentum regulators, the fermion
propagator gets renormalized in vacuum. This effect can be controlled by means
of an appropriate vacuum renormalization of the initial “fermion mass term”,
mi A(=0) = CA?% where C is a regulator-dependent constant.

The physical many-body chemical potential p, = p — ep/2 vanishes in vac-
uum. The association of mfp — mivac with pmp is only meaningful for a constant
difference

m?ﬁ,k - m?[),k,vac = —HUmb (4,28)
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4.1 Ansatz for the effective average action

in the early stages of the many-body flow, i.e. for large k. (The vacuum flow for
the fermion mass term is given by the canonical running mi}vac = Ck? for the
UFG.) If Eq. (4.28) is not satisfied, the relation between the chemical potential

and the fermion mass term m?p is not obvious.

The Feshbach coupling h? receives small corrections in the ordered regime of
the flow where py > 0. We include this effect in our highest truncation. In this
thesis we only employ truncations with S, = 1.

4.1.4 Universality and initial conditions

To initialize the set of ordinary differential equations for the running couplings
{gx}, we have to equip the system with appropriate initial conditions {ga}. This
is particularly simple for the UFG, where the initial conditions for the running
couplings are found as the zeros of the beta functions for the dimensionless renor-
malized running couplings.

The standard procedure for solving the flow equation for the effective average
action consists in ensuring the initial I'y to agree with the microscopic action S.
For instance, this would result in the initial values Ay = Sy = V; = 0 for a single-
channel model of the BCS-BEC crossover. The parameters of the microscopic
action, here the boson and fermion mass terms mé A and mfp A» have to be chosen
such that we arrive at the right vacuum scattering physics. In 3D we have

mg = —}i9(—a) (4.29)
¢,k=0,vac — S7a ; .
1 1
m?l),k:O,vac = _§€B = ﬁ‘g(a) (430)

Accordingly, bosons (fermions) are gapped on the atomic (bosonic) side of the
crossover in vacuum. In the unitary limit both masses vanish. Egs. (4.29) and
(4.30) are actually valid in both 3D and 2D, where a corresponds to the 3D and
2D scattering length, respectively. We refer to Sec. 6.1.1 for a detailed discussion
of the corresponding scattering theory.

For a sufficiently broad Feshbach resonance, the running couplings are attracted
to a scaling solution (Diehl et al. [2007a,b, 2010a]), for which the renormalized
dimensionless couplings take constant values. The anomalous dimensions obey
4 —d—ng — 2ny = 0, as for this choice Orh% = 0 in our truncation. Depending
on the deviation of the relevant boson and fermion mass terms from their UFG
initial values, the system will stay sufficiently long (i.e. many k-steps) at this
fixed point. At the fixed point, all other couplings acquire their corresponding
fixed point values. We call this regime the scaling regime. For any nonzero a~!,
u, or T, the system will eventually leave the scaling solution. However, memory
of the precise initial condition is lost, as all couplings acquired their fixed point
values. Accordingly, we might as well start directly at the scaling solution.

Due to this property, the initial conditions for the UFG can now be found for any
given truncation-, regularization- and specification-prescription by simply solving
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4 BCS-BEC Crossover from Functional Renormalization

a fixed point equation. Indeed, for a=! = 0, Eqs. (4.29) and (4.30) can be solved
by ensuring the dimensionless boson and fermion mass terms to be constant and
given by their fixed point values, ﬁzi = mi)/k:2 = rhé* and rhi = mi/sz = Th?p*.
(Dimensionless running couplings, which are divided by their canonical power of
k, will be denoted by a tilde. The subscript x indicates the fixed point.) We then
trivially have mi,mfp ~ k? — 0 for k — 0. The other running couplings are
attracted to their fixed point values. To simplify the ultraviolet flow, we let them
start directly at the scaling solution: I'y = T',.

Thus, given a truncation in terms of a set of dimensionless running couplings
{gr}, the initial conditions for the UFG are found from the zeros g, of the beta
functions for the dimensionless running couplings in vacuum (u = T = 0). We set
T = 0 in the following. For the UFG we then have

§n=0) = By = 0) = 0 (4.31)

for g # m3, with i = p/k? and m7, = m;, A*> — p. In the F, FBy, and FB-
truncations we have ﬁ@i . = 0. Away from unitarity, or in 2D, mi A and mi A have
to be tuned such as to satisfy Egs. (4.29) and (4.30). A finite scattering length or
a nonzero fimy, = p — ep/2 define relevant perturbations which drive the system
away from the fixed point. The initial scale A has to be chosen large enough such
that many-body and interaction effects do not influence the ultraviolet flow.

The initial conditions for the running couplings except for mfp A do not necessar-
ily need a modification due to the chemical potential, as the corresponding terms
are generated automatically during the ultraviolet flow. To simplify the latter
for the numerically challenging analysis of the UFG with the Q-exp regulators,
however, we choose them to be on their corresponding fixed point values as well.
Thus we arrive at

grn = G« + gu*,u/A27 (4.32)
where the subscript p indicates the p-derivative of the respective running coupling,
with 7 = —1.

For the sake of completeness we present here the rather technical way of ob-
taining the g, in Eq. (4.32) for the UFG. Upon introducing a chemical potential,

m2 () = m3, — (4.33)

we slightly deviate from the fixed point in Eq. (4.31), and expect deviations from
the scaling solution as soon as k? ~ p. In terms of beta functions, the UV flow
(large k) is governed by the set of equations

. 965
~ G

9(1) = By(f) :

_ 0B; _ _
() fit oo = 3 M) Gog it (4.34)
We used that the leading term vanishes and introduced the notation

G = 0ug. (4.35)
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4.1 Ansatz for the effective average action

The dimensionless running couplings g, are then found in the UV from the equa-
tions

i = c%(gg) =20, + ) Zgg (0) - G
= i = Aij - G- (4.36)
The matrix
A=2.1+{05/93) (4.37)

is solely determined by the fixed point values g,. We will be interested in a
situation where

Gu ~ Gux = const. in the UV. (4.38)
Most importantly, we have to ensure

2
8mw N

2 ~ —1 in the UV, (4.39)

Qup = My, = an
because otherwise the value of the chemical potential loses its meaning due to an
anomalous running in the UV.

The behavior of the set of equations (4.36) depends on whether we allow for a
running fermion mass or not. If we allow for a running fermion mass, then ay,
is a free parameter in (4.36), and, consequently, éu = A-g, = 0 will in general
not have a nontrivial solution, as A has full rank: We have a homogeneous set of
equations, with the only solution g, = 0. This conflicts oo, = —1. In contrast, if
we do not allow for a running fermion mass, thereby enforcing o, = —1 by hand,
we find a scaling solution with fixed point values g, .. The UV flow is then very
simple:

In particular, fnfb ~ —[ for large k.

In order to have a, = —1 in the UV, we need A not to be of full rank, i.e. A
must have an eigenvalue 0. Then, the variables in A- g, = 0 are not independent,
and there are nontrivial solutions. The matrix A is fully determined by the vac-
uum scaling values gx. The values of g,, however, depend on the regularization
procedure. With the relative cutoff scale ¢4 in Eq. (4.9), we have a knob to tune
the behavior of the UV running of the couplings. In particular, we find that for
cp = o = 0.2454 ~ 1/4 we have a zero eigenvalue of A, and mi — mfﬁ’* ~ —u in
the UV.
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4 BCS-BEC Crossover from Functional Renormalization

4.2 Flow equations for general regulators

4.2.1 Flow equation building blocks

In this section we collect the building blocks which are required to efficiently
compute beta functions within our truncation. The expressions derived in the
following assume frequency and momentum independent vertices. They are in-
dependent of the regularization scheme and many assumptions on the boson and
fermion dynamics. This section also introduces the notation used in the remainder
of this thesis.

We generalize the ansatz for the kinetic part of the effective average action in
Eq. (4.2) according to

f‘kin {&a d_)] = / < Z &;P'(ZJU(aT? *iv)ﬁa + Q_S*P¢(a7” IV)§B> . (4'41)

X \o=1,2
The inverse propagators Pw(, and P¢ are assumed to be of the form
Pyo(8y, —iV) = —Aypo V2 + ..., (4.42)
Py(8;,—iV) = —Aq%v? +. (4.43)

such that the gradient coefficients A, and A4 can be used to define renormalized
fields via ¢, = Aql/f Y, and ¢ = A;/ 2(23, respectively. Thisi is in li{le with the
truncation presented in Sec. 4.1.1 for a particular choice of Py and Pg. We then
define renormalized couplings through an appropriate rescaling by powers of Ay,

and Ag such that
L4, ¢] =T, ¢]. (4.44)

This equation also allows to generate their RG-running from the flow of ';. In
fact, the flow equation for the effective average action should be expressed in
terms of ['y, see Eq. (4.52) below. The flow of T'[¢), ¢] receives additional terms
proportional to the anomalous dimensions defined in Eq. (4.3). We indicate
unrenormalized quantities by an overbar, renormalized ones are denoted without
an overbar.

When evaluated for homogeneous mean fields, the n-th functional derivative
r ,(Cn) (X1,...,X,) of the effective average action is proportional to n delta functions
(X1 — X9)...0(X1 — X,), where X is the argument of the i-th field derivative.
Within the momentum representation of the fields,

U(P) = / U(X)e PX (4.45)
X
the vertices transform according to
FOE)(P, ..., Py) = / FOE] (X, ..., X)X P X (4.46)
X1, X
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This results in an overall delta function §(P;+- - -+ P,) for a homogeneous setting.
We assume frequency and momentum independent vertices for n > 2, see Eq.
(4.76) below. We denote 4-momenta as @ = (qo, ¢) with

/Q:Tzn:/q:T;/(;?)ld. (4.47)

The delta function 0(Q) is defined from fQ 0(Q)f(Q) = f(0) for any function

f(Q). We often denote the dependence on @ by a superscript, i.e. f9 := f(Q).
The frequency qq is always understood as a Matsubara frequency with

(4.48)

) 2mT (bosons)
o= 2n(n+1/2)T (fermions)

for nonzero temperatures, and ¢g € R for zero temperature. In the latter case we
have

27rT Aqo r-9 [ dgo
Ty = Z Z - D (4.49)

We work with supermatrices according to the field vector
\TJ: ((517(5271;171[]27&?712);)7 (450)

where the complex boson field is given in the real field basis according to ¢ =
¢1 + i¢2. Any supermatrix M can then be decomposed according to

M2><2 M2><4

M = (Mgfgz M4X4> R strM = tI‘MBB — tI‘MFF, (451)
FB FF

where (s)tr denotes a (super)trace. For an introduction to the notions of superal-

gebra we refer to Zinn-Justin [1993]. The flow equation for the effective average

action in this notation is given by

_ o -1 -

<F(2) B[6. 01+ Ry TGLG] ) <R¢ 0 )

5oy g -

CPplo.d]  TEple.dl+ R 0 Ry
The mean fields ¢x and 1)x have to be arbitrary and I'zr,[rp = 0 in order to
derive flow equations for higher n-point functions. B

The effective average potential Uy (p) = Uk (p) is defined by T'[¢] = BV - Uk(p)

for a constant field ¢. Herein, V is the d-dimensional volume. The inverse prop-
agators @;1(62), @;1(62) are found from

OL[p, 9] = =STr (4.52)

( ) o 52T -
r®  (X,Y.p B S 4.54
w[(j)ng)( p) = (5¢a )( X) 51;}5*) V) (] ( )
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4 BCS-BEC Crossover from Functional Renormalization

for an arbitrary constant background field p = ¢*¢ = %gb% We assume the boson
background field ¢ to be real-valued. In momentum representation we have

FOHQ.Q) =6(Q + Q)G Q) (4.55)
IeHQ,Q) = 5(Q + Q)G (Q). (4.56)

We first consider the spin-balanced case with p; = p2. The modifications for the
imbalanced case are presented below. For the above ansatz (4.41) for the effective
average action we find

. B PYC U + 200" iP)O
_ —h¢e —P; %1
G HQ)=A,GH Q)= A i . 4.58

Herein, 1 = ((1,0),(0,1)) and € = ((0,1),(—1,0)), and primes denote derivatives
with respect to p. Moreover, for a given function f(Q) we define the symmetrized
and anti-symmetrized components, respectively, according to

4@ = 5 (10 £779). (159)

Note that fQf~9 = £5(Q)? — f4(Q)?. The regulators read

. RS(Q) iR5(Q)
RY = A,RY = A (.¢> > 4.60
o= Aefo =4 Linde) B@ o)
_ 0 -R“
Q_ Q_
R = AyRg = Ay (ngn 6/’ > . (4.61)
The regularized propagators are given by
7 1 (L5394 U —iL}
G9_ 4.9 _ é ¢ , 4.62
° 7T T qet® ( iLy 9 LY9+ U+ 200" (4.62)
_ 1 h L;%1
e g L (4.63)
det@ \—L31 —hoe
where we introduce the notation
LY =P + R, (4.64)
LY = PP + RS+ U'(p) + pU" (p), (4.65)
det = LIL,9 + h?p, (4.66)
det = LIL, 9 — (pU")2. (4.67)
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We do not distinguish in our notation between the regularized and non-regularized
propagators, i.e. (I'® + Ry,)~! and (I'®)~1, since it will always be clear from the
context what is meant.

The boson propagator can also be represented in the conjugate field basis
{¢,»*}. The corresponding matrix will be denoted by a widehat, i.e.

My, M, — Mo My
Mgy — ( 6161 ¢1¢2> M= ( o6 Moy ) 468
Mospy Moy, Mgy Moo (4.68)

We can change bases according to the transformation
Gl=vuGc Ut (4.69)
with
1 /1 i 1 1 1
o (1), e L1, )

This is inverted by

G =UuiG-'u* (4.71)
with
1 /1 1 1 /1 i
t_gr—1_ - * th—1 _ —
U'=U0""= 7 (i —i) , Ur=U")"= 5 <1 —i) . (4.72)
In this way we obtain
. pU" (p) L@ R 0 R“
G Q) = ¢ . R = ¢ . 4.73
The propagator becomes
- 1 (=pU"(p) L,
G = — ¢ : 4.74
@)= Gets10) ( 1S —pU"(p) )

Higher n-point functions are represented by supermatrices with additional ex-
ternal indices, i.e. each I'"22) is cither BB, BF, FB, F'F, and carries further
indices. We introduce a vertical bar, |, to separate those fermion derivatives which
act from the left from those which act from the right, e.g.

—3 «—2
= ) = 0
o Xl,...,X5> S _ T .
( Gt ) AB - 0Y7(X1)0¢3(X2)6va(X3) 0¢p(Xa)dg1(X5)
(4.75)
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For bosons the order of the functional derivatives does not play a role. In our
truncation we assume momentum independent vertices. We write

T>2(Qq, ..., Qn) = ™6(Q1 + -+ Q). (4.76)

The boson matrices can be given either in the real field basis {¢1,$2} or in the
conjugate field basis {¢, ¢*}. We again label the latter case with a widehat. For
a constant real background field ¢ = ,/p we have

3 3
5 ) _ 432 uly 0 58 432 0 ulf)
¢ @ 0 u(3) ’ '¢2BB [ (3) 0 ’

122 U192
4 4
O g2 u§1)11 0 S 0 U(11)22
¢101BB L 0 uﬁ)m » '¢142BB ¢ ug‘i)ﬂ 0 )
4
ﬁ(—4)— — A2 u§1)22 0
s =407 )
E) 12 h e 0\ _@3 _ 12ih (e 0
e = 2L 5 (5 0 e = 4l (G
_(3) 12, (0 0\ _@3 12, (—¢ O
7¢>F\F A¢A¢ h <0 ) 7¢*F|F AwA h ( 0 0> 5 (477)

with
uih =320) 20"+ (20)° P00, uily = (29)PU,
uﬁ)n =3U0" + 12pU( ) + (2p) U(4), uﬁ)m =U" + 2,0U(3), ug42)22 =3U".

The mixed diagrams read

TG BIF ¢ J2\0 i 0 0) "BFI ¢ Ja\i 00 0)
(4.78)
and
0 0 0 0
@3 _ 12 h (1 =i _@ _ 12 h 100
Tripg = Aodg v2lo o’ ﬂi‘IFB_AlﬁA‘b 210 0
0 0 1 i
-1 i 0 0
@  _ 4o g2 [0 0 @ o, g2h [0
VF(Bg, = Ay A, V2l o o ’71131|FB_A¢A¢> V2lo o (4.79)
0 0 0 0
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We also give the purely bosonic vertices in terms of the conjugate field basis
(¢, ¢*). We have

=) _ 7203 t =4) _r7=(4) t =3 _ =¥ -~(3)
74:BB — U'Y@BBU » V6,6,BB — U'V‘igzéjBBU s YooBB = Vo8 T Vg8
(4.80)
We conclude that

() _ 432 U§3)¢ Uﬁ)cp =(3) _ g3/2 “g?;b)as 0
Tosp = Ao |G y3 | TeBB T o 3) |
1pop* 19

~(4) 2 “§41)¢¢ “ﬁ) o ~(4) 2 “542)@ 0
Toome = Ao | (@) @ | Vgsems = Ao @ |

Uiiger  U1pe 0 —Ujpgy
~(4) 2 “g;)qﬁqﬁ “%)qsw
Voutone = Ao | @7 TG | (4.81)
Ugoppr  ~U22¢¢
with
ull), = 2p)V2U" + p(2p) V20, W) = 2(20) 20" + p(2p)2U®),
ufl, = =i20)20", ufl,, = U"(p) +5pU " + 202U,
u(ly = 20" + 7pUS) 4+ 20200l = —iU" —i2pU®),
O ) (82

Moreover, for external indices ¢ or ¢* we find

=(3) 3/2 “g)% uf(;s?;zqs* =(3) 3/2 “E;s?;zw “ggw

Yoss =4 | &7 G | Ve =407 B @ |
pog Upogr

=4 2 “ggw “ggw =@ 2 “éﬁw “fz;gww

Toopn =4 | @7 @ | Tsesp=A0| & W)
T

4) (4)
/—\(4) _ 2 U * Ak u %
Torgm = Ao (u‘?%b o ) , (4.83)
felotelols PPpdP
with
3 3 4

4.2.2 Constitutive equations

In order to solve the flow equation for the effective average action in practice, we
need to translate it to a set of coupled equations for correlation functions, which
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is then truncated in a suitable manner. A convenient way of organizing this
procedure is to start from a few constitutive or master equations which describe
the flow of the effective potential, the inverse fermion and bosons propagator, and
the Feshbach coupling, respectively. Those equations can be expressed in closed
form with very few assumptions on the form of the effective action, and they hold
for every choice of regulator. With appropriate projection descriptions we then
arrive at flow equations for the individual running couplings {gx}.

We start with the spin-balanced equations. The flow equation for the effective

average potential Uy(p) = 7,(60)(,5) takes the simple form

kN _ 1 — - ]_ — -
Ur(p) = Qtr/QG;?ng - Qtr/QGngfg

Qp—Q -QpQ Qp—Q -QpQ
:1/1L¢R¢ + L, R; _/1Lwa + L, Rw‘ (4.84)
2 Jg A¢> det% Q Aw detg
We write
U(p) =UB)(p) + U (p) (4.85)

to indicate the contributions from bosonic (B) and fermionic (F) diagrams, see
Fig. 4.1. The flow of the renormalized effective average potential defined from
U(p) = U(p) reads

U(p) = nspU’(p) + U (p) + U (p). (4.86)

The flow of the inverse boson propagator (assuming frequency and momentum
independent vertices) reads

- 1 _ _ _ -
G35 (P) = gt | Gol@ApG@ + PGl @@

1 a —~ —

+ 2tr/Q G¢(Q)ﬁg)BBG¢(Q - P)fé%BG&Q)RQs(Q)
1 ~ — -

“at /Q Go(Q755, G @Ru(Q)
1 e 2 — -

_ 2tr/Q G¢(Q)7(%?§|FG¢(Q + P)'_VQ(S%FGMQ)RMQ)

1 _ _ _ .
- 31t [ Gu@ Gu@ = PR Cul@ui@), (as)
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4.2 Flow equations for general requlators

or, in the conjugate field variables,

éqgjd-)(P) = ;tr/Q@(Q)vé*)BB@(Q + P)V;?EBGMQ)@(Q)
L /Q Co(@)3,Cs(Q — PR, 1Co(QRs(Q)
~ 57 [ Gol@nfpsCe@ (@
- ftr / G QA pCul@ + PP 1Gu(QRy(Q)

- 31t [ Gu(@L, Gul@ - P Cu@Ru@).  (ass)

Analogous to Eq. (4.85) we split the flow into bosonic and fermionic contributions
according to

Gl =G bB)  GoLE), (4.89)

The flow of the inverse fermion propagator is given by

. 1 _ _ -
G35, (P) = gir / G¢(Q)§1%3)B|FG¢(Q + Pw}wa Go(QRo(Q)
S /Q Gw(Q)"nyj|FBG¢(Q + PwS;W;Béw@)m(Q)

3 [ Gul@i,00(@ - 1l Gu@hu(@). (490

We split the flow equation in a Tan (T) and Hartree (H) contribution via

5—1 A—1,(T) | A—1,(H)

Ginin = Couin T Cinin (4.91)

Here the Tan and the Hartree diagram are the loops where the regulator insertion
appears in the boson and fermion line, respectively. This labelling indicates their
contribution to the characteristic shape of the fermion self-energy given by the
Tan contact and the Hartree shift, see the discussion in Sec. 5.1.

The flow equations for the inverse boson and fermion propagators are then most
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4 BCS-BEC Crossover from Functional Renormalization

easily parametrized by introducing

2 \1/2 . .
q _ (h*p) QpH-Q | 1-QpQ
XP =i (Lwa +L, Rw>, (4.92)
Q _ 1 Q\2 H—Q 2 HQ
Y9 = Aw((Lw) R,%—h pr), (4.93)
o= a4, el ¢ g ) -
1 = _ -
Yo = A(ﬁ((Lngd)Q + (pU”)2R§), (4.95)
such that
0o~ 1 1 X9 y @
GIRIGI = ——5— (28 24 ), (4.96)
Agdeth(Q) \ VP X5
L 11 X% v 9
GIRIG) = ——5— wQE o |- (4.97)
Apdet?(Q) \ -V 1 —XPe

The flow of the fermion self-energy reads
. YQLQ+P YQLQ*P
Gt (P ==t [ g2 [ e s
vinn () v Q (det?)2det?” v Q (det?)2det?" (4.98)
and the anomalous fermion self-energy flow is given by
Qp—Q -QpA
iLd) R,“+L,"R;

é—1
Q Ao (detg)2detg+P

¢1¢2(P) = Aw(hQP)g/QU”<

1 LER,9 + L, OR?
1 03 0P (4.99)
Q Ay (dety)?dety
The flow of the Feshbach coupling h is given by
Qp—Q -Q pQ Qp—Q -Q pQ
fLL:—AQpAl/thU”p /1L¢R¢ —|—L¢ R¢+ iLwa —I—Lw Rw ‘
¢ Q Ao (detg)Qdet;2 Q Ay (detg)Qdetg
(4.100)

For the flow of the inverse boson propagator we turn to the real (¢, ¢2)-basis.
The advantage of this choice is explained below. We have

. 1 [ QU" + pUBHYL +v, @
2 Jq det3(Q)
1y Q —(Q+P)yQ Q+Py —Q

+A¢2,0(U”)2/ 2pU X¢> —|—L¢ Y¢> —|—L¢ Y¢

Q (detg)2detg+P

2 \1/2 v Q —(Q+P)yQ Q+Py,—Q
+A¢h2/ 2(h?p)2X [} + Ly Yo+ LY
P
Q (detg)Qdetg+

(4.101)
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4.2 Flow equations for general requlators

for the 22-component. The tadpole diagram in the first line is momentum in-
dependent due to our choice of momentum independent vertices. The first line
corrects the tadpole contribution in Eq. (B18) in Boettcher et al. [2014c]. For the
12-component we find

. . 1
Gy, (P) = 21AgpU" /Q

(detg)2detg+P

X 7L§+P<(2U”+pU(3))X§+ (U//+pU(3))Y¢7Q)

+ L, (U + U)X + (U + pU D)V )

i 1 (3) Q_yv—@
pU" (2U" + pU )(Y¢ Y; )

~Q7Q+P _ yQp —(Q+P)
—iAyh? / Yy "L 5 YwQLﬁj . (4.102)
Q (detf)2det

We remark that for both the F- and B-contributions to the inverse boson propa-
gator we have

oL (P) = %(é;ﬁb(m G (-P)), (4.103)
Gyl (P) = %(é;*1¢( P)+ Gl (-P)) - %(é;;(P) +Go(=P)),  (4104)

We now derive the constitutive equations for the effective potential and the
inverse boson propagator in the presence of spin-imbalance du = (pu3 — p2)/2. Of
course, the bosonic diagrams remain unchanged. We assume Ay = Ayo = Ay to
keep the overall renormalization constants in the diagrams simple. We have

0 0 =-R,;? 0

0 -R,“ 0 0 0 -RY
Rw(Q)=< 0 ¥ )z 0 w2 (4.105)
R? 0 RZ 0 0 0
0 RY 0 0
and
1 (A B
Gy(Q :( ) 4.106
»(Q) @@ \C D (4.106)
with
Qo @
A= ho 0 det%,, 5 (Lerdet?y 0 (4107)
—det;% 0 )’ 0 L dety )’
— LY det ;¥ 0 —det>%
C:( velrz ) D:h¢< O et} (4108)
0 —LwldetF12 det £y 0
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4 BCS-BEC Crossover from Functional Renormalization

We introduce the abbreviations
det%u = L;?ng +h?p, detg = detgmdet}%. (4.109)

Note that det ;% = det%, but det %, # det2,,. In the following we will often drop
the subscripts 'y’ and ’F’ to shorten the expressions.
For the flow of the effective potential we have

U (p) = —%Tr(éwéd,)

1 / 1 1L (o RS (A B>
=— | ——————>=1tr| =
2 Jq Ay det,det, S, \R7 0 ¢ D

1 Ly9RY + L§R©

=— (4.110)
Q Ay detf%u
The derivatives are given by
, 1 1-9p9 L [9/pQ
UmE) (py = —pl(=p?)" [ —2L g + L3Ry 7 (4.111)

QAv  (det? ,)mHt

For the flow of the boson propagator we need the product Gngi@g Analogous
to the balanced case we define

o _IP0)'P 050 -ap0
Xfp="4 (Lwlej2 + LS Rwl), (4.112)
Q@ _ 1 Q\2p—Q 2 HQ
Yw,12 = M((Lm) Rd;z —h PR1/,1>7 (4.113)
1 . -
Yle = M((L%)Q%? - hQPRng). (4.114)
We then arrive at
_ . _ 1 1
YTV Ay (det$det )2 (4.115)
Qo . X9(det9)? V5,9 (det)? . 0 .
—X% (det% )2 0 0 Y, (diet12 %2
~Yi (dety,”)? o 0 o o 0 0 — X1 (det},°)?
0 _le(det12)2 X12(d6t12)2 0

For the flow of the boson propagator we find

A1) py g4 L [ 3R (e 0\ oipih (e 0) 1 0ze-0
G (P) = A¢2tr/Q\/§(O €>Gw AU A¢G¢R¢Gw

4+ (P —P) (4.116)
- —(Q+P - 3
_ A¢h2/ 2h¢X12Q + YQ?LI @+P) 4 Y12QLg2+ +{P— —P).
2 Jg (det%)2detS
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4.2 Flow equations for general requlators

In the balanced limit we reproduce the fermionic contribution in Eq. (4.101) due
to Xg =X J @ and detg = det;Q. For the off-diagonal contribution we find

A=L(E) py — g L h (=& 0\ ge+pih (e 0
G¢1¢2 (P)— A¢2tr/Q[\/§<0 5>G¢ \/i 0 &

+ i e 0 GQ_Pi —€ 0 L
\/i 0 € ¥ \/§ 0 g Aw
ih2 L§+PY15Q o LI(QJFP)YQ

= —Ay,— 2L _{p— —_p}. 4.117
"2 o (detd)2detd T { o

Q50 AQ
GyR;Gy

In the balanced limit we recover the fermion part of Eq. (4.102). Again we used
the symmetry detg = det;,Q.

4.2.3 Derivative expansion

Given the constitutive or master equations, the flow of running couplings is ob-
tained through suitable projection prescriptions. Here we derive the flow of the
expansion coefficients of the effective potential and a apply derivative expansion
of the inverse fermion and boson propagator according to

Pyo(Q) = Zyoiqo + Apeq® + M, = Ayo (Swgiqo +4¢°+ mig), (4.118)
5 . - 1 . 1
Py(Q) = Zyiqo + Voas + A¢§q2 = Ay (S¢1q0 + Vs + §q2>. (4.119)

Typically, there are several candidates for these projection of running couplings,
which superficially seem equivalent within a truncation, but result in distinct flow
equations. The reason for this ambiguity is that the flow equation incorporates
all terms in the full effective average action, in particular all higher order terms.
Therefore, when specifying a particular projection procedure, we always neglect
certain higher order couplings in a particular way. The dependence of the running
of couplings on the projection can be used to estimate the accuracy of a given
truncation. Within a truncation which includes the most important effects, the
precise projection should only result in minor modifications of observables. A
strong dependence, however, signals a shortcoming of a particular truncation.
In the following derivation we assume that

Al/)l = sz = Al/,, S¢1 = S¢2 = Sw. (4.120)

This is valid in the spin-balanced case and still a reasonable approximation for
the slightly imbalanced case. However, for the strongly imbalanced regime (e.g.
polaron physics), the propagator of the majority atoms will not be renormalized,
whereas we have strong fluctuation effects on the minority species. However, we
will mostly be interested in a perturbative fermion propagator with Sy, = A, =1
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4 BCS-BEC Crossover from Functional Renormalization

anyway. Furthermore, our detailed presentation should allow for an extension to
the more complicated scheme in a straightforward fashion.

Within a Taylor expansion scheme for the effective potential, we project the
corresponding flow equation (4.84) onto the coefficients in an expansion

Ui(p) = m3(p — po) + 220 = po)? + 3 20— po™ (4.121)
n>2

In the symmetric regime of the flow we have mi = U (0). This flow equation is
replaced by pg = —U’(po)/As in the ordered regime. We write us = A\s. We have
Uy = Ulgn)(ﬁ[)’k). Accordingly, for n > 2,

i = 0, (U,E"’ (ﬁ07k)> = U™ (po) + tin1fo- (4.122)

The second term is important to obtain quantitative precision of the results. The
flow of the renormalized couplings

_ 2 _
m _ U
m3 = J‘TZ po = Agpo, Un = 7AZ§ (4.123)
is given by
.2 2 m% . K . an
My = MMy + I Po = "Nepo + Agpo, Up = nngun, + o (4.124)
¢ é

The running couplings entering the fermion propagator are projected according
to

’I’;n12/10' - Gi;d}a (Pa pO)‘P:O 5 (4125)
. 10 -
2y = 5 550 Cutan (P ‘ 4.12
P lapoGwlzpl( apO) P:O’ ( 6)
. 0 = q 1 82 3
Av = 552G (P 90)’,3 0" 202 =Gl (o) oy (4.127)

Similar to the expansion coefficients of the effective potential, one could first start
from mwf = G ! (0 po) and then take the t-derivative of this expression. In

addition to Eq. (4 125), this generates a term proportional to py in the ordered
regime. However, we will neglect such contributions in this work. The flow of the
renormalized couplings mio = mfw [Ay, Sy = Zy/Ay reads

. 2 2 ﬁﬁbff : Zw
mw = nwmd,a + Td,’ S¢ = T]de; + Ai,lz) (4128)
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4.2 Flow equations for general requlators

We write
Ny = nbe) + nfz,H), (4.129)
m2 szpa + mw(o_ ) 4+ mw(f), (4.130)
Sy = npSy + S + 840 (4.131)

in generalization of Eq. (4.91).
For our parametrization of the boson dynamics we employ

.
Zo = Apo Goroa (D P0>’P:07 (4.132)
¥ 0 1 10% -

V¢ a 2G¢2¢2( 7/)0)‘13:0 2 apo G¢2¢2 (P, po)’P:07 (4]_33)
. a ) 2 .

Ao =25 5,2 C e (P Po)‘ o 8792%2@(1’, pO)‘p:o' (4.134)

The renormalized couplings S, = Z4/Ag and Vy = V3 /Ay evolve according to

Zy Vs
S¢ = NgS¢ + —— A V¢ =neVp + Af (4.135)

¢ ¢

We again write
F

Ny = 17; )+ 77((;5 ), (4.136)
Sy =n4Se + 857 + 81, (4.137)
Vs =neVs+ V) + V( ) (4.138)

to distinguish bosonic from fermionic contributions within our notation.

The reason for choosing the (@1, ¢2)-basis of G;l to project onto the boson
coefficients consists in the following. To be consistent with our truncation of
p-independent couplings Z € {Zg, Vs, Ag}, we have to project them such that
terms which arise from Z’(p) are absent. In fact, if we would include the latter,
we should also incorporate momentum dependent vertices which are proportional
to Z'(p). To this see let us start from the more general ansatz

Raaldl = [ 320) (5" Pof0r,~i9)6 + 6P(-0rV)F") (4139

for the kinetic term of the bosons, where Ps(Q) = iqo, ¢3, ¢, . .. is some monomial
in @. For the second functional derivative of Eq. (4.139) we obtain

g o [ PRI (2(0) + 52'(7) ) Ps(~Q)
(20)+52 () Po(Q) P2 PPQ)
(4.140)
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in the (¢, ¢*)-basis, and
oo g 5 (2(0) + 202/ P5(@) i(2(5) + p7'(5) ) PA(Q)
’ P\ H(zw 0P Q) ZPPSQ)

(4.141)

in the (¢1, ¢2)-basis. Herein, Ps’A(Q) = %(Pf + P(;Q) are the symmetrized and
anti-symmetrized kinetic terms, respectively, see Eq. (4.59). Since the terms
proportional to Z’(p) are included in the full flow equation, they appear on the
right hand side of the flow equation for f‘l(f) ~ G’d_)l. To avoid their influence
on the beta functions, we project the coefficients V¢, Ay of the even functions
P¢S(Q) = ¢?,q* from the 22-component of Eq. (4.141). Equivalently, as can be
seen from Eq. (4.104), we may define them from the symmetrized part of G4
and subtract C_¥¢¢. The situation is less simple for Zg, which appears as the
coefficient of P(f(Q) = igg. No projection is preferred in this case, and we choose
the 12-component. Since the overall impact of S, on the flow is rather small in
3D, this only results in small quantitative deviations. In 2D, instead, we found
that changes in the projection of S, induce substantial (though only quantitative)
changes.

The regulators in this work are chosen such that R¢, depends on Ay, and Rw
is both Ay- and mfp—dependent. This dependence is necessary to account for the
right scaling of correlation functions and to regularize around a flowing Fermi
surface. Moreover, it provides for an efficient resummation of flow equations.

If we incorporate the flow of A, and mi, the fermionic regulator insertion

RL/, /Ay depends linearly on both 7, and m?p Hence, we arrive at a set of equations

N A Ay Ay Az N
my | =(Bo|+|B1 B: Bs| |m], (4.142)
My CO Cl 02 03 Thp

where the coefficients are one-loop integrals which depend on the remaining run-
ning couplings. The linear set is solved by
-1

Mg 1-4; —A —As Ap
mfp = -B, 1-By —Bj By | . (4.143)
My -C1 —Cy 1-0C4 Co

The need for evaluating more one-loop integrals numerically makes an inclusion
of even more couplings into Ry and Ry, (e.g. Sy, Sy, Vy) less attractive, although
promising a further improved resummation of diagrams.

4.3 Flow equations for optimized regulators

In this section we derive the flow equations in the F, FBg, and FB-truncations for
¢*-opt regulator, both for the spin-balanced and spin-imbalanced case.
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4.8 Flow equations for optimized regulators

4.3.1 Derivative expansion

For purely spatial cutoffs, i.e. cutoffs which only depend on ¢ = @2, the Mat-
subara summation in the constitutive equations can be performed analytically.
However, by interchanging the derivative projection with the Matsubara sum-
mation in those cases, the expressions become much simpler. We explain here
how this particular feature can be implemented in practice, and derive the corre-
sponding loop integral expressions for the boson propagator within the derivative
expansion scheme outlined in the previous section.

The idea of how to extract the flow of running couplings from the flow of the
inverse boson propagator coefficients for spatial cutoffs is simple and efficient: We
write the diagram in matrix-form with the trace not yet being evaluated. Therein
only G(Q =+ P) depends on the external momentum P. We expand this expression
in powers of pg and p, and can then read off the flow of the coefficient. Due
to the “G(Q + P) — G(Q — P)”-structure of the flow equations, we often have
cancellations which simplify the result.

Fermionic contributions

We first consider the balanced fermionic case. We expand

Ly = 159 + (1+ RY)(2pgz + p*) + %%"(2196193)2, (4.144)
det@T = det? + 257,qopo + Spg
42050 ((1 + R)(2pgz + p?)* + %R;;X@pqx)?) + (1+ R%)?(2pgz)*.
(4.145)
Herein p'- ¢ = pgx and

OR
Ri(q) = 55 (), Ry (¢") = W;"(qz). (4.146)

The terms with () — P are obtained according to pg — —pg, * — —z. Note that in
order to project onto higher coefficients ~ pop?, p?, ..., a higher order expansion
of the propagator would be necessary. In order to implement

. O = _1(F 1 0% - - 10?2 -
70— 2 g >‘ -G Vy= =Gt
¢ R P Ay 0p? 9292]p_g’ ? T 29p2" #2d2|p_y’
(4.147)
we define

o) — lﬁGQiP

opg ¥ ‘P:O’ S op? Y ’P:O C20p% Y ‘P:o'
(4.148)
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Due to the Taylor expansions of Li and detp in Eqgs. (4.144) and (4.145), the
matrices A, B, C' are rather simple. We have

. 1 _ 1 5
50 = _2/ tl“(Vfi)FFA(”’YmFF Al )7¢1FF> fGiRiGg’ (4.149)
Q )
F 1 3 3 — 1 5
g =3 /Q tr (Ve B Vs + 1o B )%QFF)AlpGﬁRgGg (4150
“(F 1 3 3 — 1 >
v = —2/Qtr(’}’é;g)FFC(+)7¢>2FF+7(§>2)FFC( H@FF)MGﬁRffoi- (4.151)

The resulting expressions can typically be further simplified by using Siqg =

detg - (Li’Q)2 — A?, which eliminates unnecessary Matsubara summations. We
eventually arrive at

(F) _ o9 Ry(¢%) L 2k
K Sw/cz Ay (det%@) det%@))’ (4152)

o) — 412 Ry(4?) <1 + RS + 2% Ry 4% (1 + RZ)QLi(Q)>
’ o Au det(Q) det:(Q)
opt 8h2 [ Ry(q?) R
o 81 [ Rula) e, (4.153)
d Jq Ay detp(Q)
: R.(q?) LS
qu(F) _ _2h2512p w(a®) wg(Q) ' (4.154)
@ Ay detyp(Q)
In the expression for the anomalous dimension we used that
1
[ o0 =4 [ 162 (4155)
7 d Jp

for d = 3,2,1. Moreover, in the third line we employed the fact that (1+ Riz) =0
for the ¢?-opt cutoff under the integral.

Now we turn to the imbalanced fermionic contributions to the boson propa-
gator. There are two possibilities to regularize the fermions, either Ry = Ryo
(symmetric scheme), or Ry1 # Ry2 (asymmetric scheme), see Sec. 4.1.2.

We start with the symmetric scheme. The propagator matrix reads

1 A B
GQ:( ) 4.156
Y det%det ¢ \C D (4.156)

with the matrices A,...,D given in Egs. (4.107) and (4.108), and detlQ2 =
L, LY, + A2 We write

P . < 1
LGrF = L3, +iSypo + (14 RY)(2pqe + °) + S RY (2pqe)’,

— — . X 1 XX
L) = L9 —iSypo + (1+ R3)(2pqz + p?) + 3B (2pgz)?.  (4.157)
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It is the key ingredient of the symmetric scheme that Lgl and Lfgz can be treated
almost identically. We also have

det@fy = LTI LET + A%+ (et - LPLS, - A7),

—(Q+P P, —(Q+P - -
Aot = LGP LT 4 A% 4 (detp, - LG L — A%). (4158)
The remaining terms are obtained according to pg — —pg, © — —x. After the
trace has been performed we apply the simplifications
-QrQ Q 2 7Q 7-Q -Q 2
Ly Lijy — detpy — A*, L Ly — detpfy — A*,
- S - S

LY + L9 = 2L5(Q), Ly + LY, — 2L5(Q). (4.159)

Note that Li(Q) = ¢*> — u+ Ry(q¢?) in the symmetric scheme. Furthermore, for
the anomalous dimensions we apply

Siq% — 2iSyq0 — detg12 — (Li)2 + op* — A%
S2¢¢ + 2iSyqo — detpy — (L)% + ou® — A2, (4.160)

We eventually arrive at
Sy = —2h25w/ RZ(QQ)( ig - 2h;p ). (4.161)
Q v Mdetgp)?  (detpy)?
) — gy Ry(4?) <1 + RS 2% Ry 4% (1+ Rﬁ‘)%i(@))
¢ o Ay (det®)? (det$)3
opt 8h2 [ Ry(q?) °R

pt 8h° , (4.162)
d Jo Av (det)?

: Ry(¢?) LS

v = —an?s? v(@®) _Li(Q) (4.163)

Q Au (det,)?

We obtain the correct spin-balanced limit with det?2 — detg.
For the asymmetric regularization of the fermion contribution we have to include
the appropriate regulator insertion

0 0 —Ryi(q?) 0
. —Boola?
RO=| - 0 , 0 0 Ry (@) | (4.164)
Rplg®) 0 0 0
0 Rya(d®) 0 0

Furthermore, we have to modify Eqgs. (4.157) according to

1
LI = L +iSypo + (1+ RY,)(2pgz + p?) + 5 R (2pgz)”. (4.165)
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The remaining steps are the same as for the symmetric scheme. However, we
cannot apply Lgl + L;QQ = 2Li(Q). We arrive at

N(F) _ (Ewl + sz) 1 2h%p
$i = —2h25¢,/ o ( -0 3), (4.166)
Q Y (detfyy) (detfyy)

) = 2p? / 1 (R’““ + RS, + 2007 RS) + Ryo(1 + R, + 2¢°2°R35)
’ Q 4v (detgm)Q

- 4q32? [RML;?G + Rjj,)° + R¢2Lg2(1 + /)7 (4.167)
(det?m)?’ | |
. KX kX LS 5 _ > o 6
V(;F) _ _2]1253)/ (Rwl + ng) wé@) i QhQSi/ (Rwl R¢2) IS¢QOQ+ /‘.
0 24, (detf,)3 Q 24y (det fy5)?
(4.168)

For Ry1 = Ry2 we recover the symmetric scheme.

Bosonic contributions

We now compute the contribution to the flow of A, and Sy within a derivative
expansion with inverse boson propagator

pQ _ : 1 2)
P = Ay (iSsa0 + 57)- (4.169)
The case with additional Vy-term will be discussed below. We expand @gip in

powers of py and p? by writing
3 1 X 1 XX 2
L;?”LP = Lg +1Sgpo + (5 + R¢) (2pgz + p*) + §R¢ <2pqx) ,
P —(Q+P P -
detg ™" = L, @I LI — (pUu)? + (detg —L,%LY + (pU”)Q). (4.170)

We then arrive at

S(B) _ —4S¢pU” R¢(q2) (U” + pU(?’)

v o Ao\ deth(Q)
200" [pU"(U" + pU®)) — 2U" + pU®) L3 (Q)] 11
+ ) .
4ot (Q) )
n(B) — 4p(U")? Rﬁ(qQ) L+ 2R5 + 4q2a:2R;X - 2¢22%(1 + 2R;§)2Lg(Q)
v Q As det;(Q) det(Q)
(4.172)
In order to include the quadratic frequency term,
_ ) 1
PO = 4, (V¢q§ +1S4q0 + §q2), (4.173)
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we write

. 1 .
Lg = Vidd +1Soa0 + 54 + Ro(a®) + U' + pU" = Vg +1iSoao + fo(a)- (4.174)

fo

The determinant becomes
detiy = LyOLY — (pU")’ = Vias + (S5 + 2V fo)as + f5 — (pU")%. (4.175)

We expand

- ‘ . Lo 2
LI = LZ + Vy(2q0p0 + 13) +iSspo + (5 + R¢>) (2pge +p*) + S R (219‘15”) )

det ™ = LTI LI — (pUT) + (detg ~L,7Lg + (pU”)2>' (4.176)

This results in

. Ry(q®) (U + pU®)
SéB) _ —4S¢pU”/ dj ) 2P
Q ¢ det(Q)

| 2V U U + pU) — (20" + pUP)LE(Q) 17
det3(Q) ’ '
5 X 2,.2 pxx 2,.2 x\271S
77((253) _ 4p(U”)2/ Ry(q?) (1 —|—2R¢—|2—4q TR B 2¢°x*(1 +§R¢) L3(Q) ’
@ Ao det(Q) det3(Q)
(4.178)
7B _ 4oy / Ry 3V (S3+4Vifs)Voad
’ o Ao \ det(Q) det;(Q)
det3(Q) '

The flow equations for Sy and 74 formally agree with the results obtained without
Vs-term in Egs. (4.171) and (4.172), respectively. However, in the present context,
the right hand side depends on V4. As a consequence, we immediately see that
we obtain the beta functions from above for V4 — 0. In order to compare these
equations with the ones derived by Floerchinger and Wetterich [2008] we adapt
the notation f; = k2 + 2\pg, U” = ), and set U®) = 0, 1+ 2R, = 0. The
determinant is given by detp = V2g3 + (S + 2Vk% + 2V po)gd + k* + 2%\ pp.
We then find that the equations for Sy, 74, and Vj indeed agree with Eqs. (D1)
in Floerchinger and Wetterich [2008]. This also serves as an independent check of
the beta functions in the latter reference.
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4 BCS-BEC Crossover from Functional Renormalization

4.3.2 Loop integration
For displaying the Matsubara summations we set
k=1 (4.180)

to simplify the notation. The overall prefactor of threshold functions can be deter-
mined from canonical power counting, and is often not needed when implementing
the flow equations in terms of dimensionless running couplings.

Fermionic Matsubara sums

For fermionic Matsubara frequencies we have

Fi(z)=TY wg_lFZQ = %(% - Np(z)>, (4.181)
nF "

Fal2) =T M - % (% — Np(2) + zN};(z)), (4.182)
n,F n
Folz)=1Y M _ 8‘% (% ~ Np(e) + 2Np(z) = SNE())  (4.183)
nF
with
i 0 T -0,
Np(z) = {(QZ/T f0 Too (4.184)

To simplify the nonthermal beta functions we set Np = 0 at zero temperature.
Still, the limit 7" — 0 with Np(z) — 6(—2) gives the same result. This can also
be verified explicitly in the numerics.

The fermionic Matsubara summations in the spin-imbalanced case are most
easily parametrized by

fo =L3(Q) = ¢ — pio + Ro (). (4.185)

For instance, the flow of the effective potential is given by

“(F) LIQRQ + LQQRl igo(R1 — Ro) + Rifo+ Rofr
U (p)=— 0 =— S 5 (4.186)
Q  detfp, Q 4 Tigo(f1 — f2) + fufa + hPp
This is a Matsubara summation of the type
1 .
n,F n,F
with 2 = fi — fa, y = fifa + h?p, and
1 -1
h(z) = (4.188)

—2tzr+y (z—21)(z—z2)
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4.8 Flow equations for optimized regulators

We parametrize this according to

Z1—\/<f1+f2) JrthJFfl—fz

4 2

2 _

22:_\/(fl+4f2)+th+ % (4.189)
2
z1—Z2—2\/(fltlfQ)+h2P
We have

i S (x 1 7 5 < \7

Yy (ig0)* ) A5 s Np(o) — 25 Np(—2) |. (4.190)
F det%m S 2

The (*) indicates that for s > 1 the formula only serves for generating convergent
expressions with higher powers of detp19 in the denominator. Moreover, for odd
s the sum is understood as the principal value, and yields zero for the balanced
limit. Higher orders in the determinant are found from the recursion relations

(igo)* 0? (iqo)*
r = T : 4.191
Z d tg 12)2 821622 nzl; detg’12 ( )
(iqo)* -1 & (ig0)®
T = T . 4.192
Z (det? )8~ 4 02102 HZI; (det ;)2 (4.192)
We obtain
1 2 8 .
r = 1= Np(21) = Np(—2)
gF: (detglz)2 (21 — 22)3 ( )
1 - N
+ (21 — )2 (wa(zl) + N%(—Zz)), (4.193)
and
iQO 2 21+ 29 ~ ~
T = — 21NF(21) — 22Np(—2 4.194
Z det§12)2 (21 — z2)3< 2 1VF(21) — 22 Nr ( 2)) ( )
1 N7 < ~ ~
T (NF(Zl) — Np(=22) + 21Np(21) + ZQN]{[;(*ZQ)).

The expressions involving det}5(Q) in the denominator can be easily derived
with a computer algebra system.
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4 BCS-BEC Crossover from Functional Renormalization

Bosonic Matsubara sums

For bosons in the By-truncation, we have

1
-l s
1 1 /1 ~
n,B n
_ 1 3 /1 -, 22 -,
Bg(Z) —TZBW 825( —|—NB( )—ZNB(Z)‘FENB(Z)), (4197)
with
- 0 T=0
N = . " 4.198
5(2) {(ez/T D T>0 (4.198)
In the B-truncation we need sums of the type
TZL:TZ 5 ! (4.199)
Hdet? L5 Shwn + (Vow] +a)(Vews, +b)

with a =1+ wy and b = 1 + w1 + 2ws. We define

. <S¢2)+V¢(a+b) 5g+zs;v¢(a+b)+Vg(a—b)2>“2 Vi S,

_|_
2 4
2V} 4V, Vy'
- _ _P¢
29 = —21 — V¢7
Y (S;+V¢(a+b) S+ 252Vs(a +b) —|—V¢2(a—b)2> Vim0 Vab
- 2 - 4
2V¢ 4V¢ S¢
b
24 = —Z23 — —£ (4.200)
Sy’

which are the poles of h(z) = h(iw,) which we sums over. Note that Vyz; — Sy
remains finite for V;; — 0. Furthermore we introduce

dety = V3 (2 — 23) = \/Sj;, +252Vy(a+b) + VE(a—b)2 = S3. (4.201)

In order to present the results we write

fg}l m) = = g(n m) (T Wi, w2, S¢, V¢ Z (4202)
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4.8 Flow equations for optimized regulators

We then have

o1 _ —1 _
4 = = (Bula) - Balew), (4.203)
00 — 72V¢2 (B1(z1) - 31(23)) + . <32(21) + 32(Z3)> (4.204)
det?, det}, ’
—6V2 3V
(03) _ "¢ _ _ 9
0 = deth (Bl(21) 5’1(23)) doth (32(21) + 32(2‘3)>
ars (53(2’1) _ 53(23))_ (4.205)

For the expressions with w2 or w? in the numerator we have

1
e CICIE S ICO) B (4.206)
2
f(l’Z) = 72V¢ <Z%Bl(2’1) — 2381(23)> + (Bl(zl)
v det?, det?,
+ B (23) — Z%BQ(Zl) — 232)82(23)), (4.207)
6V} 3?2
4/173) — de:‘:’ (Z%Bl(zl) — 2’32)[)’1(23)> — deT(Z (Bl (21) + 31(23) — Z%Bg(zl)
14 14
1
~ BBa(s)) — 5 (Balz1) ~ Bales) = 2Ba(an) + 3Ba()). (4208)
14
and
21) « —1
S Ten (zfzs’l(zl) - z§51(23)), (4.209)
2V?2
432) _ ﬁ (szl(zl) — Z§B1 (23)>
14
1
. (2z%81(z1) 422281 (23) — 2Ba(21) — z;}zsg(zg)), (4.210)
detv
—6V}
29 _ ?t;)(zil[)’l(zl) - z§‘l’>’1(23)>
14
3?2
+ i (22%[31(,21) + 2238 (23) — 21 Ba(21) — z;ng(Zg,)) (4.211)
dety,
1

3 (81 (21) — 81(23) — 2Z%82(Zl) + 22%82(»23) + 2%83(21) — ZéBg(Zg)) .
dety,

The asterisk () indicates that the sum is not convergent and only serves to
generate higher moments.
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4 BCS-BEC Crossover from Functional Renormalization

Fermionic momentum integrals
The ¢*-opt fermion cutoff is given by
Ry(q%) = Apk?ry(2),

Ry(q?)
Ay

— —npRy+ Ry, Ry(q®) = 2K%sgn(2)0(1 — |2)), (4.212)

with z = (¢* — p)/k? and
ry(2) = (sgn(z) — 2)0(1 — [2]),
iy (2) = =0(1 — |2]), (4.213)
ry(2) = sgn(2)d(1 — |z]).

We have RY* = (1/ kQ)T:Z’)(z) For simplicity we neglect the renormalization of the

fermion propagator in the following, i.e. mi = —pu, and Ay, = Sy = 1. From the
computations presented here the generalization should be straightforward. The
computation employs that due to the overall Rw we effectively have

L3(Q) = ¢ — p+ Ry(d?) = k(2 + 14(2)) 2 k2sgn(z). (4.214)

For n € Ny we then find

kd+2+4n

Ry = bl (1.215)
[Rw(QQ)(Li)2n+1 _ 81)dk’d+2;'2(2”+1)£1 (), (4.216)
q
[ty =20 ), (1.217)
q
[ o)l = ) (4.218)
q

where i = ;1/k%, and we introduce the threshold functions

O(z) =0(x) =0z + 1) (z+1)Y? —0(z — 1) (x — 1)¥2, (4.219)
lo(z) = ls(z) = Oz + 1) (z + 1)Y? — 0(2)22Y% + 0(x — 1)(x — 1)Y2, (4.220)
U3(x) = £y (z) = Oz + 1)(x + 1Y% + 0(z — 1)(z — 1)¥2 (4.221)

We define
Ud ! 1= i, V2 = i, v3 = i (4.222)

= 2d+17rd/2r(d/2) » U
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4.8 Flow equations for optimized regulators

Proofs. We now perform the explicit calculation. We have

[ i@ g2 = woakt=2n [ stz + 2 sgn(20000 - |2)
7 —fi

= 4vdkd+2+4"{e(—g) / dz(z + p)¥?710(1 - 2)
—f

0 fe’e)
—000) | dele+ )00 2 +00) [ s+ 601 - z)}

—i

- 4vdkd+2+4"{0(—ﬂ>6(ﬂ F2 G+ )Y - 00— 1) [1 ~ (- )]
- 0O~ )3 + 00 [+ 17 - 7]} (4.223)

Now we employ some standard tricks which are common to all the following
calculations. First we drop the (f) in the second term since i > 1 always implies
o> 0:

0()0(i — 1) = 0(iu — 1). (4.224)

Moreover, in the (first part of the) fourth term we introduce the term 6(g+ 1) by
hand, because i > —1 is surely satisfied for g > 0:

O(p) =0(n)0(n+1). (4.225)
Then we can combine the first term with the first part of the fourth term since
0(—p) +0(p) =1. (4.226)

The first two parts containing i%? can be combined due to 6(1—f)+60(ji—1) = 1.
We eventually arrive at

v d+2+4n
[rotrwgyn = 2 o + oot + G+ 1)

+ 0 — 1) - )Y~ [6(3— 1) + 001 - )] 6() A" — 9<ﬁ>fﬂ/2}. (4.227)

This agrees with Eq. (4.215). In a similar fashion we can compute the integral
involving an odd power of Li. Since there is an additional sgn(z)-term, the
42 —terms cancel out.

For the integrals involving r:/’}(z) we need a smeared out step function. For
instance, we can employ

1

0-(y) = —
(y) puy

de(y) = 0-(y). (4.228)
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4 BCS-BEC Crossover from Functional Renormalization

We can then apply the formula

1
() (. 8(0) =2 6(w) / duf (0, u), (4.229)

0
which is valid for continuous f, for f(y,u) = u, i.e.

6.1+ 2)0.(1+2)(z+ p)¥? = %5(1 +2)(aF1)Y2 (4.230)

Moreover, we replace z2 — 22 = 1/d, see Eq. (4.155). We then find
d . n o .
T / Ryl )P () (L3 =4 [ (e )00~ 2)a1 ~ e])

- 4{‘9<—ﬂ) /oo de(z + p)"0(1 — 2)8(1 — 2)

—f

+ 0(j1) /0~ dz(z 4+ 2)Y20(1 + 2)6(1 + 2) (4.231)
K

+0(1) /000 dz(z + 2)¥?0(1 — 2)8(1 — z)}

- 2{9(—ﬂ)9(ﬂ+ D)+ D2 1 00— 1)(i — )Y + 0() (i + 1>d/2}.

We apply again the tricks from above to arrive at Eq. (4.217). For the integral
involving an odd power of Li we get a minus sign in front of the term which

produces 0(ji — 1)(ji — 1)%2. For this reason we arrive at £1(fi) instead of £3(f).

Bosonic momentum integrals

The ¢*-opt boson regulator reads
Ro(q?) = Ask’ro(v),
Ry(q)

L, = el s = B2 (=ns(1 = ) +2)0(1 — ), (4.232)
with y = ¢?/2k? and
ro(y) = (1 —y)0(1 —y),
re(y) = —0(1—y), (4.233)
rg(y) =01 —y).
Note that R;;X(q2) = (1/4k2)rg(y) We find

Ry(q®)  8ug2%/2k+2 o
= 1-— 4.234

é¢>(q2) ) ) vd2d/2kd+2
—_ RE* = 4.235
/ci Ay T fvy (a°) d ( )
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4.8 Flow equations for optimized regulators

The proof of the formulas is a simple application of

& 1
/ dyy??710(1 / dyy™?0(1 — 1)6(1 — y) = 7 (4.236)
0

For the second integral we again need to smear out the step function, see the
discussion of the fermionic case.
4.3.3 Flow equations

We now explicitly display the beta functions for the ¢*>-opt regulator in the F, FBy,
(n,m)

and FB-truncations. For this purpose we introduce threshold functions £} and
Egl’m) which allow for particularly short expressions.
Threshold functions
For the fermionic diagrams we define
) (LS) 8vdkd+4+2n 4m (nsm) N
Ry o (o, T ws), 4.237
Jo B iy i, T ) (1.237)
/ R¢q2Rxx <Li)n - % kd+4+2n 4m£(n m)(~ T CA.J3) (4238)
0 P (detg)m Fxx Hy Ly )
where
nam) - 1) Fn (/1 , dd,
60 (7, T g) = { 1AV 0), o 0dd, (4.239)
lo(f) Fin(v/1+ws3), n even
nam 1) Fn (V1 , dd,
E%Xx)( >T>w3) = 1(/;L) ( i (")3) "o > (4240)
03(f1) Fr (V1 +ws), neven
and
~ L 5 T U/ pU// th
= ﬁa T = ﬁa w1 = ﬁ, Wy = ]{327’0}3 = F (4241)
We recall that the functions ¢1(x), l2(z), l3(x) are given by
O(z) = 0(z) = 0(x + 1) (x + 1)Y? — 0(x — 1) (x — 1)V, (4.242)
lo(z) = ls(z) = Oz + 1) (z + 1)Y? — 0(2)22%% + 0(z — 1)(x — 1)Y?,  (4.243)
l3(x) = £y(z) = Oz + 1)(x + 1)Y? + 0(z — 1)(z — 1)¥2. (4.244)
For the bosonic contributions we define
§¢ (Lg)” Qug20/2 d+4+2n—4m (nam)
— = (g T, w1, w2, M, S 4.245
L - (T moS), (4245)
é QRXX 1 .
Se 1 028/ 2RO (T w1, w0, ). (4.246)

o As (detQ) 2
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4 BCS-BEC Crossover from Functional Renormalization

We employed that Li = k%(1+wi +ws) under the integral. The bosonic threshold
functions read

€g7m)_ ! (1 g )(1—1—&)1+WQ)an(\/(1+W1)(1+W1+2wz>)7

N Sﬁm d—+ 2 S
(4.247)
(0,m) (0,m) 2 \/(1 + w1)(1 4+ wi + 2wo)
=2 = m . 4.24
€B7xx ZB ‘774,:0 Sd%mB ( qu ) ( 8)

The definitions
J—@, (Lg)” 824/ 2 d+2+2n—4m
@ ApdetH(Q) d
é QQRXX 1 —4m p(0,m) /7 ~
o TZW@ = §Ud2d/2k;d+4 4 K(B:XX) (T, w1, w9, S¢, V¢) (4250)

can also be applied to the truncation with Vy-term. We then have Lg = V¢q(2) +

E}’}’m) (T, w1,wa, Mg, Sg, V), (4.249)

k%(1 4+ wy + ws) under the integral and arrive at

g = (1= )

d+2
(Ln) _ (1 _ "o 7 p(Ln) (0,m)
A = (1 s 2) (Wv + (14w + wg) ) (4.251)
2,n Mo > 2,n > 1n 0,n
G =(1- i 2) (V22 + 2051 4wy + wa)™ + (14w +wa)200™).

The corresponding Matsubara sums, Zg/n’m), are given in Eqgs. (4.203)-(4.211).
Note that we may also use

(L3)? = detp(Q) — S35 + (pors)” (4.252)
to write
(2,m) N (0,n—1) (1,n) (0,n)
G =(1- m) (60 — 20 4 wBe0).
In the same fashion we apply
(L5)? = [Vaag + (1 + w1 + w2)](dets — S3a5 + (Agpo)?) (4.253)
to obtain
= (1- r’%) Vo™ 4 (14 wr 4 w0 — 527,
+ (—Sﬁ(l w4 wy) + w§v¢) A 4 w3 (1 4wy 4 w)l0 | (4.254)

The generalization of Eg”;’,?

a9 — o0 ’%:0 = 200 (4.255)

to the case of Vy # 0 is straightforward since
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4.8 Flow equations for optimized regulators

Flow equations

With these definitions we eventually arrive at

. 16vgka+2 -

0" (p) = - == (1, T, w3), (4.256)
. Sv 2d/2k7d+2 5 B

U (p) = ==ty (T, w2, S, Vo) (4.257)

for the flow of the effective potential. We refer to Sec. 4.2 for the definition of the
F- and B-notation. For the boson propagator we find

: 16vgh?k4—4 N -

S = f”dT(zfg’” (i, T, ws) — 230\ ([L,T,wg)), (4.258)
Py 160gh?k? 09y, . =

n((z, ): d d E(F(‘)’E)Z(M,T> UJ3), (4259)

- (F 161}dh2kd76 1,3) /~

V¢§ )Z—Tf% (7, T, w3) (4.260)

for the fermionic contributions in the spin-balanced case, and

S(B) o 32vd2d/2kd_45¢pU//
¢ T d

U + pU®)

+ 200" 2(U" + pU K403 — 20U (20" + pU<3>)k—2eg’3>] . (4.261)

(B) _ 8vd2d/2kd—4p(Uﬂ)2 0.2)

g d B (4.262)
. 32 2d/2k.d76 U2 5
qu(B) _ 24U y p(U") 3V¢€(B£),2)
¥ ¥ Mg 1,3
_ (Si +4Vy(1 4+ wy +WQ))V¢( P 2)5& )
+ (4‘7¢w§ — S2(1+ w1 +wa) — AV(1 4wy + w2)2)£§_§’3)] : (4.263)
for the bosonic contributions. We can apply
f/‘b( B dyzf2>£§/l’3) =% — (1 + w1 +wp)lg? (4.264)
to write the flow equation for Vy as
. 32 2d/2kd76 U2 5 B
y(®) — 32 ; p(U") 37,099 1 47,0,20009)
- <S(275 + 4‘7¢(1 +wi + u@))f%’s)] . (4,265)
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4 BCS-BEC Crossover from Functional Renormalization

In the spin-imbalanced case only the fermionic contributions change. We restrict
here to the symmetric scheme (Ry; = Rys), since the flow equations for the
asymmetric scheme are easily deduced from Eqgs. (4.166)-(4.168). For the effective
potential we find

06 0) =~y ) (1~ (VT — o)~ N (VT + 07)

(4.266)

with 6 = dp/k?. The anomalous dimension is given by

UéF) = Cm%(ﬂ) (1 — Np(VT+ws —6f1) — Np(VT+ws + 5/1)>
VT s (N (VT s = 6f1) + Njo(V T+ g + 5/1))] . (4.267)
For the frequency coefficients we have
with
Tzn: (detl12)2 N (21 —222)3 (1 a NF(Zl) B NF(iZZ))
(21_122)2 (N;,(zl) + N{w(—zQ)), (4.270)
TS Gt = 1 G o 2

see Egs. (4.192) and (4.193).
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5 Three-dimensional BCS-BEC
Crossover

5.1 Tan contact

The single particle momentum distribution ng of a noninteracting Fermi gas in
equilibrium is described by the Fermi—Dirac distribution, which decays exponen-
tially for momenta sufficiently larger than the chemical potential. In contrast,
for ultracold fermions in the BCS-BEC crossover one finds an algebraic decay
(Haussmann [1993, 1994], Viverit et al. [2004]) according to

C
Nop.Gor = o for large q. (5.1)

Here ny g, is the occupation number of fermions of species o and the precise
meaning of “large ¢” will be specified later. It was realized by Tan [2008a,c,b] that
the factor of proportionality C', called contact, makes its appearance in several
exact relations describing the quantum many-body system. For instance, it allows
to compute the change of the energy density of the system due to a change of the
scattering length according to the adiabatic sweep theorem

1 dE C
Vd(=1/a)  4rM’ (5:2)

Moreover, the energy density of the homogeneous system is given by

E d3q ¢ C
v 47rMa Z/ om)3 2M ¢,¢a—q—4). (5.3)

Interestingly, there also is a connection between the contact and the shear vis-
cosity of the system (Punk and Zwerger [2007], Taylor and Randeria [2010]).
The Tan relations (Braaten and Platter [2008], Braaten et al. [2008], Zhang and
Leggett [2009], Braaten [2012], Schneider and Randeria [2010], Son and Thompson
[2010], Hu et al. [2010]) have found verifications in experiments on the BCS-BEC
crossover of ultracold fermionic atoms (Partridge et al. [2005], Thomas et al.
[2005], Werner et al. [2009], Stewart et al. [2010], Kuhnle et al. [2010, 2011]). The
measurement of the contact for a homogeneous system has been performed by
Sagi et al. [2012]. The Tan relations have been generalized to the 2D (Valiente
et al. [2011], Werner and Castin [2012]) and 1D case (Barth and Zwerger [2011]).
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5 Three-dimensional BCS-BEC Crossover

Using DSE and the FRG we derive the universal factorization property of the
fermion self-energy

4C

21/1(@) N P¢,cl(_Q)

— op for large ¢, (5.4)

where Py 1(Q) = igo + ¢* — p is the classical (microscopic) fermion propagator.
In Eq. (5.4), g has to be larger than any of the physical scales kpp set by in-
verse scattering length a~!, chemical potential ;, and temperature T. The first
contribution in Eq. (5.4), which we refer to as Tan term, results in the large
momentum decay of the momentum distribution according to ny g, = C/ q*, see
Eq. (5.35) below. The second term constitutes a high momentum shift of the ef-
fective fermion chemical potential!. Within DSE it is not trivial to show that Xy,
C and du are ultraviolet finite quantities that do not involve any counterterms.
This requires a suitable split of the relevant momentum integrals, see Eq. (5.24)
below.

The importance of the double fraction structure of the fermion propagator in
order to quantitatively describe the BCS-BEC crossover has first been pointed out
by Haussmann [1993, 1994]. Universal high momentum factorization of dynamic
quantities has also been observed with the FRG in the context of finite temper-
ature Yang-Mills theory (Fister and Pawlowski [2011]) and with the Similarity
Renormalization Group applied to N-body systems at zero temperature, includ-
ing deuteron, ultracold fermions and the electron gas (Anderson et al. [2010],
Bogner and Roscher [2012]). The large momentum behavior of the self-energy is
related to properties of energetic atoms propagating in a strongly interacting gas,
see Nishida [2012] for a operator product expansion study.

Although the contact C appears in the high momentum propagator of the the-
ory, it is a many-body quantity dominated by interaction and many-body scales.
This is also reflected in its close relation to thermodynamic quantities. Thermo-
dynamic considerations based on the Tan relations restrict the most general form
of the contact as a function of temperature (Yu et al. [2009], Hu et al. [2011]). In
order to compute the function C(p, T, a) it is therefore mandatory to work within
a setting which can resolve the physics on all scales of the theory. This is realized
by an FRG framework, where fluctuations on distinct scales are integrated out
successively, and which goes beyond the mean field approximation.

In this section we develop an FRG scheme to compute the physics related to
the contact. In particular, we derive a flow equation for the flowing contact Cy,
which interpolates between Cry—p = 0 in the ultraviolet and the physical contact
Cr—p = C in the infrared. The method readily applies to nonzero values of the
crossover parameter (kpa)~! and any spatial dimension d. It allows for improving
quantitative precision by using more elaborate truncations. We comment on this
point below. We only consider the spin-balanced case here.

!Note that du should not be confused with the spin-imbalance discussed in Sec. 5.3.
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5.1 Tan contact

We normalize the momentum distribution such that the integral 2 ffjnw’qg =n
yields the density of atoms m, and thus the contact C' is an intensive quan-
tity. Defining 2 f[jﬁw@g = N instead, with the particle number N, results in

an extensive contact C = CV, where V is the volume of the system. We have
C/Nkp = 37r20/k:1‘§.

An interesting question is related to the range of applicability of the asymptotic
formula (5.4) for the fermion propagator, i.e. the momentum scale g, such that
the universal scaling form is valid for ¢ > ¢.. This has direct consequences for
the density of the system. Indeed, as was already noted by Tan [2008c|, the
contribution from large momentum atoms to the total atom density for 7" = 0 can
be approximated by

d?q C C
) _ q = _
o' = 2/q>qC e gt (5.5)

The apparent divergence of this expression for g. — 0 is cured by a nonzero gap
or temperature, such that 6n(®) remains finite. Thus, there is no a priori lower
bound for ¢c.

It can be understood easily that g, is smallest for the UFG. Indeed, the universal
form of the self-energy in Eq. (5.4) is valid for ¢ being larger than the physical
scales kpn. Typically, the inverse scattering length a~! is much larger than the
momentum scales set by chemical potential and temperature. In particular, this
is valid in the perturbative regimes on the BEC and BCS sides, where |a| — 0.
However, for the UFG we have a~! = 0 and the first physical scale is set by either
p'/2 or TV/2. For this reason there is a huge enhancement of the universal regime
where Eq. (5.4) is valid in the unitary limit. This is seen in Sec. 5.1.3. From
Eq. (5.5) we then conclude that the contribution of high energetic particles on
the thermodynamic functions is large at resonance.

Our findings suggest that a rather simple approximation to the full inverse
fermion propagator given by

, 4C(igo + ¢* — p+ Ri(Q))
Py(Q) = iZyqo + Apq® — pu— dp +
w(Q) v A R O e U R(Q)2 + K

(5.6)

with k-dependent couplings Zy, Ay, op, C, and &, and infrared cutoff Rj(Q),
combined with a suitable generalization of the inverse boson propagator, will lead
to a substantial improvement of the quantitative precision in the FRG treatment
of strongly interacting fermionic systems. We observe that in the superfluid regime
the inverse fermion propagator has an additional anomalous contribution ~ Ag.
This regularizes the momentum integrals such that the explicit regulator ~ £ may
not be needed. The occupation number corresponding to this ansatz reads

B Py(Q) 1
moi = (T Fgp g 752 2) 51)
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5 Three-dimensional BCS-BEC Crossover

with k-dependent density ny = 2 fqnw,qg. The flowing density, and therefore the
total density n = ny—g, can thus be inferred from the flowing couplings Z, Ay,
op, C and k.

5.1.1 Perturbative contact from the equation of state

We derive the contact from the equation of state in the perturbative BEC- and
BCS-regimes by means of the adiabatic sweep theorem in Eq. (5.2). We first
consider the BEC-limit of the crossover, i.e. the region

(kpa)™! > 1. (5.8)

Moreover, we restrict the considerations to the case of zero temperature. We
closely follow Tan [2008c|. The energy density of the system (in the canonical
variables) is given by the Lee-Huang—Yang (Lee et al. [1957], Lee and Yang [1958])
expression

E 9gd o 128 3
V = NJEB + End (1 + m nd(ld), (59)
where ng is the number of dimer atoms, which is related to the density according
to nqg = n/2 on the far BEC side, and ep is the binding energy of a dimer. From
Eq. (5.8) we find the gas parameter ndaf’1 to be small. The coupling constant for
the dimers is given by

47rad
Mgy

gq = = 4reqa, (5.10)
where we used that My = 2M = 1 and aq = cqa. The dimensionless constant
cq relates the scattering length of dimers to the fermionic scattering length. The
exact value of ¢q is known to be 0.6 (Petrov et al. [2004]). However, within the
truncation of the flow equation presented below we have ¢q = 0.72 from a solution
of the vacuum problem (Diehl et al. [2010a]). The energy density in terms of n
and ¢ is found to be

E eg  meqan?® 128
—n B4 (1+
1527

We compute the chemical potential according to p(n) = d(E/V)/dn and subtract
half the binding energy to obtain the (positive) many-body chemical potential

v 2
EB ( 32 3 3>
n)=pu—— =mncqan|l+ ———=1/ncja’ ). 5.12
Nmb( ) K 9 d 3v21 d ( )

Inverting this relation to the same order of approximation we find

ncga?’). (5.11)

() = Pt (1 _ ;?%ma). (5.13)

TCqa
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5.1 Tan contact

This is the equation of state in the grand canonical variables at T' = 0 to leading
order in the gas parameter /fimpa.

By virtue of the adiabatic sweep theorem, Eq. (5.2), we can derive an expression
for the contact in the BEC regime. For this purpose we employ eg = —1/Ma? =
—2/a?. From Eq. (5.11) we then find

4 64
CBEC = %n + cam’a’n? (1 + o ncga?’) (5.14)

at zero temperature. By dividing by k:f; we obtain

CBEC 4 1, G 2 6403/2 3/2
= —(kpa) "+ —(k 1 k . 1
b = gy g kea? (14 ). (515)
Inserting the equation of state (5.13) we arrive at
CBEC 4 9 32¢cq
= — mb@ 1-— mb@ | - 5.16
= i) (1= Vi) (5.16)

We now consider the asymptotic behavior on the BCS side. The equation of
state at zero temperature from Fermi liquid theory is given by

E 3, 10

see Sec. 6.1.3. We deduce for the chemical potential that

d B 4
p(kr) = v ki (1 + ngG)- (5.18)
The contact is found from
d(E/V) 2.2 2
=2 =4 . 1
C Wd(—l/a) T“n‘a (5.19)
Thus we have
CBas 4
. ﬁ(kpa)Q. (5.20)

Inserting the equation of state kp(u) = /it we then arrive at

Cﬁgs = i(\/ﬁa)? (5.21)

972
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5 Three-dimensional BCS-BEC Crossover

5.1.2 Contact from Dyson—-Schwinger equations
High momentum factorization of the fermion self-energy

The physics of the contact is based on a separation of scales. This scale dependence
is most efficiently resolved within a Renormalization Group analysis. Nevertheless
it is instructive to first consider a self-consistent gap equation or DSE equation
for the fermion propagator. From this exact equation, the factorization property
of the self-energy at large external momenta is deduced easily. Moreover, we
use this formalism to show how the perturbative results Cpgc = 47n/a and
Cgcs = 4m%an? arise naturally on the BEC and BCS sides of the crossover after
a proper ultraviolet renormalization scheme has been applied.

From the two-channel model we infer the inverse classical fermion and boson

propagators, respectively, to be given by

Pyalq,4%) = iqo +a* — 1,
P, a(q0,¢%) = v +ieqo. (5.22)
We introduce an infinitesimal contribution ieqy with ¢ — 07 in the inverse bo-
son propagator to regularize momentum integrals involving F,. With this single
modification we will make manifest that only one single coupling, the detuning v,
requires an ultraviolet renormalization in the BCS-BEC crossover, see Egs. (5.40)
and (5.41). Alternatively, one can add a counterterm o< fy1%1, in the fermionic
part of the microscopic action and then adjust fp appropriately.

Due to quantum and thermal fluctuations, the classical propagators Py 1(Q)
and P, (Q) get dressed to yield the macroscopic propagators Py (Q) and P, (Q).
This correction is encoded in the self-energies ¥,/,(Q) = Py/,(Q) — Py/y.a(Q)-
The DSE for the full inverse fermion propagator reads

2
Py(Q) = Pypa(@) + /P PP _hQ) P.(P) (5.23)

according to the graph shown in Fig. 5.1. The corresponding momentum integral
involves the fully dressed propagators. It is in this sense that the equation is
self-consistent and cannot be solved in a straightforward manner. In Eq. (5.23)
we approximate the full Feshbach coupling by the microscopic one, which is mo-
mentum independent. This approximation is justified due to the weak effect of
fluctuations on the Feshbach coupling.

The BCS-BEC crossover across a broad Feshbach resonance can be parametrized
by the physical scales temperature, chemical potential and scattering length. We
denote the highest physical momentum scale by kpy,. In the perturbative regimes,
this corresponds to the inverse scattering length, whereas this is not valid close
to resonance where a~! = 0. Only momenta p? < kgh in the loop-integral in Eq.
(5.23) can resolve the details of the choice of parameters. For this reason we split
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Q
P 1 P 1 P //’*\\ P
—— = S :,.:? ’E,.:
Q-P

Figure 5.1: DSE for the inverse fermion propagator. A single line corresponds
to a classical propagator and a double line denotes a full propaga-
tor. Fermions and bosons are represented by solid and dashed lines,
respectively. In the loop integral we have one fully dressed Feshbach
coupling and a microscopic one. The latter is momentum independent.
Figure taken from Boettcher et al. [2013].

up the integration according to

_ 32 1 2 !
(5.24)

where the transition momentum ki, is sufficiently larger than kpy,, such that for
p? > k2 the p*-dependence of P,(P) can be neglected. We can then replace

Py(P) = Po(po,p* = k) =: Ppix(po) (5.25)

in the second integral. By adding and subtracting a convenient piece we can now

write ¥ (Q) in terms of two contributions, ¥, = E( ) 4 2(2) with
1 1 1
E(l) Q — hzT / < o > 7
v @) Zn: p2<k2 Pw(P - Q) P¢(P) Pga,tr(pO)
@ (0) — n2 / !
X =h . 5.26
v (Q) P Pw(P - Q)Pap,tr(p()) ( )

Both pieces are manifestly ultraviolet finite and do not depend on ki, for suffi-
ciently large k2, >> kgh

We emphasize that the splitting of the self-energy in Eq. (5.24) enables us to
show that the superficially divergent loop-integral in Eq. (5.23) is indeed finite for
large ¢2. This nontrivial statement results from a scale argument only and thus
does not imply any restrictions on coupling strength, density, or temperature.
Moreover, the particular choice of the artificially introduced momentum k¢, does
not play a role for the final result.

We are interested in the behavior of ¥, (Q) for large momenta ¢ > kZ. The
scale hierarchy in this case is given by

Ky < ki < g < A2 (5.27)
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5 Three-dimensional BCS-BEC Crossover

In Eg)(Q) we can then replace Py (P — Q) by Py a(—@Q), because the integral is
restricted to momenta which are small in comparison to () and we can neglected
self-energy corrections to leading order at high momenta. This results in the
factorization

4
- Ppa(-=Q)

We define the contact according to

for large ¢°. (5.28)

“= ZQT; /102’<k§’r (P;P) - P%tj(po)) <5.29)

since the numerator in Eq. (5.28) is seen below to result in the prefactor C' of the
1/¢*-tail of the momentum distribution. Again, formulas (5.28) and (5.29) only
rely on the splitting of the loop-integral at k., which gives us a precise notion of
“large ¢*>”, namely ¢* > k2. The factorization is thus a generic feature of theories
which can be described by similar Feshbach- or Yukawa-type gap equations.

We can define an effective boson occupation number as

1 1
i = T;<P@<P> - Pgo,tr@o)) (530)

with total boson number density n, = fﬁn%ﬁ. This yields

c="n, (5.31)
and hence shows the close relation between the contact and the number of atoms
bound in bosonic pairs. Note that the definition of n, has to be renormalization
group invariant and thus involves a wave function renormalization constant, which
we set to unity here for simplicity. The second term in ¥, (@) results in a Hartree-
like shift of the effective chemical potential

Efi)(Q) = —du for large ¢°. (5.32)

The correction to the momentum distribution of particles at high momenta
which results from the self-energy in Eqgs. (5.28) and (5.32) is found from the
generally valid formula

N gor = — (Tzn: PJQ) —~ ;) (5.33)

Treating the self-energy perturbatively for large external momentum ¢2, we find

1 1 4C
Mds = (TZ Pral@ —on 2) MDY o) e
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The first two terms yield Ng (¢ —p—0p) with Fermi function Np(z) = (e*/T+1)~!
This contribution vanishes for large ¢. Evaluating the Matsubara summation we
find for the second contribution

mp,qg T Z
n

(1_NF ¢ —M) va(q2—u)>

1/1,01 Pz/),cl q - M 2((]2 - :u)

e
_lgj

for large ¢°. (5.35)

This justifies the identification of C' in the numerator of the asymptotic self-energy
(5.28) with the contact as defined from C' = lim,,_,o p*ny,. Higher order contri-
butions to the fermion self-energy do not enter the 1/¢*-tail of the momentum
distribution.

The formulas derived in this section become particularly simple in the perturba-
tive BEC and BCS regimes, because the integrals in Eq. (5.26) can be performed
analytically. We present the calculation below, but give here already the results.
The shift dp of the effective chemical potential vanishes on the BEC side of the
crossover. On the BCS side, it is given by

I = = AN o (5.36)

with four-fermion coupling Ay, = 8ma. Since all atoms are bound to dimers in the
BEC limit, the boson density in Eq. (5.31) equals half the particle density and
we arrive at

47n

The relation h? = 327 /a results from the wave function renormalization of the
boson propagator, see Eq. (5.42). In the BCS limit, the first nonvanishing contri-
bution to the contact arises at second order in perturbation theory in the coupling
a. Inserting the DSE for the boson propagator (5.40) into Eq. (5.31), we obtain a
double integral over two fermion propagators, each resulting in a fermion density
ny.o. We find

Cpcs = 4m%a’n?. (5.38)

These perturbative results derived from DSE agree with the expressions found
from the zero temperature equation of state.

Contact in the perturbative regime

To exemplify our statements on C and du from the DSE, we consider here the
perturbative BEC and BCS regimes, where the integrals in Eqgs. (5.28) and (5.32)
can be performed analytically. For weak interactions, the largest physical scale
is given by kp, = a~'. To study the contact in the whole crossover we employ
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5 Three-dimensional BCS-BEC Crossover

Figure 5.2: DSE for the inverse boson propagator. The notation is chosen as in
Fig. 5.1. Figure taken from Boettcher et al. [2013].

the Functional Renormalization Group in Sec. 5.1.3. One of the merits of this
method is that all expressions are automatically renormalized.

On the BEC and BCS sides of the crossover, the fermion propagator only gets
weakly dressed because either the fermion or the boson propagator is gapped. This
leads to a suppression of the loop-integral originating from the diagram shown in
Fig. 5.1. Hence we can always treat the fermion self-energy perturbatively in
these regimes. We identify the Hartree shift of the chemical potential as

1
-5 :h2/T :
a 23 (i(po — qo) + p? — 1) (v + iepo)

—Np(p®—p)— N h?
F v’ “ sv/e) _ L g (5.39)
e(igo — P2+ p) +v v "

on the BCS side. The Bose function is denoted by Np(z) = (¢*/T — 1)1, In the
last expression we take the limit ¢ — 0. The go-dependence of §u defined in Eq.
(5.32) is seen to vanish.

For computing the contact we first consider the BEC limit, where p ~ —1/a?
is large and negative. The shift of the chemical potential vanishes due to the
suppression of the Fermi function Ng(p? — p) in the integral in Eq. (5.39). The
inverse boson propagator is derived from the DSE (Diehl and Wetterich [2007])
for the bosonic self-energy

1
¥ Q:PQ—PdQ:(Sz/A—hZ/ , 5.40
shown diagrammatically in Fig. 5.2. The counterterm is given by
h2A
ovp = 747T2 . (5.41)

In the perturbative regime we can replace the full fermion propagators in the loop-
integral by the classical ones. The Matsubara summation and angular integration
can then be evaluated analytically. We do not need the full expression but only

note that
h? /1q0 q? q>
P%BEC(Q) =v+ 8771' — + Z — 0= Z (lqo + ?> (542)
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for |qo|,q*> < a=2 in the BEC regime. (We used —h?/v = 87a and u = —1/a?)
The boson propagator resembles particles with classical dispersion relation w, =
q*/2M,, and mass M, = 2M = 1. The wave function renormalization constant is
Z, = h*a/327.

Inserting the boson propagator from Eq. (5.42) into Eq. (5.29) we arrive at

8 1 1
CBECc = — T ( — - )

a Jpearz ; ipo +p?/2  ipo + k2
8

a p2< kﬁ

8N el

(NB?/2) - Na(k) ) = =22, (5.43)

where we used kpj, > TY2 and ne.c1 defines the number density of boson with
classical dispersion relation from Eq. (5.30). Due to the equation of state ng,q =
n/2 on the BEC side of the crossover we conclude

4n

Crrc = — (5.44)

as expected.

In the BCS regime the bosons are resonant excitations and n,q = 0. The
corresponding formula for the contact is most easily derived from inserting the
DSE (5.40) into formula (5.29). Therein, the boson self-energy ¥, o h? can be
treated perturbatively, since it is small in comparison to the boson gap v due to
the small scattering length a = —h?/87v. We then find

(p()’ thr)

p2<kZ.
1
el
4v Zn: p2<k2 J i Pp,a(K) (v +iepo)

<P¢d P—K) Pyalpo koa(ktr—k)2)>
//<k2 gpilp (f)+1€ko))

1
- _*"W / Py.a(K)(v +icko)

/NF (k* —p) — Np(v/e) W'
o (k%2 — ) T 2o

(5.45)

We again applied the limit e — 0. With the BCS equation of state ny , = n/2
we arrive at

Cgcs = Ar%a’n?. (5.46)

This agrees with Eq. (5.19).
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7

9 x N ’/)\\

T —— —+ W
R >
N 770N

LT

Figure 5.3: Flow equation for the fermion self-energy. The notation is chosen as
in Fig. 5.1. The crossed circle indicates an insertion of Ry in the loop
integral. Figure taken from Boettcher et al. [2013].

R

5.1.3 Contact from Functional Renormalization
Fermion self-energy and contact term in the symmetric regime

For conceptual clarity we first isolate the contact term and the shift of the chemical
potential from the flow equation of the self-energy ¥, (Q) = Py(Q) — Pya(Q) in
the symmetric or disordered regime, where the field expectation value of the boson
field is zero. The procedure will be extended below to the ordered regime of the
flow with a nonvanishing expectation value ¢g. In general the self-energy is a
4 x 4—matrix. For equal population of the two hyperfine states o = 1,2, the most
general form of the self-energy can be parametrized by two complex functions
Yy (P) and ¥y an(P), where the second one is called the anomalous contribution.
We neglect the anomalous self-energy in the following.

The fermions are treated perturbatively but in a momentum resolved fashion.
Perturbatively here means that we neglect the feedback of the self-energy on the
other running couplings. Of course, they can be implemented iteratively, thus
enhancing the quantitative precision of the results. We have an additional flow
equation for the fermion self-energy shown in Fig. 5.3. In the second line of
the figure we replaced the full fermion propagator by the microscopic one, in
accordance with our perturbative treatment. Note that all quantities on the right
hand side of the flow equation in Fig. 5.3 are known to us and the fermionic
self-energy can be readily integrated.

The flow of the inverse fermion propagator, which is identical to the flow of the
self-energy, is given in the symmetric regime by

_ 72 akR¢,k(Q) 1
Oy sP) = = /Q{ (Pon(Q) + Bou(Q) PyalQ = P) + Ryn(@ = P)
IRy 1(Q) 1 }
(Pyr(Q) + Ry r(Q)2 Pyi(Q+ P)+ Ry (Q+P) )

(5.47)

We emphasize that the external momentum P is a free parameter and for each P
we have an individual flow equation. The Feshbach or Yukawa coupling h does
not depend on momentum in our truncation. We also neglect a possible scale
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dependence of h. The expressions Py x(Q) = Py a(Q) + Xy x(Q) and Py 1 (Q) are
the full inverse propagators at scale k. We have

Pya(Q) =igo +¢° — . (5.48)

Since the boson propagator is gapped for k > kpp,, where kpy, is a physical scale
given by either the inverse scattering length, temperature or chemical potential,
we effectively only have a nonvanishing contribution to Eq. (5.47) for k < Kpp.
Choosing a large external momentum p? > kgh > k2, we can use the property
limge /g2y RE(Q) = 0 of the regulator functions Ry (Q) to approximate

Pu(Q + P) + Ri(Q + P) ~ Py (+P). (5.49)

Thus, for large external momentum p?, the flow of the self-energy simplifies ac-
cording to

. h2 5kR¢,k(Q)
Ok By 1 (P) = pw(_p)/ (Pyr(Q) + Ry x(Q))?

S 0Py 1(Q)
Py 1(P) / (Ppr(Q) + Ry 1(Q))2 (5.50)

We now show that this results in an asymptotic self-energy ¥, = X —¢ of the
form

5, (P) ~ — ¢ ;o (5.51)

Py A(—P
The first term in Eq. (5.50) yields the contact term. Indeed, for large external
momenta P, renormalization effects on the fermion propagator are small and we
can approximate Py (—P) ~ Py a(—P). We then find the P-dependent term
being multiplied by an integral which receives contributions from the physical
scales kp,. Since Py A(—P) is k-independent, we can integrate the first term in
Eq. (5.50) and identify the contact as being given by

9 8kR¢k Q)
/dkh/ P¢k +R¢k(Q))2

/ dkdy / G +R¢, o (5.52)

In the second line, we introduced the formal derivative 514:, which only acts on
the k-dependence of the regulator Ry. The advantage of this rewriting is to make
the simple one-loop structure of the equations manifest. Eq. (5.52) allows us to
define a scale dependent contact Cj according to the flow equation

~ 1
0.Cr. = —0 _ _
PRy k/QP¢,k<Q>+R¢,k<Q>

(5.53)
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with Cy = 0 and Cy—o = C. This flow equation and its generalization to the
ordered regime are the basis for our numerical evaluation of C' in Sec. 5.1.5.

The second term in Eq. (5.50) contains the boson propagator evaluated for
large momentum. Since the microscopic boson propagator is constant and the
momentum dependence only builds up due to the renormalization group flow,
this contribution to the fermion self-energy is independent of P and constitutes
a shift of the effective chemical potential. The asymptotic value is then equal to
the one evaluated for a large momentum k.. We conclude

0 p2 1
o = _/A dkmiak/cg Py r(Q) + Ry x(Q) (5:54)

With the effective four-fermion vertex —h?/ mi = Ay we find 6pp = —Aynye.

Contact term in the ordered regime

For low enough temperatures, a nonvanishing expectation value pgj, of the boson
field p = ¢*¢ appears during the renormalization group flow. If pyr—o = po > 0,
we say that the system is in its superfluid phase and some of the bosons have
condensed. Note that, due to interactions, the condensate fraction does not coin-
cide with the superfluid fraction. Above the critical temperature there is a region
where a nonvanishing value of pg; appears for k& > 0 during the flow, but does
not persist for & — 0. We then arrive in the symmetric (normal) phase of the
system. We may call this intermediate region the precondensation regime. It is
characterized by local but not global superfluid order.

Conceptually the above derivation of the flow of the self-energy and the asymp-
totic scaling with contact term ~ 4C'/ Py A (—P) remains valid also in the presence
of a possibly nonvanishing boson field expectation value. We write

_ by 7an(P)5 -y (—P)
W"( S(P) —@me(P»*e)’ (5.55)

with

Yy k(P) = Py (P, pok) — Pya(Pspo)
= Py (P, pok) — (ipo +p? - M)- (5.56)

The complex functions 3y (P) and 3y ,n(P) are called (normal) self-energy and
anomalous self-energy, respectively. The parametrization in Eq. (5.55) is the
most general form of the self-energy in the spin-balanced case of equal chemical
potentials for the hyperfine components.

Evaluating the self-energy for each k on the expectation value pg j of the bosonic
field properly takes into account the fluctuations on different scales. As a result,
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the flow equation of the ¥f1;-component of ¥, (i.e. the normal contribution) is
given by

15)>
Oy k(P) = (ngpor + Opok) a’;’w (P, pok) + (&s\ﬁzw,k)(ﬂ pok)-  (5.57)

-~

diagram

The derivative is performed for fixed p. On the right hand side, the self-energy
appears as a function of the background field, whereas the left hand side only
depends on k and P. We indicated that the last term in Eq. (5.57) is the actual
diagrammatic contribution to the beta function.

Within our truncation we have for this term

[ (SE s = 2Ssmn + ) O +1o(@) — rE(@)
(052) (o) = 12 | 2 ]

(itvo + a0.3) + pul@+ 7))
detF(Q + P)
- h2/ 5, (i5¢(l)o +qo,r) — Apo — pe(q+ ﬁ))
Q detp(Q + P)

(q&F + 2iqgo,rpy (@) + h*po — pi,(q_))
det?(Q) ’

with qo p = 27nT and qo p = 27(n+1/2)T being bosonic or fermionic Matsubara
frequencies, respectively, and py = 2w (m + 1/2)T. We introduced

det(Q) = S3a5 5 + Po (D) (Ps(7) + 2Ap0), (5.59)
detr(Q) = @b F + 3 (2) + P2 po (5.60)

and used py = ¢ — pu + Ry(¢?), ps = ¢*/2 + mi + Ry(q?). The Matsubara
summations can be performed analytically and we arrive at an explicit expression
for the third term in the flow equation (5.57).

The flow equation for ¥y, 1 (P) is valid for arbitrary values of P. For large P, the
equation simplifies considerably and, eventually, allows to derive the renormaliza-
tion group flow of the contact Ci. We restrict the following discussion to the first
integral in Eq. (5.58), which is responsible for the high momentum behavior. We
have

X

(5.58)

i(po+qo) +pyp(@+P) 1 (5.61)
detpr(Q+P)  —ipo+p:—p '
for large p? and find
i . (Blsck)(p)
<at|p2w,k> (P, p) ~ m (5.62)
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5 Three-dimensional BCS-BEC Crossover

with

Ro(@) S22 5 — 2(iS6a0,8 + Apo) (Apo + po()) — P2(@)
Q A¢ det}(Q)

= | 2T o) (5.63)
etB det3(Q)

For the definition of wg 1 see Eq. (5.74).
We define the flowing contact according to

(4l i) (p) = h?

1

Cr = yerpok), (5.64)

where ci(p) := ¢(p) is expressed in terms of the normalized field p = pA,. Since

c(k, p) = c(k, p(p, k)) (5.65)
we have
dc _oc de [9p g 1 _oc
ok ok " op <6k:> ok TR ap (5.66)
de 1 Oe¢
B = A5 (5.67)

From these two relations we deduce the flow equation for ci(p) in the presence of
the k-dependent background field p = Ayp to be given by

Oulye)(5) = il (5 = plp) +77¢p(2;f(p)- (5.68)

Thus we arrive at

0;Cy, = i((at’ﬁék)(po,k) + (ngp + Otpo,k) %Cp (po, k)) (5.69)

We show that dc/0p = h? + O(Zy). For this purpose we consider the limit of
classical fermion propagators Py (Q) = Py a(Q) = igo+¢*— . For the momentum
distribution per species we have

o PyA(—Q) _ L

Mo = = (TZ Py A (Q)Pya(—Q) + h?p Pw,A(Q))
h2p
=Ty
P IN(®) [Pw,A(Q)PwaA(_Q) + th}
h2p th

N e (5.70)
2+ Wp(Va T W2+ q?) 4
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5.1 Tan contact

for large gq. Whereas the Fermi-Dirac distribution decays exponentially for large
¢, a ¢*-tail arises from the presence of a bosonic background field with contact
parameter C' = h?p/4. This completes the proof of

o) = 1 +O(2,). (5.71)

The flow equation for the contact becomes

B2 h2 [ Ry 1 2550 + 2X°05
0,0, = — + 0, + — / - T - 7 '
+Cke 4 (77¢,00,k tPO,k:) 4 §A¢ ;(detB(Q) deth(Q) )
(5.72)

The result of the Matsubara summation and the ¢-integration is given by

h2 2d/2+1,ud h2 n
= — 77]6(14-2 1 _ ¢ N/
0:C, 1 (Mppo.i + Opok) + 7 Sé ( FE) 2) B(wek)
NpE /1
- Szwso (5 + Np(wg,k) — w¢,kN]/3(w¢,k)>] : (5.73)
¢ b,k

with

\/(k2 +m3 ) (k2 + m2  + 2\p0.k)
Wo k = . (5.74)
Ss

The Bose function is defined as Ng(z) = (¢*/7—1)~! and N}; = dNp/dz. Typical
renormalization group flows of C, for the UFG are shown in Fig. 5.4.

At zero temperature we obtain a nonvanishing value for the contact C. The
corresponding value is found from Eq. (5.73) by setting the Bose functions to
zero. We have

0:Crlr=0 = — (Mgpor + Opoi) — ——

h2 9d/2 h2)2 2
ta 3p0kd+2(1—’77¢’>. (5.75)
4 d  Sgwyy d+2

In the limit where the density is dominated by the superfluid density of condensed
bosons, the first term in Eq. (5.73) dominates. For small anomalous dimension
n4 and neglecting the running of h? this yields the simple relation

h2

which coincides with Eq. (5.31) for ny, ~ po.

123



5 Three-dimensional BCS-BEC Crossover
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Figure 5.4: RG-scale dependence of the flowing contact Cj at unitarity a=! = 0.
We have k = Ae! such that ¢t = 0 corresponds to the ultraviolet and
t — —oo to the infrared. We observe that the contact is unaffected
by fluctuations of ultraviolet modes and it starts to build up on the
many-body scales of the system, which are set here by the chemical
potential and temperature corresponding to ¢, = In(p'/2/A) = —6.9
and tr ~ t,. Obviously, all curves saturate at a certain value of ¢
and we can read off the physical value at k£ = 0. Figure taken from
Boettcher et al. [2013].

5.1.4 Relation between Tan contact and boson density

To clarify the relation between 9;C}, and 0;ng ., we consider the scale-dependent
density ni defined by

oUj,

ng = *W(Po,k)- (5.77)

The p-derivative is performed for fixed R,. For & = 0 we arrive at the physical
density

n o P T)  9UwT, po)

=" 5.78
o o (5.78)

with pressure P(u,T). The corresponding flow equation is given by
Oni = —ap(Nepok + Otpok) — <8uat’ﬁUk) (Po.k)- (5.79)

with
0?U

= — . 5.80
R 8,u8p(p0’k) (5.80)
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5.1 Tan contact

The flow of the effective potential receives contributions from bosonic and fermionic
fluctuations. Defining

3tnf;5Uk) = _<8u6t’ﬁU]£B)><p0,k>v (5.81)
o) = = (0u011,08" ) (po ) (5.82)

as the bosonic or fermionic contribution, respectively, we can employ

Y _ [ B k2 + Ug(p) + pU} (p)
(i) o) = [, 3 o smgoe s o

to find

B 1 252w2 .+ 2\%p?
@) _ _ / Ry _ PeWs, , 5.84
Mk * o As (detB(Q) det3(Q) ) 50

This is precisely the third term in the flow equation (5.63) for Ck. We can sum-
marize these findings in the generally valid relation

n ©) n? (©)
0Ck = o (0 apos + upos) + g )) = == (O — any)). (5:85)

where ngﬁp ., are contributions which arise from effects of bosonic/fermionic fluc-
tuations on the effective potential and hence the density. In contrast, the term
—ap(Nepo,k + Opo k) accounts for the nontrivial scaling of the renormalized prop-
agator and the contribution from condensed bosons.

In the BEC limit, Eq. (5.85) simplifies considerably. Indeed, following the flow
of Cy from k = A to kK = 0 we see that in the early stages of the flow, where
k is much larger than the many body-scales set by p and 7', the flow of Cj is
zero, because pp ; = 0 and there are no bosonic fluctuations on high energy scales.
Hence

OCl =0 for k> p/? T2, (5.86)

However, the flow of the prefactor h?/ ag = h?/a @ is governed by the scale set by
the scattering length a=". On the far BEC side, this quantity is large and these
renormalization effects set in far above the many-body scales. At such high scales
the vacuum relation &g = —27Z4 ), with wave function renormalization Zg ), of
the bosons, is valid. The relation stems from the appearance of the combination
Z k(07 — 2p) in the propagator due to semi-local U(1)-invariance and the sym-
metry preserving nature of the flow equation. One can show that the vacuum flow
of Zy is solved by Zy p—o = h%a/327 on the BEC side (Diehl et al. [2007a]), i.e
h2

L L pt?, T2, (5.87)
dag a
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Figure 5.5: Zero temperature contact on the BEC side of the crossover. The
many-body chemical potential is defined as py,p = 1t — ep/2 and thus
is a positive quantity. (See for instance Eq. (5.12) in the context of a
weakly interacting Bose gas.) The FRG treatment captures the Lee—
Huang—Yang (LHY) correction, see. Eq. (5.16). Mean field theory
(MF) is shown by the dashed curve. Figure taken from Boettcher
et al. [2013].

This prefactor effectively enters the renormalization group equation of C which
takes place on the many-body scales and thus we can write

8ka = 4%8kn¢,k. (5.88)

Due to the fact that there are no fermion fluctuations contributing to the density
on the BEC side, we have ng = n; and thus arrive at the well-known relation
Cpec = 4mn/a. The mean field result Cpgc = 47n/a receives corrections from
bosonic fluctuations, which are incorporated in the renormalization group flow.

5.1.5 Results of the FRG analysis

Within the above truncation scheme we can compute the contact as a function of
the crossover parameters u, T', and a. Moreover, the high momentum factorization
of the self-energy can be shown explicitly by solving the flow equation for 3 (P)
for different values of P. In order to translate the results expressed in terms of
the chemical potential for the density, the equation of state P(u,7") has to be
applied. Since the density (and, iteratively, the contact itself) receives substantial
contributions from the contact term in the fermion self-energy, fully self-consistent
results can only be obtained from a self-consistent treatment of the Tan term in
the flow equations. Here we restrict to an analysis of the qualitative behavior of
the contact and do not aim at quantitative precision.

The result of the integration of the renormalization group equations at zero
temperature on the BEC side is given in Fig. 5.5. We find excellent agreement

126



5.1 Tan contact

2
mb

Clu

(v/Frmba) ™!

Figure 5.6: The contact close to resonance as a function of the scattering length
for both T'= 0 and T' = T¢(a, pt). The labels of the axes are analogous
to Fig. 5.5. At unitarity we obtain C(T = 0)/u? = 0.34 and C(T =
T.)/u* = 0.24. Far on the BCS side our present truncation becomes
inappropriate as is discussed in the main text. For better visibility we
show the asymptotic BCS/Fermi liquid value up to (\/;7(1)_1 = —0.5,
which is already beyond the applicability of BCS theory. Figure taken
from Boettcher et al. [2013].

with the prediction from LHY theory, whereas the mean field curve deviates sub-
stantially. From Eq. (5.85) it is apparent that the LHY correction, which is
reproduced in the equation of state on the BEC side as well, is also visible in
the contact, because both share a common flow equation. The nontrivial renor-
malization of the prefactor in Eq. (5.85) ensures the result to be beyond mean
field.

As we approach unitarity from the BEC side, we leave the perturbative regime,
and the contact is no longer described by the LHY expression. The FRG result
within the truncation of this work is shown in Fig. 5.6. For ¢! = 0 we find
C/u? = 0.34 and C/kp = 0.11 at zero temperature. The Bertsch parameter
within this approximation is £ = 0.55. We observe the contact to be a monotonous
function of the crossover parameter (y/fimpa) ', or, equivalently, (kpa)™'.

For negative scattering lengths we find our zero temperature results to be far
below the BCS/Fermi liquid prediction. The reason for the failure of the present
truncation is that the momentum dependence of the boson propagator is not well-
approximated by a derivative expansion on the BCS side, although momentum
independent observables like the equation of state are described correctly. This
becomes transparent in the derivation of the relation Cpcg = 47%n%a® from the
DSE (5.46), where we explicitly use the momentum dependence of the bosonic
self-energy 3, (Q).

In Fig. 5.6 we also show the value of the critical contact C(Tc,a) in the
crossover. We find the corresponding value always to be below the zero tem-
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Figure 5.7: The contact of the UFG normalized by ki with Fermi momentum
kp = (372n)Y/3. We compare predictions from Functional Renormal-
ization Group (FRG, this work, T./Tr = 0.276), non-self-consistent
T-matrix theory (GoGo: Palestini et al. [2010], T, /TF = 0.242), Gaus-
sian pair fluctuations and Nozieres—-Schmitt-Rink theory (GPF/NSR:
Hu et al. [2011], Tt /Tw = 0.235), self-consistent T-matrix theory (GG:
Enss et al. [2011], T,/Tr = 0.15) and Quantum Monte Carlo cal-
culations (QMC: Drut et al. [2011], T./Tr = 0.15) for lattice sizes
N, = 12,14. In this list, the brackets indicate the label in the plot,
the corresponding reference and the chosen value for the critical tem-
perature. For the experimental data of Sagi et al. [2012] we employed
T./Tr = 0.16, which suffices here to obtain a qualitative comparison
of the data. Figure taken from Boettcher et al. [2013].

perature value. The full temperature dependence of the contact of the unitary
Fermi gas is shown in Figs. 5.7 and 5.8. We observe a sharp dip at the critical
temperature, hence C(0) > C(7;) in Fig. 5.6. Since the contact is related to a
first derivative of the energy (or pressure) according to the adiabatic sweep the-
orem, it has to be continuous at 7T as a result of the second order nature of the
phase transition. We confirm this behavior in our results with a critical contact
parameter C(T = T.)/kg = 0.11. The contact C/kp shows a maximum above 7.

Fig. 5.7 also compares our result for C/ kf; to other theoretical approaches and
to a recent experimental measurement of the homogeneous contact. Due to the
disagreement of predictions for T, /T from different theoretical methods, we have
rescaled the abscissa by the corresponding critical temperatures. This allows to
compare the qualitative features of the temperature dependence like monotony or
location of peaks and minima. In order to relate the contact C' in Fig. 5.7 to an
extensive contact C' = CV with volume V we use C/Nkp = 372C/k{:, see our
discussion of the normalization in the introduction. The Fermi momentum of the
FRG data in Fig. 5.7 is not corrected due to the high momentum contribution
to the particle number density. Hence, kg will in general be larger than plotted
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Figure 5.8: The blue solid line shows the temperature dependence of the con-
tact normalized by the chemical potential for the UFG. We observe
a decrease of C'/u? as we approach the critical temperature from be-
low, resulting in a sharp dip at 7,. The function is monotonic for
T/T. 2 1.75. The green, red, and orange curves correspond to dif-
ferent contributions to the contact and are explained in Eqgs. (5.89)—
(5.91). Figure taken from Boettcher et al. [2013].

here.

We find largely different predictions for the temperature dependence of the
contact in the critical region. This indicates a sensitivity of this observable with
respect to approximations in theoretical calculations, which makes further inves-
tigation even more interesting. Note that for higher temperatures, the second and
third order virial expansions by Hu et al. [2011] allow for a solid comparison of
the temperature dependence of the contact. However, we focus here on the region
around T¢, which is well-captured by our truncation of the effective action.

From Eq. (5.73) we observe that the contact receives contributions from dif-
ferent terms in the flow equation. These are important in distinct regimes of the
system. To visualize this, we split up the flow of C into three parts according to

0:Cy = 0,CLY + 8,07 + 5,0 with

3tC,il) = }f(nqspo,k + Opok)s (5.89)
9,0 = Tl/?”g;)kd“(l - %)Ng(%,k), (5.90)
(9150;&3) _ 2d/2;rlvdgjz)kd+2 (1 _ %)

X (— S%i?}g) (% + Np(wg k) — w¢7kN,’3(w¢7k)). (5.91)

The only term which persists in the stages of the flow where pgj = 0, is C’,E,Z).
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Figure 5.9: The asymptotic approach of the contact for the UFG at the crit-
ical temperature. We plot the real part of Py (—P)Xy(P) with
Py.a(—P) = —ipo+p? — p and pg = 77T (red dots). In accordance with
formula (5.4), the factorization at large momenta leads to the approach
of the constant value 4C (blue dashed line). For very low momenta
our perturbative treatment of the fermion propagator becomes quanti-
tatively less accurate, but still the deviations do not exceed 20% even
for p — 0. We restrict the self-energy here to the diagram in Fig.
5.3 where the external momentum P appears in the fermion line and
which is responsible for the contact term. Figure taken from Boettcher
et al. [2013].

Therefore, it is the leading contribution above T, (red dashed line in Fig. 5.8).

Both C,gl) and C,gg) start to build up in the precondensation phase. However, C,gg)

is never really large (orange dashed-dotted line in Fig. 5.8). For small T, the
contribution from C’,(cl) dominates (green dashed-dotted line in Fig. 5.8). Above

T, this contribution is negligible. In the zero temperature limit, the term C’,gl)
becomes most important. This can be understood easily from Eq. (5.79), where
we identify this term as the contribution from condensed bosons to the density.
We already addressed the question whether the scaling formula (5.4) can be
applied for a large part of the momenta or only yields an asymptotic, but practi-
cally irrelevant contribution. For this purpose we solve the flow equation for the
self-energy X, 1, (P) on a grid of P-values according to Eq. (5.58). Therein we re-
strict to the first integral, which corresponds to the diagram in Fig. 5.3 where the
external momentum appears in the fermion line. Only this diagram contributes
to the contact. The universal regime of validity is expected to be large for the
UFG. In Figs. 5.9 and 5.10 we underline this statement at 7 = T, and a~! = 0.
Since the self-energy ¥, (P) is a complex valued function of P = (po, p), we gain
information about the high momentum behavior from plotting both the real and
imaginary part at the lowest possible fermionic Matsubara frequency pg = 71" as a
function of [p]. To see the asymptotic approach of the form Py, o(—P)Xy ~ 4C we
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Figure 5.10: The fermion self-energy Ly x—o(P) at a=! = 0 and T = T, computed
from the first diagram in Fig. 5.3. We evaluate the function for
po = w1 and find the large momentum behavior to be a reasonable
approximation for both the real and imaginary parts even at low
momenta. The asymptotic form (5.4) is shown by a dashed line. The
self-energy vanishes for large momenta since we effectively added the
constant du for p — oo by neglecting the second diagram in Fig. 5.3.
Figure taken from Boettcher et al. [2013].

plot the real part of this particular combination in Fig. 5.9. The imaginary part of
this product vanishes for p — oo, showing that the contact indeed is real-valued.

We plot ReXy(P) and ImX,(P) in Fig. 5.10 for the same set of parameters
as before. We find that the scaling form is a good description for all momenta
at the critical temperature. Although this does not come unexpected for a scale
invariant, critical system, this behavior could be a relict of our perturbative treat-
ment of the propagator for small momenta, where this is not necessarily a valid
assumption. Further improvement of the truncation and iterative solution of the
flow equation will shed light on the reliability of this finding, but is beyond the
scope of the present work.

5.2 Unitary Fermi Gas

In this section we compute the critical temperature and the superfluid gap of the
spin-balanced UFG. The focus is on quantitative precision and the comparison of
different truncation and regularization schemes.

5.2.1 Mean field analysis

The simplest truncation capturing the superfluid phase transition for all values
of the scattering length consists in mean field theory. The latter is built on a
saddle-point approximation to the effective action. We first review the mean
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field predictions for the zero temperature gap A/u and the critical temperature
T./p. Then we discuss how the mean field approximation is recovered in an FRG
framework by taking into account fermionic diagrams (F), but neglecting bosonic
fluctuations.

From a saddle-point expansion of the effective action we obtain the effective
potential in mean field approximation

2

A
U T) = 5 = /Q tog (4 + (@~ +27). (5.92)

The UV-divergent integral is regularized by means of a sharp momentum cutoff
enforcing ¢> < A%. We impose the vacuum renormalization condition

1 oU 1 1 [ d3g 1
: / i (5.93)

-——=-—=(0,0,0) = —— — =
Ay OA? ( ) Ap A 2 (2m)3 q
where Ay = 4rh?a/M = 8a is related to the fermion scattering length, see Sec.
5.3.1 for a discussion of the vacuum renormalization procedure. The renormalized

gap equation at zero temperature reads

oU A 1 1 [ a3 1
0= — (A2, 1,0)=—— — = —
aAz( 0:1:0) Ay /Q q8+(q2—ﬂ)2+A%+2/ (2m)3 ¢2
1 1 (e’ q2
= - d —1). 5.94
Ay 4”2/0 q< (¢> — )% + A ) (594

The integral is UV finite and we can send A — oo.
For p > 0, we can rewrite the gap equation (5.94) in the dimensionless form

s o Ao
2ut/2a f(?) (5.95)
with
2

fly) = —/Ooo dar( = _x1)2 —; - 1). (5.96)

The BCS-formula for an exponentially small gap is obtained from f(y) — log(e?y/8)
for y — 0. We then find

Apcs 8 s

However, this asymptotic formula cannot be applied to the unitary Fermi gas
with ¢! = 0. In this case, the BCS-formula results in Ag/u = 1.083, whereas
the correct solution to the gap equation (5.95) is given by

Ag/p=1.162 for a1 = 0. (5.98)
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The gap vanishes at the critical temperature and thus we have

ou 1 1 [ q> 1 1 1
0= 8A2(0’M7TC)__>\¢_27T2/0 dQng_/” (5_ €|q2_u‘/TC+1) _2>]

(5.99)

This can be cast into the form

2;7/% _ g@?), (5.100)

where

& z2 2
gly) = —/0 da [W — (1 T 1) - 1]. (5.101)

For small critical temperatures we can apply g(y) — log(me?y/8¢eY) for y — 0 to
obtain the BCS-formula

TeBcs 8¢ T
= o o(57m,):

= — — 5.102
w me? 211/2q ( )

An extrapolation of this asymptotic formula to the unitary point yields T,/p =
0.6138. In contrast, the solution to Eq. (5.100) is given by

T./p = 0.6646 for a~! = 0. (5.103)

The mean field prediction for the ratio A/T, for the Unitary Fermi gas is thus
given by A/T. = 1.75.

We now turn to the FRG analysis. In the mean field limit, there is no feedback
of bosonic fluctuations onto the flow of running couplings. Therefore, neither
the inverse boson propagator Py(Q), nor the boson regulator Ry(Q) appear in
the loop integrals. Hence, the mean field limit is a good testbed for benchmark-
ing the implementation of the fermionic diagrams. The set of running couplings
consists of the boson anomalous dimension 7y = —k0Jjlog Ay and the effective
potential Ug(p). The inverse fermion propagator remains in its initial shape given
by Py(Q) =igo + ¢* — p.

Considering only fermion diagrams, the n-th derivative of the flow equation for
the effective average potential is given by

Q -Q -Q Q
(LZL,? + h2p)nt!

o,0™ (p) = —n!(—hz)”/Q : (5.104)

with Lg = Py(Q) + Ry(Q). The flow of @, = U™ (py) receives an additional

contribution proportional to Oypg. The flow of the n-th expansion coefficient of
the effective potential is thus given by

O, = ORU™ (P0) + W1 Ok (5.105)

133



5 Three-dimensional BCS-BEC Crossover

for n > 2. We emphasize that only due to the second term there is a feedback
of the higher couplings us, u4, ... onto the remaining couplings. This observation
has also been made by Strack et al. [2008]. The flow equations for py and A, are
given in Sec. 4.2.2.

In an FRG treatment, no precondensation appears on the mean field level for
the spin-balanced system. Therefore, the symmetric phase is accessible from the
symmetric regime of the flow, where pg ) = 0. In particular, the flow equation
for the effective potential is given by the F-diagram with microscopic fermion
propagator igo + ¢> — u. We then find in the symmetric regime

. o LR+ L 9RY _
U}(0) :h2/ L= —&Jﬁ\/ ﬁ, (5.106)
Q  (LyLy ) e Lyl

since ﬁi = ﬁi and the only k-dependence of Lg =igo+¢*>—p+ Rfi arises from
the regulator. Eq. (5.106) can readily be integrated to yield

1= . ! :
— U (0, 1, T) — Ty (0 :_/ - '
pz (U0 T) = Un( ) Q<Q8+(q2—u)2 \IQO+Q2—M+R¢7A(Q)’2>

(5.107)

We used that Ry ;—0(Q) = 0. The regularization of the UV divergent integral is
performed by means of the regulator Ry a(Q), which vanishes for go, ¢> > A% and
thus gives finite support to the integration. We have

hi

——A 5.108
o (5.108)

UA(0) =m3 \ =
Accordingly, we reproduce the gap equation (5.99) for T' = T, and U’ (0, u, T.) = 0.
Therefore, the critical temperature found from the flow equation in the mean field
limit trivially coincides with the standard mean field result.

In order to reproduce the gap equation (5.94) we have to include higher orders
terms u, (n > 3) in the effective potential. The mean field zero temperature gap
A/p = 1.162 provides a benchmark for testing the regulator and truncation de-
pendence of the fermionic contributions to the flow. We find that the quantitative
difference between a ¢*- and a ¢8-truncation is at the 10 percent level. By further
extending to a ¢*V-expansion, the results converge quickly to the expected value.
We summarize our findings in Table 5.1.

Due to the absence of a precondensation regime in the mean field treatment,
the critical temperature T./p at the mean field level is not affected by terms
proportional to dipo. Indeed, whenever pg ,, > 0 for some £, we also have pg p—o >
0. Accordingly, the correct value is already found in a ¢*-truncation, because the
condition m?ﬁ = 0 can be satisfied independently of A4 at the mean field level.
Higher orders in a ¢?V-expansion of the effective potential influence the critical
temperature once bosonic diagrams are included in the RG flow.
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| | Alp [ T./p |
Truncation || ¢*-opt Q-exp ¢*-opt Q-exp
F, ¢* 1.045 1.056 0.665 0.664
F, ¢8 1.133 1.141 0.665 0.664
F, ¢'? 1.154 1.157 0.665 0.664
F, ¢'6 1.160 1.160 0.665 0.664
F, ¢%0 1.162 1.161 0.665 0.664
F, ¢ 1.162 1.161 0.665 0.664
’ Mean field H 1.162 H 0.6646

Table 5.1: Critical temperature and superfluid gap obtained from the inclusion
of fermionic diagrams (F). When including higher order terms in the
effective potential, we recover the mean field result for both types of
regulators considered in this work. In particular, a ¢®-truncation al-
ready yields a good approximation to the exact result. The value of
T/ is unaffected by this change in truncation, as is discussed in the
main text.

5.2.2 Bosonic fluctuations

The boson dynamics emerge in the crossover due to the F-diagram containing two
fermion lines. Once built up, the boson propagator has an important impact on
the flow of running couplings due to diagrams containing two bosonic lines (B).
These bosonic fluctuations are particularly important for an accurate description
of the superfluid phase transition. We find here that the effect of B-diagrams is
most prominent on the value of the critical temperature, whereas mixed diagrams
change the latter only moderately.

The truncation FBg has been studied in previous works by means of the opti-
mized momentum g¢?-opt regulator (Diehl et al. [2007b], Floerchinger et al. [2008],
Diehl et al. [2010a]). Here we aim at comparing these results to the application
of a @Q-exp regulator. Moreover, we include the V¢q8—term, which has been left
out so far. We further increase the truncation of the effective potential in order
to estimate the effect of higher order bosonic scattering processes on physical ob-
servables. As previous studies mainly employed the ¢?-opt regulator with relative
cutoff scale cy = 1, we choose this value here. Below we will discuss the relative
cutoff scale dependence for the Q-exp regulator in more detail. The results of our
investigation are summarized in Table 5.2.

By including bosonic fluctuations we observe the critical temperature to drop
dramatically as compared to its mean field value. This behavior is expected
as bosons generically tend to wash out the ordering and thus to decrease the
critical temperature. In this context, it is interesting to study the influence of
the emergent “relativistic” term V¢,q8 in the boson propagator. Whereas the
effect of including this running coupling is strong for the purely momentum ¢?-opt
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5 Three-dimensional BCS-BEC Crossover

| | Al | T/ |

Truncation || ¢*-opt Q-exp q*-opt Q-exp
FBo, ¢* 1.09 1.244(5) || 0.441 | 0.399(2)
FBy, ¢° 1.13 1.227 0.424 0.380
FBy, ¢'° 1.16 - 0.427 0.394
FB, ¢* 1.05 | 1.228(10) || 0.405 | 0.389(2)
FB, ¢8 1.23 1.240 - 0.380
FB, ¢'° - - - 0.386

Table 5.2: Influence of the regularization scheme and higher orders in the effec-
tive potential when including bosonic diagrams (B), where By and B
correspond to a boson propagator without and with the term V¢q§,
respectively. We observe that the scheme with a frequency and mo-
mentum cutoff is less sensitive to the inclusion of this term. The values
for this table have been obtained for ¢4 = 1. The errors in brackets
estimate the numerical error.

regulator, its effect is only moderate for a regulator which cuts off both frequencies
and momenta. This is an indication for the efficiency of the latter cutoff, which
incorporates the frequency behavior of the boson propagator already within a
simple truncation. In contrast, the ¢?-opt cutoff needs a higher resolution of the
nontrivial go-dependence in order to obtain reliable results.

The superfluid gap comes out substantially larger for a Q)-exp regulator. This
is also true when including higher terms in the effective potential, see also Fig.
5.12.

The effects of higher orders in a series expansion of the effective potential are
less conclusive as in the mean field case. We find a trend to decrease the critical
temperature by applying an order ¢®-truncation, but this effect is almost cancelled
at order ¢'°. The critical temperature in the FB-truncation is particularly stable
with variations of a few percent.

When going to higher orders in the effective potential one eventually expects
the results to converge to a fixed value. Within our investigation, however, we
found that the series expansion of U(p) in powers of p — py breaks down during
the flow, indicating the nonanalytic shape of the effective potential. The latter is
well-known to be reproduced with the FRG, see e.g. Berges et al. [2002], Litim
et al. [2006]. Thus we cannot report on values beyond ¢® for the superfluid gap,
and ¢'° for the critical temperature. This shortcoming may be resolved by an
expansion about a field value p > pg, or by incorporating the full function U(p)
on a grid of p-values.
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5.2 Unitary Fermi Gas

5.2.3 Renormalization of the fermion propagator

We now proceed by discussing the highest truncations employed in this section.
By including mixed diagrams (M) containing both a boson and a fermion line, we
can resolve renormalization effects on the fermion propagator and the Feshbach
coupling h?.

When applying a truncation with V; = 0 and a purely momentum cutoff (such
as the g?-opt regulator), the fermion propagator does not get renormalized in
vacuum. This property is due to the analytic structure of the regularized prop-
agators, which have both poles lying in the same half-plane for the M-diagrams.
Accordingly, the contour of the frequency integration can be closed in the other
half-plane, thereby yielding a vanishing beta function.

This simple behavior is spoiled by the application of the Q-exp regulator or
the inclusion of the V¢q8—term. This is not problematic for the FB-truncations,
as an appropriate renormalization in vacuum removes the corresponding unphys-
ical flow. However, as we allow for a running of the fermion mass term mfp,
the interpretation of the chemical potential pi, which enters the initial conditions
through

mi, = CA* — [i, (5.109)

is complicated. C = fn?p . is a bare renormalization constant fixed in vacuum. The

value of C only depends on the truncation and the regularization scheme.

In general, for the truncations FBMg and FBM, we do not have i = p, whereas
this is true for all other truncations discussed so far. To see this, we vary [,
and check whether A(f)/f or Tc(fi)/ii are independent of . We then find a
logarithmic (ji/A?)-dependence of both observables when including M-diagrams.
However, we checked that the ratio A/T is indeed independent of fi. This shows
that the uncertainty in the ratios A/u and T./p dominantly results from the
inequality @ # p.

As is discussed in Sec. 4.1.4, for the FBMy- and FBM-truncations the initial
conditions only allow to interpret fi = p for a special choice of ¢4 within our
setting, which is ¢g = 0.2454 ~ 1/4. For ¢y = ¢, the observables A/fi and T, /[
are independent of fi. Therefore, the values of 7./ and A/p can only be read off
for this particular choice. Results for c4 = c¢p are summarized in Table 5.3.

We emphasize that the renormalization group flow in the truncations with M-
diagrams is well-defined for every choice of cy4. However, it requires to determine
the function p(fi,cq), which is p = fi for ¢y = ¢o. For other values of cg, an
appropriate infrared renormalization condition has to relate the initial value i to
the physical chemical potential. The determination of this condition is postponed
to future work. Here we restrict ourselves to the simpler task of discussing the
physical point ¢y = cp. An error estimate in the FBM-truncations, however, can
still be obtained by means of the subtraction prescription discussed in Sec. 5.2.5.

The ratio A/T. can be computed consistently for every truncation. We display
our results in Fig. 5.11 and Table 5.4. Whereas the cyg-dependence is rather
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5 Three-dimensional BCS-BEC Crossover

| | Alp
Truncation F FBy FB FBM, | FBM
o 1.04 0.97 0.99 0.94 0.82
® 1.13 1.11 1.13 1.04 0.89
| | Te/p
Truncation F FBy FB FBM, | FBM
ot 0.664 | 0.381 | 0.381 0.385 | 0.383

Table 5.3: Critical temperature and superfluid gap for all truncations applied in
this work. By improving the truncation of the effective potential to
order ¢%, the gap is increased by approximately 10 percent. This is
independent of the given truncation scheme. The values for this table
have been obtained for a Q-exp regulator and with c4 = co, which also
allows to compare to truncations which include mixed diagrams (M)
with both fermionic and bosonic lines.

AJT,
Truncation FBg FB FBM, FBM
cyp =1 3.1 3.2 2.5 2.4
Cy = Co 2.9 2.9 2.7 2.3

Table 5.4: Relative cutoff scale cy-dependence of the ratio A/T; for a Q-exp
regularization scheme. The values of the gap are obtained for a ¢%-
truncation, whereas for the critical temperature we have chosen a ¢*-
truncation of the effective potential. We observe a substantial lowering
when including mixed diagrams (M).

strong in a ¢*-truncation, we find the ¢®-truncation to flatten the curve for all
truncations. Moreover, there is a systematic increase of A /T, when going to order
#®. We find that all four curves in a ¢*-truncation show a maximum in the interval
I. =[0.2,1]. It is a generic finding of our analysis that observables tend to have
minima or maxima within this interval. Accordingly, we can use the variation
within I. for an error estimate. This procedure is applied below.

The fermion anomalous dimension 7 receives strong corrections at the sym-
metry breaking scale k? ~ pu, where it becomes of order 0.2. For k — 0, it
eventually vanishes. The renormalization effects on the Feshbach coupling h? are
found to be small.

5.2.4 Error estimates

Now we can estimate the errors of A/u and Tc./u within each individual trun-
cation. We estimate the errors from the variation with ¢, shown in Figs. 5.11,
5.12, and 5.13. From the figures presented in this section it is apparent that

138



5.2 Unitary Fermi Gas

AT

Figure 5.11: Dependence of the ratio A /T, on the choice of the relative cutoff scale
cy. We employ the Q-exp regulator. Here and in Figs. 5.12 and 5.13,
we choose the following labelling of the curves: Solid lines correspond
to a ¢B-truncation for computing the gap, whereas dashed lines give
the results for the gap in a ¢*-truncation. The critical temperature
is always computed in a ¢*-truncation. The colors correspond to
the truncations (from top to bottom) FB (red), FBy (blue), FBMj
(green), and FBM (black). Upon including higher orders in the ef-
fective potential, the gap increases by 10 percent in all truncation
schemes. Figure taken from Boettcher et al. [2014c].

observables show pronounced features like minima or maxima inside the interval
cp € I = [0.2,1]. It is therefore reasonable to concentrate on this interval to
estimate the error.

Our final results of the error analysis are summarized in Table 5.5, where we
apply the following notation:

e Mean field: F-truncation to order ¢2*

e Truncation 1: FBy-truncation to order ¢® (¢*) for A/ (Te/p)

Truncation 2: FB-truncation to order ¢® (¢*) for A/ (Te/u)

Truncation 3: FBMy-truncation to order ¢8 (¢?) for A/u (T./p)

Truncation 4: FBM-truncation to order ¢® (¢*) for A/u (T./p)

The running couplings associated to the truncations are listed at the end of Sec.
4.1.1.

For the FBo- and FB-truncations, the c4-dependence of the superfluid gap is
small within the ¢8-truncation. Moreover, the improvement ¢* — ¢® in the
effective potential seems to equilibrate the values, since the value at ¢, = 1 remains
almost unchanged, whereas the values for smaller c4 are increased. We choose the
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5 Three-dimensional BCS-BEC Crossover

| Observable || To/u | A/p | AT, |
Mean field 0.664 1.16 1.75
Truncation 1 0.38(2) 1.17(6) 2.9(2)
Truncation 2 || 0.376(14) | 1.18(6) 3.0(2)
Truncation 3 || 0.385(20) | 1.04(5) 2.6(1)
Truncation 4 0.38(2) 0.89(5) 2.4(1)
Best estimate 0.38(2) 1.04(15) 2.7(3)

Table 5.5: Critical temperature and superfluid gap of the Unitary Fermi Gas ob-
tained by successivley extending the truncation of the effective average
action. The truncations with a smaller number are contained in the
ones with a larger number. The particular choices of running couplings
for each truncation are explained at the beginning of Sec. 5.2.4. The
error in brackets gives the systematic error within the given trunca-
tion. The errors of T, /p and A/ in truncations 3 and 4 result from
an uncertainty in the chemical potential p.

central value in the interval I, and find A/pu = 1.17(6) and A/pu = 1.18(6) for the
FBy- and FB-truncations, respectively. The error is given by the distance from
the minimum and maximum inside the interval I.. In the same fashion we find
T./p = 0.38(2) and T./pu = 0.376(14) for FBy and FB, respectively. Applying
this procedure to the ratio A/T, in Fig. 5.11, we find A/T, = 2.9(2) and 3.0(2),
respectively. The relative error of all observables is thus consistently given by 5
percent.

Estimating the error within the FBMg- and FBM-truncations is complicated
by the fact that i # p for ¢y # co. We therefore choose the physical point cg
to obtain our central values for A/u and T /u. These values are given in Table
5.5. A good estimate of the relative error can be obtained from A /T., which is
independent of 1. To estimate the error we apply the procedure described in Sec.
5.2.5 below.

We find A/T. = 2.6(1) for the FBMy-truncation, which corresponds to a 4
percent error. Averaging A/u which is obtained by means of the 7,-subtraction
procedure of Eq. (5.111) over the interval I, yields 1.04(3). This coincides with
the central value. Given the fact that A/T¢ is indeed very flat as a function of ¢y,
we conclude that A/pu = 1.04(5) is a reasonable error estimate.

The dotted curve in Fig. 5.13 gives the error estimate of 7Tt/ when subtracting
the anomalous running of the chemical potential in the FBMy-truncation. The
rather strong dependence on ¢4 (when compared to the c4-dependence of A/T,
and A/p) can be explained by the fact that the subtraction procedure in Eq.
(5.111) strongly influences the flow at k% ~ . As this is precisely the scale where
precondensation occurs and decides over the value of T¢, the critical temperature is
strongly affected by Eq. (5.111). Hence, the error estimate also contains unphysi-
cal contributions and should not be extrapolated too far into the region where 7,
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Figure 5.12: Relative cutoff scale dependence of the superfluid gap A/u. Colors
are as in Fig. 5.11, and solid (dashed) lines correspond to a ¢®-
(¢*-) truncation. The FBy- and FB-truncations become much more
stable when including higher terms in the effective potential. For an
error estimate we show the FBMy-truncation where we subtracted
the anomalous running of the chemical potential according to Eq.
(5.111). This corresponds to the dotted (dotdashed) curve for a ¢°-
(¢*-) truncation. We emphasize that the latter two curves are applied
here only for estimating the error. Figure taken from Boettcher et al.
[2014c].

is large. A reasonable error estimate is thus again found to be T/u = 0.385(20).
This is also in harmony with the relative variation of A/T, in dependence of c.

Finally, for the FBM-truncation we find within the interval I. that A/T, =
2.4(1). The insensitivity of this result with respect to cy4 is similar to the FBMo-
truncation. Since both truncations are similar to each other, we assume a 5 percent
error within the FBM-truncation just like for the FBMjy-case. The central values
are taken at cy = co. We then arrive at A/p = 0.89(5) and Tc./p = 0.38(2).

Our best estimates for A/T, and A/u are obtained as the central value within
the 4 truncations, with the error being given by the distance to the maximum
(minimum). This yields A/p = 1.04(15) and A/T, = 2.7(3). For the critical tem-
perature we obtain 0.381(6) with this procedure of averaging. However, this un-
derestimates the error of the individual truncations, so we choose T /1 = 0.38(2)
which is valid in all four truncations.

In Tables VI and VII we display reference values on T, /u and A/u from other
theoretical approaches, and from experiment. The stability of our result T./u =
0.38(2) within all truncations considered in this work indicates the efficiency of
the Q-exp regulator. In particular, we found a strong decrease of the critical
temperature in comparison to previous FRG calculations with the ¢?-regulator,
which places our calculation in the range T, /1 = 0.3 — 0.4 of the reference values.
A missing key feature in our approach is the particle-hole channel. However,

141



5 Three-dimensional BCS-BEC Crossover

Figure 5.13: Relative cutoff scale dependence of the critical temperature T¢/u for
the FBo- (upper curve) and FB-truncation (middle curve). The crit-
ical temperatures shown here have been obtained in a ¢*-truncation.
The dotted curve gives the error estimate for the FBMy-truncation
according to the subtraction of the anomalous running of the chem-
ical potential in Eq. (5.111). Figure taken from Boettcher et al.
[2014c].

from previous studies by Floerchinger et al. [2008], we expect its effect to be
small at unitarity due to the less pronounced Fermi surface. For the superfluid
gap we obtain A/u = 1.04(15), which is smaller than all of the reference values.
In particular, by improving the truncation due to the inclusion of the running
fermion propagator, we do not find a convergence of results, in contrast to the
critical temperature. Thus, the limit T = 0 requires additional running couplings,
which are less important at criticality. We expect the inclusion of the full effective
potential U(p) to significantly improve our results at zero temperature.

5.2.5 Estimated effective chemical potential

In the presence of mixed diagrams, the nontrivial running of the fermion prop-
agator in the symmetric regime spoils the interpretation of i as the chemical
potential. Due to the presence of the relevant initial perturbation AmiA =
mi A CA? = —[i, all beta functions of the remaining running couplings scale
linear in Am%}k = Amik /k? for large k. However, the latter acquires an (un-
physical) anomalous running due to the presence of the regulator function. We
have

O (ji, cp) = 0 — (2 + UM(C(p)) (—k%) T (5.110)

for large k. The leading term vanishes due to the fixing of the initial conditions at
the vacuum fixed point, where &fni(ﬂ = 0) = 0. The anomalous dimension 7,, of
the term linear in —fi/k? leads to a nontrivial running of the supposed “chemical
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5.2 Unitary Fermi Gas

‘ TC/EF ‘ MC/EF ‘ TC/,U, ‘

BBurovski et al. [2006] (DDMC) 0.152(7) | 0.493(14) | 0.308
Haussmann et al. [2007] (LW) 0.160 0.394 0.406
Bulgac et al. [2008] (QMC) 0.15(1) 0.43(1) 0.35

Nascimbene et al. [2010] (Exp) 0.157(15) | 0.49(2) | 0.32(3)
Horikoshi et al. [2010] (Exp) 0.17(1) 0.43(1) 0.40
Goulko and Wingate [2010] (DDMC) | 0.171(5) | 0.429(9) | 0.399
Floerchinger et al. [2010] (FRG) 0.248 0.55 0.45
Ku et al. [2012] (Exp) 0.167(13) | 0.42* 0.40

This work - - 0.38(2)

Table 5.6: Reference values for the critical temperature T;/p from different theo-
retical and experimental works. The abbreviations correspond to Dia-
grammatic determinant Monte Carlo (DDMC), Quantum Monte Carlo
(QMC), Self-consistent T-matrix approach or Luttinger-Ward formal-
ism (LW), and experiment (Exp). (*We estimated the critical chemical
potential of the MIT data (Ku et al. [2012]) by the maximal chemical
potential pmax/er = 0.42(1) at T'/er = 0.171(10).)

’ Method ‘ Afep ‘ w/er \ Alp ‘
Carlson et al. [2003] (QMC) 0.55(5) 0.44(1) 1.3
Carlson and Reddy [2005] (QMC) | 0.50(5) 0.42(1) 1.2
Haussmann et al. [2007] (LW) 0.46 0.36 1.3
Carlson and Reddy [2008] 0.45(5) - -
Bulgac et al. [2008] (QMC) - 0.37(5) -
Schirotzek et al. [2008](Exp) 0.44(3) - -
Bartosch et al. [2009] (FRG) 0.61 0.32 1.9
Floerchinger et al. [2010](FRG) 0.46 0.51 0.90
Carlson et al. [2011] (QMC) - 0.372(5) -
Ku et al. [2012] (Exp) - 0.376(4) -
Zirn et al. [2013] (Exp) - 0.370(5)(8) -
This work - - 1.04(15)

Table 5.7: Reference values for the superfluid gap A/ at T = 0. The abbre-
viations are as in Table 5.6. The values by Carlson and Reddy [2008]
have been extracted from measured density distributions from partially
spin-polarized trapped atoms. The overall trend of the Monte Carlo
and experimental data indicates a preferred value A/u ~ 1.2 — 1.3.
The Bertsch parameter p/ep from Ziirn et al. [2013] is based on the
one measured by Ku et al. [2012] with an improved determination of
the location of the SLi Feshbach resonance.
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5 Three-dimensional BCS-BEC Crossover

potential” with k. Consequently, fi # u. For ¢y = co we have n,(co) = 0, such
that the problem does not arise in this case. The value of 7, can be extracted from
the flow equation of the fermion mass term at ¢t = 0. It is given by 7,(1) = 0.21892
for ¢y = 1, decreasing for smaller values of c4. The value of 7, also depends on
the truncation and receives small corrections in a ¢®-truncation.

To estimate the influence of the anomalous running induced by 7,, we can
subtract the corresponding contribution to the flow equation by hand. This is
not a self-consistent procedure and serves here only for an error estimate. For
this purpose, we replace the flow equation for the running fermion mass term
according to

atmi(ﬂ, Cp) = (%Thi(ﬂ, o) — nﬂ(c(ﬁ)f(k%), (5.111)

where f(x) is chosen such that f(z) =z for x < 1 and f(z) =0 for z > 1. This
choice of f(x) removes the anomalous running for large k, whereas we leave the
flow equation unchanged for small k as soon as higher powers of i/k? become
relevant. The leading contribution is then given by these higher terms, which are
well-behaved. We employ f(z) = 2/(e®=1/%1 1) for the following analysis, but
the precise form of f(z) is not important. In fact, also f(z) = x gives almost the
same values for A/u and T /p within the purpose of this error estimate.

The subtraction in Eq. (5.111) could also be elaborated to a systematic renor-
malization of the field with anomalous dimension 1y = O(ji/k?). Since the value
of 1, can be inferred from the flow at ¢ = 0 (or the flow of 8mi /Op in vacuum),
it is fixed a priori by the truncation and regularization scheme.

With the n,-subtraction (5.111), we find that the observables T;/p and A/p
are indeed independent of fi for all c4;. Moreover, the qualitative running of
couplings compared to their vacuum values, gr — gvac = O(fi), is similar to the
well-understood case of ¢y = ¢o.

It is instructive to study the behavior of

Am%ﬁk = m%l)k - m?p,vac = O(M/k2) (5112)

within the subtracted scheme just described. (Or, equivalently, for the physical
point ¢y = c¢o without the subtraction.) Herein, m?/},vac = rh?p *k:Q only shows a
canonical running fixed in vacuum. For large k£ we have Am%/)’,C ~ —u. As k
is lowered towards the many-body scales given by p and 7', the absolute value
of |Amfb’k| = Uefr increases, thereby yielding an effectively enhanced chemical
potential appearing in the denominator of the fermionic propagator. We find the
enhancement fieg/p to be of order 50 %. We show the behavior of Am?p in Fig.
5.14.

Closing the Q-loop over Gy, (Q) = (igo+ ¢ — piefr) ~! yields a larger value ~ Mz,f/fz
when compared to the loop over the microscopic propagator (igo + ¢ — )=t
As a result, the density of the system (which is related to this loop-integral) is
enhanced. This increase of the density due to many-body effects is well-known for
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Figure 5.14: Running of Ami = m?p — mi vac 1D units of the initial chemical
potential p. The constant line (green) at the top corresponds to a
truncation without running of mi, and hence Ami = —pu for all k.

The remaining curves from top to bottom correspond to ¢y = 1 in
the 7n,-subtracted scheme of Eq. (5.111) (blue, solid), ¢y = co (red),
and cg = 1 without the 7,-subtraction (blue, dashed). Clearly, the
anomalous running for large k screens the physical effects in the latter
case. For ¢y = cy we see that renormalization effects on Ami only
show up at the many-body scales k? ~ y, and result in an effective
chemical potential peg/p ~ 1.5. Figure taken from Boettcher et al.
[2014c¢].

the UFG and can be attributed to the Tan effect, see Sec. 5.1. Hence we found
evidence that the running of mi within our truncation correctly incorporates this
effect on the density.

5.3 Spin-imbalance

A particularly interesting question for understanding fermion pairing concerns
the stability of superfluidity in the presence of mismatching Fermi surfaces. Such
an asymmetry between the pairing partners is realized in electronic materials in
an external magnetic field (Clogston [1962], Chandrasekhar [1962], Sarma [1963],
Fulde and Ferrell [1964], Larkin and Ovchinnikov [1964]), or is expected to be
found in neutron stars (Lombardo and Schulze [2001], Dean and Hjorth-Jensen
[2003], Alford et al. [2008], Page et al. [2013], Gezerlis et al. [2014], Kriiger et al.
[2014)).

With ultracold atoms this situation can easily be simulated by introducing a
population imbalance between different hyperfine states. In a microscopic model
this manifests itself in a difference in chemical potentials. Hereafter, p1 and po
denote the chemical potentials of atoms in hyperfine state |1) and |2), respectively.
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5 Three-dimensional BCS-BEC Crossover

We

assume the [1)-atoms to be the majority species, i.e. u; > pe. In the following
we study the spin-imbalanced system with mean field theory and with the FRG.

While the ground state of the spin-balanced UFG (u; = p2 > 0) is widely
believed to be a homogeneous superfluid, the phase structure in the imbalanced
situation is less clear. Given p; > 0 the density of minority atoms vanishes
for pa < —0.6p; (Lobo et al. [2006], Chevy [2006], Bulgac and Forbes [2007],
Prokof’ev and Svistunov [2008], Pilati and Giorgini [2008], Schmidt and Enss
[2011]). This is the so-called polaron energy. As a consequence superfluidity
has to break down at a finite critical value of the spin-imbalance. For a BCS
superfluid this already happens for an exponentially small mismatch of Fermi
surfaces (Clogston [1962], Chandrasekhar [1962]). However, since the UFG has
less pronounced Fermi surfaces, it might still be favourable to compensate the
mismatch due to the gain from pairing energy. We find below that within our
approximation superfluidity at zero temperature persists down to po =~ 0.09u1,
where it vanishes in a first order phase transition.

Allowing for a finite scattering length, our FRG analysis not only allows to study
the phase structure of the spin-imbalanced UFG, but rather the whole BCS-BEC
crossover. We are here particularly interested in the quantum phase structure,
i.e. the zero temperature case. On the so far largely unexplored BEC-side of
the crossover we find a quantum critical point (QCP) where the breakdown of
superfluidity changes from first to second order. The location of the QCP deviates
from the mean field prediction.

Besides the breakdown of superfluidity, the existence of exotic phases has been
conjectured for the spin-imbalanced BCS-BEC crossover. In the mean field ap-
proximation (Sheehy and Radzihovsky [2006], Gubbels et al. [2006], Parish et al.
[2007]), the homogeneous Sarma phase (Sarma [1963]) is unstable at zero temper-
ature on the BCS-side of the crossover. This scenario is found below to persist
upon inclusion of bosonic fluctuations. We find that the Sarma phase only appears
on the BEC-side of the crossover, its onset being shifted from the mean field pre-
diction. The Sarma phase, or special cases of it, is also referred to as interior gap
superfluid, breached pair phase, or magnetized superfluid in the literature (Liu
and Wilczek [2003], Wu and Yip [2003], Bedaque et al. [2003], Liu et al. [2004],
Carlson and Reddy [2005], Gubbels et al. [2006], Sheehy and Radzihovsky [2006],
Parish et al. [2007], Nikoli¢ and Sachdev [2007], Parish et al. [2007], Gubbels
and Stoof [2008], Radzihovsky and Sheehy [2010], Gubbels and Stoof [2013]). It
consists of a homogeneous superfluid with gapless fermionic excitations.

Furthermore, inhomogeneous phases such as the ones studied by Fulde and
Ferrell [1964] and Larkin and Ovchinnikov [1964] represent competing orders to
the homogeneous superfluid. They have to be taken into account for a complete
study of the phase structure. Here we restrict the investigation to the stability
of homogeneous superfluid order. A competing effect from inhomogeneous order
is expected to show precursors in the renormalization group flow. One of those
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is the vanishing of A at some nonzero momentum scale k > 0, see e.g. Krahl
et al. [2009]. At this point, the truncation employed here becomes insufficient.
Since we do not detect signs of such a behaviour anywhere near the superfluid
phase, it seems reasonable to restrict ourselves to a homogeneous order parameter
Ay # Ao(Z). A more detailed discussion of the appearance of inhomogeneous
order in the presence of spin- and mass-imbalance from an FRG perspective is
provided by Braun and Roscher [2014].

The FRG makes it possible to include the effect of bosonic fluctuations onto
the many-body state. Besides a large quantitative improvement, this analysis
is also mandatory for a solid understanding of the qualitative features of the
phase diagram. For instance, the feedback of fluctuations may change the order
of the phase transition compared to the mean field prediction. In addition, a
commonly encountered situation is the suppression of long-range order due to
long wavelength fluctuations. Moreover, the FRG is not plagued by the sign
problem, which hampers lattice simulations of spin-imbalanced fermions.

The grid code for the evolution of the effective potential employed in Secs. 5.3.2
and 5.3.3 has been developed by Dietrich Roscher and Tina Katharina Herbst,
which is highly appreciated here by the author.

5.3.1 Mean field analysis

We first study the mean field theory of the spin-imbalanced BCS-BEC crossover.
This allows for an introduction of most relevant concepts, and also constitutes
the starting point for an analysis including bosonic fluctuations. In an FRG
setup, mean field theory is recovered by keeping only the fermionic particle-particle
diagram on the right hand side of the flow equation.

Our analysis is built on the microscopic Lagrangian

£= 3 0i(0 = V2= o )too — h(9"vrths + huc.) + 6" (9, V;)¢ +urgd.
e (5.113)

The two species of fermions couple to chemical potentials u,, which can be dif-
ferent in general. We write

p = p+0p, po=p—0ou, (5.114)

with spin-imbalance dp = h = (1 — p2)/2 > 0. The quantity h is also referred to
as Zeeman field.

Mean field theory is based on the one-loop formula or saddle-point approxi-
mation to the effective action, see Eq. (3.26). For a detailed derivation of the
effective potential for a BCS superfluid in mean field approximation by means of
a Hubbard—-Stratonovich transformation we refer to Boettcher et al. [2012]. Mean
field theory can be applied to the whole BCS-BEC crossover when allowing for a
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5 Three-dimensional BCS-BEC Crossover

negative chemical potential. In the case of the spin-imbalanced system we obtain

(qg + (By + 5#)2) (qg + (B — 5#)2)] :
(5.115)

where

B+ =/e2+ A2+ p. (5.116)

Here ¢, = q? — v is the dispersion relation of fermionic quasiparticles. The integral

A
=T / 5.117
/Q Z g2 <A? ( )

n

is defined with an upper boundary A. The chemical potential is given by

“1<o0
o= Hmb i (a,1 = )7 (5118)
Hmb — @ ((1 > 0)
with bound state energy e = —2a~26(a). For the numerical implementation it is

convenient to set uyp = 1. In the following we restrict to the zero temperature case
for simplicity, but the generalization to nonzero temperatures is straightforward.

We have mainly two goals: (i) Determine the minimum Ag(u, dp) of the effective
potential, thereby obtain the mean field phase diagram. (ii) Compute the density
of the system by means of n = dP/du, where P(u,dpn) = —U(Ao) is the pressure
of the system. For the first task we have to account for the possibility of first
order phase transitions for du > 0. Their appearance is well-known in the BCS
limit (Clogston [1962], Chandrasekhar [1962]), and this behavior will be found to
extend even into the BEC regime.

We study the breakdown of superfluidity by computing the condensation energy
density defined by

Econ (1, 6p) = U(AZ, 1, 51) — U(0, , 6p0), (5.119)

where Ag = Ag(u, 0p) is the minimum of the effective potential. In the superfluid
phase we have A(Q) > 0 and econ < 0, whereas we have A% =0 and €cop = 0 in
the normal phase. Coming from the superfluid phase we locate the transition at
Econ /' 0. At the critical point the condensation energy vanishes, and the gap A2
either vanishes continuously (second order phase transition) or discontinuously
(first order transition).

The minimum of the effective potential should be found from an unbiased global
analysis of the function U(A?). From mean field studies of the BCS-BEC crossover
(Sheehy and Radzihovsky [2006], Parish et al. [2007]) we already know that Ag in
the superfluid phase can also be found from solving the gap equation U’(A3) = 0.
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Aq)
pointlike interaction
sharp cutoff
true interaction potential:
smooth cutoff
T q
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Figure 5.15: The effective Hamiltonian for ultracold atoms assumes a pointlike
interaction. This is valid on the length scales we encounter in ex-
periments (kp La, A1, losc). However, when calculating the effective
action in perturbation theory, we are confronted with divergences
when integrating over all momenta. These singularities arise because
of momenta ¢ > A%. At these scales, the microscopic details of the
interatomic potential can be resolved and we cannot rely on a point-
like approximation. We cure the problem by observing that the true
coupling A\(q) is derived from a more realistic potential and falls off
smoothly in the UV. This cannot be described in the pointlike ap-
proximation, but is taken into account by introducing a sharp cutoff
at A. Figure taken from Boettcher et al. [2012]

Due to the simplicity of the approach, we concentrate on this method here. From
Eq. (5.115) we find

! 1 1 1 E,+dp E,—du
O:U’A2:——/ ‘ n a
(B0 Apa 2 QEq<Q§+(Eq+5u)2 a5 + (Eq — 0p)°

_ 1 1/A 0(Eq —on) (5.120)
Ayn 2 Jg Eq

The integrand approaches unity for large ¢, and thus the integral diverges ~ A.
This is related to an inappropriate treatment of the short distance details of the
atomic interactions, see Fig. 5.15 and the discussion in Boettcher et al. [2012].
We cure the divergence by a proper vacuum renormalization according to

1 111,
_ oL <o), 5.121
ApA SmTa 2/q»q2’ (a7 <0) ( )

11 1 .
——=— | —— ., (@' >0). 5.122
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Figure 5.16: Left: Mean field quantum phase diagram in grand canonical coordi-
nates, with gy, = p—ep/2. Everything below the curve is superfluid,
whereas the region above the curve is in the normal phase. Right:
The same phase diagram, but with du. scaled to |eg|/2 = a=2. We
see that the critical imbalance is on the order of the bound state
energy, and thus very large.

The renormalized gap equation then reads

11 [/1 O(E,—dop) .
= To |\ —f < '
'= &t /q»(q2 E, ) (a™ <0), (5.123)
_ 1 1 0(F, — o) .
O_QAQLHQ_ E, )(a > 0). (5.124)

The condensation energy is given by
Econ = U(A]) — U(0)

:_Ag_l/QAloqung(Equéu)Q) <q§+(Eq—5M)2>}

b [ e[ (4 e+ 800%) (s e —007)] azm

To evaluate the frequency integrals we employ

W
d 2 2
/W % log(gg + a*) = —7W + g log(W? + a?) + |a| — ?a arctan(%).
(5.126)

For W > |a| only the term |a| will be important for the rest. We then find

A1 A
cem = =3 = 5 | (1Ba+ 61+ | By = 50 = [l + 6] — [Jeal = 3u]).
Ao 2 Jg
(5.127)
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Figure 5.17: Left: Critical gap A. at the phase transition border for T" = 0.
For (\/fmba)~! = 4.193 the transition turns second order. At the
quantum critical point we find dpc/pmp = 21.56, (kpa)~! = 2.367
and duc/ep = 6.871. Right: Mean field quantum phase diagram in
terms of the Fermi momentum. The critical line dpu./ep shown here
gives the lower boundary, and it is separated via a forbidden region
from the normal phase.

For the proper renormalization of Ayx we can either use the gap Eq. (5.120) or

the vacuum renormalization conditions in Egs. (5.121) and (5.122). The corre-

sponding quantum phase diagram in grand canonical coordinates is shown in Fig.

5.16. The critical gap Ac(a) at the superfluid phase transition is shown in Fig.

5.17 (left). We observe that A, = 0 for a~! = 4.193, where the transition becomes

of second order. The corresponding quantum critical point is discussed below.
The density of particles, n = nj + no, is found from

oU A e 0(E, —op)
n(u,op) = ———(Ag) = —/ R S a2 (5.128)
(9,u q Eq
We again need to cure an unphysical divergence, see Boettcher et al. [2012], and
arrive at
1 0(FE, — 0
(i, dpt) = 2/(1 - M) (5.129)
72 Eq

From the density (equation of state) we can compute the quantum phase diagram
in canonical variables, Fig. 5.17 (right). The population imbalance, dn = nj —na,

is given by

(. 0) = ~ 5 (88) = [ 066m -~ Ey). (5.130)

We see that 6n > 0 at zero temperature if and only if o > min, E,. We call this
the Sarma criterion. In Sec. 5.3.3 we discuss the Sarma phase in more detail.
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Figure 5.18: Left: The Sarma phase is found from the intersection point du. =
min, B, = y/u? + A3 on the BEC side (blue and orange curves, re-
spectively). We locate the onset point at (y/ftmpa)™* = 2.27. This
corresponds to (kpa)~! = 1.01 and du./ep = 1.57. Right: Ratio of
the gap over the critical imbalance. We find A/§u. = v/2 = 1.41 on
the BCS side, as is expected from BCS theory.

Note that, due to the possibility of a negative fermion chemical potential on the
BEC side of the crossover, we have

q V2 + A2 (a>0).

Note also that y/u? + A2 =~ |u| ~ |eg|/2 far on the BEC side. The Sarma criterion
is plotted in Fig. 5.18.

The quantum critical point (QCP) on the BEC side, where the first and second
order phase boundaries meet, can be found from the solution of

mmEh:{Ao (a<0) (5.131)

0=U'(A? =0,a,6p) = U"(A% = 0,a,6p). (5.132)
Herein a prime denotes a derivative with respect to A2%. In order to solve these

equations it is useful to introduce a small nonzero temperature T° > 0 and to solve
the equations

OzUﬂD:—XL—1é;bP—A%@@+&Q—A%&%—5ML (5.133)

1
0=U"(0) :/
7 2E¢

+ (N%(Eq +0p) + Np(Eq — 5,“))

Ei (1~ No(Ey + 6u) — Ni(E, — o)

: (5.134)

with Np(2) = (e¥T +1)7" and E, = \/(¢? — )2 + A% — |¢*> — p|. The second
contribution to U”(0) is particularly important. For the numerics we found it
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5.8 Spin-imbalance

convenient to set py,p = 1 and use T' = 0.005. However, T' < 0.1 seems to be
sufficient. The vanishing of the critical gap can be seen in both Figs. 5.17 (left) and
5.18 (right). The QCP has coordinates (\/fmpa);! = 4.193 , dpic/pimp = 21.56,
(kpa)s! = 2.367 and dpu./ep = 6.871.

5.3.2 Phase structure

We now discuss the phase structure of the system as obtained with the FRG in the
FBp-truncation with Sy = 1 and grid-evolved effective potential. In particular,
we show results computed with the symmetric choice of fermionic regulators,

Ryo(q®) = Ry(q?) = [sgn(q2 — p)k* — (¢* — u)}@(k@ — |- u\), (5.135)

where = (u1 + p2)/2. As we demonstrate in Fig. 5.20, these results agree very
well with the ones obtained using the asymmetric scheme given by

Ryo(@®) = [sen(@® = o)k = (a* = o) |0(K2 = |* = ol ), (5.130)

but are numerically more stable due to the analytical expressions for the beta
functions. We do not consider the possibility for inhomogeneous superfluid states
in our analysis, see Braun and Roscher [2014] for a discussion with the FRG.

Phase diagram

The phase diagram of the spin-imbalanced UFG beyond mean field theory is shown
in Fig. 5.19. The overall phase structure is qualitatively similar to the mean field
result, see Fig. 5.25 for a direct comparison. However, the critical temperature
is reduced drastically when fluctuations are included. In the balanced limit we
find a second order phase transition with 7./ = 0.40. This is in good agreement
with recent measurements (Ku et al. [2012]) and consistent with the calculations
based on a Taylor expansion of the effective potential presented in Secs. 5.2.2 and
6.1.2.

As the spin-imbalance is increased, the transition changes from second to first
order in a tricritical point located at (oucp/w, Tep/n) = (0.76,0.20) . Below this
point we find a first order transition line, which appears to extend down to T =
0 (red, solid line). From an extrapolation of the transition line computed for
T > 0.01, we deduce a first order phase transition for du./p = 0.83 at vanishing
temperature. This is in reasonable agreement with the recent experimental finding
of a first order transition at du./p = 0.89 (Navon et al. [2013]).

The critical imbalance at zero temperature lies above the mean field value
(uMFA /1, = 0.807). This is an interesting observation since usually bosonic fluc-
tuations tend to destroy ordering. In this case, however, the latter influence the
running of the Feshbach coupling h? via UéB), which is then fed back into U®).
In this way, for large enough du and low enough 7', the nontrivial minimum of
Uy is stabilized rather than washed out. This illustrates how the competition

153



5 Three-dimensional BCS-BEC Crossover

0.5 e
=2 03} TN
= S
0.2 ~= = 2nd )
—-—-- Sarma
1st
01| ... precond.
° CP
0
0 0.2 0.4 0.6 0.8 1

du/p

Figure 5.19: Phase diagram of the spin-imbalanced UFG beyond mean field the-
ory. The phase boundaries are obtained from the FRG evolution
of the effective potential including the feedback of bosonic fluctua-
tions. The critical temperature of the balanced system is found to
be T./pu = 0.40. For small du/p we find a second order phase tran-
sition with a reduced critical temperature. For low temperatures,
spin-imbalance results in a breakdown of superfluidity by means of
a first order phase transition. We extract du./p = 0.83 for the criti-
cal imbalance at zero temperature. The second order line terminates
in a tricritical point (CP). We indicate the Sarma crossover by the
green, dash-dotted line. The region between the precondensation
line (black, dotted) and the phase boundary gives an estimate for
the pseudogap region as is explained in the main text.

of fermionic and bosonic contributions results in nontrivial effects on the phase
structure of the system.

Note that it is numerically impossible to calculate observables at exactly k = 0.
However, the flow usually freezes out at a finite scale below the relevant many-
body scales present in the theory. In order to reliably extract the phase structure
we may hence stop the integration of the flow equation at any sufficiently small k
such that Agr ~ Ag =0 is frozen out. Especially in the first order region at low
temperatures 7'/p < 0.15, the complexity of the flow equation makes it harder
to reach the deep infrared. Due to accumulating numerical errors, the flow needs
to be stopped at relatively high k < 1. This entails that a sufficient convergence
of Ag . inside the superfluid phase might not be achieved yet. However, we will
argue in Sec. 5.3.2 below that the position of the first order phase transition is not
affected by this and can still be determined accurately. A conservative estimate
of the domain where the IR scale is modified is indicated by the gray band in
Fig. 5.19.

We find the result for the phase boundary to differ by less than 5% for the
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Figure 5.20: Regularization scheme dependence of the phase boundary. We dis-
play the phase diagram obtained by applying the fermion regulator
Ry, from Egs. (5.135) (“Reg. 1”) and (5.136) (“Reg. 2”). Figure
taken from Boettcher et al. [2014a].

two choices of fermion regulators in Egs. (5.135) and (5.136), respectively. We
compare both phase diagrams in Fig. 5.20. A more detailed discussion is provided
in Boettcher et al. [2014a]. The insensitivity of the critical line to the regulariza-
tion scheme indicates the stability of our predictions within the given truncation
scheme for the effective average action. We also note here that the second order
line for the transition is quantitatively only insufficiently resolved by a Taylor
expansion of the effective potential Uy (p) to order ¢*. The discrepancy increases
for larger spin-imbalance, see Fig. 5.21.

Scale evolution and precondensation

In Fig. 5.22 we show the scale evolution of the minimum of the effective average
potential as a function of the RG-scale k for fixed T/ = 0.17 and two different
spin-imbalances, dusp = 0.78u and dung = 0.79p. For large k the running of
couplings is attracted to an ultraviolet fixed point. This scaling regime is left when
k becomes of the order of the many-body scales. For low enough temperatures
local symmetry breaking occurs at k% ~ yu, associated to a nonzero minimum of
the effective potential, Ay > 0. Competing bosonic and fermionic fluctuations
then determine whether the non-vanishing gap remains (red, solid line) or vanishes
(green, dotted line) in the infrared (IR) for k£ — 0.

The two values of i shown in Fig. 5.22 are chosen such that they lie on opposite
sides of the first order phase boundary. In both cases a non-vanishing gap, Agj >
0, is generated during the flow at tg,. Only for du = dugr it persists for t — —oo,
leading to superfluidity (SF) and symmetry breaking in the IR. For du = dung
instead, Ag jumps back to zero at the finite scale ts, = —7.69 below which the
symmetry remains restored such that one finds a normal fluid (NF). In both cases,
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Figure 5.21: By Taylor expanding the effective average action Ui (p) to order ¢*
(red dotted line) in the flow equation, the location of the second order
line deviates quantitatively from the grid solution (blue dashed line)
as we increase 6u/p. Figure taken from Boettcher et al. [2014a].

the effective potential at intermediate k exhibits two minima (inset C), but for
dpnr the non-trivial one is raised above Uy (p = 0) and disappears (inset D) during
the flow.

The appearance of a nonzero Agj in a limited range ts, < t < tg, is called
precondensation, see e.g. Boettcher et al. [2012]. It can be interpreted as the for-
mation of pairs and local phase coherence, although long-range order is destroyed
due to fluctuations. The associated coherence length can be estimated by kg'.
In Fig. 5.19 the precondensation region is enclosed by the black, dotted line and
the phase boundary. The phenomenon of precondensation is closely related to
pseudogap physics. This close relation between both effects can be understood by
the observation that we can estimate the momentum dependence of the fermion
spectrum by setting k& ~ ¢ in the fermion propagator. We then obtain the fermion
dispersion relation E, ~ [(¢? — p)? + A%’q]l/z. For Az > 0 this spectrum dis-
plays a gap at the Fermi surface (¢? ~ p), although the system is not superfluid
due to pg r—o = 0.

For vanishing or small spin-imbalance, A approaches zero continuously in
the precondensation region, see e.g. Fig. 28 in Boettcher et al. [2012]. For
configurations with large dp/p and low T'/p as in Fig. 5.22, a jump of Ay can be
observed instead. This behaviour is only possible in the vicinity of a first order
phase transition. It is generated by a second, non-trivial local minimum of the
effective potential which is raised above Ui(p = 0) during the flow (cf. insets C
and D). An interesting consequence is that this type of precondensation is not
necessarily induced by order parameter fluctuations alone. Even in mean field
theory, where the latter are absent, we find a pseudogap regime for large du/pu,
see Fig. 1 in Boettcher et al. [2014a].
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Figure 5.22: Scale evolution of the minimum A j, of the effective average potential
close to a first order phase transition at du.. The insets show the
shape of the effective potential Uy (A) at several points along the scale
evolution. The solid (red) lines correspond to a point in the broken
phase (dusp = 0.78u), where the global minimum of the effective
potential is non-zero in the infrared. The dotted (blue) line represents
a point with dunr = 0.79u, where the global minimum in the infrared
is located at Agi=o = 0. For all plots, T'/p = 0.17. Figure taken
from Boettcher et al. [2014a].

Furthermore, the peculiar k-dependence of the gap at the first order transition
region can be exploited numerically. A smooth decrease to zero of Agy, as occur-
ring close to a second order phase transition, may take arbitrarily long in RG-time.
Therefore, an IR scale of about ¢ &~ —11 should be considered as an upper limit
for the reliable extraction of results for finite Ag z—g. However, for T'/p < 0.15
(shaded area in Fig. 5.19), ¢t ~ —9 is often the utmost that can be reached, due
to the increasing stiffness of the flow equations. Thus, the estimate for the value
of Agr=o > 0 in the superfluid phase is less reliable for such low temperatures.
In contrast, the position of the first order phase transition is determined by the
occurrence of a sudden breakdown of the condensate. Indeed, we find that this
jump to Aoy = 0 always occurs at some ¢t > —8 for T'/pr < 0.15. Since these
scales are not affected by the IR problems mentioned above, we conclude that our
results for the position of the phase transition can be trusted even in the shaded
area.

As a final remark, we mention that the scale evolution of Ug(p) as shown in
Fig. 5.22 allows to check the quality and consistency of the truncation. For exam-
ple, it can be seen in inset D that the FRG-evolved effective potential is convex for
k — 0 within our truncation, cf. Litim et al. [2006]. This exact property is repro-
duced by FRG flows (Berges et al. [2002], Ringwald and Wetterich [1990]). It can,
however, be spoiled by an insufficient truncation. The mean field approximation,
for instance, is included in the FRG equation as a truncation that neglects all
bosonic contributions, cf. our discussion above. However, the mean field effective

157



5 Three-dimensional BCS-BEC Crossover
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Figure 5.23: The two lowest branches of the dispersion relation, Eq. (5.137), rele-
vant for the Sarma transition. Increasing the imbalance du, the low-
est branch extends below zero, yielding gapless excitations around
the Fermi surfaces at pmin and pmax. Note that for min, e, > 0 the
minimal momentum ppi, can become negative, and the Sarma phase
appears with only one Fermi surface in this case. Figure taken from
Boettcher et al. [2014b].

potential is non-convex in the IR.

5.3.3 Sarma phase

The Sarma phase is a homogeneous superfluid phase with gapless fermionic quasi-
particle excitations. To understand its origin we consider a gas of two-component
fermions with chemical potential imbalance op = (1 —p2)/2 > 0. After including
renormalization effects on the propagator of fermionic quasiparticles, we can infer
their dispersion relation from the quadratic part of the spin-imbalanced effective
Lagrangian. It typically splits into two lowest branches given by

E) = /e2+ A2 £y, (5.137)

where ¢, is the microscopic dispersion relation of particles, and A is the pair-
ing gap. For ultracold atoms we have ¢, = p? — p, but €p might also describe
relativistic particles.

The Sarma phase is characterised by a non-vanishing gap A and the param-
eters in Eq. (5.137) are tuned such that the lower branch becomes negative in
a momentum interval ppmin < p < Pmax, see Fig. 5.23. Accordingly, this inter-
val becomes occupied even at zero temperature, and we find gapless excitations
around the built-up Fermi surfaces at pmin and pmax. For the remaining momenta,
fermionic excitations are gapped. For nonzero temperature the Fermi surfaces are
smeared out and a sharp distinction between the unpolarized superfluid and the
Sarma phase is not possible. Hence, we speak of a Sarma crossover in this case.
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The criterion for a zero crossing of the lower branch in Eq. (5.137), and thus
for the onset of the Sarma phase, is equivalent to

Sp > mpin\/eg—i—AQ. (5.138)

We emphasize again that this equation is understood in terms of renormalized
single-particle quantities. Assuming for simplicity that min,e, = 0, we then
arrive at the condition du > A. Then there are three possible scenarios for a spin-
imbalanced system with A > 0, which decide over the fate of the Sarma phase. By
increasing du we make pairing less favourable and superfluidity generically breaks
down at a critical imbalance du.. If this happens continuously, i.e. by means
of a second order phase transition, the Sarma criterion is necessarily fulfilled
somewhere, since A — 0 (scenario I). This is depicted in Fig. 5.24. At a first
order phase transition, on the other hand, the gap jumps from a critical value
A; > 0 to zero. For du. > A. a Sarma phase exists (scenario II), whereas the
required condition cannot be fulfilled for du. < A. (scenario III). We see that the
existence of a Sarma phase at a second order transition line is a universal feature,
whereas it becomes non-universal in the vicinity of a first order transition line.

We recall that the binding energy eg < 0 is nonzero on the BEC side and
the fermion chemical potential eventually becomes negative for large positive
scattering length. In contrast, we set eg = 0 on the BCS side. The quantity
Umb = p — €p/2 > 0 is manifestly positive for non-vanishing density, and we
choose units such that g, = 1 when discussing the whole crossover. A negative
chemical potential shifts the minimum in the Sarma criterion (5.138). Taking this
possibility into account, the criterion generalizes to

L Ao, (1 =0)
Sp > min y/e2 + AZ = , 5.139
K » P 0 { /12 + A2, (1< 0) ( )

see also the mean field theory discussion above.

In experiments with ultracold atoms the Sarma phase can be inferred from
a non-monotonous or non-continuous momentum distribution after time-of-flight
expansion (Gubbels and Stoof [2013]). At nonzero temperature, the sharp features
in the momentum distribution are smeared out. The Sarma phase also shows up
in shell-structured in-situ density images, where the polarized superfluid manifests
itself in a population imbalance between the spin species (Gubbels et al. [2006]):
If the transition to the normal gas is of first order, an intermediate population im-
balanced region in the cloud, which smoothly connects to the balanced superfluid,
indicates the Sarma phase. If the transition is of second order, the superfluidity
of the population imbalanced region can be probed by the excitation of vortices.
The presence of Fermi surfaces is also expected to induce metallic features in the
superfluid, which are observable in its transport properties. This makes the sys-
tem an unconventional superfluid. The transport properties of neutron stars are
known to strongly influence the life time of the star. A possible Sarma phase is
thus of relevance for interpreting the stellar evolution.
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Figure 5.24: The three possible scenarios for the Sarma condition A = du; see
discussion below (5.138) for details. In the case of a second-order
superfluid phase transition the criterion is always fulfilled for some
dp (Scenario I), whereas the size of the critical gap at a first-order
transition decides whether it is fulfilled (Scenario II) or not (Scenario
III). Figure taken from Boettcher et al. [2014b].

To highlight the impact of bosonic fluctuations, we compare results in the mean
field approximation to those obtained with the FRG. In many cases mean field
theory predicts a first order breakdown of superfluidity due to spin-imbalance at
T = 0. Including fluctuations, this first order transition can turn into a con-
tinuous one. This interesting effect has indeed been found in FRG studies of
two-dimensional Hertz-Millis type actions (Jakubczyk et al. [2009]), and a non-
relativistic spin-imbalanced Fermi gas on the BCS-side of the crossover in two
spatial dimensions (Strack and Jakubczyk [2014]). In the present analysis we do
not find such a smoothing of the transition. It can, however, be seen in a rel-
ativistic system of quarks and mesons with isospin density, see Boettcher et al.
[2014D).

For the investigation of the Sarma phase, we set Ay = Z; and V; = 0 in the
boson propagator. Moreover, we neglect the renormalization of the fermion prop-
agator. At first sight this might invalidate the analysis as the Sarma criterion
is formulated in terms of renormalized fermion quantities of the fermion excita-
tion spectrum. However, here we argue why we believe that a truncation with
Py x(Q) = igo + ¢* — p for all k is sufficient.

From studies of the polaron (Lobo et al. [2006], Gubbels and Stoof [2008])
and the balanced UFG (Boettcher et al. [2014c]) it is known that fluctuations
effects tend to increase the individual chemical potential, y,, by a contribution
approximately proportional to the chemical potential of the other species, us. In
both cases, fluctuations induce renormalization effects on the order of 60%,

Hoeff =~ o + 0.6 ts. (5.140)
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5.8 Spin-imbalance

Assuming this relation to be generally valid, we can estimate the effective imbal-
ance to be given by

6,UJeff = (Ml,eff - ,u2,eff)/2 ~ (04 5;“/7 (5141)

i.e. the effective imbalance is smaller than the unrenormalized one. The Sarma
criterion A, < dper, which has to be true for the renormalized parameters,; is
even less likely fulfilled. In particular, for most cases discussed below we find that
the Sarma criterion is violated already for the unrenormalized chemical potential
imbalance. According to our argument here, this implies that it is also violated
for the renormalized one.

Unitary Fermi Gas

We start our discussion with the imbalanced UFG, where the superfluid is strongly
correlated.

The mean field phase structure is recovered by neglecting bosonic fluctuations
in the FRG flow equation. This is demonstrated in Fig. 5.25 (upper lines labelled
“MFA”). The Sarma phase appears in the vicinity of the second order transition
line. Note that the dotted green line, corresponding to the condition A = du, only
serves as an orientation, since the transition is a crossover at nonzero temperature.
The onset of the Sarma phase terminates close to the critical point, where it hits
the first order transition. The jump in the gap prevents the Sarma condition from
being fulfilled for lower temperatures. This corresponds to Scenario III discussed
above. We conclude that, at the mean field level, there is no stable Sarma phase
at T'= 0.

Next we include the feedback of bosonic fluctuations. The resulting phase
diagram is also shown in Fig. 5.25 (lower lines labelled “FRG”). At vanishing
imbalance we again find a second order phase transition. The inclusion of bosonic
fluctuations makes the transition sharper, resulting in a shrinking Sarma phase.
Furthermore, this phase appears at relatively high temperatures only. In this
regime the presence of gapless fermionic excitations is smeared out and may be
difficult to detect in experiment.

Due to its complexity, it is hard to evolve the FRG flow for very small k in the
low temperature region. A conservative estimate for the latter is indicated by the
grey band in Fig. 5.25. The determination of the phase boundary, however, is
still reliable in this region. A more detailed discussion of this point is provided in
Sec. 5.3.2 above. The end of the Sarma phase, however, lies well above this band.
Hence we can draw our conclusions independent of this limitation.

BCS-BEC crossover

We extend our study to finite scattering lengths in order to identify a region that
might support a stable Sarma phase at T'= 0. We note that the phase structure
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Figure 5.25: Phase structure of the spin-imbalanced UFG. The upper lines corre-
spond to the mean field approximation (MFA), the lower ones to the
FRG result. We observe a substantial decrease in the critical temper-
ature due to bosonic fluctuations. The tricritical point is indicated by
a black dot. The Sarma condition A = Ju is fulfilled along the dotted
green line close to the second order phase boundary. Interestingly, in
both cases we do not find a Sarma phase at zero temperature. Figure
taken from Boettcher et al. [2014b].

of the imbalanced BCS-BEC crossover beyond mean field had been unexplored to
a large extent so far.

In the following we focus on the phase structure of the imbalanced BCS-BEC
crossover at zero temperature, i.e. the quantum phase diagram. The mean field
result has been calculated by Sheehy and Radzihovsky [2006], Parish et al. [2007].
The superfluid-to-normal transition is of first order on the BCS side (a=! < 0).
This behavior persists on the BEC side (a~! > 0) up to a quantum critical point
(QCP) where the transition turns to second order. Within the mean field approx-
imation, the QCP is located at

(VHmb@) 3 = 419, Sumr = 2164, = 0.61]ep]. (5.142)

The quantum phase diagram including the feedback of bosonic fluctuations
from the FRG is shown in Fig. 5.26. Its structure is quantitatively very similar to
the mean field result. Hence we only show the FRG result and superimpose the
locations of the QCP and the onset of the Sarma transition from the MFA. On the
BCS side and in the vicinity of the resonance the transition is of first order. On
the BEC side there is a quantum critical point where a second order line emerges.
Its coordinates read

(Vimb@)ppa = 7-1, dprrG = 56.2ftmb = 0.56/cp| (5.143)

within our approximation. We see that fluctuations rather induce a first order
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Figure 5.26: Quantum phase diagram of the spin-imbalanced BCS-BEC crossover
from the FRG. Units are such that p,p, = 1. The first order superfluid
phase transition appearing on the BCS side persists on the BEC side
up to the quantum critical point (QCP). The QCP is marked by a
filled (open) square for the result from the FRG (mean field) analysis.
The onset of the Sarma phase along the first order line according to
Scenario II is indicated by the filled (open) circle for the FRG (mean
field) result. The boundary of the Sarma phase on the BEC side is
given by the dotted green line. Figure taken from Boettcher et al.
[2014D).

phase transition than a second order one. This is in contrast to the relativistic
system mentioned above.

The onset of the Sarma phase on the BEC side is located to the left of the QCP,
and thus happens according to Scenario II in the terminology introduced above.
The boundary of the Sarma phase according to (5.139) is indicated by the dotted
green line in Fig. 5.26. It terminates in the first order line at (\/Himba)yp =
2.27 in MFA, which is shifted towards (/fmpa)~! = 2.6 when including bosonic
fluctuations. To the right of the QCP, we always find a stable Sarma phase
below the second order line according to Scenario I. Since the Sarma phase only
appears on the BEC side, the corresponding magnetized superfluid constitutes a

homogeneous state consisting of a BEC of diatomic molecules and majority atoms.

Hence we find that there is no parameter set that supports a bosonic-fluctuation
induced Sarma phase at T' = 0 in the 3D BCS-BEC crossover. The onset of the
Sarma phase occurs closer to resonance in MFA compared to the FRG-analysis.
Moreover, distinct from the relativistic case discussed in Boettcher et al. [2014b],
a Sarma phase arises only on the BEC-side of the crossover, whereas the corre-
sponding relativistic system rather corresponds to a BCS-like system.

An interesting question concerns the critical exponents at the QCP on the BEC
side. The FRG is capable of computing critical exponents to a high accuracy
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5 Three-dimensional BCS-BEC Crossover

beyond mean field theory, see e.g. Litim [2002]. A more detailed analysis of the
quantum critical properties of the QCP will be presented elsewhere.

5.3.4 Experimental signatures

Our findings on the phase structure of the spin-imbalanced UFG have immediate
consequences on the qualitative behavior of in-situ density profiles, n(7), obtained
for this system in experiment. Here, we briefly recapitulate the phenomenology
of second- and first order phase transitions in an external potential, and also
discuss the impact of the precondensation region on the interpretation of experi-
mental results. The generalization of the following arguments for nonzero a~! are

straightforward. We define the density and population imbalance by

opP

n(w, T,6p) =ny +ng = (—a’u >5MT’ (5.144)
opP

n(u, T,0n) =ny —ng = (736M>MT’ (5.145)

respectively. Herein P is the pressure, and n, is the density of atoms in hyperfine
state |o) .

For an ultracold quantum gas confined to an external trapping potential V (7),
the thermodynamic equilibrium state depends on the particular shape of the trap.
In many cases, however, we can apply the local density approximation (LDA),
which assigns a local chemical potential u(7) = pg — V(7) to each point in the
trap. Here pg is the central chemical potential. In this way, thermodynamic
observables computed for the homogeneous system are translated into those of
the trapped system, see the discussion in Sec. 2.1. Note that T and du are
constant throughout the trap within LDA. The LDA can be applied if the length
scale associated to the trap, £g, is much larger than all other scales of the many-
body system. For instance, in a harmonic trap, V(¥) = Mw3r?/2, the former
scale is given by the oscillator length ¢y = \/h/Mwy.

If the central chemical potential is sufficiently larger than 7', the inner region of
the trapped system is in the superfluid phase. Above a certain critical radius, r¢,
superfluidity vanishes and is replaced by a quantum gas in the normal phase, which
eventually becomes classical and decays exponentially in the outer wings of the
cloud. The critical radius is related to the critical chemical potential, u.(7,du),
according to pe = po — V(7). At a first order phase transition the density at
te exhibits a jump. Accordingly, the superfluid core and the normal region are
separated by of a jump in density at r.. We visualize this in Fig. 5.27. In contrast,
the transition is continuous for a second order phase transition. In this way, the
order of the phase transition, and e.g. our prediction for the temperature of the
tricritical point of the UFG, Tcp/uo = 0.20, can be verified from in-situ images
at different temperatures.

In experiments with cold atoms, the imbalance between spin-partners is intro-
duced by differing atom numbers N; > N, for atoms in state |1) and |2), respec-
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Figure 5.27: Schematic in-situ density profile n,(r) for a population-imbalanced
ensemble of the UFG with N7 > Ns at low temperature. The blue
and red points correspond to atoms in hyperfine state |1) and |2),
respectively. For T' < Tcp the superfluid transition is of first order,
such that the superfluid inner region is separated from the polarized
normal gas by a jump in density at the critical radius r.. Figure
taken from Boettcher et al. [2014a).

tively. The influence of a non-zero polarization p = (N1—Na)/(N1+N2) is very dis-
tinct for trapped systems in comparison to homogeneous ones (Braun et al. [2014]).
In a homogeneous system, we have N, = n,V with volume V, and the critical
spin-imbalance, du., translates to a critical polarization p. = dN./IN = dn./n,
with n and dn from Egs. (5.144) and (5.145) in the normal phase. At zero temper-
ature, the superfluid phase is found for p = 0, whereas the system is in a normal
polarized phase for p > p.. When preparing N7 and Ny such that 0 < p < pe,
the equilibrium state of the system will not be homogeneous, but rather a mixed
phase consisting of a superfluid with bubbles of normal phase majority atoms.
For a trapped system instead, the particle numbers N, are obtained from an in-
tegral over the whole cloud, N, = anU(F). As a consequence, phase separation
takes place in real space by means of a superfluid inner region and a normal outer
region. Both are separated by the mentioned jump in the density.

With a state-resolved detection of individual densities, ni(7) and no(7), it is
possible to measure the local in-situ polarization p(7) of the trapped gas. Accord-
ing to our finding that there is no Sarma phase at zero temperature, a nonzero
polarization inside the superfluid core of the cloud can only be detected at 1" > 0.
As we find the Sarma phase only to appear at very high temperatures and close to
the phase boundary, a substantial local polarization p(7) of the superfluid should
only be detectable for r < re.

The length scale £y divides the trapped system into cells of spatial extend £3
where the local chemical potential does not vary substantially. Thus within each
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cell the system is approximately homogeneous and only fluctuations with wave-
lengths < fy are present. In this way, {o approximately corresponds to the final
kr where we stop integrating the flow of Uy(p) according to ki ' = ¢y. The ho-
mogeneous system corresponds to {g = 0o, i.e. k¢ = 0. By stopping at a nonzero
ke > 0, which is still sufficiently smaller than the many-body scales, we can simu-
late the effect of a large trapping potential and the corresponding infrared cutoff
which suppresses long wavelength fluctuations. However, despite being intuitively
reasonable, the association ky = £ 1 does not always provide the correct picture
(Braun et al. [2005], Braun et al. [2011], Braun et al. [2012]).

In our analysis of the UFG we find a substantial precondensation region in
the phase diagram, Fig. 5.19, where a minimum pg; > 0 appears during the
flow, but is eventually washed out such that pgr—o = 0. The restoration of
symmetry is due to long wavelength fluctuations on length scales k' — oo.
However, if long wavelength fluctuations are cut off by a trap with scale £y, a
superfluid order parameter py =~ pgr—k, can be observed experimentally even in
the precondensation phase.

As discussed in Sec. 5.3.2, the first order transition is barely influenced by
the final scale k¢ as long as the latter is below the many-body scales. Therefore,
the first order transition and its location can also be deduced in a finite trapping
geometry. On the other hand, for smaller spin-imbalance, where the transition
is of second order, this effect can be substantial. As a consequence, the second
order phase boundary of the homogeneous system is likely to be overestimated by
applying LDA to a trapped gas. It would be very interesting to study this effect
by means of varying the trapping frequency.
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6 Two-dimensional BCS-BEC Crossover

6.1 Fermion pairing in three and two dimensions

We systematically approach the balanced 2D BCS-BEC crossover with the FRG
by applying the beta functions whose range of applicability is well-understood for
the 3D system to the lower-dimensional setting. In this way we obtain a qualitative
picture of the phase structure of the system and find many similarities between
the 3D and 2D setup. However, it turns out to be characteristic that variations
of the truncation scheme which have almost no effect on the quantitative features
of the 3D system, substantially influence the 2D results.

6.1.1 Scattering properties

The scattering or vacuum physics in 2D is different to the 3D analogue in the
sense that a sufficiently strong attraction between two particles (which is present
in our model) always results in a bound state with binding energy eg. This allows
to define a 2D scattering length a according to
h? 2

EB = —W = _ﬁ’ (6.1)
where M = 1/2 is the atomic mass, which we assume to be equal for both scat-
tering partners. This is in contrast to the 3D case where a bound state in the
spectrum only appears for a > 0. The 2D vacuum physics thus seem to be close to
the BEC-side in 3D. However, the binding energy on the BCS-side of the 2D sys-
tem is exponentially small such that the overall phenomenology of the crossover
is similar to the 3D case. Nevertheless, the presence of a bound state for all
a allows to drive the 2D crossover parameter log(kra) by either changing a or
kp = (27n)/2. In the latter case we say that the crossover is density-driven.

In the following we first discuss the scattering physics in 3D and 2D from
elementary quantum mechanics, and then discuss the modification which are nec-
essary to initialize the RG-flow in 2D. For a comparison of scattering in 3D, 2D,
and 1D we refer to the presentation of Morgan et al. [2002]. We model interac-
tions between atoms by a pointlike d-potential. This requires renormalization of
the coupling constant, see the discussion below Fig. 5.15, but also supports a
bound state for all values of the coupling constant in 2D. Since ultracold atoms
are faithfully described by such a §-potential, see Sec. 2.1, we conclude that the
sufficiently strong attraction required for the two-body bound state is guaranteed
for ultracold atoms.
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Bound state and scattering length

We start with computing the bound state energy of two particles interacting via
a d-potential. For the bound state wave function in the center-of-mass frame with
relative coordinate 7 between the atoms we have

A& ,
(=37 + M3 () () = epv(). (6.2)
Herein ep < 0 is the binding energy, which is to be determined. We apply fF e
to both sides to obtain
2
qa 7 iG> = 7
TA@ + 2 [ TN = end(@, (63)
Y(r=0)
where (q) is the Fourier transform of (7). Hence
~ )\A
UD =~ e VE=0) (64)
Integrating both sides over ¢ yields
wlr=0)= [ @) =—v=0) [ (65)
i ¢ /M —ep’ '

The integral requires UV regularization and we choose a sharp momentum cutoff
here. We arrive at

1 A 1 —121 A1
N :/ M:”z/ _ (6.6)
A Jg /M — ey 2)¢g #—%

We conclude that a solution of Eq. (6.2) with eg < 0 necessarily requires
An < 0. To further constrain the microscopic couplings which allow for a bound
state we first consider d = 2, where Eq. (6.6) becomes

1 1 A? 1 les|/2
- <1 ):—71 < ) 6.7

YO I SR Y st B\ A2 (67)
where we applied log(1 + ¢ 1) ~ —log(e) + € for small € in the second equality
and assumed the UV cutoff A to be large enough such that we can neglect higher
order terms. Apparently, no further constraint on A\ is set by this equation and
we always find a bound state with energy

ep = —2A25™/ M (6.8)

We observe that a small binding energy requires |Az| to be rather small, which is
ensured on the BCS-side of the crossover. Introducing the 2D scattering length a
via eg = —2/a? we find

a=NA"Tte 5/ (6.9)
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for a sharp momentum cutoff A. Note that a in 2D is large on the BCS-side, see
also Table. 6.2.
In 3D Eq. (6.6) reads

1 1 BY A 1 leB|
B 4772[1\ V 2 arCtan(quy/Q)l/z)]_47r2(A 2 2> (6.10)

for e < 0, where we employed arctan(e™') ~ sgn(e)Z — € for small € and again
assumed A to be large. Eq. (6.10) is solved by eg = —2/a? with positive scattering
length a defined according to

1 1
— = — 7/\ 11
Sta AA + 472 > 0. (6.11)

Contrary to the 2D case, we only find a bound state in 3D for
A < —4mATL (6.12)

For a different regularization scheme, the prefactor on the right hand side of this
equation will change, but the qualitative statement remains valid.

To connect the previous consideration to the FRG approach within the two-
channel model we rederive the results from a different perspective. It is an exact
property that the fermion propagator is not renormalized for 4 < 0 and T = 0.
The corresponding effective potential reads

2 A
U(A% p) = —— — /Q log(q8 +(® =)+ AQ), (6.13)

and for the density per species in the presence of a boson background field A% =
h?p we find

no(AQ’u):/(T;(l_ (qij ;)§+A2). (6.14)

To define the physical vacuum we require both the boson field expectation value,
Ay, and the density, n, = n,(Ag, i), to vanish. Given Ay = 0 the latter condition
is indeed fulfilled for 7' = 0 and p < 0. For the vacuum to be stable towards
condensation of bosons we need to have m? 5 :=(0U/0p)(0,n) > 0. We have

peMe 1 /A L ! 1/A ! (6.15)
SR M Jo @+ (2 )2 Aon 2Jg A+ ul '

We used |¢? — u| = ¢ + || for u < 0.
We first look for solutions of Eq. (6.15) with g = 0. They correspond to the
atomic side of the resonance. For y = 0 we have

1 1 A
0< h—¢ = hn 2vd/ dgq?=3. (6.16)
0
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A finite result for the boson mass is only found for d > 2. For lower dimensions
the integration range cannot extend to ¢ = 0. The physical cure of this infrared
divergence is, in fact, simply the appearance of the bound state. From Eq. (6.16)
we find

m3 1 1 1
?
0< - _ — A=:— 6.17
— h? Apn  4m? 8ma (6.17)
for d = 3 and a < 0. Note that this definition of the 3D scattering length coincides
with the one given for @ > 0 in Eq. (6.11). We also note here that

p=0, mj=0 (6.18)

in vacuum corresponds to the resonance point with ¢! = 0. At this point, both
bosons and fermions (the latter with mass term m? = —u) become gapless.

To proceed we now consider solutions of Eq. (6.15) for a stable vacuum with
u < 0. As mentioned in the previous paragraph, this corresponds to a nonzero
mass term —p in the excitation spectrum for fermions, and thus bosons are the ele-
mentary excitations with vanishing mass term. Therefore, this situation describes

the bosonic side of the resonance. We have
2

| My 1 1/A 1
oLt e+ L[ _ 1 6.19
h? Ao 2z @+ 1wl (6:19)

However, this coincides with Eq. (6.6), where we associate

o= %B <0, fora>0, (6.20)

in vacuum. Eq. (6.20) is valid in both 3D and 2D.

Dimer propagator in vacuum

For later reference we compute here also the inverse dimer propagator, Py, in
vacuum. Its kinetic coefficients, which are regularization-scheme independent,
can be used as a benchmark for truncation schemes in the FRG analysis. For
i < 0 and external momentum P = (py, p) we have

TN 1
FolP) = =31 h/ch¢(Q+P)Pw(—Q)

o, /A 1
Ay o li(go + po) + (7+ P)? — pl[—igo + ¢ — p

Ay 7 o+ (T+pP)*+q*—2pu

h? A 1
:Ah2/ N2 N2
oI e (748) 4 (7-8) - 2n

h? S 1
= 2ugh dgq T , (6.21)
vA 0 e R S
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where —h?/Aya = m?b A is the unrenormalized boson mass term. For P = 0 we
recover Egs. (6.16) and (6.19) with Py(0) = mi In 3D the integration yields

h? h? h? Jipg  p?
Py(P) = —— N D o P
»(P) on A TEV 2 T
h? 1 ipg  p?
_h 1 Jio PP 22
871'( a + 2 + s M) (6.22)

where we have dropped higher order terms ~ |po|/A2,p?/A2. On the bosonic side
of the resonance this expression can be expanded further in powers of P due to
the negative chemical potential given by u = —a~2 < 0. Note that mi = 0 in this
case. We write

2 4

Py(P) = Ay (Sipo + 5+ Vop — Vainop? — Vil + . ) (6.23)
and find
h2a a®

Similarly, in 2D we obtain

h2 h2 ipo ﬁ _
Py(P) = ——— — —log (W)

Apn 8w A2
B2 ipoa?  pla?
=——1 1 — 6.25
8 Og( Tt ) (6.25)
and, for the kinetic coefficients,
h2q2 2
Ag= - Sy=1,Vy=Vo=Vy=—. (6.26)
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Note that, of course, we always have Py(0) = mi =0 and p = —a~2 for the 2D
vacuum case.

FRG analysis

The analysis presented above suggests a very simple and clear picture of the
vacuum renormalization with the FRG which is only based on static properties at
vanishing frequency and momentum. We assume that the fermion propagator is
not renormalized in vacuum. We further assume the vacuum setup,i.e. T =A =0
and p < 0, in the following.

If there is a microscopic bound state, i.e. for ¢ > 0 in 3D, and for all ¢ in 2D,
we set

= %B = —a"2, (a>0), (6.27)
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and tune h%/m?5A = Ei/m?w such that
m3 p—o =0, (a>0). (6.28)

In this way the scattering length is defined via eg = —2a~2. For a < 0 in the 3D
case we set ¢ = 0 and tune h% / mg) A such that
2
mg ! !

h? k=0 )\w’k:() 8ma ( )

Note that we often apply truncations where B%:o = B?\.

This scheme can be applied very generally. For the F- (mean field) and FBy-
truncations with g2-opt regulators, however, the equations simplify considerably
such that many scattering properties can be derived analytically. We then have
h = 0, such that ﬁi = Bi for all k. The flow of the renormalized dimensionless
Feshbach coupling is given by

Oh? = (d — 4+ ng)h?. (6.30)
The flow is attracted to a partial UV fixed point with
1 (d=23)
Mo = T« {2 (d=2) (6.31)

Note that the fixed point anomalous dimension reflects the scaling of the vacuum
dimer propagator, Eqs. (6.22) and (6.25), according to Py ~ Apq® ~ ¢*7 M, see
also Sec. 4.1.3. In the early stage of the flow we have i = u/k? ~ 0. We can then
read off the anomalous dimension from Eq. (4.259) to be given by
4vgh?
(0,0,0) = vfl : (6.32)
The initial value for the Feshbach coupling is not important as long as it is large
enough, because it will be attracted to the UV fixed point. For concreteness we
directly start at the fixed point and thus set A3 = h2A*~? with
-5 (4—d)d

hy =-—"—. .
= (6.33)

F 16vgh? 0,2
ny ) = — lo)

For the UV cutoff we may choose A = 1000, which has to be compared to py, =
1 —ep/2 =1 in the many-body problem. Given a scattering length a we further
need to fine-tune the boson mass term mi A- As outlined above we set

p=—a"20(a). (6.34)
For the flow of the boson mass term we have
. 161)de2 kdiQ 2) . 4’Udfb2 kdiQ _ _
g = AP (3,0,0) = =EAE 0+ DR+ DY (6.35)
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Note that for i < 0 the flow of the coupling is stopped at ji = —1, i.e. k =a™"l.
This provides for a physical infrared cutoff. In the 3D atomic limit, i.e. for a <0
and p = 0, we find mé = 4vy4h?k?2 /d, and thus fix the initial mass from

1 :m;k:O:miAJr 0 dk vk (6.36)
Sta 2 2k d '
We then arrive at
h? h?
=2 A A
=2 A-— 2 6.37
oA = G2 8ma (6:37)
For a > 0 we employ
dvgh% [ dk 1 \d/2
_9 _9 dltp d—2
—m2,_ = Ppa-2(q _ ) .
0= 13 g = M3y + —o /A k(1 5 (6.38)
to find
h3 /A2
miA = —AZ VA? + ,u(l - %) - §\/—uaurctaun(ﬂ>
67 2A 2 —
h% 1 3
= - (VA2a2 - 1(1+ —— ) — - arctan( VA2%a? — 1 (6.39)
6m2a 2A2a? 2
in 3D, and

h3 A 1 h3 1 1
_9 Ny Kty s
oA = <1°g<x/—7 ) 272 2) Ar <log(Aa) * oAz 2) (6.40)

in 2D. Note that for A2a2 > 1 we find

=2
1 UL 1
)\w/\ hIQX C3 87TCL’ ( )7 ( )
-2
1 N
——— = —— = ¢ log(Aa), (d=2), 6.42
f = o = erlos(da), (1= (6.42)

with c3 = 1/672 for the ¢?-opt regulator and c3 = 1/472 for the sharp cutoff, see
Egs. (6.11) and (6.17), and co = 1/47 for both regularization schemes, see Eq.
(6.7).

Due to the particular shape of the exact dimer propagator in vacuum, which
only depends on the invariant

AU (6.43)
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Figure 6.1: Vacuum scaling of h?2, S, and Vy within the FB-truncation with
¢?*-opt regulator in 3D (left) and 2D (right). We plot h%/(327/a)
(h?/(167/a?))) in blue, S, in red, and Vj/(a?/8) (V,/(a?/4)) in or-
ange for the 3D (2D) case. Hence, with the appropriate scaling of
the dimer propagator in vacuum according to Eqs. (6.24) and (6.26),
all curves should saturate at unity for a > 0. We find the deviations
to be rather small in the 3D-case, whereas the 2D-vacuum is only
poorly resolved with this setup. Units are such that A = 1000 and
k = Ae 2 = 0.006. To obtain the proper scaling close to resonance
in 3D, we need to further lower k such that k < a~ .

with g < 0, the boson mass term 7m?2 receives no contribution from the bosonic

tadpole diagram, since the closed loop vanishes as all poles in the frequency inte-
gration lie in the same half-plane. Therefore, only F-diagrams should contribute
to the vacuum running of mi However, a contribution mi(B) # 0 can arise due to
either the particular choice of regulator Ry(Q) or the truncation applied for Py(Q)
inside the loop. For instance, the Q-exp regulator leads to a nonzero contribution

mi(B) in vacuum, as well the FB-truncations with Vy-term.

The renormalization scheme described in Eqs. (6.27)-(6.29) can also be applied
to a situation with nonzero mjfB). However, it is less clear whether this still
gives a faithful description of the scattering properties. The reason for this is that
a > 0 typically requires a small vacuum precondensate, i.e. a nonzero pg j, appears
during the flow, but pp = 0 at £k = 0. As a consistency check we investigate
here the kinetic coefficients Ay, Sy, and Vy. For the F- and FBy-truncation
with ¢2-opt regulator, the relations (6.24) and (6.26) in 3D and 2D, respectively,
are exactly fulfilled for ¢ > 0 within the numerical precision. In contrast, we

find deviations for a FB-truncation with ¢?-opt regulator, where the Ve-term in

the boson propagator leads to mjfB) # 0. We display the results in Fig. 6.1.
We observe that the deviations are on the 5%-level in 3D, whereas they become
substantial in 2D. In Table. 6.1 we summarize the scattering properties, and also
display results for the Q-exp regulator with c4 = 1.

In the bosonic limit the system can be modelled by an effective description in
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6.1 Fermion pairing in three and two dimensions

2D 3D
Observable | FBy, ¢*-opt | FB, ¢*>-opt | FBy, ¢*>-opt | FB, ¢*-opt ‘ FB, Q-exp
h%/h2, et 1 1.4 1 1.06 1.17
Se/S¢ exact 1 0.7 1 0.96 0.88
Vi / Vb exact 1 - 1 0.97 -
agq/a - - 0.72 0.54 0.36

Table 6.1: Scattering properties for different truncation and regularization
schemes. The values of hgxact, Spexacts and Vi exact correspond to those
given in Eqgs. (6.24) and (6.26), see also Fig. 6.1. The Q-exp regulator
is evaluated for ¢4 = 1. The exact value for the dimer-dimer scattering
length in 3D is given by aqq = 0.6a (Petrov et al. [2004]). For the
missing entries of V, in the table we do not find constant scaling.

terms of bosons. In 3D an important observable consists in the effective dimer-
dimer scattering length aqq. The exact value for the ratio agq/a is known to be
0.6 (Petrov et al. [2004]). Within our approach the ratio can be deduced from the
boson-boson coupling A4 in vacuum. We use

47h?
P = =4 6.44
oh=0| My aqq = 4maqq (6.44)
to find
add A k=0 (6.45)

a  4ma |vac

In the FBy-truncation with ¢g>-opt regulator we find 0.72 for the ratio. We show
below that the many-body sector on the BEC-side is strongly affected by this
value, since both the Lee-Huang—Yang (LHY) correction to the equation of state
and the interaction-induced shift of the critical temperature can be obtained from
the purely bosonic theories with an appropriate insertion of agqq into the bosonic
formulas.

6.1.2 Phase structure

We now compare the phase structure of the BCS-BEC crossover in both 3D and
2D. For this purpose we apply the FBy-truncation with ¢?-opt regulator and a
Taylor expansion of the effective potential to order ¢*. This scheme has the
advantage that the scattering properties in vacuum are accurately resolved, see
Table 6.1. Moreover, it allows to investigate the stability of results by comparing
the outcome with S’¢ =0or S'¢ = 0, respectively. We show that this modification
has only minor influence in 3D, whereas it leads to significant changes in 2D.
The FBy-truncation has several shortcomings such as the neglect of particle-hole
fluctuations, the insufficient resolution of the infrared Goldstone regime, and the
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6 Two-dimensional BCS-BEC Crossover

inability to capture the Fermi liquid correction to the equation of state on the
BCS-side. Still it yields a solid qualitative picture in 3D.

To determine the phase structure we find the highest temperature such that
pok=0 > 0. In practice the flow cannot be evolved down to k = 0 (or t = —o0). In
addition, physical systems always have a finite volume which sets an infrared cutoff
on long wavelength fluctuations. Therefore, we stop the flow at a nonzero “final”
k¢ (or t¢) and determine physical observables at this scale. In 3D, the running of
couplings often saturates for sufficiently small ¢, resulting in gr—o ~ g, for many
couplings gj.

We search for the critical temperature by means of an algorithm which finds
T =~ T.(k¢) such that

1

0 < Ap,(Te, pya) < 100

A (0, p, @), (6.46)
where Ay (T, u,a) = h?pg is the gap in the fermion spectrum. The limitation to
1% of the zero temperature gap is a very efficient way to compute the critical
temperature for the whole crossover, as it appropriately accounts for very small
gaps on the BCS-side, whereas a rather large gap is allowed on the BEC-side.
We checked that a further limitation to 0.1% yields identical results in both 3D
and 2D within the numerical precision. However, the outcome of Eq. (6.46) is
strongly influenced by the choice of ¢; in 2D: Whereas changes in t¢ of order unity
result in a change of the higher digits of T, /u in 3D, they change Tt/ pmp in 2D
by approximately 10%. We visualize this behavior in Fig. 6.2. Therein, and in
the remainder of this section, we choose A = 1000 and

Umb = it —eB/2 = 1. (6.47)

The final cutoff scale is varied according to t = —12, —15, —18, corresponding to
k¢ / \/timp = 0.006,0.0003, 0.00002, respectively.
The limiting BCS-formulas

8e7

w/2kpa
Tc,BCS/TF = @6 /2kp > (d = 3)a (6-48)
2 Y
T.pos/Tr = ——e~lo8tea) (g = 9), (6.49)
i

with ep = p are found independently of ¢¢ in both dimensions. We cannot resolve
the Gorkov-correction as we do not account for particle-hole fluctuations within
our truncation. The 2D curve possesses a sharp kink at log(,/fmpa) ~ 0, where
T/ pmp = 0.364,0.327,0.304 for ¢ty = —12, —15, —18, respectively. In contrast we
have T /u = 0.44124 (0.44120) for ¢y = —12 (—15) in 3D.

It is interesting to study the effect of enforcing S; = 1 during the flow. In
Fig 6.3 we show the result for the phase boundary with and without running of
S for ty = —15. In 3D there is hardly any difference in the phase boundary.
The effect of Sy is strongest in the crossover region, where S; = 1 reduces the
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6.1 Fermion pairing in three and two dimensions

6f 1.2f
5’ 10,
- 4+ o 0.8¢
£ £
< 3f ~ 0.6
— [
2r 0.4
1L 0.2r
ob— ! ‘ ‘ ‘ 0.0k ‘ ‘ ‘ ‘ e
0 5 10 15 20 -3 -2 -1 1 2 3

0
s " log(+/ fmb @)

Figure 6.2: Critical temperature T, /p in 3D (left) and 2D (right) for the FBy-
truncation with g¢?-opt regulator and ¢*-potential. This scheme is
also used for the remaining phase diagram plots. The blue region
constitutes the superfluid phase. In 2D we show the phase boundary
for final cutoff scales t; = —12, —15, —18 from top to bottom, see the
discussion below Eq. (6.47) in the main text. The positive many-body
chemical potential is given by pmp = g — eg/2. In 3D the BCS-BEC
crossover is from left to right, whereas the direction is reversed in
the 2D case. We also plot the BCS-result (orange, dashed) in both
dimensions.

critical temperature to Tc./u = 0.41. In contrast, we obtain T¢/pmp, = 0.192
in 2D, which has to be compared to T¢/pump = 0.327 mentioned above. Again
the critical temperature in 2D strongly depends on t;, with a relative variation
comparable to the one of the result obtained with running of S4. The sharp kink
at log(y/fimpa) ~ 0 disappears when we set Sy = 1, suggesting that this feature is
probably a truncation-artefact. However, the qualitative shape of a curve which is
flatter on the atomic side and which becomes steeper in the bosonic limit, remains
valid independent of Sg.

In order to relate the phase diagram in grand canonical coordinates (fimp, T, a)
to the one in canonical ones, i.e. (kp,T,a), we need to determine the equation of
state n(pmp, T,a). This is a difficult task. Here we employ the simple approach
to the density already used in Sec. 5.1.4. In 3D we know that the phase structure
obtained in this manner is quantitatively accurate in the perturbative limits, but
only qualitatively correct in the crossover region. Keeping this in mind we apply
the same beta functions also to the 2D case. The phase diagram obtained in this
manner serves as a guide for the experimental phase diagram determined in Sec.
6.2.4.
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6 Two-dimensional BCS-BEC Crossover
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Figure 6.3: Phase structure for the truncation as in Fig. 6.2, however with S,
treated as a running coupling (solid, blue) and with constant Sg, = 1
for all k£ (dashed, blue). We only find minor modifications in 3D, where
the effect is strongest in the crossover regime. The critical temperature
of the UFG is reduced from T./pu = 0.44 to T,/p = 0.41. In 2D a
constant choice of Sy = 1 results in a dramatically reduced critical
temperature. Moreover, the phase boundary becomes smoother. The
BCS-limit (dashed, orange) is not affected by the running of Sy in 3D.
In contrast, the 2D curve is significantly below the BCS-curve.

The flow equation for the density is approximated here by 7 = n(*) +7(B) with

) = 7_157“ R0 - 202, (6.50)
2d/2]€d
pB) = 82k og 2 () 20 (6.51)

For the definition of the threshold functions ¢y and ¢ we refer to Sec. 4.3.3.
The initial condition reads ny = 6(u)u/?/37% and ny = O(u)p/27 in 3D and
2D, respectively. The flow of ay = (9,0,U)(po) is truncated according to ¢y =

N + d((ﬁF) + déB) with

) —16v4h? [ (0.2) (2,3)
Gy = —— (607 - ae2?), (6.52)
8v24% | - .
Gy = =2 [—4)\¢ (3652 — 43™) + 25032 (69 — 4@53”)] . (6.53)
and initial condition agy = —2. In the broken regime of the flow, the flowing

density receives an additional contribution —agpg. For a detailed discussion of
this treatment of the density we refer to Diehl et al. [2010a], where the same
approximation was employed.

The resulting phase diagrams in canonical coordinates for the 3D and 2D
case are shown in Fig. 6.4. Again we find a significant t;-dependence of the
phase boundary in 2D. The critical temperature for log(krpa) = 0 is given by
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Figure 6.4: Phase diagram in canonical coordinates obtained with the equation
of state from Eqgs. (6.50-6.53). In 3D this resolves the BEC-limit
in a very accurate manner, where it resolves the interaction-induced
shift (dashed, red) compared to the ideal-BEC critical temperature
(dashed, black), see Egs. (6.54) and (6.55). The crossover regime
is, however, only qualitatively correct. We find a maximum of the
phase boundary at (kpa)~™! ~ 0.5. Applying the same truncation to
the 2D system we find a phase diagram possessing two local maxima
and a dip, the latter being at log(kra) ~ 0. We find again a strong
dependence on ty = —12, —15, —18, shown here from top to bottom.
We also show the result obtained for Sy = 1 in 3D (dashed, blue).

T./Tr = 0.275,0.242,0.222 for ty = —12,—15, —18, respectively. In 3D we find
T./Tr = 0.278 independent of the infrared scale. The sharp feature of the 2D
grand canonical phase diagram results in a sharp dip of the corresponding phase
diagram in the plane spanned by Tt /T and log(kpa). This feature is independent
of the infrared cutoff scale.

Analogous to the previous analysis we set S, = 1 to study the stability of the
phase structure. In 3D we only find a small correction, see Fig. 6.4. At unitarity
the critical temperature is reduced to T,/TF = 0.261. The impact on the 2D
phase structure is again substantial. However, the reduction of T./T¥ is mainly
due to the reduced value of T¢/pmp, as the influence of S; = 1 on the equation
of state is small (approximately 5%). Moreover, the equation of state is found to
be tf-independent. We show the corresponding 2D phase diagrams with S, =1
in Fig. 6.5. Due to numerical limitations we restrict the analysis with Sy =1 to
log(kra) < 2.8, where the BCS-limit is not yet reached. This behavior, however,
can be traced back to the value of Tt /pm, see Fig. 6.3, since puyp = ep is well
satisfied both with and without the running of Sy.

On the BEC-side in 3D the critical temperature is shifted due to the repulsive
interactions of the bosons. Indeed, compared to the condensation temperature of
an ideal Bose gas

Teia/Tr = 0.218, (6.54)

rescaled here to appropriate units for the BCS-BEC crossover, we parametrize the
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Figure 6.5: Left: 2D Phase diagram for Sy # 0 (solid, blue) and Sy = 0 (dashed,
blue). The critical temperature is strongly reduced for S; = 1. In
the example shown here we have chosen t; = —15 and find T, /Ty =
0.242 (0.147) for the truncation with (without) running of Sy. Right:
2D critical temperature in a truncation with Sy = 1 for &y = —12
and —15, displayed by the upper and lower curve, respectively. The
superfluid region appears for much lower temperatures. However, the
qualitative shape of the phase boundary with two local minima and a
dip at log(kra) = 0 persists.

deviation according to

Te—Teja _ K aad
Teid (672)1/3 a

(kra). (6.55)

The parameter x can be determined independently of the fermionic system from a
purely bosonic theory. For a discussion we refer to Boettcher et al. [2012]. Within
our truncation we have aqq/a = 0.72, see Table 6.1, and x = 1.7. The ideal gas
and interaction-corrected curves are shown in Fig. 6.4 (left) by the dashed black
and red curve, respectively. Together with the exponentially increasing BCS-
or Gorkov-results on the BCS-side it is reasonable to assume that the critical
temperature curve possess a maximum. This point can be associated with the
transition from the fermionic to the bosonic theory, and, indeed, is found in 3D
to be close to the zero-crossing of the chemical potential, i.e. at pumpa® = 1.

The theory of 2D bosons (Prokof’ev et al. [2001], Prokof’ev and Svistunov
[2002], Petrov et al. [2003]) predicts a BKT-temperature

-1
T;I;T _ ;(log[z log(%)D , C'=380(3), (6.56)

see also the discussion in Sec. 6.2.4. Again, together with the exponential increase
on the atomic side, we expect the curve to have a maximum in the plane spanned
by T./Tr and log(krpa). Within our truncation we verify this statement. The zero-
crossing of the chemical potential 1 = fi, — a~2 in 2D occurs for log(kpa) > 0.
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6.1 Fermion pairing in three and two dimensions

Indeed, since there is always a bound state in 2D, we find 1 = \/umpa < kra, and
thus log(krpa) > log(1) = 0. The fact that pu,p/cr is smaller than unity is verified
in Fig. 6.6. For the truncations with running Sy we find the maximum to be
located at log(kra) =~ 1, whereas for constant S, = 1 it appears for log(kra) =~ 0.5.

We close the discussion on the phase structure of the balanced 2D BCS-BEC
crossover by remarking that for sufficiently low k& fermions always decouple from
the flow due to ji = p/k* - —oco and A = A/k* — co. Accordingly, the flow
equations for the full system are reduced to the flow equations for nonrelativistic
bosons in 2D in the deep infrared. Moreover, at the critical temperature, the beta
functions coincide with those of the classical statistical O(2)-model in d = 2 di-
mensions. It is well-known (Gréater and Wetterich [1995], Gersdorff and Wetterich
[2001]) that the BKT-physics of the latter can be resolved with the FRG, even for
purely fermionic systems (Krahl and Wetterich [2007]). We found that the FB-
truncation is sufficient to obtain a temperature dependent anomalous dimension
n(T') with all the right properties, i.e. n(0) = 0, linear increase for small 7', and
a jump from npmax =~ 0.25 to zero at T' = T.. However, due to the t-dependence
of T, the FB-truncation cannot capture the BKT-transition which is valid for an
infinitely large system. In a recent analysis by Jakubczyk et al. [2014] the BKT-
transition in a ¢*-model was computed to high precision with field dependent
coefficients in a derivative expansion.

6.1.3 Equation of state

We turn to an extended discussion of the equation of state (EOS) in the 3D and
2D BCS-BEC crossover, respectively. It is the key observable in order to compare
with experiments for two reasons: First, the EOS can be measured directly from
in-situ density images. Second, more indirect, we need the EOS to translate a
phase diagram computed in grand canonical variables to the one measured in
canonical ones.

We again limit the investigation to an FBg-truncation with ¢?-opt regulator
and ¢*-expansion of the effective potential. To check for stability we again em-
ploy truncations with and without the running of Sg. The flow of the density is
determined according to Egs. (6.50-6.53) here. We discuss the shortcomings of
this approach below.

In Fig. 6.6 we show the result for the EOS at T' = 0 and T' = I throughout
the crossover in terms of

b0, Tya)  p(n,T,a) — 0(ep)ep/2

T,a) = =
€n.T.a) = —

(6.57)

where ep = (372n)%3 and ep = 27n in 3D and 2D, respectively. In 3D, for
T = a~! = 0, the quantity defined in Eq. (6.57) equals the Bertsch parameter.
For comparison we also show the zero temperature EOS from mean field theory
and the Fermi-liquid theory (FLT) predictions in Fig. 6.6. We note that the EOS
does not depend sensitively on the infrared scale t¢, even in 2D, and we show
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(kea)? log(kra)

Figure 6.6: EOS in terms of £ = pyy/ep with pmp = p — 0(ep)ep/2 in 3D (left)
and 2D (right), respectively. We show several curves for comparison
purposes: The zero temperature EOS from the FRG-truncation dis-
cussed in the text is shown in solid (dashed) blue for the truncation
with (without) running of Sy. In the same way, the critical EOS at
T = T, is shown in solid (dashed) red for the truncation with (with-
out) running of Sy. The zero temperature mean field result is shown
by the dashed orange curve. The FLT-prediction on the atomic side
is plotted by the dashed green curve.

the 2D result for ¢y = —15. We find a mild dependence on Sy in 2D, whereas,
remarkably, the EOS in 3D is almost independent on the running of S;. This
indicates that the important contributions to the running of n come from scales
k where S4 5 ~ 1. In contrast, the critical temperature is sensitive to the deep
infrared, where S4; < 1. In 2D the Si-dependence of the EOS is probably
related to the logarithmic running of the fermion gap Ay in the Goldstone regime
for truncations without V.

On the BCS-side of the crossover we find £ = 1 for T = 0. It is a major
drawback of our truncation that it systematically underestimates the density in
the atomic regime, i.e. for g > 0. The EOS corresponds to the mean field theory
prediction in this regime. (Note that the zero temperature EOS in 2D from mean
field theory is given by {(a) = 1 for all a.) The leading correction on the BCS-
side to the EOS comes from the Hartree shift of the chemical potential, i.e. the
fermion self-energy correction. We summarize here only the phenomenological
approach to arrive at the FLT-formulas for the EOS (Engelbrecht and Randeria
[1990, 1992]). For this purpose we use the ideal Fermi gas EOS and shift the
chemical potential according to

B 1w — 4mna (d
p =
p+ 2mn/log(kra) (d

3)
2)

Note that a < 0 in 3D such that the Hartree shift always increases the effective
chemical potential, thereby increasing the density n(u) for fixed pu. Physically this
can be understood by the attraction of atoms which energetically allows to put

. (6.58)
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6.1 Fermion pairing in three and two dimensions

more particles into the Fermi sphere. We then arrive at
4
prrr(n, a) = sF(1 + koa), (d = 3), (6.59)

3
! )), (d=2), (6.60)

—ep(l - —
peLr(n; a) EF( log(kra

in 3D and 2D, respectively. The corresponding &-parameters on the BCS-sides of
the crossover are also shown in Fig. 6.6. Note that the FLT-correction in 2D is
large even for moderate log(krpa) > 1 such that the applicability of perturbation
theory is already questionable.

There are two ways to interpret the Hartree shift given by

[ 1 2mnyg
n(a) = o= = %(u + m) (6.61)
The first one is that ng and kpg refer to the noninteracting gas formulas. This
is called non-self-consistent Hartree—Fock (or Fermi liquid theory). In contrast,
one may insert the full density n and kp = (271)'/? on the right hand side of Eq.
(6.61), thereby regarding the equation as a self-consistent equation, which can
then be solved numerically. This is called self-consistent Hartree—Fock approach.
We have

( 1 2
n = % = %< log,g;-ein;)@) (non-self-consistent), (6.62)
[ 1 < 2mn > .
- _ - - 1f- tent). 6.63
n=g_=g-(nt log(hra) (self-consistent) (6.63)

We use the non-self-consistent equation in Fig. 6.6 and regard it as the leading
perturbative correction. For a FLT correction of (n — ng)/ng ~ 17%, the differ-
ence is at most a 2-3% effect at small temperatures, and it decreases for larger
temperatures. We display this behavior in Fig. 6.7. For almost all cases where
p > 0, we can replace krpg — /g in the logarithm. However, this breaks down for
very small or negative chemical potentials, which is relevant for the outer regions
of a trapped system.

We summarize the Fermi liquid corrections. For the noninteracting gas we have

W

nol) = L2, (1= 0), (6.64)
2 T

no(p, T) = A—Qlog(l + e“/T) - %log<1 n e“/T), (T > 0), (6.65)
T

with kpo = (27n9)"/2. These expressions have to be inserted into the interacting
gas formulas, which read

(i, a) = % (1t bgg;;z@) (T =0), (6.66)
T 1 21Ny
n(,u,T,a):27T10g<1+exp{T<u+bg(kma)>]>, (T >0). (6.67)
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Figure 6.7: Left: Interacting gas Fermi liquid formula for a SLi-gas at 1400G
(blue), which corresponds to an interaction correction ~ 17%, com-
pared to a noninteracting ideal gas formula (orange, dashed). Right:
Self-consistent formula divided by the non-self-consistent (Fermi lig-
uid) formula.

The bosonic side of the resonance, where u < 0 and fermions are gapped, is
resolved to high accuracy in 3D. In this regime we obtained the Lee-Huang—Yang
(LHY) (Lee et al. [1957], Lee and Yang [1958]) correction for a dimer gas with
scattering length agq = 0.72a, see Table 6.1. The corresponding perturbative
formulas at zero temperature are given in Sec. 5.1.1. We have

nLay (fmb, @) = :adz (1 — 37r\/§\/,umbadd), (6.68)

where the leading term is the mean field prediction. We compare the zero tem-
perature EOS in 3D from FRG with the results from mean field and LHY-theory
in Fig. 6.8.

6.2 Observation of pair condensation in two dimensions

In this section we describe the experimental realization of the 2D BCS-BEC
crossover in the Jochim Group at the PI Heidelberg. The setup allows for measur-
ing many-body observables such as phase diagram, equation of state, momentum
distribution, and phase correlations. The author’s contribution to the experiment
consists of conceptual considerations on the measurements and support with the
data analysis. Both aspects are outlined here. First results on the phase structure
of the system are available in Ries et al. [2014].

6.2.1 Experimental setup

The experiment utilizes ®Li-atoms to simulate the 2D BCS-BEC crossover. The
spin degree of freedom is given by the hyperfine state |o) of the atoms: The single
valence electron of a lithium atom has vanishing orbital angular momentum. This
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Figure 6.8: Zero temperature EOS in 3D from the FRG (solid blue) compared
to mean field (dashed orange) and LHY-theory (dashed red), see
Eq. (6.68). For comparison we insert the dimer scattering length
aqq = 0.72a to be consistent with our vacuum solution. We find per-
fect agreement with LHY-theory, and significant deviations from the
mean field prediction. This indicates the correct resolution of effects
beyond mean field theory on the bosonic side of the crossover, where
the chemical potential is negative.

corresponds to the quantum numbers L = 0, S = 1/2, and J = 1/2 in the usual
notation. Accordingly, there is no fine structure of the energy levels. However,
due to the nuclear spin (I = 1), we have a hyperfine splitting with F = 3/2,1/2.
This is visualized in Fig. 6.9.

The hyperfine state of an atom is thus characterized by the quantum numbers
F and mp = —F, ..., +F. However, this description is only useful in the Zeeman
regime for small magnetic fields B ~ 30G. As we will employ a magnetic Feshbach
resonance at B = 832.2G (Ziirn et al. [2013]), we are rather in the high-field
Paschen—Back regime, where m; instead of mg is a good quantum number. We
denote |1)- and |2)-atoms by those in hyperfine state |1) = |[F = 3, m; = 1) and
2) = |F = £, m; = 0), respectively.

After a sequence of cooling steps the gas consisting of 50000-60000 particles
per spin state is transferred to a highly anisotropic hybrid trap consisting of a
standing-wave optical dipole trap (SWT) and a superimposed magnetic trap. The
SWT confines the system to a pancake-shaped geometry and thereby simulates
2D physics in the xy-plane. It is created from two elliptical focussed Gaussian
beams which intersect at a small angle (14°), see Figs. 6.10 and 6.11. For a
detailed review of optical traps we refer to Grimm et al. [2000].

The effective trapping potential in the zy-plane is given by

M .
Vopt (2, y) = TLI (wﬁxQ + w§y2> + caprt + eayyt. (6.69)
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Figure 6.9: Hyperfine structure of Li. The BCS-BEC crossover is simulated with
the magnetic Feshbach resonance at By = 832.2G between |1)- and
|2)-atoms. The atoms populate the lowest two sublevels in the high-
field Paschen—Back regime. Since the energy difference AE ~ 80MHz
is much larger than any other energy scale in the experiment, there
is no conversion between the atom species (e.g. due to thermal fluc-
tuations). The population of the state |o) is thus constant. However,
it may be changed by applying a radio-frequency pulse tuned to the
transition frequency.

Figure 6.10: The standing-wave optical dipole trap is created by crossing two ellip-
tical focussed 1064 nm Gaussian beams which intersect with an angle
of 14°. This results in a large aspect ratio g—j ~ 300 of transverse
versus radial trapping. However, in order to simulate 2D physics, the
system also needs to be kinematically in the 2D limit, which requires
the typical energies of particles of be much smaller than hw,.
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6.2 Observation of pair condensation in two dimensions

Higher order terms are not important for the fillings (i.e. particle numbers) of the

: 2 _ 2 2 :
experiment. We have w? Jy = Wa/yopt T Wnag with

We,opt = 27 % 14.10(2) Hz,
Wyopt = 27 x 14.02(3) Hz,

Wimag = 27 x 0.391/B[G] Hz, (6.70)
k
c1p = —1.04 x 10716 =2
m-s
kg
_ —16
cay = —1.34 x 10710 —7.
The lithium mass is given by
My; = 9.98834 x 10777 kg. (6.71)

The errors for the magnetic frequency and the quartic terms are ~ 10% and
~ 25%, respectively. Note that the magnetic trapping frequency depends on the
magnetic field B, which is tuned across the Feshbach resonance. The optical trap is
tuned such that the frequencies in z- and y-direction are almost identical, whereas
this is generally true for the magnetic frequencies. As a result, the harmonic part
of the hybrid trap is almost radially symmetric. The transverse trapping frequency
and oscillator length, respectively, are given by

w, = 27 x 5.53(3) kHz, ¢, = \/h/Mw, = 0.551pm. (6.72)

Hence, to give an example, at 795G we obtain an aspect ratio of w, : wy : w, =
1:0.997 : 309. The experimental setup is summarized in Fig. 6.11.

After the gas has been evaporatively cooled and transferred to the SWT, it
can be heated in two ways. For the lowest three temperatures the gas is held for
a variable hold time of 300ms to 1s in the trap, where it is heated by technical
noise. To achieve higher temperatures, the trap depth is modulated with vary-
ing amplitude. Eventually a proper thermometry is required to translated these
temperature variables to a physical temperature T" in nK, see Sec. 6.2.3.

Imaging the cloud with a beam along the z-direction as shown in Fig. 6.11 yields
the (column) optical density OD(z,y). The optical density has to be corrected
for saturation effects and the reduced detectability of atoms bound in dimers,
see Ries et al. [2014]. We assume that this is already done. We then still face
the problem that the optical density has to be normalized such that it gives the
particle number density n in gm~2. It is empirically motivated to assume

n(x,y) = c-OD(z,y), (6.73)

where ¢ is approximately constant throughout the crossover, i.e. independent of
temperature, density, or magnetic field. Thus the constant ¢ has to be fixed once.
This can be achieved by a series of images with different intensities of the trapped
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Figure 6.11: Experimental setup. The SWT generates a stack of trap layers. Ap-
proximately 89% of the particles are trapped in the central layer.
The ultracold quantum gas (red disk) is trapped in the zy-plane by
the hybrid trap. Imaging proceeds along the z-direction (red arrow).
A typical optical density profile is shown at the bottom of the figure.
The almost radial symmetry of the image is in line with the nearly
equal trapping frequencies w, and wy, in Egs. (6.70). Figure taken
from Ries et al. [2014].

gas, or of the empty trap. We refer to Ries et al. [2014] for details, especially Sec.
VI. of the supporting online material therein.

To tune interactions between |1)- and |2)-atoms, the magnetic Feshbach reso-
nance at 832.2G is employed in the range 692G < B < 1400G. The 3D scattering
length as a function of the magnetic field has been determined to high precision
by Ziirn et al. [2013]. We display characteristic values of agp(B) in Table. 6.2.

For a truly 2D system, a sufficiently strong attractive interaction between the
atoms always results in a two-body bound state with binding energy ep. The
energy scale associated to the bound state allows to define the 2D scattering
length asp according to e = —h? /M a%D, see the discussion in Sec. 6.1.1. The
interaction parameter asp can also, with the same result, be defined from the 2D
scattering amplitude or T-matrix of two colliding atoms.

In our experiment we simulate an effectively 2D setting by means of a tight
confinement along the z-direction. The system is then characterized by an addi-
tional length scale, ¢, = \/h/Mw,, which is the oscillator length along the axial
direction. Together with the 3D scattering length this allows to determine the
effective 2D scattering length we are simulating: asp = asp(£,, asp).

There are mainly two ways of finding the effective 2D scattering length of the
trapped system. The first one, which we choose, is based on reading off asp
from the T-matrix of the confined quasi-2D system. The second one employs the
confinement induced bound state energy g to define a scattering length according
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| BIG] | asplao] | asplao] | asplao] | @ = [E|/hw: | asp/asp |
692 1463 2.585 1456 51 0.00178
782 6718 2780 6130 2.9 0.453
832 | 2324 337 | 19300 | 20 970 0.25 0.920
892 -8554 89 300 | 89 720 0.013 0.995
1042 -3656 690 000 | 690 100 0.00023 1.000

Table 6.2: 3D and 2D scattering lengths, asp and asp, as a function of the mag-
netic field B across the Feshbach resonance. Values for B < 782 G
(B > 892) correspond to the BEC (BCS) limit. The asymptotic for-
mula (6.74) provides a reliable estimate for the 2D scattering length in
the whole crossover region. In contrast, dop defined from the confine-
ment induced bound state energy &g via ég = —h?/M EL%D largely over-
estimates the interaction strength on the BEC side. We find aop = asp
on the BEC side such that the confinement induced bound state is equal
to the 3D bound state. In order to display the phase diagram of the
2D BCS-BEC crossover from experimental data, asp(B) is the optimal
choice for defining the 2D scattering length.

to ég = —h?/Ma3y. The outcome does not coincide on the BEC side of the
crossover, where asp and aop differ by orders of magnitude. In this work we
use the first definition of asp for all magnetic fields because it gives the correct
limit of a weakly interacting 2D Bose gas far on the BEC-side of the crossover.
However, asp and aop are related to each other in a one-to-one fashion, and thus
no information is lost with a particular choice.

Scattering length from T-matriz of two body scattering. This method has re-
cently been applied by Makhalov et al. [2014] and it is discussed in detail by
Levinsen and Parish [2014]. It relies on the low-energy expansion of the T-matrix
of the tightly confined system. It thus directly relates the 2D scattering length
asp to a scattering property between atoms. Although the atoms might be tightly
bound with a large binding energy, their energy of relative motion is still small
compared to iw,. As a result one finds

T T L,
asp = szlAexp(—\/;agD), (6.74)

with A = 0.905 (Petrov and Shlyapnikov [2001], Bloch et al. [2008]). This formula
is applied here for all magnetic fields.

Scattering length from confinement induced bound state. The confinement along
the z-direction induces a two-body bound state for all values of the 3D scattering
length asp. The corresponding binding energy £p is found from solving ¢, /asp =

189



6 Two-dimensional BCS-BEC Crossover

f1(|és|/hw;) (Petrov and Shlyapnikov [2001], Bloch et al. [2008]) with

*  du e Su
f1(Q)=/0 \/WG_W)' (6.75)

We denote ég with a tilde to distinguish it from ep of the truly 2D system. For
small binding energies, i.e. far on the BCS side, the integral can be expanded
in Q. We then have f1(Q) ~ log(7Q2/A)/v/27 for Q < 0.1, and we arrive at the
asymptotic expression dop = £,/7/Aexp(—+/7/2(,/asp) equivalent to Eq. 6.74.
We find this limit of Eq. (6.75) to be appropriate for magnetic fields > 852G.
On the other hand, far on the BEC side, we have f1(£2) ~ VQ for Q> 1, and
thus find the induced binding energy to coincide with the 3D binding energy,.
Accordingly asp ~ asp in this limit. In our case this applies to 692G and 732G.

Comparison of both approaches. For a magnetic field of 692G we find asp /asp =
0.0018, and thus a substantial difference in both definitions. Associating dsp with
the simulated 2D scattering length of the effectively 2D system would indicate
that system at 692G is still strongly interacting, with log(kpasp) ~ —1, whereas
we have log(kpasp) ~ —7 instead. Moreover, it has been shown by Makhalov
et al. [2014] that the T-matrix based approach gives the correct limit of weakly
interacting 2D bosons far on the BEC side of the crossover. We show the results
on asp and asp as a function of the magnetic field in Table. 6.2.

6.2.2 Momentum distribution from T /4-imaging

The momentum distribution of ultracold atoms can be obtained after time of flight
(TOF) expansion. The commonly applied TOF method is based on switching off
the trapping potential V(7) at time ¢t = 0, and allowing the gas to expand freely
for a sufficiently long expansion time teyp. If the expansion can be approximated
to be ballistic, the position of a particle with initial velocity ¥ is given by Z(texp) =
Z(0) + U - texp after TOF. It is important that |Z(fexp)| is much larger than the
spatial extend of the in-situ cloud such that the initial position of the atom inside
the trap is negligible in comparison to the travelled distance: |Z(texp)| > |Z(0)|.
In order to ensure ballistic expansion it is convenient to ramp shortly before the
TOF to a magnetic field B where the scattering length asp(B) is small. This
suppresses mutual interaction between the atoms during the TOF.

An immediate disadvantage of the TOF method just described is that a long
expansion time tex, also results in a very dilute sample, which is more difficult
to resolve by imaging. On the other hand, for too short teyp,, the influence of the
initial position of the atom is large. In addition, slow particles need to travel for
a longer time. Here we apply a simple but efficient modification of the standard
TOF approach. Instead of releasing the gas into free space, we let it expand in a
shallow harmonic trap with frequency wexp. In this way the position of the particle
at a quarter of the trap period T' = 27 /weyp is given by its initial momentum inside
the trap.
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6.2 Observation of pair condensation in two dimensions

Below we derive this statement, which holds for ballistic expansion, from a
field theoretical point of view. However, it can also be understood in terms of a
classical particle in an external potential V(%) = Mw?,,#?/2. For this purpose
we note that due to energy conservation the energy

P Mo,

Et)="— 4+ —w

51 5 2l (1) (6.76)

is constant for all times ¢ > 0. In particular, for a particle initially at the trap
center we have
PP0) _ pP(t) | M

(1) (6.77)

oM 2M | 2 e
for all times. Due to the time evolution Z(t) o sin(wexpt) and p(t) o< cos(wexpt)
we have

ﬁ(O) = Mwexp : j’(texp) (6.78)

for texp = 7/(2wexp) = T'/4. This beautifully states the merit of the method:
From a density image at tcxp = 7'/4 we obtain the full (trap averaged) momentum
distribution of the gas.

Evolution equation for the field operator

We now give a self-contained derivation of Eq. (6.78) from a field theoretical point
of view. To do so, we consider the bosonic field operators ¢f(Z) and ¢ (&), which,
respectively, create and annihilate an atom at point £. The second quantized
Hamiltonian in terms of these operators reads

H=H®), ) = / d%&*(f)( i v2 4+ Mﬁ#)&(f). (6.79)

oM 2

Note that Z is labelling the field operator, and thus is not an operator & like in
the quantum mechanical harmonic oscillator $2 4+ 22. The bosonic operators obey
the canonical commutation relations

[ (@), ¢1(3)] = 6@ (7 - §). (6.80)

By assuming a bosonic field operator we limit the derivation to the BEC side of
the resonance. The same result can, however, easily be derived for a fermionic field
operator, since the evolution of a single non-interacting atom is not influenced by
statistics.

Within the Heisenberg picture, we now construct time-dependent operators
Ut (Z,t) and W(Z, ¢) which obey the canonical equal-time commutation relations

[(&, 1), ¥1(5,0)] = 6P (& — ). (6.81)
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At t =0 we demand

A ~

U(Z,t =0) =(X). (6.82)
For ¢ > 0 the time evolution of the operators is given by

00 (7, 1) = %[ﬁ(t), W7, 1)), (6.83)

where the Hamiltonian H (t) is constructed from H according to

H(t) = H(U(t), ¥ (1)) = / 2201 (z, 1) <—273\24v2 + %w%’ )@(f, t). (6.84)

Inserting this into the field equation, and using the canonical equal-time commu-
tation relation, we then find

1ho, U (Z,t) = [U(Z,1), H(t)]

. . h? .
_ 2 = T _ 2 M 9.9 _
= [d y(w,tw @:0) (— 537 V3 + 5w*") (5.0
. K2 . .
o T — e 2 o 2 2 — —
U(.0) | (—537 Vi + 5w ) 1) | U )
. h? M
_ 2 T 2 M 9.9 .
[l @ 0,9 @) (-5 V5 + 5 we) ¥
h? M R
— 2, s2)(=» _~(_ " o2 22 —
/d Yo (7 y)( o Vot 2wy>‘1’(y,t)
B oo M o o\e
- (—mv + S )\Il(:n,t). (6.85)

This looks like a Schroedinger equation. However, it is the full evolution equation
of the field operator (in the absence of interaction terms in the Hamiltonian, i.e.
for ballistic expansion.)

Our goal is to construct the momentum distribution

A(t,p) = (U1(t, )L (¢, 7)) (6.86)
at t = 0 from the density image
n(t, 7) = (B (8,202, 7)) (6.57)

at t =T/4 = 7/2w. Herein,
B(t, ) = 02 / Qe PE/NG (1, 7) (6.88)

is the field operator in momentum space, and ¢ = \/i/Mw is the oscillator length.
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Hermite function expansion

To solve the evolution equation

2
gy %uﬂfz)\il(t,f), (0, &) = () (6.89)

we first note that the solution can be factorized due to the assumption of ballistic
expansion. We thus restrict to a 1D setting without loss of generality. With the
ansatz

U(t,z) =Y e B/ (2) (6.90)
we find
R h2 M .
Eptn(z) = (—mag + 7&}2:62)1/)”(95) (6.91)

for each n individually. This is, of course, of the form of the Hermite differential
equation

H'(z)+2n+1 -2} H,(z) =0, (6.92)

where H,(x) are the Hermite functions. Indeed, with & = z/¢ = zy/Mw/h and
E, = hw(n + 1/2) we find

2

(@ + (2041 - 7%) )d(z) = 0. (6.93)

Hence

U(t,x) =Y e Fl/MH, (2/0)n,(0). (6.94)

For an expansion time ¢t = T'/4 we use

6—iEn(T/4)/h _ e—ig(n+1/2) _ (6—i7r/2)ne—i7r/4 _ (_i)ne—iw/4, (695)

to arrive at

(T/4, ) = 32 (i) H (@) (0), (6.96)

n

We now employ that for the Fourier transform of the Hermite functions, H,, we
have

H,(y) = (=1)"Hn(y). (6.97)
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For the field operator in momentum space we then obtain
(t,p) =" / dae PP (t,z) = 071 e Ent/ My, (0) / dze P/ H,, (F)

_ ! Z e—iEnt/hTZ}n(O)g/die—iﬁiHn(j) - Z e HEnt/hefy (0)(—1)"Hn(p),

(6.98)

where we defined p = ¢p/h in the last equality. From this we conclude that

@T(T/47 f)\i/(T/ll, ) = Z in(_i)ann(i')Hn’ (i‘)iﬁl(O)iﬁn/(O)

/

=U1(0,p = )T(0,p = ). (6.99)

Of course, p = 7 is equivalent to p = ha/¢?> = Mwz, and we eventually arrive at
the desired result

(
= (U1 (t,p = Mwz)U(t,p = Mwz))
n(0,p = Mwz). (6.100)

6.2.3 Thermometry

Temperature determination of the trapped gas is an important and nontrivial
aspect of the experimental setup. As mentioned in Sec. 6.2.1, we only have tech-
nically defined temperature variables, which qualitatively corresponds to a heated
gas, but do not yield the precise temperature in nK. Here we describe how this can
be achieved from the momentum distribution, and from in-situ density images.
Together with the measured density n, the temperature determination allows to
specify the phase diagram, i.e. the curve T./Tr. In contrast, a determination of
the equation of state n(u,T") also requires to determine the chemical potential -
an experimentally even more delicate task.

From the momentum distribution after time of flight (see Sec. 6.2.2) we can ex-
tract the temperature from a Boltzmann fit to the large momentum part according
to

fi(p) ~ zege P /2MInT (6.101)

The Gaussian behavior for large momenta is clearly visible in the log-p?-plot of
the radially average momentum distribution, see Fig. 6.12. The radial average is
justified by the almost radial symmetry of the trap. The effective fugacity z.g in
Eq. (6.101) does not coincide with the fugacity z = e®#, which would multiply
the tail for a homogeneous system. This is a result of the fact that we measure
the trap-averaged momentum distribution after TOF.
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Figure 6.12: Radially averaged momentum distribution 7(k) at 782G, obtained
after T'/4-TOF for the coldest accessible temperature. The image
is the average over approximately 30 realizations. We clearly see
the Boltzmann tail fi(p) ~ exp(—p?/2MkgT) for large momenta,
where M = 2Mt; is the dimer mass for this particular value of the
magnetic field. At low momenta we see an enhanced occupation of
low-momentum states, which we associate with condensation. The
determination of the critical temperature is discussed in Sec. 6.2.4.
Figure taken from Ries et al. [2014].

In Eq. (6.101) the particle mass M enters the exponential function. It is the
same mass M which also appears in the evolution equation for the field operator,
Eq. (6.85). Therefore, it is the mass of the expanding particles, which are com-
posite bosons on the BEC side (M = 2Mji;), and atoms (M = Mp;) on the BCS
side of the crossover. In the intermediate region it is problematic to decide which
M has to be inserted. In particular, the fitted temperature sensitively depends
on this choice. However, from the limiting regimes it appears that the degeneracy
T /Ty is almost constant for a fixed temperature variable over the whole crossover.
We thus linearly interpolate T'/TF in the magnetic field region 783G < B < 892G.

An alternative way to determine the temperature is from a Boltzmann fit to the
outer region of the in-situ density profile. In contrast to the thermometry from
the momentum distribution, we here apply the Boltzmann form of the equation
of state (EOS) at large negative local chemical potential u(7) = po — V(7). For
this purpose we apply LDA to the whole cloud such that

n(#) = npo — V(7), T) (6.102)

for all 7. In particular, using the Boltzmann EOS n (e, T) = €4 /)2, we then
find

n(F) ~ el (6.103)

for large |7]. In this equation p refers to the chemical potential of the classical
particles, i.e. the few-body degrees of freedom. Similar to the above problem of
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determining the mass M of the expanding particle, we find g = 2p and peg = p
in the BEC and BCS limit, respectively.
We write

fiel = oupL (6.104)
with fermion chemical potential ¢ and 1 < o < 2, and arrive at
n(7) ~ e~V (6.105)

for large radii. This equation may also be read in a different way: The potential
energy of tightly bound bosons in the external potential is twice as large as the
one of single atoms, since they consist of two atoms. Accordingly, we have V(7)) =
2V () for the potential seen by the dimers. The weaker response to the trapping
potential can also be rephrased in an enhanced mass due to

M = aMy;. (6.106)

Interestingly, the problem of assigning the right mass to Eq. (6.101) is equivalent
to finding v in Eq. (6.105). In both cases the proper few-body degrees of freedom
have to be determined. A non-integer « is understood as an effective number of
degrees of freedom. We have chosen the symbol « here to make contact with the
running coupling

o 82U( )

(6.107)

introduced in the FRG context, see e.g. Diehl et al. [2010a], or Egs. (6.52) and
(6.53).

To extract the temperature from the in-situ images, we map out the function
n(V'), which groups the density profile n() with the corresponding value of the
trapping potential V(7), Eq. (6.69). The asymptotic behavior in Eq. (6.105)
then corresponds to n(V) ~ e~®V/#8T The function n(V) is obtained from ap-
proximately 3002 = 90000 pixels, which we group into 500 bins for n(V;) with
discrete equidistant V;. The fit range consists in those bins where n(V') decays
exponentially, which typically is the part of the cloud where the density is below
10% of the central density. To account for a possible background noise we then
fit the function

n(V)y=A-e VI 4 ng (6.108)

to the data. The rescaling with the factor « is performed later. A typical example
of the fit procedure is shown in Fig. 6.13.

For obtaining the function n(V) it is important to account for the anharmonic
terms in V(7), which becomes relevant in the outer regions of the trap. They lead
to an decrease of typically 10nk in the fitted temperature. For 782G < B < 922G
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Figure 6.13: Left: Binned density profile n(V') for a low temperature variable on
the far BEC side (692G). We plot n(m~2) vs. V(J). Note that
due to grouping the data into 500 bins, the central region p — 0
is only poorly captured, whereas we obtain a reliable picture of the
large momentum tail. Right: The same configuration plotted on a
logarithmic scale. We fit the model of Eq. (6.108) to the red region.
With this we obtain a temperature of 74nK. For this value of the
magnetic field we use o = 2 to account for the bosonic nature of the
classical particles.

we linearly interpolate a in Eq. (6.105) between 2 and 1. The result of the in-situ
thermometry is shown in Fig. 6.14.

The results of the in-situ thermometry agree well with the temperatures ob-
tained from the momentum distribution on the BEC side of the resonance. How-
ever, as we approach the atomic limit, the lowest values are reduced by a factor of
two in comparison to the 7'/4-fit results. However, the error of the fit is also very
large in both cases. Interestingly, without the rescaling by «, the in-situ Boltz-
mann method yields a temperature that is almost independent of the magnetic
field for the whole crossover.

For 1042@G, the correction to the free fermion EOS from Fermi liquid theory
(FLT) is 22%. This motivates to fit a FLT-profile n(7) = nppr(po — V(7), T, asp)
with

2My; kgT 1 h? 254
T = ———1log| 1 —
nrir (1, T, azp) hz 2m og( +exp [kBT (M + (QMLi> log(kr jaa2p) ﬂ ’

2My; kT
nid(M7T) = Rk

u/ksT
o 1og(1+e ) (6.109)

to the in-situ density profile. Using asp = 3.7x1075m for the 2D scattering length,
the only free parameters are the central chemical potential pg, the prefactor ¢ =
OD/n (or particle number N), and the temperature 7. In particular, since LDA
should work reasonably well in the central region of the cloud, the values of ug
and N can be fitted independently of 7" in the inner region, with a subsequent
estimate for T" from the outer regions. In order to get a reasonable fit, we typically
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Figure 6.14: Temperature in nK obtained from an in-situ Boltzmann fit of the
thermal wing of the cloud vs. temperature variable 1-22. For tem-
perature variables 1-3 the sample is held in the trap for varying time
where it is heated due to technical noise, whereas 4-22 correspond to
a periodic modulation of the trap depth with increasing amplitude.

have to leave the particle number N free, i.e. cannot fix it to the experimentally
determined value. Again, the quartic terms substantially influence the result
of the fit for the temperature. The latter is decreased by =~ 10nK due to the
anharmonicity. In contrast, the chemical potential is barely affected by the latter,
as it is determined mostly from the central region. The result of the FLT fit at
1042G is shown in Table 6.3.

Comparing the temperature obtained from the in-situ Boltzmann fit to those
found from the Boltzmann tail of the momentum distribution after TOF, we find
that the lowest temperatures in the atomic limit disagree, but are still compatible
within their errors. We find good agreement on the BEC side of the resonance.
The most conflicting result is that the in-situ Boltzmann method finds the lowest
attainable temperatures to be on the atomic side, whereas the lowest temperatures
seem to be reached in the bosonic limit from the 7'/4-imaging. However, the
influence on the critical temperature, and thus on the phase structure, is only
weak, as we display in Fig. 6.15.

We close the discussion of thermometry with a summary of systematic errors
of both methods to determine the temperature. An immediate advantage of the
method based on the momentum distribution is that the Gaussian tail is clearly
visible in the logarithmic plot over a wide range. The resulting fit error due to the
fitting range is approximately 7% for low and up to 13% for high temperatures.
In contrast, the fit range for the in-situ Boltzmann method is often very small.
The variation due to changing the fit range is usually 10 —20nK in absolute units.

For the T/4-imaging to give a reliable account of the actual momentum distri-
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6.2 Observation of pair condensation in two dimensions

| TempVar [ N | po K) [T (nK) | Tr (nK) | T/Tp |

1 103 000 224 27 306 0.09
3 102 000 222 34 303 0.11
b} 102 000 222 36 301 0.12
7 98 000 223 42 292 0.14
9 105 000 209 51 294 0.17
11 116 000 193 o7 301 0.19
13 101 000 201 67 274 0.24
15 97 000 200 74 263 0.28
17 88 000 208 76 248 0.31

Table 6.3: Results of the FLT fit to the density profile at 1042G, which is far on the
BCS side. Still there is a 22% Fermi liquid correction to the free fermion
gas density. Note that the energy spacing in the (tight) transverse
direction is fw, = 265nK. We find good agreement of the temperatures
with the ones from the Boltzmann fit at low temperatures, whereas the
FLT-temperatures are lower by ~ 20% at high temperature variables.

bution, we need to ensure that (i) the expansion is ballistic, (ii) the expansion
plane is orthogonal to the z-direction, i.e. not tilted, and (iii) we measure exactly
at the turning point tex, = 7'/4 such that Eq. (6.100) is applicable. (i) Due to the
highly anisotropic tapping of the cloud, the expansion after release from the trap
is very rapid in z-direction. This leads to a fast dilution of the gas during TOF.
In addition, before the release from the trap, the gas is ramped to 692G (”jump”)
with a speed of ~ 1.9G/s such that the 3D scattering length is maximally small
within the range of accessible values. The ramp is sufficiently slow to ensure
that it does not result in heating®, but still fast enough such that the many-body
system cannot adjust to the new value of agp. Murthy et al. [2014] have shown
that less than 10% of the particles undergo scattering during the expansion time
texp = 25ms, and that collisions are only important for the first 0.5ms after the
release. (ii) A relative tilt of the expansion plane compared to the imaging plane
results in a weak ellipticity of the cloud after T'/4-imaging. This effect, however,
has been found to be less then 5%. (iii) The measured t.y, is very close to the
exact T'/4, as t = T'/4 corresponds to the turning point in the evolution in the
harmonic trap, and thus results in a maximal value for the temperature. By fit-
ting the temperature to images obtained for ¢ < tex, and ¢ > teyp it has been
verified that the image at tcxp has indeed maximal temperature with an error of
approximately 5%.

Fitting the wings of the in-situ profiles is mostly limited by the applicability of
the LDA. As we have discussed in Sec. 2.1, the latter becomes invalid for very

!This has been checked by measuring the temperature with and without jump, and by ramping
back and forth and then comparing the temperature at the initial magnetic field before and after
the ramp.
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Figure 6.15: Comparison of the ratio T, /T in the crossover with the temperature
being determined from 7'/4-imaging after TOF and the in-situ Boltz-
mann fit, respectively. Both methods coincide for log(krasp) < 1,
but the central values disagree in the atomic limit. Still they are com-
patible within their errors. Note that we show the data normalized
to aop here, see Table. 6.2 for the translation to asp.

low densities. This is the case for the Boltzmann tail, which we find to set in
for approximately 10% of the central peak density. As the latter decreases by
a factor of 3 when going from the bosonic to the atomic limit, the applicability
on the BCS side is most questionable. On the other hand, the global FLT fit
gives quantitatively good agreement with the Boltzmann fit for low temperatures
at 1042G. In contrast to the Boltzmann fit, the FLT-ansatz of Eq. (6.109) is
applied to the whole cloud. As a consequence, it is very robust against changes
of the fitting region. However, we also find that we have to leave the particle
number N as a free fit parameter for the FLT-ansatz to be compatible with the
density profile. The obtained N disagrees by =~ 10% with the measured values,
and appears to be too high. Moreover, at higher temperatures, the agreement
between the in-situ FLT- and Boltzmann-methods becomes worse, but both are
still compatible within the errors. It is also puzzling that, for a fixed temperature
variable, the in-situ method gives the same temperature almost independent of
the magnetic field: T # T(B). Only due to the rescaling with 1 < o < 2 we
obtain the spread shown in Fig. 6.14.

For the temperature determination for the phase diagram we use the method
based on the momentum distribution since we believe that the Gaussian part of
the momentum distribution over a wide range is a very convincing signature of
an equilibrated temperature, whereas the applicability of LDA to an extremely
dilute, almost classical gas is questionable. The influence on the phase boundary
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6.2 Observation of pair condensation in two dimensions

is rather small as we do not observe condensation far on the atomic side of the
resonance. For lower magnetic fields, both methods coincide within their errors,
see Fig. 6.15. For a more detailed discussion of systematic errors we refer to Ries
et al. [2014].

6.2.4 Phase diagram

We now describe the experimental determination of the phase diagram of the 2D
BCS-BEC crossover within the setup outlined above. In order to compare the
measurements of the trapped gas to predictions for the homogeneous system we
normalize the data to the peak density ng by employing the LDA to the trap
center. We define

h2
- 2Mkg

TF 2mng, (6.110)
where n = nj1 + ng is the total density of atoms. Together with a measurement
which allows for the distinction of the condensed from the normal phase, we can
then obtain the critical temperature ratio T, /TF for each value of the magnetic
field. This results in the phase diagram shown in Fig. 6.18. To determine T, we
associate the broken phase with largely enhanced occupation of low-momentum
modes.

In Fig. 6.16 we show low-temperature in-situ density profiles and momentum
distributions for magnetic fields B = 692G, 782G, 832G, 852G, 922G across the
Feshbach resonance. This corresponds to inverse 3D scattering lengths agg =
7.11,1.55,0,—0.46, —1.67 in units of ¢,. The latter parametrization allows for
a possibly more intuitive comparison to the 3D case with crossover parameter
(kpazp)~!. When crossing from the BEC (left in the figure) to the BCS side
(right in the figure), we observe a decrease of the peak density ng together with
a broadening of the cloud. The central density at 692G is 2.7um™2 per species,
whereas we have 0.76um™2 per species at 922G. The qualitative shape of the
density profiles is in accordance with the expectation of a crossover from bosonic
degrees of freedom to an atomic ensemble. An analogous phenomenology is found
in the 3D BCS-BEC crossover.

From the in-situ density profiles it is hard to decide whether the system is in a
symmetry broken phase. In fact, although it is possible to identify a second order
phase transition by means of a kink in the number density, a more direct signa-
ture is highly desirable. Here we use the enhanced occupation of low-momentum
modes in the momentum distribution 7(p) as a signature of phase coherence in
the system. We then call the system to be in the condensed phase. For a finite
system, as is realized by the trapped gas, a nonzero condensate can appear at low
momenta. To distinguish it from a mere enhanced occupation of low-momentum
modes with p > 0 is inherently difficult in experiment due to the finite resolution
of the imaging apparatus after TOF. We thus follow the common standard of
associating a bimodal structure of the momentum distribution with a condensate.
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Figure 6.16: By varying the 2D scattering length across the Feshbach resonance we
tune the system from the bosonic (log(krasp) < —1) to the fermionic
regime (log(krpasp) > 1). Here we show the in-situ density profile,
n(r), and the momentum distribution, n(p), at the lowest accessible
temperatures. The in-situ profile decreases in height and becomes
broader as we approach the fermionic limit. However, a clear signa-
ture of the phase transition cannot be inferred from it. In contrast,
a greatly enhanced occupation of low-momentum modes signals con-
densation in the momentum distribution. In order to compare to the
3D crossover we also display a?j]% in units of ¢,. Figure taken from
Ries et al. [2014].

A better resolution of the low-momentum region is, however, possible with the
techniques described by Murthy et al. [2014].

The phase transition to the condensed phase is identified with the sharp rise of
the central peak momentum density, 7(p = 0), normalized by the in-situ spatial
density, n(r = 0). In Fig. 6.17C we show the corresponding ratio as a function
of T/Ty for 782G. We clearly observe two distinct linear regimes at low and
high temperatures, respectively. The critical temperature is defined from the
intersection of linear fits to both regimes. For the configuration shown in Fig.
6.17 we obtain T./Ty = 0.151(40), where the uncertainty is obtained from the
standard error of the linear fits. The phase boundary extracted with this method
for the whole crossover region is shown in Fig. 6.18 by the black dots.

Apart from the phase transition to the condensed phase the momentum distri-
bution also allows to quantify the deviation of the trapped gas from a thermal
ensemble. For this purpose we determine the gray area under the curve shown in
Fig. 6.12, which we define as the non-thermal or quantum fraction, Ny/N. The
latter observable depends on the trap parameters due to the fact that we only
measure the trap-averaged momentum distribution. Nevertheless, it is a useful
quantity to measure deviations from the thermal gas density, and in this spirit
it is related to the determination of the transition point from the density men-
tioned above. In Fig. 6.17B we show the quantum fraction as a function of T'/Tg
for 782G. In contrast to n(0), the decay of Nq/N with increasing temperature
is rather smooth. The increase for T" > T, implies quantum degeneracy of the
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Figure 6.17: Temperature dependence of the quantum fraction Ny/N and peak
momentum density n(p = 0) for 782G. The quantum fraction is ob-
tained from the gray area in Fig. 6.12, quantifying the non-thermal
fraction of particles. It gives a good account for the quantum degen-
eracy of the gas, but does not allow to locate the transition point.
In contrast, from the ratio n(p = 0)/n(r = 0) we find a clear separa-
tion between two temperature regimes. The critical temperature is
obtained from the intersection point of linear fits of the data in both
regimes. Note that an enhanced occupation value for 7(p = 0) signals
phase coherence of the system. We associate this with condensation.
Figure taken from Ries et al. [2014].

gas, and heralds condensation. We obtain a picture which is consistent with the
method of extracting T, from the peak momentum distribution since the increase
in Nq/N appears to become steeper at T,. We show the quantum fraction as
a color scale in the phase diagram, Fig. 6.18. The condensed region roughly
corresponds to Nq/N 2 0.3.

We are now in the position to discuss the main result of the present analysis,
the experimentally measured phase diagram of the 2D BCS-BEC crossover in
Fig. 6.18. On the BEC side we find the critical temperature to agree reasonably
well with an effective description in terms of strongly coupled composite bosons:
Based on the a Monte Carlo analysis of two-dimensional bosons by Prokof’ev et al.
[2001], Prokof’ev and Svistunov [2002], the BKT transition temperature on the
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Figure 6.18: Measured phase diagram of the 2D BCS-BEC crossover. The 2D scat-
tering length is determined according to Eq. (6.74), and the Fermi
momentum is given by krp = (27Tn0)1/ 2. The black dots corresponds
to the estimated critical temperature from 7n(p = 0). The color scale
shows the quantum fraction Ny/N. We do not detect condensation
for log(krasp) > 2 on the BCS side, which puts an upper bound on
the critical temperature in this regime. The white dashed line cor-
responds to the BKT-transition temperature of a gas of composite
bosons from Eq. (6.111). Figure taken from Ries et al. [2014].

BEC side was shown by Petrov et al. [2003] to be

—1
TBKT 1 C 47
= (1 [—1 (7)} 111
T 2<°g ar S\ kZa2,, (6.111)

with C' = 380(3). Within the errors this formula provides a good description
of the data up to log(kraop) = 0. This is supported by the fact that the zero-
crossing of the chemical potential, due to the microscopic two-body bound state,
is located on the BCS side of the 2D crossover. (In contrast, it appears on the
BEC side in the 3D system.) Apart from the good agreement of the measured
critical temperature with the prediction from Eq. (6.111) within the experimental
error, we find the central experimental value to be systematically larger.

The phase diagram in Fig. 6.18 shows a maximum for log(kpasp) =~ 1, where
we find 7. /Ty = 0.19. We associate this point with the crossover from bosonic
molecules to fermionic Cooper pairs. The location of the maximum thus approxi-
mately corresponds to the location of the zero-crossing of the chemical potential.
This statement is also supported by the FRG analysis for both the 3D and 2D
system, respectively.

Far on the BCS side, perturbation theory predicts an exponential decrease of
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Figure 6.19: We plot the phase diagram in terms of log(kraop ). Here aop is the 2D
interaction parameter obtained from the confinement induces binding
energy (£,) according to &, = —h%/Ma3p, see the discussion below
Eq. (6.75). The Bose limit at 692G corresponds to log(kpasp) ~ —1.
If we associated asp with the 2D scattering length asp, this would
indicate that the gas is still strongly coupled at 692G. In contrast,
log(kragp) ~ —7 for this magnetic field. On the BCS side both
definitions coincide and we have aop = asp. We show the GMB and
BCS results from Eq. (6.112) extrapolated to strong coupling in this
regime. The Petrov curve corresponds to the dashed white curve in
Fig. 6.18, however applied with asp — asp here.

T./Tr (Petrov et al. [2003]) according to
.. 1T 2 1

TrlamB  eTylBCsS 7 kpasp’

(6.112)

where GMB (BCS) indicates the expressions associated to Gorkov and Melik-
Barkhudarov (Bardeen—Cooper—Schrieffer) in 3D. Due to the limitation on ex-
perimentally accessible values for T'/Tr on the atomic side of the crossover, we
can only provide a lower bound of T /Ty < 0.19 for In(kpasp) > 2. The observed
non-Gaussian fraction, however, supports a decrease towards the BCS limit. Note
also that the thermometry from the in-situ profiles, which indicates a lower cen-
tral value of the temperature on the far BCS side, does not invalidate the bound.
The extrapolation of the GMB- and BCS-predictions into the strongly-correlated
regime are shown in Fig. 6.19, although the perturbative calculations become
invalid in this regime.

Our estimate for the critical temperature for log(krpasp) > 0 is systematically
above corresponding theoretical predictions for a homogeneous system (Bauer
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6 Two-dimensional BCS-BEC Crossover

| B (G) | log(krasp)c | log(krasp)e | Te/Tv | (Te/Tr)im—situ
692 | -7.30 (4) | -0.96(4) |0.104 (17) | 0.105 (15)
732 | -342(2) | -045(2) |0.117 (25) | 0.116 (31)
782 | -059 (1) | 0.20(1) |0.151 (40) | 0.131 (51)
812 | 057 (1) 079 (2) | 0.170 (29) | 0.171 (24)
832 | 1.23 (1) 133 (1) | 0.195 (45) | 0.142 (120)
852 | 172 (1) 1.76 (1) | 0.195 (32) | 0.142 (70)

Table 6.4: Phase boundary of the 2D BCS-BEC crossover. The results are shown
for both asp and asp, see also Table 6.2 for the translation asp <> asp.
The critical temperature 7 is determined from the Boltzmann fit to the
high momentum tail of the momentum distribution. We also display
the corresponding value for the critical temperature obtained from the
in-situ fit to the density profile, see the discussion in Sec. 6.2.3. Both
thermometry methods are compatible within their errors for magnetic
fields which support a condensed phase in the experimentally accessible
temperature region. The error given in this table corresponds to the

statistical error. For a detailed discussion of uncertainties see Ries et al.
[2014].

et al. [2014]). We address part of this deviation to the influence of the finite aspect
ratio of our trap, which leads to residual influence of the third dimension (Fischer
and Parish [2014]). Furthermore, local equilibration and thus applicability of the
local density approximation at the trap center is not guaranteed. This effect
becomes more pronounced for decreasing central peak density. Still, due to the
reasonable agreement with theory on the BEC side, we believe that the phase
diagram shown in Fig. 6.18 gives a reliable account for the phase structure of the
homogeneous system. We display selected values for the phase boundary in Table
6.4.

From a Fourier transform of the momentum distribution 7n(p) we obtain the
correlation function g¢1(r). In the low temperature phase we observe a clearly
visible power law decay according to gi(r) ~ r~¢ for large r. In contrast the
decay is exponential in the high temperature region. This is in line with a BKT-
transition of a spin-wave phase with algebraically decaying phase correlations
into a disordered phase at T' = Tpkr. In particular, the correlation length &.or
is anomalously large below T.. For a truly 2D system we have &, = oo in the
superfluid phase. Here, however, due to the finite extent of the trapped system,
correlations are cut off at length scales on the order of the oscillator length ;.
Indeed, we find that ¢g1(r) = r~*exp(—r/&eor) is a good fit function for large r
with &.or &= 20pum being on the order of the radial oscillator length.

Single-shot density images of the cloud after short TOF display density fluctu-
ations on length scales which are sufficiently larger than the thermal wavelength.
Those fluctuations have to be due to initial (i.e. in-situ) phase fluctuations. In-
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Figure 6.20: Density profile in-situ (left) and after short TOF (right) at a low-
temperature on the BEC-side. We observe density fluctuations after
TOF which cannot be explained by the far smaller initial density fluc-
tuations. Accordingly, they have to result from initial phase correla-
tions. The size of the patches after TOF is larger than the thermal
wavelength. This rules out thermal correlations and the observed
pattern must result from a superfluid with large correlation length.
Figure taken from Ries et al. [2014].

deed, the size of initial density fluctuations can be estimated from shot-by-shot
images of the trapped cloud before the release, and they are too small to explain
the signature after TOF. We show an in-situ density image and a density image
after short TOF in Fig. 6.20.

We conclude from (i) the good agreement of T, with the BKT-prediction on the
BEC-side, (ii) the algebraic decay of phase correlations and an ’infinite’ correlation
length (< ¢y) below T¢, and (iii) the imprint of initial phase correlations on the
density profile after short TOF that the observed transition is consistent with
a BKT-transition to a superfluid phase. The observation of vortices above the
critical temperature would be a further important experimental signature.
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7 Conclusions and QOutlook

For the theoretical analysis of the BCS-BEC crossover in ultracold Fermi gases
in 3D and 2D we employed the FRG and DSE. In addition, the 2D setup has
also been investigated from the experimental side. A central finding is that the
phenomenology of the 2D many-body system is similar to the 3D counterpart,
and that the reduction of dimension results in a smooth dimensional crossover.
Indeed, the FRG equations can be employed for continuous spatial dimension
3 > d > 2 and, although we only considered the limits of d = 3 and d = 2 here,
there is no indication that the qualitative features in the many-body context
change for an intermediate critical d.. Furthermore, the experimental setup in
a highly anisotropic trap with aspect ratio w,/w, &~ 300 effectively simulates a
truly 2D system with the same qualitative features found from the FRG or other
theoretical approaches in 2D. We conclude that when going from 3D to 2D we
indeed find a smooth dimensional BCS-BEC crossover.

Both system, however, also feature some inherent differences. In the few-body
(or vacuum) sector we always find a two-body bound state in 2D. Therefore, the
2D BCS-BEC crossover with crossover parameter log(kra) can be driven solely
by density. In contrast, the resonance condition a~! = 0 is located at a vacuum
quantum critical point in 3D, and the regimes with positive or negative sign of
the crossover parameter (krpa)~! cannot be connected by an increase of particle
number. In experiment, however, the 2D crossover is driven by a magnetic Fesh-
bach resonance changing the 3D scattering length, which induces an effective 2D
scattering length a, and the change of log(kra) due to density is only weak.

Another important difference of both systems is the nature of the superfluid
phase transition. Whereas we have a second order phase transition in 3D with
critical exponents in the O(2)-universality class, the transition is of the BKT-
type in 2D. As a consequence, the correlation length is infinite below the critical
temperature T¢ in the latter case and a nonzero anomalous dimension is found
for temperatures 0 < T' < T.. Both features are recovered within the theoreti-
cal FRG-framework and they are observed in experiment. Condensation of zero
momentum pairs, which is forbidden for the infinitely extended 2D system due
to the Mermin—Wagner theorem, can be observed in a finite system. In fact, the
condensate fraction only vanishes logarithmically with the system size and is thus
always present in an experimental realization. For the interpretation of the ex-
periments discussed in this thesis, the appearance of an enhanced occupation of
low momentum modes has been associated with condensation. This allowed us
to extract the phase diagram of the 2D BCS-BEC crossover from the momentum
distribution.
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In order to obtain a quantitatively precise description of the phase structure
and the equation of state in the BCS-BEC crossover one has to resolve fluctuation
effects which go beyond mean field theory. We have employed the FRG in a variety
of truncation and regularization schemes to identify important contributions onto
observables such as the phase diagram or the equation of state.

To leading order bosonic fluctuations have impact onto both the effective po-
tential and the boson propagator. These contributions are particularly important
to obtain the critical physics, i.e. the correct universality class in 3D, and the
BKT physics in 2D. Moreover, bosonic fluctuations are important to resolve the
bosonic side of the crossover beyond mean field theory, and to account for the
correct zero temperature physics in d < 3. In this manner a qualitative picture
of the dimensional BCS-BEC crossover can be obtained in the whole parameter
range spanned by chemical potential, temperature, scattering length, dimension,
and spin-imbalance. Moreover, important quantitative benchmarks such as the
critical temperature T./u of the UFG or the LHY-correction and critical tem-
perature on the bosonic side in 3D are accurately resolved within a derivative
expansion.

The equation of state, instead, is not resolved in a satisfactory fashion in this
truncation scheme. Rather, as we have shown explicitly for 3D, the fermion self-
energy receives important fluctuation corrections which significantly increase the
density of the system. We have shown that in a purely fermionic picture the boson
contribution enters the density through the Tan contact, which is the coefficient of
the large momentum part ny, ~ C/ p* of the momentum distribution of fermions
in state |o). We derived the RG evolution equation for the scale dependent Tan
contact, C, which interpolates between Cy = 0 in the UV and Cy = C in the
IR. Again, only on the bosonic side of the crossover the Tan contact is resolved
to quantitative precision within the FBg-truncation.

On the atomic side we observe that the missing Hartree shift of the chemical po-
tential results in the failure to capture the Fermi liquid correction to the equation
of state and the Tan contact. In the perturbative limit, the Fermi liquid correction
to the equation of state can be obtained easily by integrating the flow equation
for the fermion propagator in a way that the direct feedback of the fermion self-
energy is neglected. The density is then defined by means of the closed fermion
loop. In this way a parametrization of the fermion propagator which includes
both Hartree shift and Tan contact should give a reliable account for the equation
of state in the perturbative limits.

At unitarity, a running fermion mass term has been included in the FBMy- and
FBM-truncations with the Q-exp regulator. In this case we found a substantial
correction of approximately 60% to the effective chemical potential for the UFG.
This strong renormalization suggests that a running chemical potential shift needs
to be taken into account at resonance. We believe that the combination of such a
truncation together with the definition of the density from the closed fermion loop
gives a very good account of the whole crossover region to 5 — 10% accuracy. In
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7 Conclusions and Outlook

first studies we obtained very promising results from this approach to the equation
of state.

We moved further towards quantitative precision in the FRG-approach to the
BCS-BEC crossover by evolving the effective potential on a grid of field variables.
For the spin-balanced 3D system we found a rather good stability of the critical
temperature of the UFG as compared to the results obtain within a ¢*-expansion
of the effective potential. This suggests that the corresponding second order phase
transition is well-captured by a Taylor expansion. However, for small enough spin-
imbalances such that the transition is still of second order, we found the result
for the critical temperature of the UFG within a ¢*-expansion to overestimate
the one obtained from the full evolution. It will be very interesting to study
the behavior of the effective potential in the spin-balanced and -imbalanced 2D
BCS-BEC crossover.

The grid-solution for the effective potential allows for the discussion of the
impact of spin-imbalance in the BCS-BEC crossover. This additional direction
in parameter space introduces qualitatively new aspects to the pairing properties
of fermions. Due to the mismatch of (approximate) Fermi spheres, pairing with
zero relative momentum and a homogeneous superfluid might be energetically
disfavoured. In particular, it is known from BCS theory that the breakdown
of superfluidity due to spin-imbalance proceeds by means of a first order phase
transition at low temperatures. We have extended the mean field analysis of
the spin-imbalanced 3D BCS-BEC crossover by including bosonic fluctuations
in the FBp-truncation. We find the qualitative structure of the mean field phase
diagram of the imbalanced UFG to persist after inclusion of fluctuations. However,
the location of the phase boundary changes significantly: In the balanced limit
we reproduce the substantially lowered critical temperature, whereas the critical
spin-imbalance is found to be above the mean-field prediction.

Several exotic phases have been conjectured for spin-imbalanced Fermi gases.
Here we studied in detail the stability of the Sarma phase, where the system
is a homogeneous, but polarized superfluid. Moreover, the formation of one or
two Fermi surfaces in this phase results in gapless excitations of the fermionic
excess quasiparticles. Strictly speaking, the Sarma phase is only well-defined for
T = 0, but the criterion for its existence can be extended for the case of T' > 0
as well. However, in order to observe the characteristic features of this phase in
experiment, sufficiently low temperatures are required. We thus investigated the
stability of the Sarma phase at zero temperature in the 3D BCS-BEC crossover
beyond the mean-field approximation with the FRG. This analysis was also moti-
vated by studies of a relativistic system where fluctuations induce a stable Sarma
phase. We find that for 3D ultracold fermions the Sarma phase at T' = 0 is only
stable on the BEC-side of the crossover, where it appears close to the prediction
from mean field theory.

Our analysis constitutes the first study of the quantum phase diagram of the
spin-imbalanced 3D BCS-BEC crossover including bosonic fluctuations beyond
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mean field theory. Again, the extension to the 2D case will be very interesting.
Another promising direction of research consists in computing the properties of
the quantum critical point on the BEC-side of the crossover. It is well-known
that the FRG is capable of resolving critical phenomena in bosonic systems to
high accuracy. Incorporating fluctuation effects onto the fermion self-energy and
Feshbach coupling might, however, result in a new universality class beyond the
bosonic classification as O(2)-model. Those corrections are gapped for the bal-
anced system, but become important in the Sarma phase. This leads to inter-
esting infrared physics dominated by both bosonic Goldstone modes and gapless
fermionic excitations.

By applying the well-understood FBg-truncation to the 2D BCS-BEC crossover
we obtained a qualitative picture of the phase structure and the equation of state
of the system. The superfluid transition is consistent with the BKT-mechanism
for all values of the 2D scattering length within our truncation. We find a strong
dependence of the critical temperature T¢/pm, and the zero temperature gap
parameter A/py;, on the infrared scale k¢ > 0 at which we stop the flow. Further-
more, the truncations with or without a running of the linear frequency coefficient
S¢ show significant quantitative changes. However, they also share common fea-
tures: Both ways to treat the running of Sy result in a logarithmic k¢-dependence
of the critical line. The phase boundary plotted as T./Ty vs. log(kra) shows
two local maxima and a dip at log(kpa) ~ 0. Whereas a maximum is expected
from extrapolation of the BCS- and BEC-limiting formulas, the additional sub-
structure appears to be an effect of the competition between bosonic (few-body)
and fermionic (many-body) features of the system. From improvements of the
truncation it will be possible to decide whether these features are physical effects
or mere truncation artefacts.

The system size introduces a physical cutoff onto the maximal length of long
wavelength fluctuations. In the FRG approach to the BCS-BEC crossover this
can be modelled by stopping the RG running at a nonzero infrared scale k¢ > 0,
which is well below all physical scales of the system due to density, temperature,
and scattering length. The dependence of observables computed from the FRG
on k¢ is a subtle question because it can be either due to physics or due to the
truncation. It is know that unphysical infrared scale dependencies appear in the
FBy-truncation when applied to nonrelativistic bosons at zero temperature for
d < 3. Since we partially recover a bosonic system in d spatial dimensions, the
infrared or Goldstone sector is dominated by the same set of flow equations. It is
thus important to leverage the ansatz for the effective action to a FB-truncation
including the quadratic frequency Vg-term. We have found in computations not
presented in this thesis that the inclusion of Vi, does indeed remove the unphysical
ke-dependence of the zero temperature gap. However, the infrared scale depen-
dence of the critical temperature persists.

The FB-truncation with g?-opt regulator violates the nonrelativistic vacuum
hierarchy which ensures that the fermion propagator and four-fermion coupling are
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not renormalized in vacuum. The same is true for any truncation employing the
Q-exp regulator. This is not problematic in the sense that the boson and fermion
mass terms can still be fine-tuned to yield the scattering length or binding energy
in vacuum. However, the correct result for the dimer propagator coefficients Ag,
Sg, and Vj is not recovered for k — 0 in those cases with unphysical vacuum
contributions, see Table 6.1. We attribute this to a failure to accurately describe
the vacuum even with fine-tuning of the mass terms. This may result in an
additional error on the scattering length.

The improper account for the dimer propagator can be seen as a breakdown of
the mediation of fermionic vacuum interactions by the s-channel boson. In fact,
the u-channel or particle-hole (’box’) diagram does not vanish in vacuum for those
cases, and thus successively spoils the proper account for fermionic interactions
during the flow. With a correct dynamical bosonization procedure during the
flow, this contribution can be subtracted at each scale, thereby resulting in a
truncation which respects the vacuum hierarchy and resolves the correct dimer
propagator. From this point of view, the cg-dependence of results with the Q-
exp regulator can partially be seen as a parametrization of the running of the box
diagram. It is very likely that the 2D BCS-BEC crossover at zero temperature can
be captured accurately by means of a FB-truncation where the correct vacuum
scaling is obtained from dynamical bosonization. It will also be interesting to
study the BCS-BEC crossover in continuous dimension.

Besides the theoretical approach to fermion pairing in 3D and 2D we also looked
at the 2D system from an experimental perspective. The realization of the 2D
BCS-BEC crossover using 5Li by the Jochim group at PI Heidelberg offers many
opportunities to investigate the thermodynamics and phase structure of the sys-
tem. From a new T'/4-imaging technique it is possible to obtain the momentum
distribution in a clean way after expansion in a harmonic potential. This can be
understood easily from a classical picture, but has been derived in this thesis with
quantum field theoretical techniques as well. From an enhanced occupation of
low momentum modes we have defined the condensed phase of the system, which
allowed to extract the experimental phase diagram of the 2D BCS-BEC crossover.
It agrees well with the expected form on the bosonic side of the resonance and
possesses a maximum at log(kpa) ~ 1. On the atomic side of the resonance no
condensation is observed for log(kpa) > 2, thus complicating a comparison to
theory in this regime. For the measurement of the phase diagram an accurate
determination of T, T, and a from the experimental data was crucial.

The experimental data immediately opens up several directions of future re-
search. By applying the local density approximation to the in-situ density profiles
we can map out the equation of state in the 2D BCS-BEC crossover. The relevant
techniques have partially been developed in this thesis for the in-situ thermome-
try, and thus are ready for application. Of course, this allows for a comparison
of FRG-predictions for the phase diagram and the equation of state with exper-
iment. Another interesting question concerns the nature of the quasi-long range
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order in the system which can be observed from a power law decay of phase corre-
lations. The latter can be obtained from the Fourier transform of the momentum
distribution. Furthermore, the bosonic side of the resonance realizes a strongly
coupled Bose gas, and thus facilitates the comparison with results for the momen-
tum distribution of 2D bosons from the FRG. Here we can build on earlier works
for purely bosonic systems.

In this thesis we made important steps towards the understanding of fermion
pairing in the BCS-BEC crossover in 3D and 2D. Our analysis provides insights
into the merits and shortcomings of different FRG-approaches to the system. For
the first time, we included the additional parameters of spin-imbalance, du, and
two dimensions, d = 2, in the FRG-description of the BCS-BEC crossover. The
experimental phase diagram of the balanced 2D BCS-BEC crossover has been
extracted in close collaboration with experiment.
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