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Kurzfassung

Auf makroskopischer Ebene werden Supraflissigkeiten Ublicherweise durch ein Zwei-
Flissigkeiten-Modell beschrieben. Im Rahmen dieser Dissertation werden die grundlegenden
Eigenschaften eines solchen Modells aus einer relativistischen skalaren Quantenfeldtheorie
abgeleitet. In einem ersten Schritt werden Berechnungen bei schwacher Kopplung und kleinen
Temperaturen durchgefiihrt. In dieser Approximation ist es moglich, analytische Ausdriicke der
nicht dissipativen hydrodynamischen GréRRen aus der Feldtheorie zu erhalten. Darauf
aufbauend wird ein Zwei-Teilchen-irreduzibler Formalismus verwendet, um die Resultate auf
alle Temperaturen unterhalb der kritischen Temperatur auszuweiten. Auch ein System zweier
gekoppelter Supraflissigkeiten wird analysiert.

Als Anwendungsbeispiel werden die Geschwindigkeiten von erstem und zweiten Schall in einer
Supraflissigkeit berechnet. Die Resultate dieser Berechnung zeigen, dass sich der erste (zweite)
Schall von einer Dichte- (Temperatur-)Welle bei kleinen Temperaturen zu einer Temperatur-
(Dichte-)Welle bei hohen Temperaturen entwickelt. Dieser Rollentausch wird im
ultrarelativistischen und nichtrelativistischen Grenzfall untersucht.

Die Resultate dieser Dissertation gelten fir eine Vielzahl an Systemen, welche mikroskopisch
durch eine skalare Quantenfeldtheorie beschrieben werden kdénnen. Im Speziellen wird
Supraflissigkeit in dichter Quark- und Kernmaterie in kompakten Sternen diskutiert.






Abstract

The hydrodynamic description of a superfluid is usually based on a two-fluid picture. In this
thesis, basic properties of such a relativistic two-fluid system are derived from the underlying
microscopic physics of a complex scalar quantum field theory. To obtain analytic results of all
non-dissipative hydrodynamic quantities in terms of field theoretic variables, calculations are
first carried out in a low-temperature and weak-coupling approximation. In a second step, the
2-particle-irreducible formalism is applied: This formalism allows for a numerical evaluation of
the hydrodynamic parameters for all temperatures below the critical temperature. In addition,
a system of two coupled superfluids is studied.

As an application, the velocities of first and second sound in the presence of a superflow are
calculated. The results show that first (second) sound evolves from a density (temperature)
wave at low temperatures to a temperature (density) wave at high temperatures. This role
reversal is investigated for ultra-relativistic and near-nonrelativistic systems for zero and
nonzero superflow.

The studies carried out in this thesis are of a very general nature as one does not have to specify
the system for which the microscopic field theory is an effective description. As a particular
example, superfluidity in dense quark and nuclear matter in compact stars are discussed.
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Preface

Superfluidity is a very general phenomenon. Critical temperatures of known superfluids extend over
17 orders of magnitude (from about 200 nK for cold atomic gases to up to 10'° K for nuclear and
quark matter). In the frame of this thesis, I will be most interested in the upper end of this scale
and discuss relativistic superfluids which presumably exist in dense nuclear or quark matter in the
interior of compact stars. Due to its interdisciplinarity, the study of this field is as fascinating as
it is challenging. Concepts of many different branches such as particle physics, solid state physics
or astrophysics have to be taken into account and I will devote a rather large part of this thesis to
describe the rich spectrum of physics to which the research presented in this thesis is relevant.

The basic idea is to relate the effective hydrodynamic description of a superfluid to the underlying
microscopic theory. The relevant microscopic physics are determined by a relativistic quantum field
theory to which a Bose-Einstein condensate is introduced. Even though it is to some extent obvious
that the hydrodynamics of a superfluid evolve from such a microscopic background, this relation has
never been made explicit before. The existence of such a “gap” in our perception of superfluidity
has led the existence of two separate communities (a “phenomenological” and a “microscopic” one),
each equipped with a terminology of its own. This difference in terminology is a frequent source of
confusion and I hope the results of this work can help to eliminate at least some of this confusion. In
the second part of this thesis, I shall demonstrate explicitly that it is indeed possible to the derive
the hydrodynamic description and calculate all non-dissipative hydrodynamic parameters purely in
terms of field theoretic variables. It shall also be indicated how the obtained results are related to
recent research outside of high energy physics, in particular to liquid helium and cold atoms. In the
third part I will use this microscopic framework to study the sound excitations of a superfluid. In
part IV, the more complicated but phenomenologically important scenario of two coupled superfluids

will be discussed.
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Part 1

Introduction

The discovery of superfluidity originated from the study of the low-temperature dynamics of helium.
Helium exhibits the rather peculiar feature of remaining liquid - even when the limit of absolute
zero temperature is approached. While we are not aiming to describe the properties of helium as
accurately as possible, no introduction to superfluidity can be complete without mentioning some
of the spectacular experimental results of these studies. Most of the discussed properties are not
exclusive for helium but are properties of superfluids in general. In particular, we shall explain how
the theoretical attempts to describe the observed phenomena ultimately led to the powerful two-fluid
formalism which will be introduced in section 2. A relativistic version of this two-fluid formalism is
widely and successfully used today to describe the phenomenology of superfluids in compact stars
(see also section 5). After a short historical outline of the discovery of compact stars we will discuss
the properties of matter which presumably exists in compact stars from a microscopic point of view.
In particular, we shall explain in which phases of dense matter we expect to encounter superfluidity
and how the occurrence of superfluidity influences observable phenomena of compact stars. The
microscopic terminology used in section 4 will inevitably be very different from the phenomenological
one used in sections 1 and 2. It shall be the goal of second part of this thesis to make the relationship
between both approaches as explicit as possible. A review of the discovery of superfluidity containing
many interesting historical details can be found in [1]. In addition, reference [2] provides a good

introduction to the phenomenology of superfluidity.

1 Early experiments with liquid helium

The experimental discovery of superfluidity dates back to the year 1927 when Keesom, Wolfke and
Clusius discovered an anomaly in the properties of liquid *He *: the specific heat as a function of
temperature shows a sharp maximum at 2.17 K [3, 4]. According to the shape of this diagram this
point was called “lambda point” and marks the boundary of two different liquid states referred to as
helium I (above Ty) and helium IT (below T)). Shortly after the discovery of this novel He IT phase,

experimental efforts focused on the study of heat-flow and viscosity of helium II which seemed to

4This is by far the most abundant isotope of helium and used in most laboratory experiments. Each pair of neutrons,
protons and electrons occupies a 1s orbital, none of them possesses orbital angular momentum and the spin of each
pair adds up to zero. In this configuration, helium is extremely stable.
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Figure 1.1: Left panel: the heat-flow of He II as a function of the temperature for different temperature
gradients taken from reference [5]. The general spectrum shows a sharp maximum around 2 Kelvin
and a strong decrease as the critical temperature for the phase transition to He I is approached. Right
Panel: thermal resistance as a function of the heat flow taken from reference [6]. The onset of the
critical velocity is clearly visible.

show a rather unusual behavior: Rollin in Oxford realized [7] that the heat transport in Helium II is
up to 5 times as effective as in Helium I and shows a sharp peak at a temperature around 2 K (a
typical plot is shown in 1.1).

It was conjectured that convection (due to the bulk motion of the fluid as opposed to heat conduction
due to excitations of molecules) could be responsible for the anomalously large value of heat transport
provided that the viscosity is small enough. However, the usual convection law 0,4 = —AVT (ie. a
linear relation between heat-flow and temperature gradient where A denotes the thermal conductivity)
was only recovered for sufficiently small temperature gradients. In addition, Brewer and Edwards
measured the thermal resistance as function of the heat flow [6]. This relation remains constant up to
a critical value of the heat flux at which the thermal resistance suddenly increases rapidly (see right
panel of figure 1.1). This critical value of the heat flow corresponds precisely to the critical value of
the temperature gradient at which nonlinear deviations from the convection law become measurable
which suggests a deeper connection between both phenomena. In fact, both can be explained by
the concept of a critical velocity: as we will discuss in the paragraph below, a heat flux induces a
counter-flow of mass flux (and vice versa). The mass flow however is limited by a certain critical

velocity at which turbulence arises (see discussion in section 6.1). This in turn is the origin of the
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sudden increase in thermal resistivity and for the onset of a nonlinear regime of the heat flow.

The counter-flow mechanism was discovered by two spectacular experiments which showed the so
called “thermomechanical effect” and its inverse, the “fountain effect” [8]: in case of the thermome-
chanical effect, two containers were filled with helium II and connected by a very thin capillary - a
so called “superleak” which should be thin enough to block any viscous fluid. Increasing the pressure
in container A leads to a flow of helium towards container B. Sur-
prisingly, this induces a temperature difference in both containers:
while the temperature increases in A, it decreases in B. This shows
that mass flow and heat flow are not just interconnected, but even
pointed in opposite directions. The fountain effect was discovered,
when a flask (open at the bottom) with a thin neck was lowered into
a bath of helium II. Additionally, the lower part of the flask is filled
with a fine compact powder - again with the purpose of preventing
any viscous liquid from escaping through the bottom. As soon as the
helium in the flask is heated up, a fountain of liquid helium sprays
out at the top. Such a process can in principle go on as long as the
heat supply as well as the cooling of the bath are provided.

The absence of viscosity in helium IT was shown in 1938 independently

by two groups, Kapitza [10] in Moscow and Allen and Misener [11]

in Cambridge by measuring the flow velocity of helium through thin

capillaries. The published articles of both groups include remarkable Figure 1.2: Photograph of
statements about the nature of superfluidity: Kapitza proposed [10] an experiment which demon-
that “by analogy with superconductors [...] helium below the X\ point strates the fountain effect
enters a special state which might be called superfluid”. This is the taken from reference [9]

first time the term superfluidity appears in literature. Furthermore,

superfluidity is related to superconductivity long before the microscopic theory of the latter phe-
nomenon was established. Kapitza received the Nobel price for his discovery in 1978. Allen and
Misener on the other hand claimed [11] that “the observed type of flow[...] cannot be treated as lam-
wnar or even as ordinary turbulent flow”. This statement implied that helium II requires an entirely
new fluid-dynamical description and was in contradiction to the common view of that time that lig-
uid helium is an “ordinary” fluid with very small viscosity (i.e. an ideal fluid describable by Euler‘s
equations of motion).

The pioneers in setting up this entirely new theory of fluidity were Fritz London and Laszlo Tisza.

London argued [12] that since “He atoms were Bose particles, they should undergo Bose-Einstein
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condensation, a rather new concept at that time. He then calculated the transition temperature of an
ideal Bose gas with the density of liquid *He and arrived at a value of 3.1 K, quite close to Ty. London
also explained, why Helium II remains liquid when the temperature approaches absolute zero: even
at very low pressure, the quantum kinetic energy of helium atoms is large compared to their binding
energies due to Van der Waals forces. In addition, helium atoms are particularly light. As a net
result, helium atoms do not remain “frozen” at fixed lattice positions even at very low temperatures.
Shortly after Tisza learned about London’s ideas, he proposed a two-fluid model [13] consisting of
a superfluid that would have zero entropy and viscosity and a viscous normal fluid which carries
entropy. With the aid of such a model he was able to provide an intriguingly simple explanation
of the thermomechanical effect: heating in terms of the two fluids means converting superfluid into
normal fluid at a rate sufficient to absorb the applied energy. Near the heater, this results in an
excess of the normal fluid and a deficiency of the superfluid. Convection then leads to a counterflow
of both components: while the superfluid is drawn towards the heater (where it will be transformed),
the normal fluid flows away from the heater. Any temperature inhomogeneity in a superfluid is effi-
ciently smoothened out by this counterflow mechanism. This effect is directly visible in experiments:

when pressure is reduced be-

a Superleak
low vapor pressure, we ex Container A (u,, T,) Container B (g, Ty)

pect that boiling of helium
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sent local hot spots in a lig-

uid. However, in boiling he-
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Superflow

lium IT one cannot observe
any bubbles®.
In case of the two contain-

Figure 1.3: Illustration of the normal-fluid and superfluid components

ers which are connected by a in a superleak. Aslong as the chemical potential u4 is larger than up ,

small capillary, only the su- the superfluid (s) will propagate towards container B. The counterflow

perfluid can pass (the viscos- is blocked by the narrow capillary.
ity of the normal fluid pre-
vents it from creating a counterflow through the narrow capillary such that no equilibrium between

the two containers can be achieved). This situation is illustrated in figure 1.3. Since there is now more

®Once again, this effect is limited by the critical velocity. If the induced counterflow becomes too large an onset of
bubbles is indeed visible.
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mass (but the same entropy!) in container B, the temperature decreases. By the same argument, the
temperature increases in container A. From the same experiment, it was deduced that the charge is
carried by the superflow: a steady state (when there is no more flow through the superleak) is only
achieved when the chemical potentials are equal in both containers pa(Ta, P4) = pp(Ts, Pg) . Ac-
cording to the thermodynamic relation, a pressure gradient corresponds to gradients in temperature
and chemical potential dP = ndy + sdT', but only a gradient in the chemical potential will induce
a superflow. Tisza was also able to explain the fountain experiment: heating creates a temperature
difference between the helium within the flask and the helium bath below causing the superfluid to
enter the flask. The viscous normal fluid on the other hand is prevented from leaving the flask due
to the powder at the bottom. The volume of the liquid in the flask thus increases rapidly resulting
in a fountain shooting out at the top.

Finally it was Landau, who perfect the two-fluid model. At this point, it is interesting to mention
that Landau, despite his certainly outstanding intuition refused to believe in the relevance of Bose-
Einstein condensation. Nevertheless, Landau‘s theory is a remarkable success. The main advance
compared to Tisza‘s model lies in the definition of the normal component. While Tisza believed that
the normal fluid consists of uncondensed atoms, Landau proposed that it is made of quasiparticles of
the quantum fluid. In a manner of speaking, both Landau and Tisza were correct about a different
half of the two-fluid model. Landau divided all quasiparticle excitations into two groups which he
termed “phonons” and “rotons”. While the “phonon” has a dispersion relation linear in momentum
and determines the low-temperature properties of the fluid, the “roton” dispersion is quadratic in
momentum and can only be excited after a certain energy gap A has been reached®. After fitting
model parameters such as A to reproduce the experimental value of the specific heat, he calculates a
transition temperature of about 2.3 K in very good agreement with the experimental value.

Perhaps the most striking prediction of the two-fluid model is the existence of an additional sound
mode: Landau proposed that heat should propagate as what he calls “second sound” rather than
diffuse as in an ordinary fluid. Even though the idea of temperature waves also originated from
Tisza, the results differed in both models: Landau predicted that second sound approaches a value of
¢/+/3 with ¢ being the velocity of ordinary sound waves in the zero temperature limit while in Tisza's
model the velocity of second sound approaches zero. The experimental confirmation of Landau‘s

result ultimately marked the success of his model which we shall briefly review in the next section.

5The microscopic nature of the roton excitations is still heavily debated today. Different microscopic models aim to
reproduce the roton spectrum with different levels of success.
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2 The two-fluid model

Landau essentially constructed his famous two-fluid model based on the experimental results reviewed
in the last section. We will now discuss the non-dissipative version of this model, i.e. we will consider
a mixture of a superfluid and an ideal fluid (the normal component). A generalization which takes
into account the viscosity of the normal fluid is discussed for example in [14]. The basic equations of
motion of an ideal fluid are built on the fact that the motion of a fluid within a given volume element
can be described by the mass density p(7,t), the entropy density s(7,t) and the fluid velocity ¥(7, ).

The corresponding equations read:

op =
87;) +V.pvi = 0, conservation of mass (2.1)
0s = :
o +V.s0 = 0, conservation of entropy (2.2)
ov - V P
a—: + (17- V) v o= VP . Euler equation (2.3)
p

Equivalently to the Euler equation the conservation of momentum can be used

8t gj -+ (%Hij =0 y (2.4)

where the momentum density is given by ¢; = pv; and the stress tensor of an ideal fluid by

Hij = P(SZ] + pviv; . (25)

These equations can be solved for p, s and ¥ provided that the equation of state P = P(p,s) is
supplemented.

To explain the experimental fact that entropy does not flow with the center mass velocity v, it is
obviously necessary to go beyond the Euler set of equations and introduce an independent velocity
field associated with the entropy flow. This velocity is denoted by v, reflecting that only the normal
fluid carries entropy. The velocity of the superfluid on the other hand is constrained by the condition
that no turbulence occurs (at least not for flow velocities below the critical velocity). In mathematical
terms, the superfluid velocity is assumed to be irrotational, V x ¥ = 0. The mass density is divided

into superfluid and normal-fluid density” p = p, + ps where the normal-fluid density vanishes at

"It should be noted that this is merely an interpretation, the two densities cannot be physically separated. It is not
possible to determine which helium atoms belong to the normal fluid and which to the superfluid.
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zero temperature and the superfluid density at the critical temperature. By definition, the two fluid
components interpenetrate each other without mutual friction. The total mass flow adds up to:
The conservation of mass remains unchanged

dp

aJr@-ﬁ:O, p = pn+ ps, (2.7)
whereas the conservation of entropy is now given by
0s =

a—kv-svnzo. (2.8)

Momentum conservation can be written in the form of (2.4) using equation (2.6) and the stress tensor

of the two-fluid system
ILi; = (Pn + Ps)dij + pnniVnj + pstsiVs; - (2.9)

It remains to find the corresponding Euler equation for the superfluid. As demonstrated by Khalat-
nikov [14], this equation can in principle be derived from conservation equations postulated above,
the irrotationality of the superflow and the principle of Galilean invariance (see also reference [15]).
However, such a derivation is tedious and we shall follow Landau‘s original approach: in order to
explain why the chemical potentials on both sides of a superleak are equal in the steady state Landau
postulated that the chemical potential acts as the potential energy of the superfluid component and

—ﬁu as the corresponding force. The superfluid Euler equation then reads

681;8 v (58 : ﬁ) 7= -V (2.10)
Equations (2.7, 2.5) and momentum conservation form a complete set of eight independent hydro-
dynamic equations describing the motion of a superfluid in terms of the eight variables p, s v
and ¥, provided that the equations of state p = plp, s, (Uh, — Us)%], pn = pnlp, 5, (U — ¥s)?] and
w = ulp, s, (G, — Us)?] are supplemented. Galilean invariance requires the equations of state to de-
pend only on the difference of 4, and vs and to be invariant under rotations. A few concluding

remarks about the two fluid equations are in order:

e In the strict mathematical derivation of the two-fluid equations, frame dependence plays an
important role. While in the single fluid case, one can always define a local rest frame of the fluid,
this is no longer possible in the two-fluid case. In the way listed above, the two-fluid equations

are obviously given in a lab frame where vs; and v, are both nonzero. When we consider
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relativistic superfluids, the Galilean transformation connecting two frames of reference will
have to be replaced by a Lorentz transformation. Especially when deriving the corresponding

hydrodynamic equations from microscopic physics, frame dependence will be a non-trivial issue.

e The irrotationality condition of the superfluid implies that the superflow can be expressed as
the gradient of a scalar potential ¥y = —ﬁw(f, t). When terms quadratic in the velocities are
neglected, equation (2.10) turns into d%,/8t = —Vu. This is an important relation indicat-
ing that velocity and chemical potential of a superfluid can be obtained as time and spatial
derivatives of the same scalar field ¢ (Z,t). The relation 0y) = p follows after taking the time
derivative

Uy = —Vih, = Oy = —Vopp = -V, (2.11)

In a relativistic context, it seems natural to unite chemical potential and superflow using the
four gradient d,1. In a microscopic context, we will later identify the field ¢ as the phase of a

Bose-Einstein condensate.

e The two-fluid framework can be extended to include dissipation. The equation of motion for
the normal component is then to be replaced by a Navier-Stokes equation. In the simplest case,
linear deviations from equilibrium in the hydrodynamic parameters are considered. While the
conservation equations of mass and momentum can be extended to include dissipative terms,

entropy is no longer conserved. One rather has:

0.5 ( N ;d) ~ s (2.12)
Here, 5455 denotes the dissipative entropy flux and ¥ is a positive definite quantity (the positive
entropy production due to dissipation will drive the system back into equilibrium after some
time). These assumption result in a modified Navier-Stokes equation which is rather complicated
(an explicit expression can be found in [14]). The two-fluid Navier-Stokes equation differs from
the regular one in the number of viscosity coefficients: in addition to the shear viscosity, three
bulk viscosity coefficients rather than one are present. It should be noted that the concept of two
fluid components which interpenetrate each other without mutual friction becomes problematic
in the presence of dissipation. A detailed discussion of the validity of the two-fluid picture

including viscosity can be found in [15].
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3 The discovery of compact stars

The discovery of Sirius B by Walter Adams in 1915 is regarded as the first discovery of a compact
star. Using stellar spectroscopy, he was able to deduce [16] that despite of its size which is roughly
about the size of the earth, Sirius B had a mass that is comparable to that of the sun. In reference
to their hot temperature and small size, such objects were called “white dwarfs”. Due to the high
densities present in a white dwarf, atoms are fully ionized, all electrons are free and form a degenerate
gas. It was soon realized that relativistic effects are important for a realistic description of such an
electron gas [17].

In February 1932, James Chadwick discovered the neutron [18] after only two weeks of experimen-
tation. It is often mentioned in literature that this discovery served as a motivation for Landau to
speculate about the existence of neutron stars. This however seems not to be the case (see reference
[19] for a historical review). The submission of Landau‘s first publication on compact stars [20] dates
back to January 1932 - one month before Chadwick's discovery. While it is true that Landau pre-
dicted the existence of stars with the structure of “gigantic atomic nuclei”, he was obviously unaware
of the existence of neutrons at that time as he describes the atomic nucleus as being made of protons
only (Landau would not consider neutrons for another six years). The first model of a nucleus made
of protons and neutrons was suggested by Ivanenko in April 1932 [21].

The term neutron star was first introduced in 1933 by Walter Baade an Fritz Zwicky [22] at Cal-
tech in an attempt to explain the enormous amount of energy released in supernova explosions (the
gravitational collapse of the core of a massive star). As they correctly explained, such a super-
nova explosion represents the transition of an ordinary star into a neutron star - an object made
up of closely packed neutrons with a very small radius and extremely high density. In 1939, George
Gamov realized [23] that white dwarfs are analogous to neutron stars: both represent the final evo-
lutionary state of a star, but a white dwarf is the supernova remnant of a star whose mass was
not large enough to become a neutron star (which is the case for over 97% of the stars in our
galaxy). However, the existence of neutron stars remained controversial. In 1939, Robert Oppen-
heimer and George Volkov found analytic solutions to the Finstein equations of general relativity
for the special case of static and spherical stars made of isotropic matter. Based on the result-
ing equation (also called Tolman-Oppenheimer-Volkov equation), they calculated an upper limit for
the mass of neutron star to roughly 0.7 solar masses [24] - smaller than the mass of stellar cores
that could collapse into neutron stars. The crucial ingredient is the equation of state: while Op-
penheimer and Volkov used an equation of state for a degenerate non-interacting neutron gas, a

similar calculation based on Skyrme-model effective nucleon interactions resulted in a maximum
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mass as high as two times the solar mass [25] and general interest in neutron stars raised again.

In the meantime a consistent microscopic theory
of Cooper pairing was established and possible
applications in nuclear matter where studied by
Nicolay Bogolyubov in 1958 [26]. Only one year
later, Arkady Midgal suggested that superfluid-
ity might be present in neutron stars - a first
study was carried out by Vitaly Ginzburg and
David Kirzhnits in 1964 [27]. Since then, a great
number of possible phases of matter (including
superfluid ones) in compact stars that go beyond
ordinary nuclear matter have been suggested and
we will review some of them in the next chapter.
It was not until 1967 that the first direct observa-
tion of a neutron star finally took place. Jocelyn
Bell Burnell and Antony Hewish measured radio
emissions originating from a fast rotating neu-
tron star, a so called pulsar [28], located in the
“crab-nebular” - a remnant of a gigantic super-

nova bright enough to be directly observed by

Figure 3.1: The crab nebular - remnant of a gi-
gantic supernova explosion - photographed by the
Hubble space telescope in 2005.

Chinese astronomers in 1054. Hewish was awarded the Nobel price for this discovery in 1974.
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4 Compact stars from a microscopic point of view

In the frame of this thesis, we will reserve the word compact star for objects which are dense enough
to support nuclear and/or deconfined quark matter in their inner layers. The physics of white dwarfs
mentioned in the last chapter will not be considered here. Nucleons and quarks are strongly interacting
particles and therefore, the dynamics of matter inside a compact star are mainly determined by
quantum chromodynamics (QCD). However, electroweak interactions induce further constraints on
the composition of matter. To describe dense matter in compact stars, we first need to discuss the
phase diagram of QCD and clarify where in this diagram compact stars exist. Since we are ultimately
interested in superfluidity (i.e. a low-temperature phenomenon), we shall discuss in which sense
matter inside a compact star can be considered as cold. In order to review superfluidity in dense and
strongly interacting matter, we will make use of a modern microscopic picture, in which superfluidity
is the result of spontaneous symmetry breaking. We will not elaborate further why a system subject
to spontaneous symmetry breaking exhibits superfluidity at this point as this will be discussed in
great detail in part II. The impact of superfluidity on the phenomenology of a compact star will be

explained in section 4.2.

4.1 Cold and dense nuclear and quark matter

In what follows, only three quark flavors (up, down and strange) will be considered. Quark chemical
potentials in a compact star can reach values up to about 500 MeV - by far not enough to excite
heavier quarks. (If not explicitly stated otherwise, the symbol u will refer to the quark chemical
potential.) The presence of electrons might be required in compact star matter to achieve electric
neutrality and the corresponding chemical potential will be denoted as p.. If we were to consider
purely strong interactions, we could assign a chemical potential to each separately conserved quark
flavor. However, weak interactions violate flavor symmetries and we shall see that as a result the
number of independent chemical potentials is reduced from four (pu,, pd, ts, fe) to two (pe and p).
Despite the high densities of matter inside a compact star, the mean free path of neutrinos is still
large enough to allow them to escape. Lepton number is thus not conserved and no chemical potential
can be assigned to it. Finally, any cluster of matter is formally required to be a color singlet and
thus there is no net chemical potential for color charges in a compact star (with the exception of

non-uniform phases in which sub domains with positive and negative charge can in principle exist
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[29]). In the high energy limit, quark masses can be neglected and the overall symmetry group of

QCD including color gauge group as well as left and right-handed flavor groups reads:

GQCD:SU(?))CXSU(?))LXSU(?))RXU(l)LXU(l)R (4.1)

While the current quark masses of up and down quark of about 5 MeV are negligible, the strange
quark mass of about 90 MeV will certainly have a strong impact on the composition of matter inside
a compact star. The following features of QCD are particularly important for our understanding of

the phase structure of strong interactions:

e QCD is an asymptotically free theory which means that the coupling strength between quarks
decreases with increasing momentum transfer. At sufficiently high energies and/or densities,
QCD thus behaves like a free field theory. This behavior can effectively be described by a running
coupling agep = agep(¢/Agep) where the characteristic energy scale Agop is experimentally
determined to a value of Agcp ~ 200 MeV. Only when the momentum transfer is larger than

this value, say above ¢ = 1GeV, perturbative calculations are valid.

e At sufficiently low temperatures and/or densities, quarks are confined into color-neutral com-
posite particles (hadrons). Critical temperature and density of the deconfinement transition
can vaguely be related to the characteristic energy scale: Agcp corresponds to a temperature
of the order of 10'? K at which hadrons are melted into their constituent quarks. Furthermore,
the size of a light hadron measures about 1 fm which roughly corresponds to Agglc p - If the
average separation distance of quarks is below 1 fm (at a chemical potential p of around 400
MeV) deconfinement sets in. It should be noted that even though asymptotic freedom and
confinement can at least vaguely be related to one energy scale Agcp, they should be treated
as independent: while confinement is the dominant characteristic of the theory at low energies,

asymptotic freedom becomes dominant at high energies.

e At low temperatures and densities, chiral symmetry (the symmetry of independent left and right
handed flavor rotations) is spontaneously broken by a color-neutral quark /anti-quark condensate

¢ ~ {(qr qr) - The resulting ground state is only invariant under simultaneous rotations of left
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and right handed quark flavors (i.e. vector rotations)®

SU(3)C X SU(3)L X SU(3)R X U(l)B — SU(3)C X SU(3)V X U(l)B (4.2)

The above pattern indicates that the axial symmetry SU(3) 4 is maximally broken SU(3)4 — 1
resulting in N]% — 1 = 8 Goldstone bosons - the pseudoscalar meson® octet. It should be noted
that chirality is an approximate symmetry valid only at asymptotically high energies and its
breaking is a complicated dynamical matter: instead of exactly massless Goldstone bosons one

obtains pseudo-Goldstone modes with small masses.

For the sake of completeness, it should be mentioned that chiral symmetry breaking and confinement
not necessarily share a common phase transition line and in principle a confined but chirally symmetric
phase might exist. We will ignore this possibility here and project a crude first version of the phase
diagram with a single phase boundary separating confined and deconfined quark matter in figure 4.1.
From these generic features of QCD, we can deduce that compact stars are located in an area of cold
and dense matter in the QCD phase diagram: shortly after their creation in a supernova explosion,
the temperature of compact stars is of the order of 10 MeV ( roughly 10'! K). During the evolution
of a compact star, it further cools down to temperatures in the keV range which is small compared to
scale set by Agcp. Chemical potentials of compact stars on the other hand can become as large as
p < 500 MeV. We are thus particularly interested in a region of T' < Agep and T' < . At very high
temperatures T' > u a plasma of asymptotically free quarks and gluons is realized. Entropy prohibits
a well ordered ground state and there is no spontaneous symmetry breaking in this region of the phase
diagram - in other words all symmetries of the group Ggcp are effectively restored. Experimental
data of the transition to this state matter can be obtained from relativistic heavy ion colliders. A
powerful theoretical tool to probe this transition is lattice QCD which, at least in the vicinity of
the temperature axis, predicts a smooth crossover from hadronic matter to quark-gluon plasma. In
the limit of > T , a rich phase structure due to a large variety of symmetry breaking patterns is
anticipated. Because of asymptotic freedom, it seems reasonable to begin a discussion of cold and
dense quark matter at very high densities where properties of the ground state can be deduced from

first principles (i.e. QCD) and then investigate what happens once we progress downwards in density.

8The full symmetry group Ggocp can be decomposed in vector and axial-vector symmetries which correspond to
simultaneous (V = L 4+ R) and opposite (A = L — R) rotations of left and right handed flavors. However, the U(1) 4
symmetry is violated in any region of the phase diagram by quantum effects (axial anomaly) and reduced to the descrete
group Z(6). We will surpress this residual group in the breaking patterns. The vector symmetry U(1)y corresponds to
baryon number conservation and will from now on be denoted as U(1) 5.

9Pseudoscalar particles are characterized by zero total spin and odd parity, usually denoted as J* =0".
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Figure 4.1: A crude first approximation of the QCD phase diagram. A single phase transition line
separates confined and chirally broken from deconfined and chirally symmetric matter.

4.1.1 Highest densities, Color flavor locking

A comprehensive introduction to the physics of high density quark matter can be found for example
in references [29] and [30]. At asymptotically high densities, quark masses can be neglected and the
quark Fermi momenta pp = ,/pu? —mZ «~ p become large. Due to Pauli blocking, only states in
the vicinity of the Fermi sphere are modified by interactions. Such interactions then involve large
momentum transfer and are governed by weak coupling. As a result, we expect to find a Fermi liquid
of weakly interacting quarks and quark-holes. However, in contrast to Coulomb forces acting between
electrons, interactions between quarks are certainly attractive in some channel which can be deduced
from the existence of baryons which are bound states of quarks. Such attractive interactions between
quark quasi-particles will render the ground state unstable with respect to Cooper pairing'%and these
pairs, possessing bosonic quantum numbers, will undergo Bose Finstein condensation. This argument,

as originally presented by Bardeen, Cooper and Schrieffer (BCS) [31] holds true for quarks in quark

10 A5 discussed for example in [29], the energy scale at weak coupling g below which the quasiparticle picture of quarks

breaks down is parametrically of order e~eonst/9” while the BCS order parameter (the energy gap in the excitation

spectrum of the quasiparticles) is parametrically larger of order e~c"t/9 1In other words, pairing occurs in a region of
the phase diagram where the quasiparticle picture of the quarks and thus also the BCS argument remains rigorously
valid.
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matter in the same way as it does for electrons in a solid!'. So far, we can make two important

observations on high density quark matter:

e The ground state of high density quark matter spontaneously breaks baryon conservation, and
therefore is a baryon superfluid. Since baryon conservation is an exact symmetry of QCD for any
given density, the spontaneous breaking of U(1)p is also the origin of superfluidity in nuclear

matter.

e Since the order parameter A of Cooper pairing is a di-fermion condensate A ~ (qq), it cannot
be a color singlet but rather breaks the SU(3)c symmetry. Thus, quark matter at highest

densities is not only a superfluid but also a color superconductor.

It remains to determine the structure of the BCS order parameter in color, flavor and spin space.
Interactions between quarks can be decomposed into a symmetric sextet as well as an antisymmetric
anti-triplet channel:

@ [6]° (4.3)

This holds true for color as well as flavor degrees of freedom. In color space, quarks must be in the
anti-triplet representation as this channel provides attractive interactions while interactions in the
sextet channel are repulsive. Since pairing is preferred in the antisymmetric spin zero channel and
the overall wave function of a Cooper pair has to be antisymmetric, we can conclude that quarks pair

in an anti-triplet flavor channel. The color and flavor structure of the Cooper pair is thus given by:

514 514
{gq) € 3] @[3} (4.4)
Expanding in an antisymmetric color and flavor basis, we can write:
(qq) o 7%, (4.5)

The 3 x 3 matrix ® now determines the specific color and flavor structure of the Cooper pair within
the antisymmetric basis. To maximize the condensation energy, quarks of all colors and flavors are
required to contribute to the Cooper pairing. This allows for an unique determination of the order
parameter and one obtains ®® = 6° [32]. This diquark order parameter breaks the symmetry group

Ggcp down to simultaneous rotations of color and flavor degrees of freedom:

SU3)e x SUB3)L x SU3)r x UL — SU3)errsn X Z(2) (4.6)

and related to this breaking pattern, the corresponding ground state has been termed color-flavor

locking (CFL) [32]. The breaking of baryon conservation to the discrete subgroup Z(2) reflects the

"1n some sense, the pairing mechanism is even simpler in quark matter as an attractive interaction in QCD is directly
provided by single gluon exchange (which is the dominant process at weak coupling) whereas in a solid, a complicated
framework of electron - phonon interactions is required.
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cooper pair nature of the ground state. To complete the discussion of CFL, we list all elementary

excitations of this phase:

e The spontaneous breaking of baryon conservation U(1)p gives rise to a discrete massless Gold-
stone mode as well as a gapped mode with a finite spectral weight [33]. We shall see that the
Goldstone mode is crucial in the discussion of superfluidity, the massive mode becomes relevant

only at higher energies.

e CFL breaks chiral symmetry as can be seen in the breaking pattern (4.6). The low energy
spectrum of CFL hence contains 8 light (pseudo)-Goldstone modes with quantum numbers
identical to those of the meson octet resulting from chiral symmetry breaking in low-density
QCD (4.1). The corresponding excitations can therefore be considered to be the high density
analogues of pions, kaons and the 7 particle!?. The meson octet is complemented by a singlet
state i’ resulting from the breaking of U(1)4. Due to the axial anomaly, the 1’ particle mass
becomes large at lower densities whereas at large densities, the effect of the anomaly becomes
arbitrarily small (see also discussion in section 4.1.2). The (pseudo) Goldstone modes together
with the (exact) Goldstone mode resulting from the breaking of U(1)p determine the dynamics
of CFL at low energies € < A.

e The 8 ® 1 (pseudo) Goldstone modes in CFL are accompanied by nine gapped excitations (i.e.
the quark-quasiparticles) where one of them has a gap of magnitude 2A and the remaining eight
of magnitude A [30].

e The color gauge group SU(3). is completely broken resulting in Meissner masses for all glouns.
The generator of the electromagnetic charge on the other hand is contained in the flavor group
Tem C SU(3)r+r™ and due to symmetry breaking in CFL, only the residual generator T C
SU(3)c+L+r remains unbroken. In other words, all diquark condensates carry zero net U(1)7 -
charge. This phenomenon is called rotated electromagnetism. Tep, is a linear combination of
the generator of the original electromagnetic charge and the gluon generator Ty and the new
gauge field reads A, = cos(0)A, — sin(G)Gz. However, since the mixing angle 6 is very small,
one may say that the (original) photon does not acquire a Meissner mass and CFL is not an

electromagnetic superconductor.

12 At this point, it is interesting to mention that the symmetry properties of CFL and hadronic matter in principle
allow for the intriguing possibility of a quark-hadron continuity, see references [34], [35] and [36].

13This is visible for example in the covariant derivative. To couple electric charges to the three quark flavors, the
charge generator Q = diag(2/3, —1/3, -1/3) is coupled to the electron chemical potential ..
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A phase diagram including the CFL phase is shown in figure 4.2. In summary, the properties of the
CFL phase at highest densities allow for a rigorous theoretical treatment from first principles: QCD
is weakly coupled at high densities and infrared divergences are are cut off by the Meissner masses of
the gluons. Furthermore, magnetic interactions in QCD are screened by Landau damping |29].

It remains to provide a quantitative estimate in which density regime one can expect CFL to represent
the ground state. Calculations of the order parameter A of CFL in the frame of BCS theory are reliable
at a chemical potential of the order of about 10® MeV!* [37] (roughly 15 orders of magnitude larger
than the maximum value for chemical potentials inside compact stars). Parametrically, one obtains
the following result [38]:

A o pe= 9 (4.7)

This shows that the gap in CFL is parametrically larger than the standard BCS result for the gap
which is proportional to e #/ 9*. This deviation results from the fact that the point like four-fermion
interaction has been replaced with the long-range gluon interaction. As p increases faster than
exp(—c/g) decreases |29], one can conclude that the gap increases for asymptotically large u. The

critical temperature of CFL deviates by a factor of 21/3 from the standard BCS result
To ~2Y3.0.57 Ap—g . (4.8)

As in standard BCS theory, the critical temperature is of the same order of magnitude as the zero
temperature gap. With these results at hand, it is tempting to try a bold extrapolation to densities
existing inside compact stars. According to the QCD beta function, a chemical potential of about 400
MeV corresponds to a coupling of g ~ 3.5 (of course we can only rely on the two loop approximation
of the beta function which strictly speaking is not valid at all at lower densities). This results in a gap
(and thus also in a critical temperature) of the order of 10 MeV - above temperatures of a compact
star except for the first minutes after their creation. Even though such an extrapolation seems of
course unreliable, a comparison with models specifically designed to describe an intermediate density
region such as the NJL (Nambo Jona Lasinio) model shows surprisingly good qualitative agreement
[39]. This suggests that color superconductors are at least strong candidates for the ground state of
matter inside a compact star. What really happens to the ground state of QCD once we leave the
save grounds of asymptotically high densities is very hard to determine as our current theoretical
control over the region of intermediate densities is very limited. Some insights can be obtained by

extrapolations from nuclear theory (upwards in density) or, as we will discuss in the next section,

"1t should be emphasized that this magnitude of the chemical potential specifically describes the limit at which
the BCS gap equation is valid. It should not be confused with a threshold at which perturbative calculations become
applicable - the gap equation is derived under the assumption of weak coupling, but it is still non perturbative.
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Figure 4.2: Phase diagram of QCD including the color-flavor locked phase. Both, the hadronic and
the CFL phase spontaneously break chiral symmetry. In case of hadronic phase, the condensate is
a quark-antiquark bound state whereas in CFL it is a Cooper pair of quarks. Only at a chemical
potential as large as p ~ 108 MeV the existence of the CFL phase can be taken for granted and it
seems unlikely that “pure” CFL will survive all the way down to the phase boundary of hadronic
matter. Therefore, this diagram still represents a strong simplification.

from CFL (downwards in density). Another possibility is to use effective models for this region of the
phase diagram. More powerful and reliable methods such as lattice QCD or experimental insights
from heavy ion collisions are limited to lower densities (one should not however, that future accelerator
facilities such as NICA might provide some insight [40] and also in lattice QCD some progress in the
effort to extend calculations to higher densities has been made [41]). From this point of view, the
study of compact stars as the only “laboratory” where such intermediate densities are realized in

nature could prove to be invaluable.
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4.1.2 High, but not asymptotically high densities

Two effects become important once we leave the realm of asymptotically high densities:

e The coupling strength increases. This effect renders calculations from first principles outside the
asymptotic density region very complicated and it is very challenging to include higher order
effects in the coupling constant. Approaches to resolve this issue include the construction of an
effective field theory for quasi-quarks and gluons near the Fermi surface [42] or renormalization
group theory [43]. In the effective field theory approach, strong coupling makes it necessary to
include non Fermi liquid effects at energy scales above the gap [44], [45].

e The mass of the strange quark increases and the Fermi momentum kg = m decreases.
The separation of the Fermi momenta of different quark flavors eventually leads to the break-
down of Cooper pairing'®. To obtain a quantitative estimate, when this happens for 3-flavor
CFL, one has to take into account that matter inside a compact star is constrained by charge

16 which couples the chemical potentials. In unpaired quark

neutrality and beta equilibrium
matter, the lack of negative electric charge due to the reduced number of strange quarks (charge
—1/3) is compensated by lowering the up-quark (charge +2/3) Fermi momentum and increas-
ing the down-quark (charge—1/3) Fermi momentum (the electron contribution to the charge
density is parametrically negligibly compared to the quark contributions, for a more detailed
discussion see [30]) resulting in the ordering krs < k Fu < krg. Toleading order in m, one finds
an equidistant separation of 6kp = m?2/4u between all quark flavors. In CFL quark matter, the
pairing locks the Fermi momenta together as long as the energy cost of enforcing the pairing is
compensated by the energy released from the condensation of Cooper pairs. As the cost of main-
taining a common Fermi surface is parametrically uz(sk% o m? and the gain of condensation
energy is A?u?, we can expect paired quark matter to remain stable as long as A > m?2/u. It
should be noted that such a limit is not exclusive to the pairing pattern of CFL: less symmetric
pairing patterns which might appear as mg increases (for example patterns in which only two
flavors contribute to the pairing) suffer the same fate of stressed pairing [46]. From these simple
estimates, it is of course not possible to decide, whether CFL is robust enough to extend all the

way down to the phase boundary of nuclear matter or not.

'5For two fermion species with chemical potentials y; and o, a first order transition to the unpaired phase sets in
at 6 = 1(u1 — p2) = A/V/2, the so called Chandrasekhar-Clogston point.

16Tn quark matter, 5 decay and electron capture are represented by d — u+e+ 7, s — u+e+v. and u+e — d+ve,
u + e — s + v, respectively and an additional non-leptonic process is given by s + u <— d + u . These constrain the
chemical potentials to g = pte + pru and ps = pe + po (as stated before, there is no chemical potential for neutrinos).
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Systematic studies show that as long as densities are still high enough and the stress on the pairing
pattern is not too large, CFL will most likely react with the development of a kaon condensate [47].
To understand why kaon condensation is particularly important in this context, we will take a closer
look at the effective theory for mesons in CFL first derived in reference [44|. The construction of this
effective theory works analogously to chiral perturbation theory in nuclear matter: the chiral group
G is assumed to be intact which is an appropriate approximation as long as quark masses are small
compared to the specific scale of chiral symmetry breaking. This scale is set by the high density

analogue of the pion decay constant fr which was calculated [48] to

o 21—8log2 p?

Jx 18 22’ (4.9)

It should be noted that in contrast to the chiral effective theory in vacuum, the finite chemical
potential in the high density effective theory explicitly breaks Lorentz invariance (see also discussion
in section 5.3). The meson fields 6, appear to all orders in the chiral field ¥ € SU(3),

¥ = exp(ia\?/ fx) , (4.10)

where ), are the Gellmann matrices. 6, contains an octet of mesons (7%, 7%, K* K% K% ) under
the unbroken SU(3)eyr+r symmetry. The subscripts & and 0 now correspond to the @ charges
which are attributed in the same way as (regular) electric charges are attributed to vacuum mesons.
There is however an important difference to vacuum mesons: the Cooper pair nature of the ground
state in CFL leads to mesons which are given by a gggq condensate rather than by quark/anti-
quark bound states. This can be deduced from the fact that quark flavors in CFL are paired in
the anti-triplet representation, see (4.4). Replacing quarks with anti-quarks (and vice versa) while
preserving their flavor quantum numbers results in the identification (v — ds, d — 45, s — ud) or
(@ — ds,d — us, 5 — ud). In order to reproduce the flavor quantum number of, say, a neutral
kaon, one then has to replace Ky x §d with Ky o usdu. Obviously, as the quark content of the
“CFL-mesons” differs from the vacuum mesons, so will their mass ordering.

Since the effect of the axial anomaly becomes arbitrarily small at high densities, the overall symmetry
group under of the effective theory is given by SU(3)r x SU(3)g x U(1) 4. The chiral field and mass
matrix transform under chiral rotations (L, R) € SU(3)L, x SU(3)g as ¥ — LY R' and M — LMR'.
The somewhat peculiar transformation property of M is related to the explicit breaking of chiral
symmetry induced by finite quark masses: in order to recover a chirally symmetric theory, it is
necessary to require that the mass matrix is not passive under chiral transformations but transforms
as LM R'. Under U(1)4 transformations, the chiral field ¥ transforms as exp(—idn,)¥. Once again,

to enforce invariance under axial transformations, M is required to transform as exp(—2in,) M.
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Collecting all possible mass contributions up to the second order, the effective Lagrangian for mesons
in CFL reads

2 2
Lepf = %TT DoXDoxl — 029,20, %7 | + a?“detMTr M Y2+ ZT)] , (4.11)

where v; = 1/3 and the constant a can be obtained from weak-coupling calculations. Remember
that the mesons fields are contained in the exponent of ¥ and are thus present to any order. It can
be shown [47] that up = MTM/(2kr) and ur = MMT/(2kr) act as effective chemical potentials
for right-handed and left-handed fields. The corresponding symmetry group SU(3)r x SU(3)g can
formally be treated as a gauge symmetry, which allows us to introduce a covariant derivative Dg3.
The corresponding mass terms then enter the theory in the usual way of a chemical potential as the

zeroth component of the covariant derivative:
Do¥ = 0pX +iprd — iurd (4.12)

If we where only to consider the SU(3); x SU(3)r symmetry, these terms would cover all possible
mass contributions. Due to the additional requirement of U(1)4 invariance, also the second term in
Lec¢r proportional to a is allowed up to second order in M (for more details on the construction of
mass terms see also [49]). Terms linear in M are in principle forbidden by the symmetry group of
Lecyr as they break the axial symmetry U(1)4. In vacuum chiral perturbation theory where the effect
of the axial anomaly is strong, a linear term of the form B [M ST+ M TE} is included instead of the
U(1)4 invariant term proportional to a in (4.11). Weak-coupling results in the high density regime
for @ and B indeed show that B is suppressed for large 1 and the term proportional to a is dominant
while at lower densities the situation is reversed.

Diagonalization of the mass terms of (4.11) leads to the result that the mass ordering of mesons in
CFL is reversed!” as compared to vacuum mesons [49] . This is one of the reasons why in CFL kaon
condensation is favored over pion condensation. It is worth emphasizing that this effective theory is
constructed on symmetry properties only. If the scaling of the CFL gap and the quark masses with the
chemical potential were known, the effective theory would be applicable far outside the weak-coupling
regime and represent a powerful tool to calculate properties of matter inside a compact star.

To study kaon condensation, we can set all meson fields except the neutral kaons in the exponent of
> to zero and denote the fields in 6, A* which correspond to the neutral kaons by the complex field
oo = (K° K°). Then we separate the vacuum expectation value ®xo := (¢o) from fluctuations

o and expand up to fourth order in the fields|50]:

"Tn particular, the i’ meson which is the Goldstone boson corresponding to U(1) 4 breaking is now the lightest meson
since the effect of the anomaly is suppressed.
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Lgo = —Ugo (Pgo) + L + LY + £ (4.13)

As a result, one obtains a complex scalar ¢* theory. We shall use such a theory as a starting point
for the derivation of superfluid hydrodynamics in part II. For the current discussion we can neglect
fluctuations and consider only the potential:
2 2
Mo — 1
where the effective mass, chemical potential and coupling are obtained in terms of the parameters of

the high density effective theory as:

2 2
ms — My

24

4 2 _m2
. Ao = %. (4.15)

The mass depends on the coefficient a which in turn is proportional to a oc A?/f2 o exp(—const/g) .

2
70

mi0 = amy (ms+mq),  pgo =

A similar derivation of the effective neutral pion mass results in m=, o ms (m,, + mg) which is indeed
larger than the kaon mass. From these results it becomes obvious why CFL with (neutral) kaon
condensation (CFL-K?) is a reasonable candidate to succeed (pure) CFL once we progress downwards
in density. We have seen that the stress induced by a finite strange quark mass on unpaired quark
matter in 8 equilibrium is compensated by converting strange quarks into mostly down quarks. In
CFL matter where all quasi-quarks are gapped, the system rather counteracts the lack of strangeness
with the population of mesons that contain down quarks and strange holes (i.e. kaons). Bose-Einstein
condensation of these particles will occur if the effective chemical potential becomes larger than the
effective mass. Since m2, o< mgmy exp(—const/g) and pgo o m?/p, the condensation of neutral
kaons is likely to occur in a region of decreasing p and increasing ms and g¢. Similar arguments
also apply to positively charged kaons K. However, the positive charge requires the presence of
electrons to achieve electric neutrality which disfavors a KT condensed phase. A calculation of the
critical temperature of kaon condensation [50] extrapolated to densities of about p = 500 MeV yields
Tec ~ 60 MeV. This is of the order of or even larger than the critical temperature of CFL. In other
words, in a region of the phase diagram, where parameters are such that pxo > myo is guaranteed,
CFL quark matter should develop a kaon condensate. Since the kaon condensate spontaneously breaks

conservation of strangeness

SUB)L+r+c 2 U(1)s — 1,

we expect this phase to be a kaon superfluid. It should be noted that weak interactions violate the
conservation of strangeness and U (1) is not an exact symmetry to begin with. However, this violation
is relatively mild as the finite mass of the (pseudo) Goldstone boson of 50 keV [30] is small compared

to the critical temperature of kaon condensation.
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Figure 4.3: Phase diagram of QCD. It seems unlikely that CFL will persist all the way down to
the phase boundary of nuclear matter and very little is known about the region of cold matter at
intermediate densities. This region has been termed “non-CFL”. One possible approach to decide
which among the candidate ground states for this region is realized in nature is the study of compact
stars which are presumably located in this area of the phase diagram.

Given the rather exotic value of = 108 MeV at which CFL can be taken for granted, it is unknown
whether this phase (with or without meson condensation) really extends all the way down to phase
boundaries of nuclear matter. Other candidate ground states such as superconductors with two-flavor
or single flavor pairings, Spin-1 superconductors or crystalline phases have been discussed in great
detail in literature (see reference [29] for a review). As discussed in the end of section 4.1.1, the
absence of reliable theoretical or experimental tools in this region of the phase diagram leaves us

behind with a formidable challenge.

Finally, after crossing this unknown region we reach the hadronic phase which is relatively well describ-
able by means of effective models which are - at least at sufficiently low densities - well constrained
by nuclear scattering data. The hadronic phase is subdivided in a gaseous and a liquid phase at
a chemical potential of y ~ 300 MeV. The phase structure is summarized in figure 4.3. At higher
densities and low temperatures, nuclear matter might be superfluid. In fact it is the spontaneous

breaking of the same symmetry group U(1)p that leads to superfluidity in dense nuclear matter as
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baryon number is always an exact symmetry in any density regime of the QCD phase diagram. Since
we are now in the confined phase of QCD, we cannot deduce the properties of the ground state from
first principles but have to rely on an effective microscopic description. The attractive interaction
between protons and neutrons necessary for the formation of Cooper pairs can be described by the

18 " In hadronic matter at low densities, protons and neutrons

exchange of mesons instead of gluons
pair in the 1Sy channel, where we have used the spectroscopic notation 2*1L; to specify total spin
S, angular momentum L and total angular momentum J. At higher densities, medium effects as well
as three-body interactions of the nuclear forces become important and pairing most likely happens in
the 3P, channel (see reference [52] for a recent review on pairing in nuclear matter).

Also meson condensation is considered in nuclear matter where again the focus lies on the condensation
of (in this case negatively charged) kaons. K~ condensation is motivated by the fact that medium
effects in nuclear matter lead to an increase of the pion mass whereas the effective kaon mass is
reduced (for a review of strangeness in neutron stars see reference [53]). Furthermore, as soon as
densities are large enough for kaons to condense, it becomes favorable to create a new Fermi sphere
for negatively charged kaons instead of adding additional electrons at large momenta in order to
achieve electric neutrality. The conversion of electrons into kaons is subdivided into electron capture
(p+ e~ — n+ v,) followed by neutron decay (n — K~ + p) with the neutrinos escaping the star.
As a net result, a large number of neutrons is converted into protons and matter becomes more and
more isospin symmetric.

Hyperons are estimated to appear at densities of about two times nuclear saturation density'? pg
[53] and depending on critical temperatures and densities, they might constitute additional super-
fluid components. In particular, the A and X~ particle are often considered in literature as they are
conjectured to appear first with increasing density. It should be mentioned that the recent discovery
of a two-solar-mass neutron star [54| challenges the hypothesis of hyperonic matter and/or meson
condensation in neutron stars since the equation of state including hyperons seems to limit the maxi-

mum mass of a neutron star to lower values. This is all the more surprising since at a certain density

18 An appropriate model to describe such interactions is for example the Walecka model. In its simplest version,
protons and neutrons interact via the exchange of the scalar o and the vector w meson (superfluidity in such a model
is discussed for example in reference [51]).

9Nuclear saturation density is defined is the density of nucleons in an infinite volume at zero pressure. It should
be emphasized that the term nuclear matter does not address matter inside a nucleus but rather an idealized state
of matter of a huge number of neutrons and protons interacting via strong forces only. In the absence of external
forces, the nucleons will then arrange themselves in a preferred density of no = 0.153fm ™2 (If for instance, nucleons
are added to a very large nucleus, the density of the nucleons will remain approximately constant at the value of ng).
The corresponding binding energy per nucleon is Fp = —16.3 MeV. In a compact star, densities are typically as large
as several times nuclear saturation density.
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threshold, the onset of hyperons seems unavoidable. This so called “hyperon puzzle” is currently

among the most heavily debated issues in compact star physics.

In summary, one can see that superfluidity appears in many different spots and at various densities

in cold strongly interacting matter :

e CFL is a fermionic superfluid since it spontaneously breaks baryon conservation U(1)g. The
scalar field theory analyzed in part II can be seen as a low-temperature approximation to
such a system for energies smaller than the magnitude of the superconductive gap. Expected

temperatures in the interior of compact stars suggest that this is a reasonable approximation.

e At high but not asymptotically high densities, systematic studies show that CFL will most
likely develop a kaon condensate. The corresponding ground state CFL — K° is a bosonic
superfluid since it spontaneously breaks conservation of strangeness U(1)s. The effective theory
for kaons in CFL (4.11) can even be more directly related to a complex scalar field theory as we
have discussed above. However, it is still an approximation since explicit symmetry breaking
effects due to weak interactions are neglected. It is important to realize that the spontaneous
breaking of U(1)s happens “on top” of the symmetry breaking pattern of CFL. A hydrodynamic
description of CFL and kaon condensation is therefore highly non-trivial: in addition to two
superfluid components (a quark and a kaon superfluid), a normal fluid is present. In part IV,
we will discuss how such a coupled system of superfluids can effectively be described in terms

of coupled scalar fields.

e Finally we encounter superfluidity in compact stars at much lower densities, where proton
superconductivity and neutron superfluidity might coexist. Again, one might use an effective
bosonic description to model the low-temperature dynamics. However, in order the describe
proton superconductivity, the global U(1) symmetry would have to be replaced by a local gauge
symmetry. If coexisting hyperon superfluidity is taken into account, one has to handle an
even more complicated mixture of different fluid components (a mixture of nucleon-hyperon

superfluids has for example been considered in [55]).
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4.2 Phenomenology of compact stars

We have seen that nuclear or quark matter at intermediate densities is notoriously hard to tackle and
the study of compact stars perhaps the only available way to gain further insights. Naturally, the
question arises whether the microscopic composition of matter inside a compact star can be related to
macroscopic effects observable to astrophysicists. This could lead to a fruitful symbiosis: a profound
understanding of dense matter from first principles allows for a more precise modeling of compact
stars whereas on the other hand observations of compact stars can help to constrain microscopic
models. Superfluidity, being a macroscopic quantum phenomenon, is certainly of great interest in
this respect.

To the best of current knowledge, a compact star can be subdivided into 3 different regions [56], see
figure 4.4; Atmosphere, crust, and core. Nuclear and quark matter are most likely limited to the core
with a radius of several kilometers which in turn is subdivided into inner and outer core: in the outer
core, densities can reach up to two times pg and matter is most likely composed of a large fraction
of neutrons accompanied by a small admixture of protons as well as electrons and possibly muons
constrained by the condition of electric neutrality. While electrons and muons presumably form an
ideal Fermi liquid, neutrons and protons constitute a strongly interacting Fermi liquid and are most
likely in a superfluid (superconducting) state. In the inner core of a compact star, densities can reach
up to 15 times pg. Among the candidates for the ground state of matter are CFL and CFL-K? as well
as nuclear matter including pion or kaon condensation or hyperons. The crust is again subdivided
into outer and inner crust. The outer crust is a very thin surface layer with a radius of a few hundred
meters and densities below 0.5 pg consisting of ionized atoms and an electron gas. In deeper layers,
this electron gas becomes strongly degenerate and ultrarelativistic while the ions constitute a strongly
coupled Coulomb system (a liquid or a solid). At the boundary to the inner crust, neutrons start to
drip out from the nuclei. Matter inside the inner crust thus consists of electrons, free neutrons and
and neutron rich atomic nuclei. In analogy to semiconductors, it has been suggested that neutrons
in the crust can be divided into “conduction” neutrons and neutrons which are effectively bound to
nuclei. A speculative band structure of these conduction neutrons has been investigated for example
in [57], [58]. The fraction of free neutrons increases with the density until nuclei completely disappear
at the interface to the core. Finally, the outermost layer (atmosphere) is hypothesized to be a thin
plasma layer (at most several micrometers thick) and its dynamics are assumed to be fully controlled

by the star’s magnetic field.
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Quark Star Neutron Star

Surface:
Hydrogen/Helium plasma
Iron nuclei

Outer Crust:
lons
Electron gas

Inner Crust:
Heavy ions
Relativistic electron gas
Superfluid neutrons

Outer Core:
Neutrons, protons
Electrons, muons

Inner Core:
Neutrons
Superconducting protons
Electrons, muons
Hyperons (Z, A, E)
Deltas (A)
Boson (z, K) condensates
Deconfined (u,d,s) quarks / color-
superconducting quark matter

Figure 4.4: Conjectured structure of a neutron star with quark core taken from reference [59]. This
figure also shows the configuration of a speculative bare quark star. A bare quark star might have
an extremely thin surface layer of roughly about 1 fm and an out-lowing e™ /e~ plasma of very high
luminosity (see [59] and references therein).

We shall now discuss observables where superfluidity acts as an important link between microscopic
and macroscopic physics. Some of these observables such as pulsar glitches explained below are best
described in a hydrodynamic framework. For two reasons, such an effective hydrodynamic description
should be consistent with the principles of special?? relativity: first of all, due to the high densities in
a compact star, Fermi momenta are much larger than the masses of particles?'. Secondly, compact

stars can reach rotation frequencies up to f<1 ms™!.

This corresponds to a point on the equator
moving with a velocities up to 20 percent of the speed of light. A relativistic version of the two-fluid

formalism will be introduced in section 5.

20We shall ignore effects of general relativity in the frame of this work. While they are certainly important to model
the structure compact star on a large scale, they can be neglected when we discuss microscopic properties of matter
inside a compact star.

21 This is certainly true for deconfined quark matter. Nucleons in the crust are assumed to be at the “borderline” at
which relativistic effects become important while nucleons in the core definitely have to be treated relativistically.
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e Pulsar glitches are sudden increases in the rotational frequency Q of a pulsar. The rotation of
a compact star is expect to decrease slowly with time due to the loss of rotational energy to
electromagnetic radiation (dipole radiation or radiation due to electron-positron winds). They
are observed in various pulsars at intervals from days to years and magnitudes of AQ/Q =
1076 — 1078 . The most popular explanation of this phenomenon is related to the superfluid
nature of matter in the crust of a compact star: the angular momentum of a superfluid is
quantized by the formation of vortex lines (singular regions in which the superfluid density
vanishes). The loss of angular momentum of spinning pulsar thus corresponds to a decrease in
the density of vortex lines (the vortices “move apart”) just as the increase of angular momentum
corresponds to the creation of new lines. In the inner regions of the crust close to the neutron
drip density, free neutrons might be superfluid and coexist with the crust (see reference [58]
for a theoretical modeling of the superfluid/crust interaction). If however the vortices are
immobilized because they are “pinned” to the rigid structure of the crust, then after some time
the superfluid component will move faster than the rest of the star. This differential motion will
result in a rising tension and at some critical value, a sudden transfer of angular momentum
from the superfluid to the crust as a result of the collective “unpinning” of several vortex lines
might take place. The vortex lines then move outwards as the angular momentum of superfluid
is decreased and “re-pin”. There is however doubt that neutron vortices really posses the ability

to “re-pin” (see [29] and references therein).

e A compact star has a very rich and complex structure of pulsation modes which can be classified
in terms of their respective main restoring force (see [60] for a review). Of special interest are
so called r-modes (or Rossby modes) whose restoring force is due to the Coriolis effect. R-
modes are known to become generically unstable at a certain critical frequency above which
this mode grows exponentially. In other words, if a neutron star is spun up by accretion of
surrounding matter, its spin will be limited by a value slightly above this critical frequency
at which the torque due to accretion is balanced by gravitational radiation emission which is
coupled to the r-mode. Fast spinning stars are nevertheless observed in nature, which indicates
that the r-mode instability is effectively damped by some mechanism. One such mechanism is
viscous damping, in particular viscosity effects at the boundary of crust and core are suspected
to provide an efficient enough suppression of the instability. The description of r-modes requires
a hydrodynamic framework which properly takes into account the microscopic composition of a
star. To take into account possible superfluid phases in a compact star, a two-fluid model must

be used which results in a distinction of “ordinary” and superfluid r-modes [61].
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Another observable which sensitive to the energy gap A but does not require a hydrodynamic de-
scription is the cooling of a star. One minute after the creation of compact star in a supernova, it
becomes transparent to neutrino emission. Neutrinos will then dominate the cooling for millions of
years. Three ingredients are necessary to gain an understanding of the cooling behavior of a star: the
emission rate of the neutrinos, the specific heat and the heat transport properties of matter inside
a compact star. We will restrict this discussion to the low-temperature properties where superfluid-
ity is important (that is we consider only temperatures small compared to the critical temperature
of superfluidity or superconductivity). When compact stars are formed, their interior temperatures
are of the order of 10" K. Within days, the star cools down to less than 10'° K and during most
of its existence, it will sustain a temperature in between 107K and 10°K. In case of CFL, we have
discussed that critical temperatures in a compact star can roughly be extrapolated to a value of 10
MeV ~ 10K, which would mean that for (almost) any evolutionary state, the low-temperature
approximation is justified. In nuclear matter on the other hand, recent measurements [62]| indicate
that the critical temperature of neutron superfluidity is of the order of 5.5 - 108 K which means that
one needs to go beyond the low-temperature description - at least in the early evolutionary stages of
the star.

Most matter inside a compact star transports heat very efficiently and can thus be assumed to be
isothermal to a good approximation. As a result, the cooling of a compact star should be dominated
by the layer that provides the highest emission rate. As heat transport in superfluids is particularly
large, it is probably the most important channel to distribute thermal energy in a compact star.
However, it should be emphasized that the convective heat transporting mechanism that we have
discussed in the context of pure liquid helium might be suppressed in nuclear matter in the presence
of electrons or muons due to entrainment (see discussion in section 5.1). In CFL on the other hand, no
additional leptons are required to achieve electric neutrality and therefore the convective counterflow
might indeed be the dominant process.

The most efficient neutrino emissivity process is the so called “direct Urca” process where in the case of
nuclear matter the emission of neutrinos originates directly from neutron decay and electron capture
reactions. From the principle of momentum conservation, it can be shown [30] that both processes
will only take place if the proton fraction is larger than 10 percent of the overall baryon density. At
least in the case of non-interacting nuclear matter, this condition would rule out the Urca process.
This situation can change significantly in interacting nuclear matter as we have discussed before and
therefore, the cooling curve might provide a rough estimate of the proton fraction in a compact star.
If the proton fraction is not large enough, a modified and much less efficient version of the direct

Urca process will most likely take over in which case a spectator proton or neutron is added to ensure
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the conservation of angular momentum (the neutron decay process is then for example modified to
N+n—N+p+e+ve where N denotes either a neutron or a proton). In case of quark matter, the
corresponding weak processes for the direct Urca process involve single quarks (see section 4.1.1). In
both cases, this means that one has to come up with the necessary energy to break Cooper pairs. As
a result, specific heat and Urca process are exponentially suppressed by a factor of exp(—A/T') which
might provide a way to determine whether or not superconducting or superfluid matter exists in a
compact star: any shell of a compact star in which matter is not superfluid, will dominate the cooling.
If all fermionic modes in a compact star are gapped, less efficient cooling mechanisms originating from
the Goldstone mode should become dominant. Comparing with experimental data, it seems unlikely
that this is the case.
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Part 11

Superfluidity from field theory

5 Relativistic thermodynamics and hydrodynamics

To introduce superfluid hydrodynamics for relativistic systems, it is necessary to replace Galilean
invariance, which was the guiding principle in the construction of Landau‘s non-relativistic two-fluid
model, with Lorentz invariance. This concerns thermodynamics as well as hydrodynamics. A relativis-
tic generalization of thermodynamics requires to answer questions such as: “How does temperature
or chemical potential transform under Lorentz transformations?”. We shall not attempt to find the
most general answer to these questions??, but rather search for the correct transformation properties
within the frame of the two-fluid model. The relativistic invariance in this model is implemented by
requiring that the central quantity - the so called “master function” - is built from Lorentz scalars
similar to the Lagrangian of a relativistic field theory in vacuum. However, the introduction of finite
temperature and chemical potential in a field theory goes hand in hand with the introduction of
boundary conditions which explicitly break Lorentz invariance. Furthermore, performing calculations
within a theory - even if a perfectly invariant one - can obviously lead to results which are manifestly
not invariant: in the calculation of dispersion relations for example, the zeroth component of the
four-vector k* is expressed in terms of its spatial components ¢ = ko = f (IZ) We therefore cannot
expect to be able to write down results covariantly at any intermediate stage of a calculation but we
will at least be able to reformulate the final results in terms of invariants - within certain limits as we
shall see in section 10.3.1. We will now review, how to construct relativistic hydrodynamics on the
basis of Lorentz invariance and then in section 5.3 discuss in which sense temperature and chemical

potential violate Lorentz invariance in a microscopic approach.

22There has been a rather long debate how to set up a consistent relativistic description of thermodynamics, see for
instance reference [63].
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5.1 Relativistic thermodynamics and entrainment

A generalization of hydrodynamics and thermodynamics for relativistic superfluids was introduced by
Lebedev and Khalatnikov [64, 65] and Carter[66]. Their models - termed “potential” and “convective”
variational approaches, respectively - differ in formulation but are equivalent and can be translated
into each other [67, 68]. As a starting point to set up a relativistic generalization of thermodynamics,

we consider the thermodynamic relation between pressure and energy density,
e+P=un+Ts. (5.1)

The right hand side couples extensive variables (variables that are proportional to the size of a system
such as charge and entropy densities) to their conjugate intensive variables (variables that describe
bulk properties of matter and do not scale with the size of the system such as chemical potential or
temperature). The relativistic generalization of the first group of variables is given in terms of the
two four-vectors j# and s* which contain n and s respectively in their zeroth component. In the same
manner we can define a relativistic generalization for the second group of variables by introducing two
independent four-vectors for the conjugate momenta which include p and T in their zeroth component.
Motivated by the non-relativistic two-fluid formalism (in particular equation (2.11)), we introduce a
four-gradient 0*1 as the conjugate momentum to j#. We shall see later that the chemical potential
in the superfluid case is indeed proportional to the time derivative of the phase of the superfluid
condensate. For the current purpose, the symbol 0*1 denotes some gradient field which reflects
the potential flow of a superfluid. The conjugate momentum to s* is usually denoted by ©#. The
convective approach uses the two four-currents as basic hydrodynamic variables, whereas the potential
approach uses the two conjugate momenta. The straightforward relativistic generalization of equation
(5.1) then reads:

A+T=j-9p+s-0, (5.2)

where by j - 91 we denote the invariant contraction j,0" of the two four-vectors. A and ¥ denote
generalized versions of energy (Hamilton) and pressure (Lagrange) density (in hydrodynamic literature
A is often referred to as “master function”). Both A and ¥ are connected by the covariant version of
a Legendre transform (5.2). To obtain some intuition about the microscopic origin of the conjugate
momenta, we consider the case of zero temperature where there is no entropy current and where
the Legendre transform reduces to A + W = j - J¢. In this case, the conjugate momentum is a

direct covariant generalization of the canonically conjugate momentum in the sense of Hamiltonian
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mechanics. For a Lagrangian depending on the gradients of the field 1, we can at tree level identify
Ur_o = Lr— (this identification will be made explicit in section 8.2.1) and the transition from

canonical to generalized mechanics is simply given by

™ = 9L/0(0o) — 7 =0L/D (O,
H = Woa(ﬂ!)*ﬁ — AZ?T”@N’QZJ*E.

This analogy is less obvious at finite temperature as there is no field theoretic prescription how to
construct the conjugate momentum O to the entropy current.
To ensure Lorentz invariance, the only allowed building blocks to construct A or W are contractions

of the currents or the conjugate momenta respectively:

A:A[j21527j'5]1 @:@[8¢2’@2,8¢@] (53)

Variations of A correspond to variations of the conjugate momenta while variations of ¥ correspond

to variations of the currents:
dA = 0, dj" + ©,ds", dV = j,d(0"y) + 5,dO" . (5.4)

Starting from A and applying the chain rule, the conjugate momenta are then obtained from

oty = 87A =Bj* + Ast, (5.5)
0,
o = %:Aj“—i-Cs", (5.6)
s,
with: oA oA oA

In the same way, starting from ¥ we obtain the currents as:

ov = -
K = = H H
j 506.0) Bory + A0H, (5.8)
st = 889\12 = A@“w +C_@N, (59)

with:
ov B owv owv
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Obviously, the coefficients are related by a simple matrix inversion,

B
BC— A2’

.
BC — A2’

A

A= "B

C= B= (5.11)
As we can see, only two out of the four different four-vectors are independent and it is up to us
which two we are going to use to set up our hydrodynamics. Even a “mixed form” based on one
momentum and one current is possible. (As we will demonstrate in the next section, Landau‘s
two-fluid formalism is precisely such a mixed form!) Furthermore, these relations reveal a very
important intrinsic feature of multi-component fluids: currents are not necessarily aligned with their
respective conjugate momenta. One rather finds that a conjugate momentum is given as a linear
combination of all available currents (and vice versa). This effect is termed entrainment and as we
can see, it manifests itself in the appearance of the coefficient A (or .A) which is therefore often called
entrainment coefficient?3. Currents and momenta can be viewed as the skeleton of hydrodynamics, the
microscopic physics enter through the coefficients. Entrainment is by no means a finite temperature
effect, it rather concerns any system in which more than one (particle or heat) current is present.
It was first discovered by Andreev and Bashkin (especially in non-relativistic literature it is still
often referred to as the Andreev-Bashkin effect) who developed a hydrodynamic description of a
mixtures of liquid *He and *He [69]. *He atoms which obey Fermi statistics need to undergo Cooper
pairing first before they can condense and dissolve in the surrounding *He condensate. Such a system
therefore consists of two very different kinds of condensates and correspondingly of two different kinds
of superfluid flow. Entrainment becomes evident since the effective mass of a 3He atom due to strong
interactions with the surrounding *He becomes more than twice as large as the *He mass itself. The
flow of 3He quasiparticles therefore transports a significant fraction of *He atoms. It should be noted
that entrainment is a non-dissipative effect owing to the microscopic interactions between particles.
The reason why it is usually not observed in a mixture of ordinary fluids is viscosity, which tends
to equalize velocities. A similar situation exists in a mixture of neutron and proton superfluids (see
reference [70] or |71, 72, 73]) where the strong interactions due to nuclear forces lead to a coupling
between both fluids (again this is a non-dissipative effect, distinct from the scattering of neutron and

proton quasiparticles which leads to dissipation): the neutron and proton quasiparticles are dressed

ZThe letter A originally referred to “anomalous”. It has since been realized that entrainment is a key feature of most
multi-fluid systems. B and C are called bulk and caloric coefficients respectively.
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by a common polarization cloud, leading to effective masses of the form

my = My + My, + 0my,, (5.12)
my = my+omy, +omy,

with dmy,, = dmy, ~ 0.5my, being the entrainment contribution. The corresponding relations between

the conserved momenta and velocity-fields
Jn = PnnUn + ,Onpﬁp ) (513)

9p = PppUp + PnpUn,

are a non-relativistic equivalent of equations (5.5) and (5.6). An entrainment matrix for a mixture of
nucleons and hyperons has been calculated in reference [55]. We shall construct a relativistic effective
theory for entrainment at zero temperature in part IV.

Entrainment effects are suspected to play a key role in many observables of neutron stars [58]: they
are important in the determination of frequency and damping of oscillation modes of neutron star
cores composed of neutron and proton superfluids. Furthermore, they might have a strong influence
on the heat transport mechanism in neutron stars. As we have argued in the context of helium, the
dominant heat transport mechanism in a superfluid is convection - at least in the absence of other
charged particles. In the interior of a rotating neutron star, entrainment effects induce a flow of
protons around vortices of the neutron superfluity resulting in huge magnetic fields of about 104 G
for each vortex line. Electrons then scatter on these large magnetic fields and thereby induce a mutual
friction between the neutron superfluid and the electrons. This might effectively damp the counterflow
mechanism and favor heat conduction over convection. Finally, entrainment effects between a lattice
of ionized nucleons and superfluid neutrons at the inner crust of a neutron star most likely have a
strong influence on pulsar glitches [74].

For relativistic systems, the generalized Legendre transform which takes into account superfluids

originating from several particles species denoted by the chemical index x is then given by:

A=T—5-0-> j, Oy. (5.14)

From this general discussion of entrainment now back to the two-fluid formalism. If one of the two
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central quantities A and ¥, say the generalized energy density is known, the equations of motion

can be obtained by applying the variational principle 2* [68]:

61 fruia = 6/d4x V—gA=0. (5.15)
In the perfect heat conducting case, one obtains the conservation equations for charge and entropy:
Oujt =0, Ous"' =0, (5.16)

as well as two additional Euler equations:
3" (Oupy — Oupp) =0, (0,0, —0,0,) =0. (5.17)

To demonstrate the general structure of these equations, the conjugate momentum to j, has been
denoted as p,. In the superfluid case, p, = d,% and the equation to the left is trivially fulfilled.
The second equation is called the vorticity equation. We will encounter this equation later and use
it to derive the wave equations which determine the speeds of sound. While this mathematically
very elegant and rigorous formalism is often applied in relativistic astrophysics, its applicability in
field theory is very limited since here we do not possess the master function from the beginning
and therefore cannot use it to obtain the correct equations of motion. Nevertheless, we can use the
knowledge of the structure of these equations to correctly construct the corresponding fluid variables
from field theory and then also construct the masterfunction a posteriori.

It remains to construct a generalized version of the stress-energy tensor:

ov ov
T = —Wgh’ + ———— 0" + ~—O" = —Ugh + jId") + sV 5.18
g 0 (0ut)) 4 00, g o (5.18)

Again, one can see that in the zero-temperature case, (tree level) field theoretic and effective de-
scription coincide (simply replace ¥ with £) whereas the finite temperature generalization is more
involved in field theory. T"” is manifestly symmetric in the Lorentz indices even in the presence
of entrainment as can easily be checked by eliminating the conserved currents by their conjugate
momenta from equations (5.8),(5.9) (or the other way around). With the aid of TH”, we can also

formulate the relation between pressure and energy density as

A=T:+30. (5.19)

24To extend this treatment according to the principles of general relativity, the Einstein-Hilbert action can be added
to the fluid action. One then not only performes variations of A with respect to the currents but also with respect to
the metric g.
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The conservation of the stress-energy tensor provides us with an alternative way to obtain the equa-

tions of motion
0=0,T" = =0"V¥ + (0,5") 0" + (Ous") ©” + j, 010" + 5,01'O" . (5.20)
With 0¥ = 5,001 + 5,0"6" from equation (5.4), we find:
0=0,T" = (0uj") 0" + 7, (0" 0" — 0V OHh) + (Oust) ©F + 5,(0*O" — 0"OH). (5.21)

Using charge and entropy conservation as well as the fact that the second term of equation (5.21) is
zero by construction, we find that the vorticity equations follows directly from the conservation of
T,

Finally, we shall demonstrate how to derive useful expressions for the coefficients A, B, C in terms of
various contractions of s#, j#, T" and the Lorentz scalar A [51]. To do so, we first contract equations
(5.5-5.9) with j* and s* resulting in:

o - s Bj-s+ As?, o-j=Bj*+As-j, (5.22)
-5 = Aj-s+Cs% 6-j=Aj>+Cs-j.

The equations in the first line can be used to eliminate A in favor of B:

g U800 s =00
G- =2

In the numerator we still have mixed terms in momenta and currents. However, it is easy to check

that the expression in the numerator can be rewritten as s,s,T"" — s?A. In an analogous way we

obtain expressions for the remaining two coefficients:

g s =S s T =G T = A (5.23)
(j-s)?— 22" (j-s)®— 2% (j-s)?— 2% '
The inverse relations are:
_ 0,0,T™ — 02\ _ JITH — o2\ _ OMpoYyYT,, — oA
B u© © A:_(?Ml/)s o C:azpawu o (5.24)

0y - ©)? — 0202’ (0Y - ©)2 — 5202’ (0¢ - ©)2 — 202
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5.2 A relativistic version of Landau‘s two-fluid formalism

From the choice of variables, it becomes evident that the original two-fluid formalism of Landau
introduced in section 2 differs from the generalized hydrodynamic formalism discussed above. Instead
of setting up hydrodynamics in terms of the conserved currents j# and s*, the current j* is decomposed

in a normal fluid and a superfluid contribution
jﬂ = jﬁ + ‘75 = TLS’U’; + nnu'u s (525)

where neither j5 nor j§; is conserved on its own. The velocity of the normal fluid is usually denoted
by w*. By definition, only the normal fluid carries entropy. Therefore, we define the normal-fluid

velocity as:
1
u' =5t s=/sust. (5.26)
s
In other words, the normal-fluid rest frame is defined by u# = (1,0) or § = 0. The superfluid velocity

on the other hand is as we know constructed from the gradient field 0*:

vk = %8“1#, 0 = \/OuYOrap. (5.27)

In both cases, the normalization factors guarantee that the condition v,v* = 1 is fulfilled. The
basic fluid variables now include one current and one conjugate momentum. In the strict sense of
generalized hydrodynamics, Landau‘s formalism is to be regarded as a mixed form. This means that
in contrast to the rest frame of the normal fluid defined by & = 0, the rest frame of the superfluid
is not defined by a vanishing three-current fbut rather by a vanishing three-momentum 61/1 = 0.
Only at zero temperature, where j = fs = nsﬁw /o both rest frames coincide. In this limit, we will
introduce the chemical potential in our field-theoretic calculation (see section 8.2). Landau‘s mixed
form is a frequent source of confusion and we shall devote the rest of the section to analyze, how pure
and mixed form are related to each other.

In an analogous way to j* from equation (5.25), we can construct the stress-energy tensor by adding

contributions from two ideal-fluid tensors:
T = (€5 + Ps) vEvY — g"" Ps + (€, + Py) ufu” — g"' P, . (5.28)

One should note that while in the single fluid case T#" is constructed such that € and P are measured
in the rest frame of the fluid, this is in general no longer possible in the presence of two fluids. In
particular 7% is always anisotropic. In section 5.4 we will relate the generalized pressure ¥ which
appears in the thermodynamic relation to the components of 7% in the superfluid and the normal-

fluid rest frames. The decomposition in terms of superfluid and normal components in the form (5.25)
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and (5.28) can be found for instance in |75, 76, 77, 78, 79]. To translate between the mixed and the
pure form (see also appendix of [78]), we rewrite the current and stress-energy tensor with the help
of equations (5.5), (5.6), (5.8) and (5.9):

1
o= i O — “gsu7 (5.29)
1 42
T = gt M0 Y + % shs”, (5.30)

which shows the stress-energy tensor in its manifestly symmetric from. Comparing this with equations
(5.25), (5.28), we can identify:
o As o? BC - A%

68+PSZE7 En—i—P:TS. (531)

Finally, we show how the invariant quantities ¥ and A relate to €, €,, Ps, and P,. From (5.18) one
can derive the following expression for the generalized pressure [51]
1 [s-0Y(s,0,% + 8,0,0) — $20,00,1) — 025,58,

V= 2 (s-09)? — s202

— Guv T . (5.32)

Plugging in the stress-energy tensor in its mixed form from (5.28) on the right-hand side of this
equation, we find
¥ =PFP+P,. (5.33)

Consequently, the generalized pressure is the sum of the pressures of the superfluid and normal

components, each measured in their respective rest frames. Analogously, we find for A
A=¢es+e¢p. (5.34)

5.3 Temperature and chemical potential in field theory

As elegant as the way how temperature and chemical potential in the covariant formalism were
introduced may be - as soon as we try to derive the corresponding hydrodynamics from field theory,
we are confronted with conceptual difficulties. In field theory, Lorentz invariance can explicitly be
violated as soon as we impose boundary conditions on a partition function which is otherwise perfectly
Lorentz invariant. In our microscopic calculations, we will work in the Matsubara formalism in which
temperature is associated with imaginary time 7 = it. The boundary conditions now require the

quantum fields ¢(7,Z) to vary periodically with 7, i.e. ¢(0,%) = ¢(B,Z) where § is the inverse
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temperature. In momentum space, this condition translates into exp(iw, ) = 1 which leads to the
definition of the (bosonic) Matsubara frequencies w,, = 2inw/T. It is important to keep in mind
that we haven’t made any identification yet how the variable T' which appears in the field-theoretic
calculations relates to the temperature variable which appears in the hydrodynamic two-fluid model.
A more physical way to say why Lorentz invariance appears to be broken at finite temperature is to
point out that finite temperature introduces a preferred rest frame, the rest frame of the heat bath.
The heat bath is characterized as the frame in which the averaged kinetic energy of an ensemble
particles vanishes. In such a frame, one can measure a net entropy sg but no entropy flow . At this
point one should remember that, in the terminology of the two-fluid formalism, the rest frame of the
heat bath characterized by § = 0 corresponds the the rest frame of the normal fluid. Usually one
can switch to a covariant formulation by introducing the velocity four-vector of the heat bath (see for
example the discussion in references [80] or [81]). However, as we will argue in section 10.3.1 this is
complicated in our case.

In the same way, finite density breaks Lorentz invariance (again the concept of finite density is linked
to the preferred rest frame of the heat bath in which the medium is a rest). In field theory, the chemical
potential couples to the zeroth component of the charge (Noether) current j# in the partition function.

In the particular case of a complex scalar p?* theory, we have:

B ‘
7 = / D(pDcp*/DﬂDw*exp/ dT/d3$ (700 + mOo™ — H + ujo] : (5.35)
periodic 0

Here, m denotes the canonically conjugate momentum « = 9L/9(0yp). After performing a shift in
the conjugate momentum, the new variable 7 appears only quadratically and can be integrated out.
This redefinition leads to a new Lagrangian in which the chemical potential appears similar to the
temporal component of a gauge field (i.e. the time derivative dpy is replaced by (9y — in) ¢). The
details of this calculation can be found for example in [82]. Again we haven’t made any statement how
the variable p is connected to the chemical potential in the two-fluid model. In an effective theory
for two coupled superfluids with chemical potentials p; and pe, we can still introduce a chemical
potential to the Lagrangian by replacing dgpr with (9p — iug) ¢r where k = 1,2 (the prove of this
statement is somewhat more involved and carried out later).

From what we just discussed, it might seem natural to identify 7 = ©° and u = 0% and assume
that T and p are both measured in the normal-fluid rest frame. A formal prove of these relations will
have to wait until section 10.3.1.

The effect of finite density on our microscopic calculation will be in some sense less severe compared to

the effects of finite temperature: It will always be possible to calculate, how the spatial components 5
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of the charge current (conjugate to u) enter our field theoretic calculations. On the other hand we will
not be able to obtain any information how the spatial components of the entropy current § (conjugate
to T) enter our field theoretic calculations as these have been projected out. This limitation also
implies that explicit expressions of all hydrodynamic parameters in the superfluid rest frame are
impossible to obtain. We can still consider the case @ = 0 , but this simply means that now both
fluids share a common rest frame. The only exception is the zero-temperature limit discussed in
section 8, at which the flow of the normal fluid is zero by definition. In this case, the only velocity

dependence is due to ¥ and @5 = 0 really corresponds to the superfluid rest frame.

5.4 From generalized to frame dependent thermo- and hydrodynamics.

Since we anticipate that our microscopic calculations will be tied to the rest frame of the normal
fluid, it is a useful preparation to calculate frame dependent expressions for 7" and j# which we will
later calculate from field theory. Before we do so, we have to clarify how temperature and chemical
potentials in these frames are related to the generalized four-vectors 9#1y and ©* . To obtain, say,
the temperature in an arbitrary frame moving with velocity v#* we have to evaluate the contraction

vH©O,. This leads in the particular cases of superfluid and normal-fluid rest frames to the following

definitions:
= 1 1
superframe : 0,9 = (&ﬂ/},O) , Ty = =0,90", py=—=0,00" =0, (5.36)
o o
o 1 1
normal frame: s, = <30,0> , Th=—5,0"  p,=—s5,0"). (5.37)
s s

To extract the explicit form of T% in either rest frame, we eliminate ¥ from equations (5.2), (5.18)
and find
TO=A—j7.- VY4350, (5.38)

from which the normal-fluid and superfluid rest frame expressions can easily be read off. For 7% we
find from equation (5.18)
T = j°9%) 4 s'0°. (5.39)

Remember, that the stress energy tensor as given in equation (5.18) is not manifestly symmetric. It
is obtained in its symmetric form when relations (5.5), (5.6) or (5.8), (5.9) are inserted. Finally, the
spatial components can be obtained from proper projections on transverse and longitudinal directions

with respect to the fluid component in motion:
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normal-fluid rest frame superfluid rest frame
80 0
charge density 59 Ny + ns—w ng + nns—
s
: . %y 5"
spatial current j — NV — Ny, Vp
o
energy density 7% A—j-Voy A+s-©
momentum density 7% §10%) o'’
long. pressure T, v—j-Vy U+s-0
transv. pressure 7' R4 v
TOO + TJ_ — TH A A

Table 1: Components of the current and the stress-energy tensor in the normal and superfluid rest
frames. In each frame, 0% is the chemical potential, s° the entropy, and ©° the temperature, while
n, and ng are the normal and superfluid number densities, measured in their respective rest frames
and @, = 5/s° (¥ = —V1p/8°) the three-velocities of the normal (superfluid) component, measured
in the superfluid (normal) rest frame. Longitudinal and transverse pressures are defined with respect
to the three-direction of the velocity of the other fluid component.

superframe : T} = Sz_zj ™, T, = B (&'j - ;8;) T, (5.40)
S S
0i0j i 1 0;0; .
normal frame: T} = LT T, =~ (5@ — = > T, (5.41)
V¢2 2 V¢2

The rest frame expressions of the current can be obtained directly from (5.25). The various com-
ponents are listed in table 1 and can be interpreted as follows: the components of the current are
written in terms of n, and ns. (Alternatively, by means of the translation given in equation (5.29),
we could have written them in terms of the coefficients A and B.) Since n, and ns are measured
in their respective rest frames, the charge density of the other fluid component contains an explicit
Lorentz factor, i.e., ng is multiplied by %) /o (see also the discussion at the end of section 8.2) in
the normal-fluid rest frame, and n,, is multiplied by s”/s in the superfluid rest frame. The spatial
components of the currents are given by the respective number densities times the three-velocities

of the other fluid. The components of the stress-energy tensor are written in terms of the Lorentz
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scalars W = P; 4+ P, and A = €5 + ¢, . The last two lines of the table illustrate the meaning of these
quantities. The transverse pressure, i.e., the pressure measured in the spatially orthogonal direction
with respect to the fluid velocity of the other current, is identical to the generalized pressure W. The
energy density 7% contains the kinetic energy from the other fluid component. This is exactly the
term that distinguishes the transverse from the longitudinal pressure. Therefore, the combination of

the frame-dependent quantities 700 + T, — 1) is identical to the generalized energy density A .



6 THE MICROSCOPIC POINT OF VIEW - WHAT MAKES A SUPERFLUID? ol

6 The microscopic point of view - what makes a superfluid?

Now that we reviewed the hydrodynamic framework which we ultimately want to derive, we can
finally turn to the discussion of the microscopic foundations of superfluidity. Our understanding of
the microscopic nature of superfluidity is inevitably connected with the question what happens to
matter at very low temperature (“low temperature” is of course a relative term, depending on the
corresponding critical temperature). This leads us directly to the third law of thermodynamics: at
absolute zero temperature, the entropy of any substance must go to zero. In terms of Boltzmann‘s
relation S = kpln (), where €2 is the number of available quantum states of a system, this implies
Q =1 (i.e. the system must have reached its ground state and this ground state is non-degenerate).
An obvious condition for the existence of superfluidity is that matter doesn’t solidify at very low
temperatures. As mentioned in the introduction, it was London who realized that quantum mechanics
are responsible for this phenomenon. As a consequence of Heisenbergs Uncertainty Principle, the
lowest energy state of a system is not zero and as a result, the molecules of a solid are not entirely
fixed to their lattice sites - even at the absolute zero temperature. If in addition these molecules are
loosely bound by weak van der Walls forces, than even the zero point motion is enough to render
the solid unstable. In other words, the solid melts under its own zero point energy! Naturally, the
approach to zero temperature is very different for bosons and fermions: in case of fermions, the Pauli
principle forbids that any two particles can occupy the same state. The result is that even in the
ground state, states up to a very high energy (the Fermi energy) are occupied. For bosons, there is
no such exclusion principle which leads to the conclusion that all particles occupy the same lowest
energy state as we approach zero temperature. What is special about Bose gases is the fact that the
transition into this ordered state suddenly sets in at a critical temperature T, > 0. In case of “He,
this transition temperature is located at a value of about 2.17 K at vapor pressure. The fraction of
particles which are in the ground state is called the Bose-Einstein condensate. All particles within
the condensate can be described by one coherent wave function (i.e. the complex phase of the wave
function is fixed to one specific value for all particles in the ground state) which renders this state
particularly robust. The fundamental mechanism behind this transition is spontaneous symmetry
breaking. In the ground state, the phase of the condensate randomly assumes one specific value.
The theory itself is invariant under global changes of the phase and all values of the phase lead to
the exact same ground state energy. In field theoretical terms this means that the Lagrangian which
describes our system is invariant under global transformations of the phase, but the ground state is
not. For completeness, it should be mentioned that interactions slightly modify this simple picture

as quantum scattering will drive a small number of particles out of the ground state even at zero
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temperature. Provided that interactions are sufficiently small, this effect can be neglected.

As we shall see, the condensate alone is not enough the explain superfluidity. Of crucial importance
is the nature of the available excitations. Above absolute zero, all sorts of excitations including vi-
brations or spin and orbital degrees of freedom may contribute to the entropy of a given substance.
Such excitations can be described as a gas of quasiparticles and we will call them elementary in the
sense that they correspond to the natural spectrum of excited states of the substance under consid-

eration?®.

In substances which exhibit superfluidity at low temperatures, the quasiparticle picture
typically remains valid up to very high wave numbers. Usually these excitations simply “freeze out” as
we approach zero temperature because their dispersion relations are gapped. In a superfluid however,
there is a second kind of excitation which is massless and therefore present for any given temper-
ature. Quite confusingly, this excitation has been named superfluid phonon even though the term
phonon usually describes an elementary excitation of a lattice of atoms in condensed matter theory.
In field theoretic terminology, such an excitation is called Goldstone mode. According to Goldstone's
theorem, it is a direct consequence of the spontaneous breaking of a continuous global symmetry.
Corresponding to this symmetry, there is a conserved charge which is carried by the superflow. We
will not consider complications such as spin, our system simply consists of self-interacting spin-0
particles. The quasiparticle spectrum will include the superfluid phonon as well as a gapped massive
mode which is not present at low temperatures. We shall explicitly calculate the dispersion relations
of both excitations. The presence of a Goldstone mode which can be excited for arbitrarily small
energies raises the question why the superfluid ground state does not immediately dissipate. The

answer to this question is Landau‘s critical velocity which we will introduce now.

6.1 The critical velocity of a superfluid

To explain under which conditions a fluid can propagate without friction, Landau considered a su-
perfluid flowing with velocity ¢ through a capillary which defines the rest frame of the laboratory.
Dissipation involves the creation of quasiparticles which, in the rest frame of the fluid are characterized

by an energy €, and a momentum p. In the frame of the laboratory, we therefore have

E=FEi,+e+p 0. (6.1)

%5In some sense, a quasiparticle can of course also be considered a collective ezcitation since, without the presence
of a surrounding medium the whole quasiparticle picture doesn’t make any sense. We shall however reserve the term
collective excitation for sound waves which involve oscillations in the density of the quasi-particles (i.e. in the density
of the elementary excitations).
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finite critical velocity
no critical velocity

free particle

phonon
roton

Figure 6.1: Comparison of a free particle and a quasi-particle dispersion relation. Obviously an
ensemble of non-interacting Bose particles does not exhibit superfluidity.

Landau'‘s original argument is non-relativistic and therefore both frames are connected by a Galilean

transformation. Dissipation now means that the fluid loses energy which translates into the condition
ep+p-U<0. (6.2)

The minimum value of the expression on the left hand side is obtained when p and ¢ are anti-parallel.
One then finds:

ve| = min-2 . (6.3)

p|

This minimum condition is identical to

Oep/p) | Op _ ep (6.4)

0= =
p op p

This leads to a very simple geometric interpretation of the critical velocity: first, one needs to plot the
dispersions of all elementary excitations in an €, —p plane. In the next step, one considers a horizontal
line through the origin in this plane and rotates it upwards. If one can do so without intersecting
the curve of the dispersion relation, superfluidity is supported. In an ideal Bose gas, the particle
dispersions are given by €, = p?/2m and therefore superfluidity is not supported. This lead Landau
to his famous conclusion that the elementary excitations in *He must be of an entirely different nature
consisting of phonons and rotons. The two scenarios are compared in figure 6.1. A similar argument
applies for fermionic systems such as *He. Excitations are generated as particle-hole pairs and usually

measured relative to the Fermi surface. As properly described by BCS theory, Cooper pairing leads
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to an energy gap A in the excitation spectrum of the fermion quasi-particles. There is however also
a Goldstone mode in *He from which the critical velocity has to be determined.

The above argument holds for zero temperature. At finite temperature, the situation is more com-
plicated as the elementary excitations will be thermally populated and therefore thermal excitations
of the Goldstone mode are present for any superfluid velocity. It is clear that a proper derivation
of the hydrodynamics of a superfluid requires both ingredients, condensate and excitations and they
will also appear coupled to each other. This derivation will be carried out in three steps: we shall
begin at zero temperature, where the relation between hydrodynamics and field theory is well estab-
lished, review it and make it as explicit as possible. In the second step, we derive hydrodynamics
in a low-temperature regime. In this approximation, we will still be able to obtain analytic results
for all hydrodynamic parameters. Finally we study the full temperature range up the the critical
temperature numerically in a self-consistent formalism. We express the basic currents and momenta
of the two-fluid formalism in terms of field-theoretic quantities, and calculate the generalized pressure
¥ at nonzero temperature in the presence of a superflow. The microscopic model will be a relativistic
¢ field theory (see section 7) with a U(1) symmetry that is spontaneously broken by a Bose-Einstein
condensate of the fundamental scalars. We have discussed how such a model can in principle be
related to physics relevant to compact stars in section 4.1.2. Nevertheless, the study which we will
carry out is very general since we do not have to specify the system for which our microscopic theory
is an effective description.

Several existing studies in the literature are related to this approach. For instance, in [83] the two-fluid
formalism is connected with a simple statistical approach to the phonon contribution, [51] connects it
with a Walecka model describing nuclear matter in a neutron star, and [84] makes the connection to a
very general effective field theory. In [85], a hydrodynamic interpretation of a field-theoretic effective
action was discussed for zero temperature. For the simplified case of a dissipationless, homogeneous
fluid, our study is a generalization of this work to nonzero temperatures. In that reference, an
effective Lagrangian for the superfluid phonons is formulated which has been employed to study

transport properties of quark matter, see for instance [86].
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U(®)

Figure 6.2: Tree level potential for y < m (left) and p > m (right).

6.2 Spontaneous symmetry breaking in field theory

Before we begin the translation from field theory to hydrodynamics, we shall discuss how spontaneous
symmetry breaking manifests itself in field theory which is a useful preparation for the chapters to
come. We use the same model which will also serve as a basis for the derivation of the two-fluid
equations: a complex scalar ¢* model describing (repulsively) interacting spin-0 bosons with mass m

and coupling A > 0 in the presence of a finite chemical potential u (see also section 5.3)

|2
£= 1@~ imel = |Vo| = m? el = Alol* . (6.5)

This model is invariant under global U(1) transformations ¢ — €'®p (note that a compler scalar
field theory is necessary to introduce a U(1) symmetry). The complex field can be written as ¢ =
% (p1 +ip2). To allow for Bose-Einstein condensation, we separate the zero momentum mode
w; — @; + ¢; where for symmetry reasons, we can set ¢;1 = 0 and define ¢ := ¢. To discuss
spontaneous symmetry breaking, it is sufficient to consider the tree level potential U(¢). From (6.5)

we obtain

m? — 12

Ulo) = "1

As we can see, a positive coupling A > 0 is necessary to ensure the stability of the potential. Min-

¢ + %&. (6.6)

imization with respect to ¢ yields the ground state (i.e. the state with the largest pressure). For

|| < m, the only minimum is given by the trivial solution ¢ = 0. If on the other hand |u| > m, we
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find a minimum located at nonzero ¢ (see figure 6.2),
42— m2

2 _
o= A

Such a ground state can no longer be U(1) invariant. In field theoretic terminology the ground state

(6.7)

spontaneously breaks the U(1) symmetry of the Lagrangian. One should keep in mind that the ground
state itself is degenerate and by choosing ¢; = 0 we have chosen a specific direction in the ¢1- ¢2
plane.

To obtain the dispersion relations of the elementary excitations, we need to calculate the propagator
(i.e. the term quadratic in the fluctuations ¢(x), we will demonstrate this in a more complicated case

in the next section)

g1 _ —k% +m? +3)\p? — 12 —2ikop (6.8)
o 2ikop k2 mZ A2 — 2 ) '
The excitations are given by the poles of Sy (or the roots of det Sy*)
& = \/EQ +m2 4+ 2\¢% + p2 F \/4u2(l§2 +m? 4 2X¢?) + N2¢%. (6.9)

As expected, the spectrum includes a gapless
Goldstone mode which is linear to lowest order

in an expansion in k U(d)+

b m? L=
e 32— | K, €fj=0 = 0 (6.10)

as well as a massive mode €~. To obtain this re-

sult, we have inserted the condensate from equa- . CD'

tion (6.7). As pointed out, the nature of these radial mode
excitations is a key ingredient to understand su- o e Ny /
perfluidity and we shall discuss their properties Goldstone mode 5

in detail in the chapters to come. By now, we

have discussed all microscopic concepts neces- Figure 6.3: Elementary excitations in a complex
sary to describe superfluidity. To derive super- ¢* model. The spectrum includes a massless Gold-
fluid properties from field theory, it will be very stone mode and a massive radial mode which is
important to consider modulus and phase of the orthogonal to the Goldstone mode.

condensate ¢ separately. The general setup for

the upcoming calculations is described in the next chapter.
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7 Lagrangian and formalism

Our starting point is the Lagrangian
L = 0updt " —m?|pf” = Algl*, (7.1)

with the same properties as discussed in the last section. Note however that the chemical potential
 is set to zero. We shall see later that it can be obtained from the (time dependency of the) phase
of the Bose-Einstein condensate. For simplicity, we might also set the mass m to zero in some of
the results. We can now allow for Bose-Finstein condensation in the usual way by separating the
condensate,

el (@)

p(r) = NG [p(z) + ¢ () +igh(x)] - (7.2)

Here, p(x) is the modulus and 9 (z) the phase of the condensate

o) = L )il
p(x) = \/ip( ) :

For convenience, we have introduced the transformed fluctuation field ¢’(z), which we have written

in terms of its real and imaginary parts. Inserting this into the Lagrangian yields

L=-U+LW 423 4O 4 O (7.3)
with the tree-level potential
1 m P2 " 2 Ay
U=—50up0"p— 5 (0u0"¢Y —m”) + 2p (7.4)

and the fluctuation terms, listed by their order in the fluctuation from linear to quartic,

LY = 9,p(pd"phy — ph0"p) + p(0urpdFp — m? — Ap®)ph + D) 0" p (7.5)
1
£ = S[0up10" ) + 04506y + (& + F) (00" — m?) (7.6)

+20,10 (9|0l — h ") — Ao (3 + 5],
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LB = Al (¢ + ), (7.7)
A
LW = =5+ )% (7.8)

In the following sections, we will perform calculations in three steps:

e At strictly zero temperature, we can restrict ourselves to the tree level potential U given by
equation (7.4). In terms of the two-fluid model, this scenario corresponds to a single fluid case
where only the superfluid is present. The (static) zero temperature value of the condensate is

obtained from OU/dp = 0. This scenario is discussed in section 8.

o For low-temperature approximations, we shall need the tree-level potential and the terms
quadratic in the fluctuations. The linear terms £(!) can be rewritten such that they are -
up to a total derivative term - proportional to the equations of motion (8.1) and (8.2), and thus
do not contribute to the on-shell action. From the contributions of £, we can construct the
one-particle irreducible (1PI) effective action I'[p] and we will use the one-loop approximation
for this quantity. While it is of course possible to construct 1Pl diagrams from £3) and £®),
they would include external legs. The 1PI effective action includes only “legless” 1P1 diagrams,
the so-called “proper vertices”, as we will explain in the next section. The temperature depen-
dent condensate p(7T') can in principle be obtained from the stationary equation 6I'[p]/dp = 0.
However, we will approximate p by its tree-level value. The low-temperature approximation to

the two-fluid model is discussed in section 10.

e To go beyond the low-temperature limit, we will use a two-particle irreducible (2PI) formalism.
In the 2PI framework, contributions from £®) and £® obviously cannot be neglected. All
diagrams which are two-particle irreducible and can be constructed from the interaction terms
above are collected in the potential V5 (see figure 7.1). The “double-bubble” diagram can be
directly constructed from £®. From £®) alone it is not possible to construct a 2PI diagram.
We can see however that every vertex in £®) contains a condensate, and as we know, each
condensate comes with a factor of A='/?(see equation (6.7)). Therefore, to order A we have to
include second order contributions from £3) which are given by the second diagram in figure
7.1. The one-particle and two-particle irreducible effective action will be derived in section
9. The 2PI effective action is a functional of the condensate p as well as the full propagator
S. The stationarity equations 6I'[p, S]/dp = 0 and 6I'[p, S]/dS = 0 not only allow for a self

consistent determination for the condensate p but also of the mass parameter. This is important
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V,= 3 +3

Figure 7.1: The 2PI potential V5 is constructed from 2PI diagrams which can be obtained from
£3) and £®). The black square at each vertex in the second diagram denotes a multiplication
with the condensate p. Both contributions are of order A though one might naively expect the second
contribution to be of order A2. The second diagram has a combinatorial factor of 3! which is multiplied
b}(z )an additional factor of 1/2 because this diagram originates from a second order contribution of
£3),

for the following reason (see also discussion in reference [50]): consider the simplest case with

no condensation (and no superflow). The dispersion relations (6.9) then reduce to the simple

eg:\/EQ—Fm?:FM.

Condensation occurs for m < p in which case € acquires an unphysical negative value. A

form

non-vanishing condensate ¢ leads to corrections proportional to ¢? in the propagator, see (6.8).
The resulting dispersions (6.9) are then positive for all three-momenta k and can be used to
calculate thermal integrals in the low-temperature approximation. However, as the condensate
is expected to melt away at the critical temperature, this problem will indefinitely occur for
sufficiently large temperatures if the mass remains fixed. Therefore, self-consistency equations
for mass and condensate are required. Calculations for arbitrary temperatures are discussed in

section 11.
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8 Zero temperature: Single fluid formalism

In a first step, the translation of field theory into hydrodynamics will be carried out at tree-level,
ignoring all quantum fluctuations. This allows us to present the translation into hydrodynamic
equations in the simplest case, based on reference [85]. We begin with a discussion of the conservation

equations as well as the equations of motion and solutions thereof.

8.1 Equations of motion and conservation equations

The classical equations of motion for p and v are

Op = plo® —m? = Xp%), (8.1)
0 = BP0, (32)

The field-theoretic expressions for the conserved charge current and the stress-energy tensor are

oL
o= = p2otey, 8.3
J 90,0) p Oty (8.3)
2 6(y/—gL) oL 9
™ = =2 — gL =0pd p+ PO YD Y — gL 8.4
=5 o9m g ? p0”p+ p 0"y — g (8.4)

For the stress-energy tensor, we have used the gravitational definition by formally introducing a
general metric g which, after taking the derivatives, we set to be the metric of flat Minkowski space.

This definition guarantees that T"" is symmetric and conserved. Since j* is also conserved, we have

dt =0, 9, =0, (8.5)

which are the hydrodynamic equations. As we expect from Noether’s theorem, current conservation
is identical to the equation of motion for 1. The reason is that 1 only appears through its derivatives
in the Lagrangian, as it should be for the radial mode in the presence of an exact U(1) symmetry. As

an ansatz for the solution of the equations of motion we may choose



8 ZERO TEMPERATURE: SINGLE FLUID FORMALISM 61

Y = puz’ +Re Z Sy Hwt=k) (8.6)
E
p* —m? i(wt—F-3)
p = f+ReZ(5pEe : (8.7)

In this ansatz, we assume 0" and p are each composed of a static part plus small oscillations around
it. The static part of the solution is the superfluid mode, corresponding to an infinite and uniformly
flowing superfluid. The density and flow are specified by the values of the components of p,, which
are pure numbers, not functions of x, and are not constrained by the equation of motion. The value
of p, is determined by the boundary conditions, which specify the topology of the field configuration,
namely the number of times the phase winds around as we traverse the space-time region in which
the superfluid resides®®. The oscillations around the static solution yield two modes whose dispersion
relations w(E) are determined by the equations of motion. As expected, one of the modes is the
massless Goldstone mode, the other is a massive “radial” mode (see also figure 6.3). The oscillatory
modes can be thermally populated to yield the normal fluid. The boundary conditions place no
constraint on the amplitudes of the oscillatory modes because they are topologically trivial. In this
section we will assume uniform density and flow of the superfluid, but in general one could obtain a
space-time-dependent superfluid flow by giving nonzero classical background values to the 1)z and
dpi. The normal fluid would then consist of a thermal population on top of that background. We can
use the poles of the tree-level propagator (10.2) to determine the dispersion relation of the oscillatory
modes. This yields the same result as solving the equations of motion (8.1), (8.2) with the ansatz
(8.6), (8.7). Oscillations in 1 will also be relevant to the calculation of the sound velocities. In fact,
for low temperatures we will demonstrate that the coefficient of the linear term in the massless mode

-,

w(k) is nothing but the velocity of first sound. For now, we set 0 = dpy = 0. In this case, pt' = 9y,

26Usually, Bose-Einstein condensation is introduced by separating the zero momentum mode in the expansion of

ik-x
o) =p(0) + > @(k")e™ .
kH£0
This case however corresponds to the separation of the k¥ = p* mode resulting in

P(a") = prumpre®® + > p(k*)e™ T

ket Eph

prH=pr 18 given by p from equation (8.8).
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and we can write

o2 — m2
= 8.8
p 3 (8.8)
Inserting this solution back into the Lagrangian gives
(0.2 o m2)2
L=-U= 8.9
75 (8.9)

It is clear from the usual definition of the pressure in terms of the partition function that, in our
current tree-level treatment, this Lagrangian is identical to the pressure. Bose-Einstein condensation
obviously appears for |o| > m which is a first hint that o plays the role of a chemical potential. It
is important to keep in mind that we will keep the approximation of uniform density and flow of
the superfluid throughout the remainder of this work, including the finite temperature calculations

of sections 10 and 11.

8.2 Zero-temperature hydrodynamics: Landau‘s formalism

We now explore the connection between field-theoretic quantities and hydrodynamics. We recall that

the hydrodynamic expressions for current and stress-energy tensor at zero temperature are:

gt = ngvt, (8.10)
T = (es+ Ps)vkv” — g" Py, (8.11)

where v* is the velocity of the superfluid which fulfills v,v* = 1. To identify ng, €, and Ps we go
to the superfluid rest frame v* = (1,0,0,0), where there is no flow of charge, energy, or momentum:
j* =T% = 0. Then we have jO = ng, T = ¢,, T = §7P,, so ng, €5, and P are the charge density,
energy density, and pressure in the superfluid rest frame; the pressure is isotropic. (We will discuss
the superfluid density ps below). They can be expressed covariantly via appropriate contractions,

1

ns = /I 5u =" ju, es = v, v, T, P, = —g(gw, — v, )TH . (8.12)
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To relate these hydrodynamical quantities to the microscopic physics we can use equations (8.3),

(8.4). For ng and v* we obtain immediately

- v 8‘%’[’ =~ (1,7) (8.13)
where U is the superfluid 3-velocity with Lorentz factor v = 9ptp/o = 1/4/1 — ¢2. This is precisely
the factor multiplying ns when measured in the normal-fluid rest frame (see table 1 in section 5.4).
The velocity is given by U5 = —61/} /001p?". We have thus recovered the expected irrotational flow of
the superfluid. The difference between expressions (8.13) and (5.27) is that we have identified the
scalar potential ¢ as the phase of the condensate. For €5 and P, we first use (8.12) and (8.4) to obtain

partly microscopic expressions
es = v,0Mpng — L, Py =L+ (v,0M —o)ng. (8.14)

From contracting the relation for v* in (8.13) with 0,1 we know that v#0,1 = o; as a consequence,
we obtain the expected relation P; = £. We can now identify the physical meaning of ¢: using the

zero-temperature thermodynamic relation in the superfluid rest frame e; + P; = ugng, we find
ps =0 = 0o, (8.15)

so o is identified with us the chemical potential in the superfluid rest frame. Going back to the
solution for the modulus p (8.8) we see that, as expected, Bose condensation only occurs for 2 > m?.
Using (8.9) and (8.14) we finally obtain fully microscopic expressions for the energy density and the
pressure,
p_@l=m)? (Bt tmi)(e? —m?) (5.16)
4\ 4\

Note that m is the only mass scale in our Lagrangian. The trace of the stress-energy tensor T+, =

€s — 3P, = m?p? vanishes for m = 0. Finally, the superfluid density p, is defined via the expansion

in small three-velocities of the momentum and energy densities

. . €s + P2 _ R
T% = povg + O(|7%), T = 781 — ;,2 S = ey 4 ps02 + O(|Ts[Y), (8.17)
S
From these expansions we obtain its microscopic form
2 2
o°—m
ps = €s+ Ps = UQﬁ (8.18)

2TThe minus sign appears because the 3-velocity ¥ corresponds to the spatial components of the contravariant 4-
vector v, while the operator V corresponds to the spatial components of the covariant 4-vector 9y, i.e.,0" = (9, —V)
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8.2.1 Generalized single fluid formalism

We can now repeat the above translation in the frame of the generalized hydrodynamic formalism.
Although this might seem to be an unnecessary complication for the isotropic zero-temperature case,
it is a useful preparation for the nonzero temperature case. The basic variables are the conserved
current density j# and its conjugate momentum. We will now confirm that this conjugate momentum
is given by the gradient of the phase 0*1. Recall that in the single fluid case the stress-energy tensor
is given by

T = —gh" W + 510", (8.19)

with the generalized pressure ¥ and the generalized energy deunsity is given by

A=TH +30 =T+ j8,1). (8.20)

2

This is the Legendre transform in the single fluid case where ¥ = ¥[0?], A = A[j?] and j2 = j,j* = n2.
By comparison with the expressions from section 8.2, it is easy to see that in the single-fluid case ¥
and A are simply pressure and energy density in the fluid rest frame (see also discussion in section
5), U= P; = L, A = €. In the single fluid case, the current is indeed proportional to the conjugate

momentum with a coefficient given by the underlying microscopic physics

OA OA
8/14¢ 3]“ B]M ) B 8]2 ) (8 )
and ov o
o — B HH B = [ pa— .22
7= g0 =B B=25, (8.22)
where we can simply read off
2_ .2
B=B1= % (8.23)

In summary, it is important to keep in mind that the connection from macroscopic to microscopic
physics is made by identifying the conjugate momentum 0" as the four-gradient of the phase of the
condensate. In addition, in equations (8.13) -(8.16) we express all thermodynamic and hydrodynamic
parameters of the Landau model in terms of field theoretic variables while the microscopic physics
enter the generalized hydrodynamic formalism via the coefficient B from equation (8.23). In addition,

from equation (8.13) and (8.15) we draw the following important conclusions:

e The rotation of the phase (at the bottom of the “Mexican hat” potential) generates the chemical
potential of the superfluid.
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e The number of rotations per unit length determines the superfluid velocity.

1/2. In case

e o represents the invariant expression for the chemical potential o = (9,90")
U5 = 0 this relation simplifies to o = dyt. In case ¥ # 0 we have o = (0p))’ m . Here we
have indicated that dov alone is not an invariant and therefore changes its value to (9pt)' when
measured from outside the superfluid rest frame. The Lorentz factor in ¢ compensates this

change such that ¢ is indeed invariant.

8.2.2 The non-relativistic limit

The relativistic two-fluid equations incorporate the correct non-relativistic limit of section 2 (for a
general discussion, see for example [67]). In this section we investigate this limit in the single fluid case
at zero temperature. According to Landau and Lifschitz [87] we need to write the relativistic energy
density as the sum of the rest energy of particles that constitute the fluid and the non-relativistic
energy density € = mng + ¢/. Here ng is the particle number per volume in the rest frame of the
fluid. To transform into the laboratory frame (i.e. to eliminate ng in favor of n), we write the energy
density as 28:

e=mnV1 -2+ ~mn—mni?/2+¢. (8.24)
In the single fluid case, the components of T can be written as

B e+ P? g P [(1 — 172) 54 —i—vivj] + evivd
o= 177 = |

Here, we have inserted the v factor contained in definition of v#. Expanding for small velocities and

et P
1 — 92

7% = vt (8.25)

inserting e from equation (8.24), Tho reads

Jm:mn+a+C%quij#+0@ﬂ:nm+a+%§#+owﬂ. (8.26)

Here, we have used that the non-relativistic pressure and energy density are much smaller than the

rest energy: ¢/, P < p = mn . After subtraction of the rest energy p, we obtain the expected result

E%:é+§#. (8.27)

28For notational consistency, we still omit factors of ¢ which are usually taken into account in the non-relativistic
literature.
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Next, we expand T up to the third order in v resulting in

Toi = —mnv; + [e' + P+ (% +é + P) 172} Vi & —mnu; — (e’ + P+ %6’2> v; + O(!ﬁﬁ) , (8.28)
where again €/, P < p has been used. The result reads:
To; = —pvi . (8.29)

In the non-relativistic case momentum density T;p and energy flux Ty; are not the same. To obtain

To;, we need to subtract the term pv; coming from the rest energy first and obtain
; / P2\
0=—¢€ +P+§U (I (8.30)
Analogously we obtain the spatial components:
Tz/] = (L'jp + pviv; . (8.31)

Identical results can be obtained by starting right away from a non-relativistic Lagrangian and re-
peating the analysis of section 8.2. The ? theory in the non-relativistic limit is discussed for example
in [88].
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9 The 1PI and 2PI effective action

In this section, we review the one-particle irreducible (1PI) and two-particle irreducible (2PI) formal-
ism which we shall apply in the finite temperature calculations. Both formalisms are non-perturbative
in the sense that the coupling constant is present to all orders and a certain class of diagrams is re-
summed. We have discussed in section 7 that such a non-perturbative and self-consistent formulation
is necessary to extend our calculations to finite temperatures. We can restrict the discussion in this
chapter to the zero temperature case. In the imaginary time formalism, the introduction of finite
temperature amounts to a “straightforward” modification of the results which we will obtain in the
following. As a preparation, it is necessary to discuss the difference between full, connected and 1PI

diagrams.

9.1 Full, connected and one-particle irreducible Green‘s functions.

In what follows, bare propagators are represented by S%,

(sinks) by J;. The abstract index i represents continuous as well as discrete parameters such as

interaction vertices by <;jk... and sources

space-time x* or the internal 2 x 2 internal space spanned by the fields ¢; and 3. We consider only
the bosonic case where the ordering of 4, j, k, .. is irrelevant. For the purpose of introducing the 1PI
and 2 PI formalism, we shall denote a bosonic scalar quantum field by ¢ and a corresponding classical
field by ¢°. Later, when we perform actual calculations, we will denote the classical field simply by
¢ (we have already done so in section 6.2).
Physical processes, algebraically expressed in terms of Green‘s functions, can be graphically illus-
trated by Feynman diagrams. The full n-point Green‘s function defined as the time-ordered vacuum
expectation value of Heisenberg field operators (0|T[¢(x1)...¢(x,)]| 0) corresponds to an infinite sum
of Feynman diagrams which take into account all possible interactions as we discuss in figure 9.1.
The Dyson-Schwinger equation (DSE) represents a systematic way to generate all these diagrams.
One can see right away that the DSE is self-consistent and it is exact only if all diagrams can be
resummed (which is practically never the case). In principle, the DSE can be used to reproduce the
perturbative expansion of a given theory to arbitrary order by iteration (see for example [89]). We
define the functional Z[J] from which we can generate all vacuum Green’s functions for a process
with m different sources. (Since Z depends on continuous as well as discrete parameters, it is a

functional.) Obviously, we can obtain the full N point Green‘s functions by acting on Z with N
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e

Figure 9.1: Dyson-Schwinger equation (DSE) of a full Green‘s function with 1 particle in the initial
and N particles in the final state. Propagators are represented by black lines with black dots at the
endpoints. The endpoint of a propagator can also correspond to a vertex. The initial particle can
either not interact at all or interact at least once, twice,..etc. The structure of these interaction is given
by the Feynman rules of the theory. The Dyson-Schwinger equation is the sum of all possible processes
weighted with the probability for the occurrence of each process. The combinatorical prefactors are
chosen such that an iteration of the DSE results in the perturbative expansion. It is important to
realize that the full Green‘s function of the left hand side appears again on the right hand side. The
DSE is therefore self-consistent.

(functional) derivatives:

=1 o o0 9
ZlJ| = —GitiseimJir Jig--Jis Gij. = 7757 ()2 =0 - 1
[J] Tnzzom'G12 7rLJ1J2 JnL ij 6:]1 5:]] 5Jk( ) [J]’J 0 (9 )
This allows us to express the DSE as:
0 1 o 0 1 0 o0 &
—_71J] = §Y. A 2
5T, [J] = S;; [J + PRLETAA ,%kzm(w 5T 50, } [J] (9.2)
Collecting bare (inverse) propagators and vertices in the definition of the action of the field ¢
1 -1 PiPj--- Ll
Slel = —5i (S5) ™ @i+ 81 Silel =D w27, (9.3)
and using:
08 [ ¢ dS[¢] oy—1 0 1 o 0 1 0 6 9
—| = = S i i 94
5o [w] e e G A A Ly o YA HCLCh 3 3 s (9.4)

we can elegantly write the DSE for any full n-point functions as:

(i‘j [5‘;] +J> Z[J]=0. (9.5)
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: 2/0\”,2@

- —OqQ 4 <R
b
= (disconnected) + >—< Q + ( more vertices )

Figure 9.2: First iteration of the DSE for a full three-point function.

This equation is the quantum version of the classical equation of motion which is given by
0S[pl/0¢i lp=ge = —J;- (9.6)

As an example, we perform one iteration of the DSE for a full three-point function in figure 9.2. As
we can see, the result is a factorization into mutually connected and disconnected diagrams which

represents a new way of decomposing all Feynman diagrams.

This factorization is graphically illustrated in fig-
ure 9.3. Formally, one can write this factoriza-

tion for an arbitrary N-point function as:

5 W] .—Q = e
EZ[J]_ 5T -ZJ], (9.7)

where W[J], the generating functional of all con-

nected Green‘s functions G(©, is defined in ex-

actly the same way as Z[J] (with the index m Figure9.3: Any full Green's function factorizes in a
starting from 1 as there is at least once source connected Green's function (dark gray “blob”) and

attached to a connected Green's function): a full disconnected Green's function.

W =S =G o Ty diged
m=1

m' 1112...9m tm *
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@
WQ = —X + + -—»—/C>+ 1/2 - + .

Figure 9.4: Decomposition of a connected Green‘s function into 1Pl Green‘s functions. 1PI diagrams
connecting two external legs are called proper self energy, here denoted by IL;;.

The differential equation (9.7) relating Z and W can easily be solved resulting in
Z[J] = "V, (9.9)

Using this relation, one can easily construct the DSE in terms of connected diagrams from (9.5).

Taking into account the chain rule

16,9 5 5
757G 2 f1) = (MW[J] + M) 11,

we find the following elegant formulation of the DSE in terms of connected Green’s functions

(if ijwuwé] +Ji> ~0. (9.10)
Finally, we can further decompose connected Green‘s functions in terms of one-particle irreducible
(1PI) ones. By definition, 1PI Green‘s function remains connected even if one internal line is cut.
If one follows an external leg into a connected Green‘s function one inevitably ends up on a 1PI
diagram which again has zero, one or more external legs which lead to another connected part and
whose cutting would disconnect the diagram (at tree level, one does not end up at a 1PI diagram at
all). Tteration leads to yet another decomposition in terms of 1PI diagrams. This is summarized in
figure 9.4.

The 1PI Green's functions can be viewed as the fundamental building blocks of any Feynman diagram.
The coefficients in this expansion are called proper self energy Il;; (connecting two external legs) and
proper vertices I'y;1, . (connecting three or more external legs). We introduce the field ¢§ = %W -
connected Green's function with one external leg attached. This object is precisely the classical field,

defined as the vacuum expectation value of the quantum field ¢ in the presence of an external source
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(0]]0) [
Ppf = —— = (9.11)
(010) |
Algebraically, we can write the decomposition displayed in figure 9.4 as
1
o5 = S?j <Jj +I'; + ij¢z + il“jkmiqbf + > . (9.12)

-1
Here, we have defined the proper self energy as 11;; = (S?j) +I';; . The reason for this definition

is that we want to reformulate equation (9.12) such that the left side is zero:
1 1 1
0=Ji+Ti+ (= (Sy)  +1iy)e5 + SLijk®jok + - = Ji + Ti + Tijdf + glijndjdh + .. (9.13)

Again we introduce the corresponding generating functional:

Lo = D —Tij midf. 05, (9.14)
m=1

where the argument of I' denotes a vector of the classical fields ¢¢ = [{¢{}]. Acting with §/6¢6/5¢5...
on I'[¢°] generates vertices of 1PI diagrams - unlike full or connected Green‘s functions, 1PI Green‘s
functions do not have propagators attached on their external legs. With these preparations, we can

reformulate equation (9.13) in the following way

oI'[¢°]

SWJ]
365 '

0=J;,+ 57,

P = (9.15)

Equations (9.15) reveal the true nature of the relationship between connected and 1PI green functions:

WJ] and I'[¢€] are connected by a Legendre transform
WIJ] =T[¢] + ¢iJ;. (9.16)

This equation summarizes that W is independent of ¢¢ and I' is independent of J

W ST[6] o7 SWJ]
=J =0, —=0¢5— =¢f —¢f=0. 1
50¢ Ji + 7 0 57 ¢ 57 o —¢; =0 (9.17)

Once again, we can construct the DSE in terms of 1PI diagrams. To do so, we eliminate J derivatives

in favor derivatives of ¢°:

5§ 005 6  S*WI[J] 0

0Ji  0J; 845 0JibJ; 805

(9.18)
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and further use J; = —0I'[¢°]/0¢¢ and ¢ = 6W[J]/dJ; to exchange {J, 6J }with {¢°, d¢°} in the DSE
(9.5):

oT[¢] 08

S¢S S¢S

yiq O
[qbc + W7J] 5¢C} . (9.19)
The 1PI DSE equation (9.15) still plays the role of a quantum analog to the classical equation of
motion. Motivated by equation (9.19), I is called effective action. To obtain the classical equation of
motion from the 1PT quantum DSE (9.19), we can simply neglect the contribution coming from W”.
The role of W" is to create loops. 2?

In summary, we can take the generating functional Z of full Green‘s functions, replace S[p] with I'[¢]
and and instead of evaluating the full path integral substitute the classical approximation ¢ — ¢¢ in
the integrand and obtain an ezact result.

Spontaneous symmetry breaking manifests itself in the 1PI formalism by a nonzero vacuum expecta-

tion value of ¢ , even though the source J is set to zero

or

— =0, ¢°#0. 9.20
5ol # (9.20)

9.2 1PI effective action in the one loop approximation

In order to obtain the one loop approximation for the effective action for a complex scalar field ¢ we

introduce the path integral representation for the generating functional of connected Green‘s functions

W1J) f DSOGS[QO}—FI Jo
= e = —-—

ZJ] f DpeiSTel

(9.21)

2The classical DSE can be obtained from (9.19) by neglecting the contribution coming from W”. It is a tree
expansion of the form
65(¢°]
a5
We can interpret the right hand side diagramatically:

.—-—‘ = X + 1/2 »—{ + 1/30 . +

Comparing this to the 1PI expansion displayed in figure 9.4, we can see that the vertices ~;jx;.. of the tree expansion
have been replaced by 1PI diagrams. In other words in the 1PI formalism, the quantum loop corrections to the classical
expansion are embodied in the proper vertices I';;xi.. , i.e. they sit in the spot of the classical vertices.

(& 1 C C 1 C C C
o5 = S5 (J]- + ) =Sy (Jj + §7jkl¢k¢l + 6'7jklm¢k¢l Gm + ) .
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Next, we perform the Legendre transform to obtain the 1PI effective action

[ Dpe(Slel+[ J(e=6))

L¢°] — piWJ=[ ¢CJ) _

e e [ DpeT , (9.22)
and expand the action S around the classical solution which is the main contribution to the path
integral

. o 08 1 oL
Sl = [ )= [e@r+ =) 5 [segii| et 02
T P le=ee Pi0Pj lp=pe
©
one loop correction
This amounts to
1 oL
T[¢C] ~ /[, (] + /5@ J +/54pi — dp; . (9.24)
o=¢C 2 00i0P; | e e
=0
Inserting the result in the exponent of (9.22) and performing the Gaussian integral®® yields
2 -1/2
T L of £16  do (55 55 ) 7
Pi0P; o=ge
and therefore
8L 1
[[¢°] ~ /,c )+ Tr In< ) = /£[¢C] + ~Tr InSy* : (9.25)
6@15¢] 4P:¢C 2 4,0:(1)0

where det M=exp|Tr In M| has been used. This is the one loop effective action which we shall use
(within certain approximations) in section 10.1. The term proportional to the quadratic fluctuations
dp is the propagator, see for example (6.8). In summary, the Legendre transform has introduced new
vertices to our theory. To check that the diagrammatic expansion of I'[¢€] is indeed given by all one
loop diagrams of these vertices, we separate contributions from the condensate which are resummed
to all orders in A in (9.25), from the free propagator in absence of a condensate Gy, S&l = Gal + A2

where ¢ is matrix of the dimension of the internal space®!.

309The linear shift in ¢ — ¢ — ¢° doesn’t affect the integration measure.
3lComparing to our case of a complex scalar filed, Go and ¢ given by
_1 —k? +m? — 2 2 ko 3 0
Gy~ = _ 9 .2 2 _ 2 , &= .
2i kop kK“4+m” —p 0 1

The situation will be slightly more complicated once we treat modulus and phase of the condensate separately (see
also (7.6)) as S; ' becomes anisotropic.
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Then the logarithmic term is decomposed as follows
InSy' =Gy +1In (14 A\GogZ€) .

We can now expand the second term in a Taylor series and obtain

Trln (1 + AG (¢°)2 5) --3 (—)\ (6°)2 )nTr [Goe]™ .

Diagrammatically, this series corresponds to a one loop diagram with 2, 4, 6.. classical fields (con-

densates) attached:

TRrtey

As expected, no external legs are connected to these 1PI diagrams. A more physical way to say this,
is that external legs would introduce a momentum dependence of I'[¢¢]. We will later identify this
functional with the pressure, which, being a thermodynamic quantity, must not depend on external

momenta.

9.3 Two-particle irreducible formalism

The construction of the 2PI effective action is a straightforward generalization of the 1PI case. As
a starting point we use the generating functional of connected Green‘s function and introduce two

source terms, one for the quantum field ¢ and one for the quantum propagator S:

1
Z = Z[J, K] = exp(iW[J, K]) = /Dsoeftp (S[so} + Jipi + 2Kij80i80j> (9.26)
The classical field and two point function (propagator) are obtained in the usual way:

WILK) _ o SWILE] oo

5, LTS i (9.27)

and therefore variation with respect to the source Kj; results in

WL K] 1
TSR~ g 0+ SG)
Before we turn to the construction of the 2PI effective action, we remark that we can easily construct

the 1PI effective action of the functional Z[J, K] (9.26). The quadratic term including K can formally



9 THE 1PI AND 2PI EFFECTIVE ACTION 70

be treated as an additional “mass” term and the (single) Legendre transform can be directly applied:

SWILK] .
—5 = (9.28)

In analogy to the 1PI effective action, we define now the 2PI effective action by a double Legendre

D67 = WIJ K] = ¢5J;, with

Transform with respect to ¢f and S7;

1 1
Dlge, 8 = WIJ, K] — 65 — 500K — 555K (9:20)
Furthermore, the equations of motion for the fields ¢¢ and S¢ are given by

or

g —Ji — KijJj, (9.30)
6T 1

_ = K. (9.31)
0S¢, 2

Using equation (9.27) and the 2PT effective action (9.29), it is again easy to show that éT'[¢¢, S¢]/6J; =
0 and 6T'[¢°, S€]/dK;; = 0. The physically interesting case is again given by vanishing sources in which

case the equations of motions turn into

or or
= — =0 (9.32)
. ) 0 ’
0p; pi=ge ‘557:]‘

S5=5%

with non-vanishing expectation values for ¢f # 0 and Sj; # 0. What is remarkable about the
stationary equations (9.32), is that they already include the DSE for the propagator on the classical
level. We shall exploit this fact extensively in section 11. In particular cases such as BCS theory,
spontaneous symmetry breaking does not result in a vacuum expectation value of the field, but in a
vacuum expectation value of the two point function. The 2PI formalism is therefore particularly well
suited to describe such systems. In the path-integral representation, the 2PI generating functional is

given by

[ Doexp Sl + [ J(oi = 65) + § | [ Kislprps — 595 - 55)
J Dy exp [S[]

We can again study the loop expansion systematically. To leading order, we can use the one loop

(TI675]

approximation derived in the last section to evaluate the 1PI effective action defined by (9.28) (i.e.
we use the generating functional W[J, K| from equation (9.26) but perform only a single Legendre
transform with respect to J). Remember that we can absorb the term proportional to ¢;p; as an

additional mass term into the propagator of the action S[p]. Now all we have to do is to replace S[¢€]
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by S[¢c] + Kij¢7¢5 and the free propagator in the background of the classical field S&l by 50_1 + K

in the expansion (9.23) . The result reads:

1 . 1
Lil¢] = S[¢7] + 5 Trln [SO Ly K} + 5 Kij655

From the dual Legendre transform (9.29) we can obtain the one loop approximation of the 2PI

functional:
c Qc c 1 —1 1 c
Ple*, 5 = S[¢] + 5 TrIn [SO +K} — S Tr[Kse].

To reformulate this equation in a more useful way, we need to eliminate the remaining source K in
favor of the field S¢. This can be achieved with the aid of 6I'/d K = 0 from which we obtain (at lowest
loop order) S¢ ' = Sy + K and therefore

T[¢¢, 5] = S[6°] + %Tr In (S9) ' + %Tr [(50‘1 - 50—1) SC]

To go beyond the one loop approximation, we introduce the potential V5 which includes 2PI diagrams

with at least two loops built from the propagator S¢:

T[¢°, S5 = S[¢°] + %Tr In (S¢)7 + %Tr [(SC_I . Sgl> SC] V. (9.33)

We will use the two-loop Hartree approximation of this object as will be explained in section 11.
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10 Two-fluid formalism in the low-temperature approximation

10.1 Effective action and dispersion relations.

We the aid of the non-perturbative 1PI and 2PI formalisms which we have reviewed in the last sec-
tion, we can now continue our derivation of the two-fluid model at finite temperature. The nonzero-
temperature calculation is complicated because we are interested in the situation of a nonzero (homo-
geneous) superflow; this renders the system and in particular the dispersions of the Goldstone mode
anisotropic. In this part, we are mostly interested in analytical results to discuss the translation
to hydrodynamics thoroughly. Since we have argued in section 7 that a calculation for arbitrary
temperatures requires the more complicated 2PI formalism in which results are obtained purely nu-
merically, we shall for the moment restrict ourselves to small temperatures. In particular this means
that we shall not determine the condensate self-consistently by solving 6I'/dp = 0, and rather work
with its zero-temperature value obtained from OU/dp = 0. Starting from the full self-consistent
formalism, one can show that the temperature-dependence of the condensate includes an additional
power of the coupling constant compared to the terms we are keeping. We are thus working in the
low-temperature, weak-coupling approximation. Note however that the melting of the condensate, as
well as other contributions from the full action may induce terms proportional to Au?T? in the pres-
sure, while we shall only keep terms proportional to 7% and higher order in 7. This approximation is
only consistent if T2 > Au?, i.e., strictly speaking, our approximation leaves a “gap” between T = 0
and the small temperatures we are discussing, although this gap can be made arbitrarily small by
choosing the coupling constant A sufficiently small.

Within this approximation, we can work with the simple 1PI effective action in the one-loop approx-

imation

Sy (k)
2

1% 1
F——TU(p,a)—2Zk:Trln ) (10.1)

with the tree-level potential U from equation (8.9) and the inverse tree-level propagator in momentum
space Sy ! (k) which can be read off from the terms quadratic in the fluctuations in equation (7.6). The
trace is taken over the 2 x 2 space of the two real degrees of freedom of the complex scalar field, and

the sum is taken over four-momenta k, = (ko, k), ko = —iw,, with the bosonic Matsubara frequencies

wp. The sum over three-momenta, here written for a finite volume V' and thus over discrete momenta,
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becomes an integral in the thermodynamic limit. At the stationary point, i.e., with equation (8.8),

we have

—k?4+2(0? —m?) 2ik- 0y
S (k) = . (10.2)
—2ik - O —k?

Here, k2 = kykt, k- 0y = k,0") and o = 0,0"1 . In all our microscopic calculations we evaluate
thermal fluctuations in the background of a uniform superflow, so we take 9,1 (and hence o) to be
space-time independent3?.

Since we neglect the melting of the condensate, we have inserted the zero-temperature solution into
the propagator. In order to compute the effective action, one may employ partial integration with

respect to the |l¥| integral. The effective action density then becomes

T (02 —m%)? 1T - 0S~1(k)

“r o= S N R T [ So (k)

Vv 7 +6Vzk:| e R T
B (027m2)2_2z K2(k2 =02 +m?) + 2k -0k - Vo (10.3)
- ) 3V 4 det Syt (k) ’ '

where we have used the explicit form of the tree-level propagator and have performed the 2 x 2 trace.
We have also inserted the zero temperature solution for p into the potential U. The evaluation of the
Matsubara sum and the simplification of the result are explained in detail in appendix A. Neglecting

the thermal contribution of the massive mode, we can write the result as

—I'~ coth

T (0'2 — m2)2 _/ d3]; F(Eljv E) 61’]; (10 4)
1% 4\ (2m)3 (617];; + 617_];;)(617]‘5 + 627_];;)(617];’ - 62,];) 2T’ '

320bserve that the relation between So_l with and without superflow is given by a simple boost. To see this, set
Vi) =0 in (10.2) and then boost every wave vector k* by an arbitrary velocity ¥:

B — A (v)k” .

This results in

Inserting the microscopic expressions ¥ = 761/1/801/1 and o = /0,1O*y) we arrive precisely at (10.2).
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-,

where F(ko, k) denotes the numerator in the momentum sum of equation (10.3)

F(ko, k) = —g [/ZQ(k:? — o2+ m?) +2k- 0k -V, (10.5)

and where €, Jo i are complicated excitation energies whose small-momentum approximations are

02 —m2 . - .
“F T \3g2m2 C(k) |k| + O([K[") , (10.6)
GF = \@\/302 —m?2 +2(V)2 + O(|k|). (10.7)
Here we have abbreviated
: (V)? = (Vi - k)2 2000V - k 2(Ve)? |
C(k) \/ + YR~ /Ry ve-sere B L e (10.8)

with 6 being the angle between k and ﬁw. The physically relevant low-energy excitation is €, . This
is the Goldstone mode which, as equation (10.6) confirms, is massless and linear in the mor;aentum
for small momenta, as it should be. The coefficient in front of the linear term is related to the speed
of (first) sound as we explain in part III. For the case without superflow we have C(l}:) =1, and thus,
in the limit m = 0, we recover the well-known value of 1/4/3. The superflow introduces an angular
dependence ¢ (l;‘) into the Goldstone dispersion and thus also into the sound velocity. This angular-
dependent function also shows that, in contrast to the zero-temperature case, we cannot write the
result in a covariant way since the temporal and spatial components of 0,7 appear separately. Another
observation is the complicated factor in the integrand of equation (10.4). This factor indicates a mixing
between the original modes of the complex field (between particles and antiparticles, essentially) due
to condensation. Such a factor appears also, although considerably simpler, for the case without
superflow. It is analogous to a Bogoliubov coefficient in the case of Cooper pairing which, in that
case, accounts for the mixing between fermions and fermion-holes. We shall now calculate the field

theoretic representation of the stress-energy tensor and the Noether current.
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10.2 Stress-energy tensor and current

As we have emphasized, stress-energy tensor and charge-current are particularly important in our
derivation of the two-fluid model as we posses a precise recipe how to construct them from field

theory:

™= (w7 aam) (109)

The angular brackets denote the expectation value of an operator in the finite-temperature ensemble

of the microscopic theory,

(A) = ;/Dap’chp’QA exp (/ diz —gﬁ) : (10.10)

with the partition function Z defined so that (1) = 1. The calculation of the functional integral is

lengthy and carried out in appendix B. The results reads

<azz, o) Pt
o= o T —m ZT[ )% m(pk))] (10.12)

In the case of the stress-energy tensor, one can check explicitly that the sum over the Matsubara
frequencies leads to an infinite result. A renormalization is thus required. As a renormalization con-
dition, we require for the case without superflow the obvious interpretation of the diagonal components

TH in terms of the energy density € and the pressure P,

T =¢, TY=49P. (10.13)

Then, switching on a nonzero superflow, does not yield any additional divergences. These conditions
can be implemented on a very general level, without explicit evaluation of the stress-energy tensor.
We do so in detail in appendix C. The calculation in this appendix also leads to a very useful
formulation of the effective action, the stress-energy tensor, and the current, which will later facilitate

the interpretation in terms of the hydrodynamic two-fluid picture. We define

1 ok
) = Up(o?, k-0, k%) = —iTrln SOTQ( ) ,

(10.14)
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and

ov, k-0y _2a\1;,€_ 2k? _28%_ 2(k? — 02 + m?)

A, = Cr = = —
" "ok det Sy !

— — 7B == - )
O(k-0y)  det St TF T T90% T det Syt

(10.15)

In the zero-temperature discussion, we have related the tree-level potential U to the generalized
pressure W. The notation of equation (10.14) anticipates that we can identify the effective action I
with the generalized pressure at finite temperature. In section 10.3, we will see that this assumption is
justified. The notations Ay, By, Cy are chosen in analogy to A, B, C, which we introduced in section
5.1 (we already know the zero temperature contribution to the coefficient B from the single-fluid
treatment of section 8.2.1). With the help of these quantities we can rewrite the effective action as
(see appendix C)

T 1 T

L ="U— 30" — ")y Zk: (Crkyky + Apk,0,0) (10.16)
where we have abbreviated u* = (1,0,0,0), while the renormalized stress-energy tensor and the

current become

™ = — (2 ou —g“”U) +
09w

2 2
j'u’ _ 8“1/}0- ;\m +

<4

S [CRkEY + Brotpd”p + Ap(kKHo"y + K OPp) + 2uiu”]
k
(10.17)

> (Brd" + Agkt) . (10.18)
k

<IS

These expressions are useful because, firstly, they are written in a covariant way and, secondly, they
anticipate the two-fluid formulation which as we know is constructed from two basic four-vectors. We
have already identified the conjugate momentum to j* with 9" ; the other conjugate momentum
can of course not be identified with k*, which is a purely microscopic quantity, but we shall see that
this formulation is close enough to the two-fluid formulation that it can easily be cast in a more
“macroscopic” form. At the moment, the introduction of the four-vector u* is for notational purposes
only, introduced to write the above equations in terms of four-vectors. We will see however that it

really corresponds to the four-velocity of the normal fluid introduced in section 5.2.
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It is instructive to compute the trace of the stress-energy tensor. With the help of equation (C.3) we

immediately find

T k2
™ =m? | +2=) —— 10.1
L =m”|p°+ Vzk:detSl(k‘) , (10.19)

i.e., the trace vanishes when we set m = 0, as expected.

10.3 The two-fluid formalism from field theory

So far we have related the zero-temperature limit of the microscopic theory to hydrodynamics where
we identified 0% as the conjugate momentum to j#. Furthermore, we have carefully prepared field
theoretic results at finite temperature, in particular the conserved current j# and the stress energy
tensor TH”. With these results we can continue to apply the machinery of the two-fluid formalism
to successively identify all remaining hydrodynamic and thermodynamic quantities in terms of field
theoretic variables. Our covariant formulation from section 10.2 before performing the Matsubara
sum will turn out to be very useful for this purpose.

Before we can proceed with this program, we have to clarify the issue of frame dependence of the
microscopic calculations at finite temperature once and for all. Motivated by the discussion of section
5.3, it seems reasonable to assume that the microscopic calculation is performed in the normal-fluid
rest frame (or the rest frame of the heat bath) defined by u* = (1,0,0,0). We shall now explicitly
demonstrate that this is indeed consistent with the results we obtained in the last section and identify
the thermodynamic parameters u, T and ¥s in this frame. As a first step, we may use Landau‘s
definition of the charge current from equation (5.25)

G = naut + ns% 7
o

and evaluate it the normal-fluid rest frame defined by u* = (1,0,0,0). From the temporal components
of j# we know that in the normal-fluid rest frame the total number density is given by n = n, +
Mpons/o where dyip/o = 1/4/1 — 42 plays the role of a Lorentz factor (see also the discussion of
table 1). While o is the invariant expression of the chemical potential, 0yt clearly plays the role
of the chemical potential in the normal-fluid rest frame. The superfluid velocity measured in the
normal-fluid rest frame is given by v = —61/) /0o. We could have introduced the normal-fluid rest
frame already in the discussion of the zero temperature results in section 8.2. To avoid confusion, we

have simply distinguished between results obtained in the superfluid rest frame (v = 6) and outside
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the superfluid rest frame (¥s # 6) From the finite temperature point of view, measurements from
outside the superfluid rest frame correspond to measurements in the normal-fluid rest frame. In case
of 7y = 0 , both fluids share a common rest frame and we have ps = 0 = dpt) = pun,. We shall from
now on denote the chemical potential in the normal-fluid rest frame by p rather than u, (we have
used the latter notation in (5.36) for the purpose of introducing both rest frames).

As a side remark, observe that we can also evaluate the spatial components of j# in the normal-fluid

rest frame, contract the equation with 67# and solve for ng. This yields
Vip-j
(Vy)?
The right-hand side is now purely defined in terms of the field-theoretic quantities (the spatial com-

(10.20)

Nng = —0

ponents of the Noether current and the gradients of the phase ). We will however use a more

systematic way to obtain the fluid densities from A, B and C in section 10.4.1.

10.3.1 Generalized thermodynamics from field theory

Now that we have obtained chemical potential ;1 = 9yt and the velocity of the superflow U5 = —ﬁw/u
in the normal-fluid rest frame, we continue with the discussion of the generalized pressure ¥ and the
generalized thermodynamic relation which in addition to "% involves the conjugate momentum ©.

With the stress-energy tensor (5.18) and using u* = s*/s we can write

v— %(g““ ) (Dt — Th) (10.21)

Let us now compute the right-hand side with the microscopic expression for T#”. With T*" and j*

from equations (8.4), (8.3) we compute

1 . Lo uw
g(glw - UHUV)(]AL&/?/) - Tw) =-U— g(gu —utu”)

</~

> (Crkuky + Arkud) - (10.22)
k

Here we have used u* = (1,0,0,0), while equation (10.21) is a general relation for arbitrary four-
velocities u#. The tensor (g"* —utu”) appearing in equation (10.21) can be interpreted as a projector
onto the 4-dimensional hypersurface orthogonal to w*. It is important to keep in mind that we
cannot simply promote u* to an arbitrary four-velocity in the microscopic calculation. It would occur

additionally in different places in the calculation, which we cannot identify in our present treatment
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because the spatial components of u* have been projected out in our finite temperature calculation.
In a manner of speaking, we are “stuck” in the normal-fluid rest frame. But, of course, since ¥ is a
Lorentz scalar, the normal-fluid rest frame is as good as any other frame to compute ¥. By comparing
with equation (10.16) we see that the right-hand side of equation (10.22) is exactly (7'/V times) the
effective action. Therefore, we have obtained the important result,

T

U==T. 10.23
% (10.23)

This relation is somewhat expected since we already know that, at zero temperature (and at tree-
level), ¥ corresponds to the Lagrangian, which in this case gives the microscopic pressure. At nonzero
temperature (without superflow), the effective action gives the (isotropic) pressure. Therefore, the
relation (10.23) is a natural generalization to the anisotropic case with a nonzero superflow. This

motivates our choice of notation in equation (10.14) because now we have

T
U= —U+V;\I/k. (10.24)

Next, let us discuss the generalized thermodynamic relation A = —W+5-9¢+s-©. In the normal-fluid
rest frame, s* = (s%,0,0,0) and thus s-© = s%0°, which is the product of entropy and temperature,
measured in this particular frame. To confirm this microscopically, we use the thermodynamical

definition of the entropy density,

ov 1

v

D (T + 2+ Crkg + Agkodov) (10.25)
k

with Aj and C defined in equation (10.15). Note that the first two terms (VUy and 2) come from

the explicit T-dependence in the prefactor 7/V and in the 1/7?2 within the logarithm. On the other

hand, we can compute s - © via the generalized thermodynamic relation. We find

s:0 = A+U—j-0y
T 2m?*k?
= VZ[\llkJerngrAkkoc‘)ow—(Ckk2+Bk02+2Akk:-8w)+ -
k

W ) (10.26)

where we have used A = T%, + 3¥ | the trace of the stress-energy tensor (10.19), the effective action
(which is ¥) (10.16), and the current (10.18). With the help of the identity (C.3) we see that this

is indeed the same as T' times the entropy from equation (10.25). In other words, the microscopic
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temperature T’ can be identified with generalized quantity ©° in the normal-fluid rest frame. In this
frame, we have now identified all terms in the generalized thermodynamic relation. By now, we have
obtained the means to correctly interpret microscopic results in the frame of the two-fluid model. We

shall analyze the parameters of this model now in a low-temperature approximation.

10.4 Explicit results in the low-temperature approximation

We want to compute the effective action, the components of the stress-energy tensor, and the current

for small temperatures explicitly. To this end, we have to approximate momentum sums of the form

T F(k)
v % det Sy (k) (10-27

where, for the case of the effective action, F'(k) is given by equation (10.5), and for the stress-energy

tensor and the current we need to replace F(k) by

(k) = 2[—(k* — o® + m*)kFEY + k20" )] (10.28)
+ 2[2(k - 09)(K* 0" + KV 0") + utu”det Sy (k)]

Frk) = 2(k20") + 2k - 0y kM), (10.29)

which can be read off from equations (10.17), (10.18). For all three cases, we can write the result
of the Matsubara sum in the form (10.4). Then, we write cothle, /(27)] = 1+ 2f(e, ;) with the
Bose distribution function f(z) = 1/(e®/T — 1). The integral over the first term is, in the present
approximation, temperature independent. It is divergent and has to be renormalized by subtracting
the vacuum contribution. After doing so, a finite term remains which however is suppressed by one
power of A\ compared to the zero-temperature term oc A~! we have already computed, for instance
in equation (10.4). We shall thus neglect this contribution and only keep the thermal contribution,
i.e., the integral over the second term that contains the Bose function. This contribution is finite and

unaffected by the renormalization.?We explain the small-temperature expansion in detail in appendix

33The subleading zero-temperature contribution we are neglecting here gives rise to the difference between the super-
fluid density and the condensate density. At zero temperature, the charge density is always identical to the superfluid
density, n(T = 0) = ns, while the condensate density, defined as up® with the modulus of the condensate p, might be
smaller. In our leading-order approximation, condensate and superfluid densities are identical.
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D. Before we come to the main results, let us discuss the simpler example without superflow, 61# =0

_ . . _ J’_ _ — .
and use 0yt = p. In the absence of a superflow, the dispersions reduce to €1 5= o) = € with

e% = \/EQ +3u2—m?2F \/4N2E2 + (3u2 —m?2)2, (10.30)

which is equivalent to (6.9) after the condensate from equation (6.7) has been inserted. As usual, eg
is the Goldstone mode and 61? the massive mode. This yields the small-temperature result for the

pressure to order T (see also appendix F.3) for the calculation with finite mass parameter m)

(,UZ o m2)2 (3N2 _ m2)3/2 7r2T4 B ,UG(S,UQ o m2>1/2 47T4T6
4\ (2 —m?2)3/2 90 (12 —m2)7/2 63u2

P= %F(W@M =0) ~ (10.31)
The T* term has two interesting properties related to the resulting charge density, which is obtained
by taking the derivative with respect to u. Firstly, if we set m = 0, the u-dependence drops out,
such that there is no 7% /u contribution to the charge density in this case. Secondly, in the presence
of a finite m, one finds that the T%/u contribution to the charge density is negative, i.e., for small
temperatures the density decreases with temperature. (The second derivative 92 P/0u? is positive, i.e.,
the system is thermodynamically stable.) The T term has neither of these properties, it contributes
to the charge density even for m = 0 and gives rise to a positive 7°/u3 term in the density.

The case with superflow is of course more complicated. In particular, the momentum integration now
involves a nontrivial angular integral over the angle between the momentum and 61/1. Nevertheless,
it turns out that this angular integral can be performed analytically for all cases we consider. For

brevity, we set m = 0 in the following. Then, we obtain for the effective action density to order 7

T ut o 2Tt (1 — 52)? 4TS (1 —2)?

It (1-3)% 4+ — 5+ 3002 + 97%). 10.32
O 0B =327 105vas2 (1302 oo 10

v 4N

Obviously, for ¥s = 0 we recover the m = 0 limit of equation (10.31). Note that the result is valid
to all orders in the superfluid velocity. We have not applied any expansion in |¥s|. Analogously, we
compute the components of the stress-energy tensor and the current. For the spatial components of

the stress-energy tensor we use
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Koy | T 1=V AmiT0 - v

AN s 10v/3 (1 —3v2)3 105v/3 p2 (1 —3v2)6
T -2 (1-v2)(1 - 3v2) (1= v3)(1 = 3v2)(5 + 30v2 + 9v?)
700 34 v2 3 —20v2 4 9v? —(15 — 160v? — 774v? 4 432v5 + 135v%)
08 4vy; — 8V 2v;i(95 + 243v2 — 135v1 — 27v9)
T, 1-v? (1—vH(1 -3vYH —(1 = v3)(1 = 3vH (54 30v2 + 9v?)
1) 1+ 3v? 1—12v2 4 3v? —(5 — 180v% — 582v? + 324v® 4 81v%)
1 5° 4 —8v? 2(5 + 105v2 4 147v? — 81v?)
[t v, —8v, 2v,(95 + 243vZ — 135vs — 27v9)

Table 2: Microscopic results for the effective action I', the stress-energy tensor T+, and the conserved
charge current j# up to order 7% for m = 0. Each row is the result for the quantity given in the left
column; this quantity is a sum of the u*, T#, and T¢/u? terms given in the top row, each multiplied by
the specific entry of the table. These results are obtained without making any assumptions about the
magnitude of the superfluid velocity ¥s. We see that there is a divergence in all nonzero temperature
results for #2 — 1/3, indicating an instability of the superflow, in accordance with Landau’s critical
velocity for superfluidity.

1 )

T, = 2[5”—(%/’1/}3);”] Ty, (10.33)
)

T, = (gwf)fnj. (10.34)

The results are collected in table 2. All expressions in this table are written in terms of quantities
measured in the normal-fluid rest frame. At zero temperature it is very natural to write them in terms
of the Lorentz scalar o = py/1 — 92, for instance T = o*/(4)). As expected, such a formulation is
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less obvious for the nonzero temperature terms. Since the microscopic calculation has a preferred rest
frame where the thermodynamic variables p, T, and ¥s are measured, the velocity-dependence shown
here is a mixture of trivial Lorentz boosts and complicated effects of the superflow on the collective
excitations (which in turn can be interpreted as boosts of the microscopic vector k*, see footnote
below equation (10.2) ).

We may compare the results presented in table 2 with the frame dependent quantities listed in table
1. One can for instance check from the explicit results that the difference between longitudinal and
transverse pressure is indeed —f-Vw = ,u;-ﬁs, and that the momentum density 7% is indeed 0% = p
times the current j°. More importantly, we see that T| = %F, which, since T, = W, confirms that
the generalized pressure can be identified with the effective action ¥ = %F.

With the results of T" in hand, we may also ask for the superfluid density ps . This energy density
is defined in the low-velocity limit, in generalization of the mass densities in the non-relativistic
framework (and in contrast to ns, n, which we calculate in the next section and which are number
densities). With T% = ji§%, j = —nsﬁw/a, and U5 = —ﬁw/ﬁow , we obtain

. n o
T = (@%)* v = psvai + O ).

(Alternatively, we can write p; = 02/B.) This expression for the superfluid density is obviously in
agreement with the zero-temperature result (8.18). The superfluid density appears also in the energy
density as part of the kinetic energy, 7% = A + p,0? + O(|s|*).

10.4.1 Entrainment and superfluid density from field theory

The independent degrees of freedom of our microscopic calculation are the chemical potential = 9%,
the temperature T = O, and the superfluid three-velocity 7 = —V /i, all measured in the normal-
fluid rest frame, where the entropy current vanishes by definition, s* = 0. We have thus given 8
independent components out of the 16 components of the 4 four-vectors j#, s#, ©H 9" of the
two-fluid formalism. The other 8 components are j#, s°, and ©’. For the Noether current j* and
the entropy s we have field-theoretic and thermodynamic definitions respectively. It remains to
compute the spatial components of the thermal four-vector ©¥. Additionally, we have to compute
the coefficients A, B, C. They are defined as the derivatives of ¥ with respect to the Lorentz scalars
02,02, and © - 9v. However, this is not the form in which our ¥ is given. Therefore, we need to find

a different way to compute these coefficients. This can be done with the help of equations (5.8) and
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- s° U %

A % 1+ v25000 A 05V

= 1 %% —j- Vs"e° (Vy)?

B oy jrvioe b VY

. v2(s")? o | 2%~ Ves'el
n+ vis’el (s9)2j- Vo

Table 3: Coefficients that relate the currents j*, s* with the conjugate momenta 0*1, ©F, given in
terms of “microscopic” quantities: the Noether current j#, the space-time derivative of the phase of
the condensate ", the temperature ©°, and the entropy density s, all measured in the normal-
fluid rest frame. For simplicity, we have abbreviated n = 92;°9%) + j 61/1. The low-temperature

approximations for A, B, C are given in equation (10.36)-(10.38).

(5.9). First, we solve the spatial part of equation (5.8) for ©% and insert the result into the spatial
part of equation (5.9). Together with the temporal components, this yields three equations for the
three variables A, B, C, whose solutions are listed in table 3, where, for completeness, we also give
the coefficients A, B, C, which are obtained from the inverse of equation (5.11). With these results

we immediately find

3;61/1
(V)2

Since all results are expressed in terms of quantities accessible from our microscopic calculation, we

6— Ay - % [j°+a°w

. (10.35)

can for instance compute (for m = 0 and in the low-temperature limit)

- A7?T3 1 — 2 167475 1 — o2

A ~ s _ S (25 4 7802 — 270%), 10.36
15\/5/’6 (1_31‘)3)2 315\/3'“3 (1_31—)3)5( + Vg 'Us) ( )

— 2 4e?Td 1 -2 87iT6 65+ 25602 — 4027 + 8178

B~ ba-#)-T" B T 200 Z B O (1037)
A 15v/3 p2 (1 —302)3 ° 315/3 (1—32)

~ 2T 14 N 8miT 5 — 5907 + 275 + 2708 (1038)

C 15V3 1302 3153 u2 (1 — 3v2)4 '

We see that the coefficients A and C vanish at T = 0. This is in accordance to our zero-temperature

discussion, where only B was nonzero. The connection between the coefficients A, B and the number



10 TWO-FLUID FORMALISM IN THE LOW-TEMPERATURE APPROXIMATION 90

densities ng, n,, is given in equation (5.31). We can insert A and B as functions of ng, n, into the
temporal component of equation (5.6) to get also C as a function of ng, n,. The result is the useful

translation
ony, o Un?1 pny, + sT

A=-=10 0 B=—, (= :

SNg Ng s2ng s

(10.39)

(To avoid confusion: s, T, u, n, are quantities measured in the normal frame, while ny is the
superfluid density measured in the superfluid frame. Remember that the superfluid density measured
in the normal frame is nsu/o.) As a check, we see that B given in table 3 is indeed the same as
B = o/ns with ng calculated from equation (10.20). It is now of course straightforward to also
express A, B, C in terms of n, and n,,. In the small-temperature approximation, the superfluid and

normal number densities, measured in the normal-fluid rest frame, become

3 24 =2 46 =2
7 7 o\ 4Am Tt 1 -3 8T 1 — o3 9 ) 6
B Bao@)- 05 + 24302 — 1350 — 27
My S ) S e T T T0ay/a (1 -y 2B 186~ 20%).
(10.40)
4 2T4 1— —2\2 16 4T6 1 — —2\2
ny o~ AT (1-7) r 17 (1= %) (15 + 3852 — 97) . (10.41)

5v3u (1—-302)3 3533 (1—3052)

One can check that the sum of both densities gives the total charge density j° from table 2. As
expected, the normal density vanishes for T' = 0 and begins to increase with increasing temperature,
while the superfluid density decreases. In the more complete treatment of section 11, we expect the
superfluid density to vanish at the critical temperature because the condensate melts. Remember
that this melting is, in our one-loop effective action, a higher-order effect in the coupling constant,
which we have neglected. The decrease of ng is therefore only due to the interaction between the
two fluids. As an aside, note that for @, = 0 the T* contributions in superfluid and normal densities
cancel each other exactly. We have made this observation already below equation (10.31) where we
have seen that in the m = 0 limit there is no 7% contribution to the density.

Finally, we may express the generalized pressure ¥ in terms of Lorentz scalars. This reformulation is

instructive because it gives ¥ in the form that is usually assumed in the two-fluid formalism.
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Our quantities in the normal-fluid rest frame T, u, ¥s are translated into the relevant Lorentz
scalars 02, ©%, 0y - © via

ot = = (Vy)? =pP1-), (10.42)
A% = (1—2)(1 — 99?)
2 _ 2 2 _ s s 2 4
e =T B (V) (- 302)° T° 4+ O(T%), (10.43)
oY-0 = MT——B(V@ZJ) = =302 uT + O(T?). (10.44)

We solve these equations for T', u, and ¥s and insert the result into the effective action. Then, up to
fourth order in the temperature we can write the generalized pressure as
4 2

.0)21?
U(02,0%,0 - 9y) ~ 27 + 95\/5 [@2 +2(61/;2@)] . (10.45)

The term in the square brackets can be written as G#”0,,0, with the “sonic metric” G = gt 420t 0",
see equation (8.9) of reference [83]. In other words, the Lorentz invariant 7% term of the pressure in
the presence of a superflow is obtained by replacing T? — GH¥ 0,0, in the T’ 4 term of the pressure in
the absence of a superflow. In principle, we can use the higher order terms in equation (10.42-10.44)
to write the 70 contribution in terms of Lorentz scalars. However, we have not found a compact way
of writing this contribution. But, we have checked that it is not simply given by the same replacement
as for the T% term. This is no surprise since the sonic metric is constructed solely for systems for a
Goldstone mode with linear dispersion. The 7% term however, knows about the cubic term in the

dispersion.

10.5 Conclusion

We have discussed the dissipationless hydrodynamics of a relativistic superfluid, starting from a
complex scalar field. Our main goal has been to relate the field theory with the covariant two-
fluid framework of superfluidity. To achieve these goals analytically, we have so far restricted our
calculations to the limit of small temperatures. The results from these studies and the approximations

necessary to obtain them shall now be summarized.
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1. Microscopic calculation. We have started from Bose-Einstein condensation in a ¢* theory. The
condensate has been assumed to be static and homogeneous (which corresponds to the simple
hydrodynamic scenario of a static, homogeneous superflow). A crucial role is played by the
phase of the condensate. While small oscillations of the phase correspond to the excitations of
the Goldstone mode, rotations of the phase around the full U(1) circle give rise to a chemical
potential (speed of the rotation) and a superfluid three-velocity (number of rotations per unit
length). In the presence of a non-zero superflow, the excitations of the Goldstone mode become
anisotropic, and we have computed the resulting components of the conserved current and
stress-energy tensor for nonzero temperatures. We have restricted ourselves to a weak-coupling,
low-temperature approximation, including terms up to sixth order in the temperature. This has

allowed us to present the microscopic results in an analytical form.

2. The two-fluid formalism. In the relativistic two-fluid formalism, the basic variables are the
charge current and the entropy current. In the dissipationless case, both are conserved. For
both currents, we can define conjugate momenta. Now, if the two fluids are interacting with
each other, neither of the currents is (four-)parallel to its own momentum, but also receives
a contribution from the other momentum. This contribution is called entrainment, and it
must be computed from an underlying microscopic theory. This formalism was explained in
detail in sections 5 and 5.2 where different formulations based on “mixed” and “pure” variable
sets where described and related to each other. For instance, the entrainment coefficient (and
related coeflicients) can be expressed in terms of the superfluid and normal-fluid charge densities
n, and ngs (whose corresponding superfluid and normal-fluid four-currents are, even in the

dissipationless case, not separately conserved).

3. Relationship between them. There are several concepts and quantities in the two-fluid formalism
that are usually not used in field theory, such as the generalized pressure that depends on Lorentz
scalars. Therefore, one important aspect of this work has been a translation of these quantities
into field-theoretic language. For instance, we have proven that, once we assume that the
microscopic calculation is performed in the rest frame of the normal fluid, it follows that the
generalized pressure is given by the effective action. We have also expressed the coefficients that
relate the currents with the conjugate momenta in terms of quantities that are well defined in
field theory, namely the space-time derivative of the phase of the condensate, the components
of the Noether current, and the entropy. As a result, we have been able to compute these
coefficients explicitly as a function of temperature, chemical potential, and superfluid velocity.

Certain combinations of these coefficients yield n,, and ns. Our calculation shows for instance
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that ns is not simply given by the condensate density: even though we have neglected the
temperature dependence of the condensate, ng depends on temperature. It also confirms that
Ny, s not identical to the phonon number, as one might naively expect; while the phonon number

goes like T° for small temperatures (see for instance [90]), n, oc T4/ p.
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11 The two fluid model at arbitrary temperatures

We will now go beyond the low-temperature approximation (i.e. extend calculations up to the critical
temperature), and go beyond the weak-coupling limit by resumming certain contributions to all orders
in the coupling constant. We still neglect dissipation and keep the superflow uniform in time and
space. In the extension to high temperatures we have to make use of the more elaborate 2-particle
irreducible (2PI) formalism [91, 92, 93] (also called Cornwall-Jackiw-Tomboulis (CJT) formalism or ®-
derivable approximation scheme) which we have introduced in section 9.3. We will use this formalism
in the Hartree approximation at two-loop level. We have seen that this formalism is particularly
well suited to systems with spontaneously broken symmetries. It has been used previously, among
many other applications, to describe meson condensation in the CFL phase [94, 50, 95], but without
including the effects of a superflow. This is the first time that a superflow has been implemented in
this formalism. The extension to all temperatures below the critical temperature for superfluidity is
relevant in the context of compact stars because temperatures in the star may well be of the order of

the critical temperature or higher, in particular in its early evolutionary stages.

11.1 The effective action in CJT

Based on the results of section 10.3.1, we relate the 2PI effective action I'[p, S| which is a functional of
the (modulus of the) condensate and the full propagator S, to the generalized pressure U. Remember
that the index “c” for classical fields and propagators will be suppressed. In the two loop approxi-
mation, the effective action density (7/V times the effective action) is then given by (see equation
(9.33))

-1
Wp.5) = ~U(p) ~ 53 ST Sy — S LS IS (0)S ~ 1]~ Valp. S, (1L1)
k k

where the trace is taken over the internal 2 x 2 space and V is the three-volume. The the potential
Va[p, S| includes all two-loop, two-particle-irreducible, diagrams. These diagrams are shown in figure

7.1. Here, we have used the definitions of the tree level potential

/722 2 Ay
Ulp) = =5 (0% =m*) + 70 (11.2)
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and the free propagator in the presence of a condensate

—k? — 0% +m? 4 3)\p? 21k, 011
Sy (k) = : (11.3)
—2ik, O —k* — o+ m? + N\p?
For convenience, we first discuss the unrenormalized effective action and include a counterterm W
later, see section 11.2 and appendix E. The Hartree approximation implies that we only consider self
interaction terms coming from the “double bubble diagram” (left diagram in figure 7.1). The exchange
contributions to V4, coming from the “sunset diagram” (right diagram in figure 7.1) are neglected. We
are thus left with a single two-loop diagram which is generated by the quartic interactions and whose

algebraic expression is

2
als) = 5 () 3 (S0 TS + TISE)S@) + HSES@) . (1)
K.Q

Had we included the “sunset diagram” originating from the cubic interactions, Vo would also depend
explicitly on p. Moreover, the self-energy would depend on momentum. Therefore, neglecting the
contribution from the cubic interaction is a tremendous simplification, even though only an explicit
calculation can show whether its contribution is indeed small. Naively, the additional factor of the
condensate at the cubic vertex suggests that for chemical potentials only slightly above the mass
m our simplification is a good approximation. However, it was that shown the contribution we
neglect is important to obtain a second order phase transition, i.e., the Hartree approximation shows,
unphysically, a first order phase transition [96, 97, 98]. We shall come back to this issue when we
present our results in section 11.4.

In our approximation the self-energy does not depend on momentum and is given by

»= 2%2 ~ A% zk: Tr[S (k)] + A% Zk:[S(k) + ST, (11.5)

where the first term is proportional to the unit matrix. One can now easily confirm the useful relation

Va[S] = %%Zmz S(k)]. (11.6)
k

To determine the ground state of the system, we need to find the stationary points of the effective

action. To this end, we take the (functional) derivatives of the effective action with respect to p and
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S and set these to zero,

oU 1T oS5t
0 ap+2vk [(%S] (11.7)
st = Sit4xm. (11.8)

With an ansatz for the full propagator we can bring these equations into a more explicit form. Within

the present approximation, the most general form of the propagator is [50]

—k? — 0% + M? + 6 M? ik, OMp
S~Hk) = : (11.9)
—2ik, 0 —k? — 0%+ M? — §M?

with two mass parameters M, §M, that have to be determined self-consistently. With this ansatz, the
off-diagonal components of the Dyson-Schwinger equation (11.8) are automatically fulfilled. We are
left with the scalar equation (11.7) and the two diagonal components of equation (11.8). Inserting the
first of the diagonal components into equation (11.7), and adding and subtracting the two diagonal
components to/from each other, yields the following (yet unrenormalized) three equations for the
three variables p, M, and d M,

M? +6M?* — o2 = 2)p?, (11.10)
T
M? = m® 420" + 222 [Sui(k) + Saa(k)], (11.11)
4 k
T
SM? = Ap2+xvzk:[sn(k)—sm(k)], (11.12)

where S11(k) and Saa(k) are the diagonal elements of the full propagator S, and where we have
already assumed that the condensate p is nonzero (there is also the trivial solution p = 0 which we
briefly discuss in the context of renormalization, see appendix E). With the help of equation (11.6)

and (11.8), the pressure at the stationary point can be written as

1T
Wtat = U—f—ZTrln ZTr Sy ts —1]. (11.13)
k
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11.2 Renormalized stationarity equations and pressure

Renormalization in the 2PI formalism has been discussed in numerous works in the literature, for
instance in references (94, 95, 98, 99, 100, 101, 102, 103, 104, 105, 106, 107, 108, 109, 110]. For our
purposes, the methods developed and used in references [94, 95, 103] are most useful. While reference
[103] introduces counterterms “directly” in the effective action, [94, 95] use an iterative method, based
on [101, 102], where the counterterms are introduced order by order in the coupling. Both methods
are equivalent. We shall follow the “direct” approach of [103]. All details of the renormalization are
discussed in appendix E. Here we simply summarize the main steps and give the results.

The renormalization requires to add appropriate counterterms to the effective action (11.1), propor-
tional to the (infinite) parameters ém?, 6A1,0A2. In the condensed phase, two different parameters
01, §Ag for the renormalization of the coupling are necessary. Then one can show, after regularizing
the ultraviolet divergent integrals in the action and the stationarity equations that the parameters
dm?, 61, 6\ can be expressed in terms of the (finite) renormalized parameters m?, ), an ultra-
violet cutoff A, and a renormalization scale . And, importantly, these parameters do not depend
on the medium, i.e., on p, T, and 61/1. The relation between the cutoff dependent quantities and

the renormalized ones becomes a bit more compact if we introduce (infinite) bare parameters via

mﬁare =m? + dm?, A1/2,pare = A+ 0A1 /. Then, we can write the renormalized parameters as
1 1 1. A2 1 1. A2 2 2 A?
L LA L LRt e Ay
A )\l,bare 472 02 )\Q,bare 82 0? A )\1,bare 42

For the regularization of the divergent momentum integrals we use Schwinger’s proper time regu-
larization [111], where the cutoff A is introduced by setting the lower boundary of the proper time
integral to 1/A2. More precisely, we separate a “vacuum” contribution from each of the divergent
integrals such that a finite integral remains and the “vacuum” term can be regularized. This term
is not exactly a vacuum term because the ultraviolet divergences depend on the self-consistent mass
M (and thus implicitly on u, T, and ﬁw), and therefore the subtraction term must be (implicitly)
medium dependent. In the presence of a superflow, we even find that the ultraviolet divergences
depend explicitly on 61/), see discussion in section E.4.

To write down the result of the renormalization procedure we first introduce the following abbrevia-

tions for the momentum sums,

[i:ZZ[S (k) % Saa (k)] JZ—EZZ:TrInS—i1 (11.15)
=V 11 22 ’ = oV T2 : :
k k
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Then, the renormalized stationarity equations (11.10-11.12) are

M? +5M? —0? = 2X\p?, (11.16)
M? = m®+2X\p% +2X\IF . (11.17)
SM? = Xp® + Mg e s (11.18)

where the finite parts of the momentum sums are

M? M?4+5M?%2 . M?2+4+6M?2 M?2—5M?2_ M?—6M?
+ _
liie = gy—D+ 16 T R 2 (11.19)
d3k 2[(¢¢)? — k? — M? + o?|[1 + 2f (€2)] 1
+ Z / e —e e —e - 2 e ?
= 6~—|—e COe e o)(er — ) we
SM? M2+ 5M?%2 . M?2+6M?  M?2—6M2_ M?—6M?
Ig, = -1 — 1 11.2
finite 871'2 (’Y ) + 167‘(2 n @2 1671'2 n g? ( 0)

a3k { 20M2[1 + 2 (e2)] e }
+ e e —e\ e ’
;E/ (€S +€e,,g)(€*+€ q)( €€ ) QWE

with the Euler-Mascheroni constant v ~ 0.5772, the Bose distribution function f(z) = 1/(e*/T — 1),
and the quasiparticle excitations e% that are given by the positive solutions of det S~ = 0. The

energies

Wt = \/(E +eV))2 + M2 + e5 M?

appear in the “vacuum” subtractions whose regularized versions give rise to the (medium dependent)
finite terms in the first lines of equation (11.19) and (11.20) and to (medium independent) infinite
terms which are absorbed in the renormalized coupling constant and the renormalized mass.

The renormalized version of the pressure at the stationary point is

2 2 2 2\2 2 212
Proa oy Ay . (M= —m* — 2Xp%) (M= — Ap®)
9 (M m) 4p + Jhnite + 3\ + AN s

with M, 6 M, and p being solutions of the stationarity conditions (11.16-11.18), and the finite part of

Ugtar = (11.21)

the momentum sum
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M* + sM* (M2 +6M?)? . M?+5M?*  (M?—-6M?)?. M?—5M?
Jﬁnite 7(3 — 2’7) — In _ In
6472 6472 02 6472 02
1 dSE e e —es/T
- 22/@@3 [EE—wE—I—QTln (1—e i )} . (11.22)

11.3 Goldstone mode

The quasiparticle dispersion relations e% are determined by the zeros of det S~!. In analogy to
the zeros of det Sy ' which lead to the dispersions (10.6), (10.7) we expect one massive mode and
one Goldstone mode where the Goldstone mode fulfills kg = 0 at k = 0. Setting k = 0 in the
inverse propagator (11.9), we see that kg = 0 is only a zero of det S~! if M? — 02 — 6M? = 0
(or if M? — 02 +5M? = 0). However, this condition for the existence of a Goldstone mode is in
contradiction to equations (11.16) and (11.18) which imply M? — 0?2 — §M? = —2\I .., where I5 ..
might be small but does not vanish. Consequently, the Goldstone theorem is violated in our approach
[50, 94, 95, 99, 100, 103, 104, 106, 108, 109, 110]. For our discussion of the superfluid properties it
is crucial to work with an exact Goldstone mode. Therefore, we shall ignore the contribution from
the momentum sum in equation (11.18), thereby giving up the exact self-consistency of our approach
[50, 104]. This is an ad hoc modification of the stationarity equations, i.e., we do not consider the true
minimum of the full self-consistency equations, but a point away from this minimum. The benefit of
this modification is that the Goldstone theorem is built into our calculation. Of course, our choice
of enforcing the Goldstone theorem is not unique, and there are infinitely many “Goldstone points”
once the exact self-consistency is sacrificed. This situation is illustrated in figure 11.1. A similar, but
not identical, procedure is followed in reference [108], where the stationary point in the constrained
subspace given by the condition of an exact Goldstone mode is determined.

Our modification results in a particularly simple set of equations, because the three stationarity

equations now reduce to two trivial ones and only one that still contains a momentum integral,

SM? = X\ =M?—o?, (11.23)
207 —m? = M?+ 2\, . (11.24)

The two dispersion relations e% are then determined from

0=detS™! = k*[k* — 2(M? — 0%)] — 4(k,0"Y)?, (11.25)
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minimum under Goldstone constraint
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@ (minimum without
full 2P1 Goldstone constraint)
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p

Figure 11.1: Minima of the 2PT effective action. It can be shown [108] that the Goldstone theorem
is fulfilled on a curve in the space spanned by p and S. The full solution to the complete 2PI
functional lies somewhere on that curve. The two-loop Hartree approximation leads to a violation
of the Goldstone theorem and thus the minimum is not located on that curve. In our approach, the
Goldstone theorem is nevertheless enforced by an ad hoc modification. A similar approach is followed
in reference [108], where the stationary point in the constrained subspace given by the condition of
an exact Goldstone mode is determined. It is unknown, which of the latter two approaches is closer
to the real minimum obtained from the full 2PI effective action.

where equation (11.23) has been used to eliminate §M. Since we are interested in arbitrary tempera-
tures below T, we shall need the full dispersion of both modes. Their explicit form is too lengthy to
write down, but we can at least demonstrate the linear part of the dispersion relation of the Goldstone
mode as a function of the mass parameter M (this result is identical to (10.6) if the zero temperature

expression for M is inserted)

V2 = 02) (M2 + 02 + 2[(F)2 — (k- T)2)) — 2000 & - T

et = _ 4. . 11.26
k M?2 + 02 +2(Vy)? & ( )
For vanishing superflow we have ¢ = p and obtain
= M2 — /1,2 .
+ — —
eE(Vw—O)— MT 4 2 |kl +.... (11.27)

If we work at a point that is not exactly the stationary point, we cannot use the pressure (11.21). We
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rather have to evaluate the effective action density at the "Goldstone point”. For the renormalization
it is crucial that we only modify the finite part of the stationarity equations. Therefore, all infinities
cancel in the same way as above, see appendix E.3 for a more detailed discussion; for the pressure at
the “Goldstone point” we then find

2 2 2 2 2 2 2 212
Mo >(3J4)\ M7~ 2m’) + Jhinite + (M 280)\ ) 2(Iﬁ_nite)2' (11.28)
Here we have already eliminated p and 6M with the help of equation (11.24). The stationarity

Vaold =

equation (11.24) and the pressure (11.28) are the starting point for our calculations. We shall solve the
stationarity equation numerically for the self-consistent mass M, which in turn gives the condensate
via Ap? = M? — 02 as well as the dispersion relations of the Goldstone mode and the massive mode.
We need the pressure for various thermodynamic derivatives which are needed to compute for example

the sound velocities.

11.4 Critical temperature, condensate and critical velocity for all temperatures

To get started, we need to determine the critical temperature 7, by solving the stationarity equation
(11.24) for T at the point M? = o2 — 2(V)? - we shall explain that this is precisely the critical
value of M, see discussion around equation (11.32). To do so, one has to choose specific values for
the parameters p and |§¢] as well as A, m, and the renormalization scale . Then we can obtain M
at any temperature between T'= 0 and T = T, by a numerical evaluation of the stationary equation
(11.24). Once we have determined M from the stationarity equation we obtain the condensate p
through Ap? = M? — 02, In figure 11.2 we show the condensate as a function of temperature for
the simple case without superflow and for two different coupling strengths. We have set m = 0, but
the conclusions we draw from this figure are valid for all values of m. As mentioned below equation
(11.4), the phase transition to the non-superfluid phase turns out to be of first order, although this is
barely visible if we plot the condensate for all temperatures. Moreover, there is a dependence on the
renormalization scale £ through the logarithmic terms discussed in section 11.2. This dependence and
the first order transition are very weak because of the smallness of the coupling constants chosen here.
As the figure shows, the stronger the coupling, the stronger the dependence on the renormalization
scale and the stronger the first order transition.

Since we know that the first-order nature of the phase transition is an artifact of the Hartree approx-

imation, we shall restrict ourselves to sufficiently weak coupling constants. We shall work with the
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Figure 11.2: Condensate p as a function of temperature for m = |[Vi| = 0 and coupling constants
A = 0.005 (left panel) and A = 0.05 (right panel). Even though barely visible on the large scale, the
phase transition is first order, and the results depend on the renormalization scale . For the small
value of the coupling, even large variations of the renormalization scale are barely visible, while for the
larger coupling, the result is more, but still only mildly, sensitive to variations in ¢. In both panels,

= 0.1p, p, 10u for the dashed (blue), solid (black), and dashed-dotted (red) lines, respectively. The
thin (black) dashed line in the inset of the right panel is obtained with the approximation (11.29)-
(11.31), where the dependence of the renormalization scale drops out.

two couplings chosen in figure 11.2. In this case we find that we can, to a very good approximation,

work with a simplified stationarity equation and a simplified pressure, using>*

dgk )2—E2—M2+02
It ~ / €y, 11.29
finite 6-‘ e -‘)(62 + 6:%)(6% — 6156) f(ﬁk) ( )
d3k S M?
e = 1% [ 50 (), (11.30)
finit Z (e + e (e +e o) (e —e) F

and

d3k e
Jiinite TZ/ 1 —e E/T> . (11.31)

In this approximation, the contributions from loop diagrams that do not depend on temperature
explicitly are neglected. As a consequence, the zero-temperature results are identical to the tree-level

results. All dependence on the renormalization scale £ is gone and thus we do not have to specify /.

%4In the notation of appendix E, this means that we approximate I, (T, u,¢) = I£ (O)+TE(0)+I5 () ~ IE ()

vac,finite
and Jﬁmte (T 122 é) JT( )



11 THE TWO FLUID MODEL AT ARBITRARY TEMPERATURES 103

We have checked numerically that the subleading terms that we have dropped do not visibly change
any of the curves we show, see also right panel of figure 11.2, where the approximation is compared
to the full result.

The effects of a nonzero superflow on the solution are shown in figure 11.3, for the parameters
A = 0.005 and m = 0. In the left panel of this figure we show the Goldstone mode dispersion
relation e;g, evaluated using the value of M that solves the stationarity equation. We see that for a
given superfluid velocity, there is a temperature at which the dispersion becomes flat in the direction
opposite to the superflow. For higher temperatures, there would be negative energies, indicating
an instability of the system. Therefore, this particular temperature is a critical temperature, even
though the condensate has not yet melted completely. Only at vanishing superflow is the critical
temperature the same as the point where the condensate has become zero (if our approach gave an
exact second-order phase transition). The plot shows that the low-energy part of the dispersion, where
ekf is linear in k, is sufficient to locate the instability. Therefore, in the right panel of the figure, we
show the slope of the linear part, see equation (11.26), as a function of temperature for three different
values of the superflow. The superfluid state breaks down when the slope in the anti-parallel direction
vanishes. This defines a critical temperature for any given velocity, or a critical velocity for any given
temperature. With the help of the low-energy dispersion (11.26) we can derive a semi-analytical
result for the critical velocity. We find that the linear part of the dispersion is positive for all angles
between the momentum k and the superflow Vi only if M2 — o2 > 2(61/})2. This shows explicitly
that the condensate p? = (M? — )/ cannot become arbitrarily small for nonzero superflow. Using
0% = p? — (61/1)2 and U = —ﬁw/u, we can rewrite the condition for the positivity of the excitation

energy in the equivalent, but more instructive, form

M2 — o2

v < =k (11.32)
This is an implicit condition for allowed values of the superfluid velocity v. (Remember that M is a
complicated function of this velocity.) We plot the critical line, given implicitly by equation (11.32),
in the plane of superfluid velocity and temperature in figure 11.4.
The right-hand side of the inequality (11.32), evaluated at v = 0, is simply the slope of the Goldstone
mode at v = 0, see equation (11.27). This is related to Landau’s original argument for the critical
velocity (see also section 6.1): based on a Lorentz transformation of the excitation energy (in the
original non-relativistic context a Galilei transformation), the critical velocity is determined by the
slope of the Goldstone mode at v = 0 (unless there are non-trivial features such as rotons in superfluid

helium, which is not the case here). One might thus think that we would just have to do the v =0



11 THE TWO FLUID MODEL AT ARBITRARY TEMPERATURES 104

04 T < Vavs
AN v=——=~0.29 W7
[ VRN ” i
DR 3 / ]
03 AN V4 B
L AR 4 1
\\\ \\0 ,/'
t > \\\ o i
E_ 02+ o V4 J
+ﬁ ) \?\\ / =
RN / i
[ 2) "\
o1f A N // -
[ AN
((/y \\‘\\ / il
[ N
0.0 >
. .
-1.0 -0.5 0.0 0.5
ky/p

Figure 11.3: Dispersion of the Goldstone mode parallel (k| > 0) and anti-parallel (k) < 0) to the
superflow for a superfluid velocity v = 0.5/v/3 and three different temperatures with T.(v) being
the temperature beyond which eg would become negative for small momenta. Right panel: slope

u(f) of the low-energy dispersion of the Goldstone mode, e% ~ u(#)|k|, in the directions parallel,
0 = 0, and antiparallel, § = 7, to the superflow as a function of temperature for three different
values of the superfluid velocity. The vertical dotted lines indicate the critical temperatures beyond
which there is a negative excitation energy. Only for the case of vanishing superflow is the critical
temperature the point where the condensate has completely melted away. This temperature is denoted
by T. = T.(v = 0). The case of the intermediate superfluid velocity v ~ 0.29 corresponds to the left
panel, i.e., T ~ 0.86 T, in the right panel is identical to T,(v) in the left panel. We have set A = 0.005
and m = 0.

calculation to determine the critical line in the phase diagram. However, switching on a superflow is
not equivalent to a Lorentz transformation of the excitation energy; it is a Lorentz transformation plus
a change in the self-consistently determined condensate, which in turn back-reacts on the excitation
energies. This additional effect is contained in the v dependence of M in equation (11.32). For
comparison, we have plotted the (incorrect) critical curve obtained from the v = 0 dispersion in the
phase diagram as a dashed line. We see that the full result is smaller for nonzero temperatures. In the
weak-coupling case considered here, the effect of the superflow (in addition to being a Lorentz boost)

on the Goldstone dispersion becomes negligibly small for low temperatures. Therefore, at T' = 0 the
1
f?
a similar recent discussion in a holographic approach see reference [112] and in particular the phase

critical velocity is in exact agreement with the slope of the low-energy dispersion at v = 0. For
diagram in figure 6 of this reference.

The critical line seems to suggest a (strong) first-order phase transition to the non-superfluid phase
at the critical velocity. However, at temperatures below T, (T, being the critical temperature in the

absence of a superflow), the system still “wants” to condense, even for velocities beyond the critical
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Figure 11.4: Phase diagram resulting from the instability shown in figure 11.3, in the plane of super-
fluid velocity v and temperature. Within our ansatz, which only allows for spatially homogeneous
condensates, there is no stable phase in the shaded region. The dashed line is the slope of the
Goldstone dispersion at v = 0 and thus shows - for comparison - the would-be critical velocity if
the superflow only acted as a Lorentz transformation on the dispersion, and not also on the self-
congistently determined condensate.

value. In other words, the uncondensed phase also turns out to be unstable. In our calculation,
this is seen as follows. First we note that the stationarity equation for M in the case p = 0, see
equation (E.14), does not depend on 61/}. This is clear since v is the phase of the condensate, so the
uncondensed phase must be independent of ﬁw. For supercritical temperatures the solution to the
p = 0 stationarity equation gives a value of M that is greater than u, but at subcritical temperatures
M is less than p. The excitation energies are simply given by €. = V/ k2 + M2 — ep, so € becomes
negative for certain momenta if M < p. Therefore, the non-superfluid phase is unstable below 7.
As a consequence, within our non-dissipative, uniform ansatz, we cannot construct a stable phase for
sufficiently large superfluid velocities and low temperatures (shaded area in figure 11.4). Beyond the
critical velocity there may be no stable phase, if dissipative effects such as vortex creation arise in that
regime. There is some evidence for this in liquid helium [113],[114] and ultra-cold bosonic [115] and
fermionic [116] gases. Possibly, a more complicated, dissipative and/or inhomogeneous phase already
replaces the homogeneous superfluid for superfluid velocities below our critical line. In this sense we
have only determined an upper limit for the critical velocity as a function of temperature below which

the homogeneous superfluid is stable. This limit can for instance be reduced by the onset of unstable
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sound modes due to the two-stream instability [117].

11.5 Two-fluid properties for all temperatures
11.5.1 Algorithm

Besides solving the stationarity equation we need to compute derivatives of the pressure with respect
to T, p, and Ww\ to obtain the thermodynamic and hydrodynamic parameters of the two-fluid
model. As we will later also be interested in sound excitations, we need to compute all first and
second derivatives. In this section, we explain the algorithm with which these results are obtained.
The most direct way to do so is via brute force numerical evaluation, for instance with the method
of finite differences. In order to obtain results less prone to numerical uncertainties, we compute the
derivatives in the following semi-analytical way. First we note that the pressure ¥ at the point that
respects the Goldstone theorem (as well as at the point where the stationarity equations are exactly

fulfilled) depends explicitly as well as implicitly via M on the relevant variables,

U = U[M(T, u, V), T, 1, [V, (11.33)

and each thermodynamic derivative we are interested in also sees the implicit dependence in M.
(Had we only been interested in first derivatives and had we considered the exact solution of the
stationarity equations - sacrificing the Goldstone theorem - we could have restricted ourselves to
the explicit dependence, since then the derivative of the pressure with respect to the self-consistently
determined mass would have vanished by construction at the stationary point.) Denoting the variables

by z,y € {T, u, |Vy|}, we can thus write

A oM 0¥ o¥
& o oM oz’ (11.34)
d>v O’M 0V OMOM 0>V OM O*V oM 0? 0%V
= + S+ + + . (11.35)
dxdy dxdy oM = Ox Oy OM Ox JyoM ~ Oy 0xOM  Ox0y

The derivatives of M can be obtained from taking the first and second derivatives of the stationarity
equation (11.24). Writing this equation as 0 = g(M, T, u, |V4)|), we find
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oM dg [ dg\"
o _m<a> : (11.36)
O2M dg \ '[ 929 oM  9%g OM  9%g OMOM 2

- (Y g + 29 + 29 + 290 (11.37)
0xdy oM OMOy 0xr  OMOox oy  OM?2 9z Oy  Ox0y

We can thus use the following algorithm to compute the properties of the superfluid:

Choose values for the thermodynamic parameters p and |ﬁ¢| as well as the parameters \, m,

and the renormalization scale /.

Determine the critical temperature T, by solving the stationarity equation (11.24) for T at the
point M2 = o2 — 2(V))? .

Find the solution for M of the stationarity equation (11.24) for various values of the temperature
0<T<T..

Compute the first and second derivatives of the integrands of I, fji; ite

T, p, and |ﬁ¢|; for the case without superflow one may use a simplification for this step as we

and Janijte With respect to M,

explain below. This is done algebraically, i.e, before choosing numerical values. Nevertheless, it

is useful to do all this with a computer because the results get very complicated.

Perform the three-momentum integrals numerically over all expressions obtained in the previous
step. Since there are three integrands (If—itlitw It o> Jonite) and four variables (M, T, u, |§w|),
we have to perform 3 x 4 = 12 integrals for the first derivatives and 3 x 10 = 30 integrals for
the second derivatives at each temperature. In the presence of a superflow, each of the integrals
contains a non-trivial integration over the polar angle; without superflow, only the integrals

needed for the superfluid density contain such an angular integral.

Use equations (11.34-11.37), the results of the previous step, and some trivial derivatives of
terms outside the momentum integrals to put together the first and second derivatives of ¥
with respect to T, p, and |§¢] There are many terms to handle but this is a trivial task for a
computer since the non-trivial numerical calculation has already been done in the step before.
We have checked that the derivatives thus obtained are much cleaner in terms of numerical

errors compared to a brute force numerical calculation using finite differences.

Insert the obtained derivatives into the definitions of the physical quantities such as ng,n,, A,
B, C.
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11.5.2 Limit of vanishing superflow

Even though we are also interested in the general case of a non-vanishing superflow, let us briefly
discuss how the calculation simplifies in the limit [V| — 0. In that case, when we compute derivatives
with respect to T and p we can set 6@[} = 0 straightforwardly. But, when we compute ns; and n,
we have to be more careful. Consider the microscopic definition of ng according to (10.20). These
quantities describe the response of the system to a superflow, i.e., even if we are eventually interested
in the case ﬁw — 0, we need to work initially with a nonzero superflow. We can write the superfluid
density for ﬁ@b — 0 as

2
N Suo —p <(9|8ﬁz|2> ) , (11.38)
V=0
where we have expanded V¥ in a Taylor series for small Ww| In this series we have dropped the
linear term because the first derivative (i.e., the current j) vanishes for |[Ve| = 0, which is obvious
physically and can also be checked explicitly. It seems that the derivatives with respect to |§w|
are very complicated to compute because they involve the derivatives of the dispersion relations e%
which are contained in the momentum integrals in Ifﬁlite and Japite, see equations (11.19), (11.20) and
(11.22). However, since we know that ez are the solutions to the quartic equation (11.25), we can

simplify the calculation significantly by taking the first and second derivatives of

O 21k

q = . (11.39)
| T o R e

2 e e)2 2 g2 27.2
OV |o, ) | elle?—R2— M2 2] el(e)? — B2 — M2 — 2P

42k3(3(e8)? — K — M2 — 7]

Gl(e)? — > = 212 — 2P

)

where k| = |k| cos @ with 6 being the angle between V) and k, and

€& = e%(ﬁd;z@) = \/E2+M2+,u2 —8\/41;2#24- (M2 + pu2)?

are the excitation energies at vanishing superflow which are equivalent to (10.30) if M (T = 0, |[Vi)| =

0) = 2u? — m? is inserted. Equations (11.39,11.40) are very useful for the explicit calculations,
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Figure 11.5: Left panel: superfluid and normal-fluid charge densities, normalized by the total charge
density n, as a function of temperature for all temperatures up to the critical temperature and two
different couplings A = 0.005 (solid lines) and A = 0.05 (dashed lines). Since different couplings lead
to different critical temperatures, a given point on the horizontal axis T'/T. corresponds to different
absolute temperatures T for solid and dashed lines. Right panel: comparison of the full 2PI calculation
with the analytical low-temperature approximations from equations (10.40), (10.41) for A = 0.005.
We have set the superflow and the mass parameter to zero, |6¢] =m=0.

especially the tree-level calculation of the sound velocities in appendix 12.1.

11.5.3 Superfluid density and entrainment for all temperatures

We shall now apply the algorithm introduced in the last section to calculate the superfluid density as
well as the coefficients A, B, C . The superfluid and normal-fluid densities for all temperatures up to
the critical temperature are shown in figure 11.5. Here we consider the case without superflow. As
expected, the superfluid density is identical to the total density at T" = 0 and decreases monotonically
with the temperature until it goes to zero continuously at the critical temperature. The plot shows
the densities for two different values of the coupling constant. Different coupling strengths lead to
different critical temperatures. In the given plot, T, ~ 24.5u for the weaker of the two chosen
couplings, A = 0.005, while T, ~ 7.71 i1 for the stronger coupling, A = 0.05 (the stronger the coupling,
the stronger the repulsive force between the bosons and hence the lower the critical temperature).
Therefore, the absolute value of the temperature is different for the two curves at a given point on the

horizontal axis. This has to be kept in mind for all following plots. We see that the stronger coupling
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Figure 11.6: Left panel: coefficients A, B, C of the two-fluid formalism in units of y?/\ as a function
of temperature for the same two couplings as in figure 11.5, A = 0.005 (solid lines) and A = 0.05
(dashed lines). Right panel: entrainment coefficient A for low temperatures and comparison with the
analytical results from equation (10.36) for A = 0.005. As in figure 11.5, |V¢)| = m = 0.

tends to favor the superfluid component, i.e., for a given relative temperature with respect to 7, an
increase of the coupling leads to a (small) increase of the superfluid density fraction.

In the right panel of the figure we compare the full 2PI result with the tree-level approximation
for low temperatures from (10.40), (10.41). We have plotted the curves where the expansion is
truncated at order 7 and where it is truncated at order 7. It is already clear from the comparison
of these two truncations that the series in T' converges very slowly. Both truncations are only good
approximations to the full result for very low temperatures compared to the critical temperature, in
this case for T' < 0.002 7.

Next we compute the coefficients A, B, C and plot them in figure 11.6. Again, we have chosen the
same two coupling strengths as in figure 11.5. We have normalized the coefficients not only by dividing
by p? (such that they become dimensionless), but also by multiplying with a factor A such that the
normalized B is 1 at zero temperature for all couplings, which makes it easier to compare different
couplings in a single plot. At zero temperature, A = C = 0, which implies that there is no entropy
current, s* = 0, as expected, and we have a single-fluid system. At finite temperature, both currents
become nonzero and we have a two-fluid system.

The dependence on the coupling seems to be relatively weak for B, C, while the entrainment coeffi-

cient A increases significantly with the coupling. We have checked that, for the case of the weaker
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coupling A = 0.005, A behaves linearly in the temperature for all temperatures 7 > 0.57,.. The
low-temperature results are given in equations (10.36), (10.37) and (10.38). In the right panel of
figure 11.6 we compare the analytical low-temperature approximation for A with the full result. As
for the superfluid and normal-fluid densities we see that we have to zoom in to very low temperatures

compared to T in order to find agreement between the approximation and the full result.

11.6 Conclusion

In this part, we have extended our study of the properties of a bosonic relativistic superfluid to all
temperatures below the critical temperature within the 2PI formalism. These studies build on the
connection between field theory and the two-fluid picture that we have developed in sections 7, 8 and
10. We shall now summarize formal aspects of the 2PI approach which we had to deal with such as

renormalization as well as the physical results obtained within that approach.

e Formalism. Even though the 2PI formalism is well suited to the treatment of systems with
spontaneous symmetry breaking, in practice it has several difficulties, and we now describe how
we have addressed them. Firstly, the renormalization of the theory is nontrivial because there
are ultraviolet divergences in the action and stationarity equations which implicitly depend on
the medium through the self-consistent masses. Presumably such unwanted dependences would
be absent in a more complete treatment that takes into account the momentum dependence of
the order parameter. We follow the approach adopted in the existing literature, introducing
counterterms on the level of the effective action to achieve renormalizability. We have pointed
out an additional ultraviolet divergence in this approach, arising from nonzero superflow.
Secondly, the two-loop truncation of the 2PI effective action violates the Goldstone theorem
by giving a small mass to the Goldstone mode. In the physics of a superfluid, however, the
masslessness of the Goldstone mode is crucial since it determines the low-energy properties of
the system. We have therefore built the Goldstone theorem into our calculation by hand, using
a modification of the stationarity equations. This means that we do not work at the minimum of
the potential, but at a point slightly away from that minimum. In particular, we have evaluated
the effective action at that “Goldstone point”.

Thirdly, we have employed the Hartree approximation, meaning that we have neglected the

exchange contribution to the effective action from the cubic interactions that are induced by the
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condensate. This approximation is particularly simple since the self-energy is then momentum-
independent. The price one has to pay, however, is that the phase transition to the non-
superfluid phase becomes first order, while a complete treatment predicts a second order phase
transition. We control this problem by restricting our calculation to weak coupling, in which
case the unphysical discontinuity of the order parameter at the critical point is small, as is the

sensitivity of our final results to the arbitrary renormalization scale.

e Physical results. We have analyzed Landau‘s critical velocity for superfluidity within the 2PI
formalism. The critical velocity manifests itself through the onset of an instability (negative
energy) in the dispersion relation of the Goldstone mode. We have computed the critical ve-
locity for all temperatures. At low temperatures, our critical velocity is in agreement with the
original version of Landau’s argument, which is based on a Lorentz (or Galilei) transformation
of the dispersions at vanishing superflow. In general, however, the Goldstone dispersion at finite
superflow is not just obtained by a Lorentz transformation. A superflow also affects the con-
densate which in turn influences the dispersion relation. This effect is taken into account in our
self-consistent formalism and turns out to decrease the critical velocity sizably at intermediate
temperatures. As a result of this calculation, we have presented a phase diagram in the plane
of temperature and superfluid velocity. This phase diagram is incomplete in the sense that
we have restricted ourselves to homogeneous phases. In particular, we have not constructed a
superfluid phase for velocities beyond the critical one.

We have computed the parameters of Landau‘s two fluid formalism (i.e. superfluid and normal-
fluid densities) as well as of the generalized hydrodynamical approach based on the conserved
charge and entropy current. Most notably is the entrainment coefficient, which expresses the
degree to which each current responds to the conjugate momentum originally associated with
the other current. We have seen that the entrainment between the currents becomes larger with

temperature and is also increased significantly by increasing the microscopic coupling A.
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Part III

Sound modes in relativistic superfluids

We shall now investigate one of the most striking consequences of Landau‘s two-fluid model: the
existence of additional sound excitations in a superfluid. As discussed in the introduction, the two-
fluid equations not only predict an “ordinary” sound wave which is basically an oscillation in density
(or chemical potential), but also oscillations in temperature (or entropy) which have been termed
second sound. Starting from the conservation equations of the two-fluid model, we shall first explain
how to derive the wave equations which determine the speeds of first and second sound.

In a second step, we will use the low-temperature results of the hydrodynamic parameters to describe
the (very) low-temperature behavior of the sound velocities and obtain explicit results which depend
on the temperature T', chemical potential p and the background superflow with velocity ¥s. Related
calculations can be found in the recent literature in the non-relativistic context of superfluid atomic
gases [118, 119, 120, 121|, where the experimental observation of both sound modes is in principle
possible, although challenging [122, 123, 124]. Our results will give the sound velocities in the presence
of an arbitrary superflow, i.e., an arbitrary relative velocity between the superfluid and the normal
fluid (limited by a critical velocity, as our results will show). In particular, they will depend on
the angle between the direction of the sound wave and the direction of the superflow. A similar
calculation in the non-relativistic context of superfluid helium has been performed in [125] where,
in contrast to our calculation, the sound velocities are computed in the superfluid rest frame and
without temperature corrections. We will find temperature corrections to the velocity of second
sound, which, as we shall see, arise from the cubic terms in momentum of the dispersion relation of
the Goldstone mode. We will also be able to confirm Landau‘s prediction that the speed of second
sound uy approaches the limit of us = u1/+v/3 at zero temperature.

Finally we will make use of the numerical results obtained from the 2PI formalism to calculate sound
velocities for any temperature up to 7,. In particular we will use the algorithm described in section
11.5.1 and the limit of vanishing superflow. In the frame of these calculations we will encounter a
rather surprising result: with increasing temperature, a pure density wave can transform into a pure
temperature wave and the other way around. We will term this phenomenon role reversal and discuss

it in detail in section 14.
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12 Derivation of the wave equations

The sound wave equations are derived from the hydrodynamic equations. We start from equations
(5.16) and (5.17), that is, from the current and entropy conservation and the vorticity equation. [Of
course, equivalently, one can start from the current conservation plus energy-momentum conservation.|
In addition, we need the expression for d¥ from (5.4), which will allow us to rewrite derivatives of
thermodynamic quantities in terms of derivatives of the independent variables. These are the chemical
potential = 9%, the superfluid three-velocity ¥ (more precisely, ﬁw = —puts), the temperature
T = 0°, and the normal-fluid three-velocity ,. All these variables are now allowed to exhibit small
oscillations in space and time about their equilibrium values, ' — T+ 6T (%, t), pp — p+0p(Z,t). We
perform the calculation in the normal-fluid rest frame from the previous sections, i.e., the superfluid
velocity has a (large) static and homogeneous equilibrium value on top of which the sound wave
oscillations occur, Uy — ¥s + 0Us(Z, t), while the static and homogeneous part of the normal velocity
can be set to zero, ¥, — dU,(Z,t). Of course, we need to keep the oscillations of the normal-fluid
velocity 00, (Z,t) because there is no global rest frame in which they vanish.

We employ the linear approximation in the oscillations. In this case, the temporal component of the
vorticity equation is trivially fulfilled. From the remaining equations one can eliminate the normal
velocity, such that one is left with two equations where the sound wave oscillations are solely expressed
in terms of oscillations in 7" and u (oscillations of the superfluid velocity 61/1 can be expressed in terms
of oscillations of p by applying a time derivative to the whole equation and using 8061,/1 = ﬁu) The
derivation of the wave equations is quite lengthy, and we explain the details in appendix F.1. One

obtains the following system of two equations,

0 ~ f(gga&w;agir)—nnm—sm (12.1)
o[ e G g T v
. :Tﬁ_i_zum Go. VaT (122)
_ _’?8(231{") 8(%5;50) 2ug((n§$2) (Vep - V)2,
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on on\ .o 0s 05\ .o
0 =~ <'u0u+T8T> 80M+<MGM+T0T> (T — nAp — sAT (12.3)
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where w = un, + sT is the enthalpy density of the normal fluid. FEach term is a product of a
space-time derivative - in which we can replace T' by 07T (Z,t) and p by du(Z,t) - and a prefactor
that only contains the equilibrium values 7', u, and ﬁw = —uvs. Before discussing results, let us
write down the wave equations in two limit cases. Firstly, let us set "= 0. In this case, the normal
number density vanishes, n,, = 0, and thus n = nsu/o. With this relation and the zero-temperature
expression ng = 03/ from section 8.2 (we set m = 0 for simplicity in this subsection) one finds that

all terms on the right-hand side of (12.1) vanish, and (12.3) can be compactly written as
0~ (g" + 20v"0v")0,0, 1. (12.4)

Again, we recover the sonic metric GH = gM” 4 2vHvY, see remark below the generalized pressure
(10.45). With §u = dp0e™™® we obtain G*k,k, = 0, which is equation (4.12) of [83] (see also equation
(29) of reference [90]). This wave equation has one physical solution w = u |k|, with the velocity of
first sound wuy. The explicit solutions on the low-temperature limit are given in (13.1), (13.2) (as we
shall see below, this solution is unaltered by temperature effects up to the order we are working).

Secondly, we discuss the limit case without superflow, ﬁw = (. In this case, only the first lines of
equations (12.1) and (12.3) are nonvanishing. Now, with du = 5,ugei(“’t_’2'f) and 6T = 5Toei(“’t_’2'f) we
obtain two equations for the two amplitudes dug, 67p. Since we are interested in nontrivial solutions,
we need to require the determinant of the coefficient matrix to vanish. After a bit of algebra, using

n = ns + n, (which is true for Vip = 0) and g—:’} = g—z, the resulting equation can be written as

0=,uwT<asan 87185) 4 0s Js

9.7 0p0T wh — ngs?T |k|* + SZMZZ + (un? + wns)a—T - 2,usnna—,u Tw?|k|?.

(12.5)
This result is in exact agreement with the one given in equations (19) - (22) of reference [78|. Now
there are two physical solutions, w = u1,2]E|, with the two sound velocities w1, us. The reason for the
appearance of the second mode is that the presence of the second fluid component allows for relative
oscillations between the two fluids. As a check, one can confirm that the solutions of equation (12.5)
are the U5 = 0 limit of the full (low-temperature) results (13.1) and (13.2).
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12.1 General structure of the solutions

Before we explicitly calculate the speeds of sound for low temperatures one can make interesting
observations about the general structure of the solutions which are obtained as follows: after replacing
p and T with their corresponding fluctuations dp = dpoe! @57 §T = §Tye'“!=*%) and introducing

the speed of sound u = w/|k|, one can write equations (12.1) and (12.3) compactly in the following

form
0 = [a1u2 + (ag + as|V|? cos? 0) + as| Vi u cos 9] dpo + (b1u2 + by + b3|Vep|u cos 0) 6Ty ,
(12.6)
0 = [A1u2 + (Ag 4+ A4|Vp|? cos? 0) + As|Vb|u cos 0} dpo + (B1u2 + By + Bs|V|ucos 9) 0Ty,
(12.7)

The coefficients of this system of equations are complicated combinations of first and second deriva-
tives of the pressure (compare to equations (12.1), (12.3) ) and are defined in appendix F.2. Requiring
the equations (12.6) and (12.7) to have nontrivial solutions for dug, d7p yields a quartic equation for
u with for solutions, two of which are physical (i.e. real an positive), the velocities of first and second
sound u; and uy. Nevertheless, there are more possible sound waves in a superfluid. They can be
found by starting from a certain subset of the conservation equations. For instance the so-called
fourth sound [126] can be excited by fixing the normal fluid by an external force. It is thus calculated
after dropping momentum conservation [14][79]. We shall not be concerned with these solutions in
the following.
We can now discuss on a general level whether first and second sound are basically a propagation of
a heat or a density wave. To do so, we calculate the ratio of the amplitudes

§To a1u® + (ag + aq|Vip|? cos? 0) + az| Ve u cos 0

9% _ _ (12.8)
d o biu? + be + bs|Vip|ucos

For each sound mode, the one-dimensional space of solutions of equations (12.6), (12.7) is a straight
line through the origin in the dpup-0Tp plane. It is convenient to define the angle of that line with the
dpo axis,

T
a = arctan oTo . (12.9)
oo
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The sign of this angle tells us whether chemical potential and temperature oscillate in phase (« > 0)
or out of phase ( < 0). The magnitude of « characterizes the mixture of oscillations in temperature
and chemical potential with o = 0 corresponding to a pure oscillation in chemical potential and
la| = /2 to a pure oscillation in temperature. We shall investigate this ratio in section 14 for all
temperatures with rather surprising results. We can also translate this into the amplitudes in density

and entropy. With the help of the thermodynamic relation for the pressure P

dP = ndp + sdT — "5V - dVip, (12.10)
(o2

we can derive (see also appendix F.2) a similar expression for the amplitude ratio of dng/dso

- 1
dng _ | On n V| cosf O(ns/o) = 0s 6Ty

dng on V1| cos 0 D(ns /o) n ds 6Ty |
5so | Op u ou o S

oT u oT AT o

(12.11)

In general, the sound modes and the corresponding amplitudes are very complicated. Let us therefore
begin with a discussion the case of vanishing superflow, |§¢] — 0. In this case, the coefficients as,
ay, by, As, Ay, Bs become irrelevant (for the explicit form of the wave equation in the limit |§w| —0
see (12.5)), and

w oOn w Js

a = —on, ag = —ny, b1 =S 9T by = —s, (12.12)
A = ngqLTS;, Ay = —n, Blz,ugZJrTg;, By = —s
We thus have the following simple quadratic equation for u?,
0 = (a1u® + az)(Biu® + By) — (Aju® + Ag)(biu® + by) . (12.13)

It is instructive to solve this equation in the limit where there are no other energy scales than p and
T. In our context, this will be the case when we set the supercurrent and the mass parameter to zero,
Vi = m = 0. Then, we can write the pressure as ¥ = T*h(T/u) with a dimensionless function h,
and the sound velocities assume a simple form [78]. The reason is that now there are simple relations
between first and second derivatives of the pressure, for instance we find Ay = 3n, By = 3s. Then,

one computes the following two solutions of equation (12.13) for u?,

1 2/ 9s  on\7!
ud ==, ul = f1s3 (ns - sn> . (12.14)

3 w

We see that one solution is constant while the other depends on the thermodynamic details of the

system. The ratios of the amplitudes become particularly simple in this limit. We find
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n
=—. 12.15
- (12.15)

0Ty
dpo

oo\ _T - omo

w’ 950 |y,

)
dpo

w1 (580 U

u2

This result shows that, for a given pair of amplitudes, 67y and dug or dng and dsg, first sound is
always an in-phase oscillation while second sound is always an out-of-phase oscillation. Moreover, we
can make an interesting observation regarding the magnitude of the amplitudes. At T = 0, where
also s = 0, first sound is a pure chemical potential (and pure density) wave, while second sound is a
pure temperature (and pure entropy) wave. This is no longer true for nonzero temperatures. If at the
critical temperature T > p and s > n, the roles of first and second sound completely reverse upon
heating the superfluid from T' = 0 to T' = T,. We shall discuss this role reversal in more detail when

we present our numerical results in section 14.

13 The low-temperature approximation

In general, the full wave equations (12.6) and (12.7) yield very complicated results for the sound
velocities. However, in our approximation for low temperatures up to order T° in the pressure, one
can show that the resulting quartic equation for w factorizes into two quadratic equations. This is
explained in detail in appendix F.2. In this appendix we also explain that our truncation of the
low-temperature series does not allow us to compute temperature corrections to the sound velocities
of order T% and higher. The T2 corrections, however, can be reliably determined. As one can see
from equations (F.25), (F.26) this is possible because of the 7% terms in the pressure which originate
from the |l;:'|3 term in the dispersion of the Goldstone mode. It turns out that there is a T2 correction

only to the second sound ug. The explicit results are

V3 — 72(1 + 2cos?0)/1 — 72 + 2|v5| cos 0

— 4
w = v +O(TY, (13.1)
vy — \/9(1—173)(1—3172)+17300829+]’D}]cos@ (13.2)
9(1 — 7s)
N 4(71’T)2 9(5—4772—4664+3656+9*8)— 4(5 — 202 — 150%) 72 cos? 0
63 \ u (1—92)(1—302)3,/9(1 1—3v) + 2 cos? 6

_4(5—2 — 15@2)|s| cos 0
(1—a3)(1 = 3%)°

+ O(T”‘) :
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where 6 is the angle between Us and the direction of the sound wave given by the wave vector k. As
a consistency check, we confirm that u; is the (m = 0 limit of the) linear part of the dispersion of
the Goldstone mode from (10.6), which was computed as one of the poles of the propagator. In the
low-temperature approximation, this dispersion does not depend on temperature since the melting of
the condensate has been taken into account (see section 10.1).

The velocity of second sound ug becomes complex for certain angles @ as soon as |vs| > 1/+/3. This
value corresponds to Landau‘s critical velocity at zero temperature, see also figure 11.4. Moreover,
the T2 term of uy is divergent as |vs] approaches 1/v/3. We have seen in table 2 that all components
of the stress-energy tensor and the current exhibit this divergence too. The expressions in that table
show that due to this divergence the T term (say, in the energy density 7°°) becomes comparable
to or even larger than the T term for superfluid velocities close to (and below) the zero temperature
value of the critical velocity 1/4/3, even if T is very small. This suggests that a calculation to all
orders in T must be performed to predict reliably the behavior in this close-to-critical regime. In
analogy, for the speed of second sound close to the critical velocity and at nonzero temperatures we
also need the resummed result, and we cannot trust the truncated expression.

We plot the two sound velocities for all angles and for various superfluid velocities in figure 13.1.
Because of the breakdown of the temperature expansion we have just explained, the results for nonzero
temperature are only shown up to a superfluid velocity where the T? correction is still smaller than
the T'= 0 term. We see that both sound velocities are increased when they propagate parallel to the
superflow and decreased when they propagate in the opposite direction. At T' = 0, where the result
can be taken seriously for all || < 1/v/3, the speed of second sound decreases significantly when the
critical velocity is approached, and goes to zero for all “backward” angles 7/2 < 6 < 37 /2 (while the
velocity of first sound only goes to zero for propagation exactly antiparallel to the superflow, § = 7).
Interestingly, for a given superfluid velocity, the temperature effect always increases the speed of
second sound for all angles. We know that for larger temperatures it must decrease again, because
it has to vanish at the critical temperature where there is only one fluid in the system. Within our
low-temperature approximation we cannot see this decrease.

Finally, let us discuss the low-temperature results at non vanishing mass m. A finite mass is of
importance, since its effect as an additional energy scale will turn out to be interesting, and we
can use large values of m to approach the non-relativistic limit. Since the expressions become very
complicated if both m and v are nonzero, we present the results for ¥s = 0. We defer all details of the
calculation to appendix F.3. The final result for the two sound velocities up to quadratic corrections

in the temperature is
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Figure 13.1: Velocities of first and second sound w1, ug from equations (13.1), (13.2) for six different
values of the superfluid velocity |vs| between 0 and 1/4/3. All velocities are measured in the normal-
fluid rest frame. In these polar plots, the sound velocities for a given angle between the direction
of the wave vector and the superflow are given by the radial distance of the curve to the origin;
the direction of the superflow is parallel to the horizontal axis and points to the right; the scale is
normalized to the velocity of first sound in the absence of a superflow, as one can see in the upper
left panel. The speed of first sound does not depend on temperature within our approximation. The
speed of second sound is shown for three different temperatures: 7" = 0 [(black) solid|, T'/u = 0.02
[(blue) dashed], T'/u = 0.04 [(red) dashed-dotted|. For large superfluid velocities the temperature
expansion breaks down, and we have only shown the results for 7' = 0.
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(13.3)

As we can see, the speed of first sound is indeed identical to the slope of the low-energy dispersion

of the Goldstone mode (10.6) - at least at very low temperatures. The speed of second sound at
zero temperature is simply 1/ V/3 times the speed of first sound - we recover Landau‘s result in the
presence of a mass m. Also here we can see that the temperature corrections are positive, even though
we expect the speed of second sound to decrease eventually and vanish at the critical temperature.
When we perform a self-consistent calculation for all temperatures up to 7, in the next section, we

will see that this is indeed the case.

14 Sound modes for all temperatures

We compute the velocities of first and second sound u; and ue numerically for all temperatures
by applying the algorithm explained in section 11.5.1. The results are shown in figure 14.1 (sound
velocities and amplitudes for zero superflow), figure 14.2 (sound velocities at very low temperatures
and comparison with the analytical results from last section) and figure 14.3 (sound velocities and

amplitudes for nonzero superflow). We now discuss various aspects of the results separately.

Speed of first sound and scale-invariant limit. In the simplest case, with vanishing mass parameter and
superflow, the speed of first sound is u; = % for all temperatures, see analysis in section 12.1. This
is shown in the upper left panel of figure 14.1 and is in agreement with the analytical result (12.14).
For low temperatures, this sound speed is identical to the slope of the Goldstone dispersion. For
higher temperatures, however, the slope deviates from the speed of first sound and approaches zero
at the critical point, just like the speed of second sound. In other words, the Goldstone mode is, in
general, not a solution to the wave equations derived from the hydrodynamic conservation equations.
Only in certain temperature limits do these waves coincide with the Goldstone mode.

The upper right panel of figure shows that for a nonzero mass parameter m, the speed of first
sound deviates from the scale-invariant value at low temperatures, but approaches this value for high
temperatures T' > m. Notice that we have chosen the same mass parameter in units of p for both
coupling strengths. As a consequence, the sound velocities for the two coupling strengths coincide at
zero temperature, but the mass is different in units of T,: for the smaller coupling (solid lines) we

have m =~ 0.03 T, while for the larger coupling (dashed lines) m ~ 0.17T,. This is the reason why uy
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T/T, T/T,

Figure 14.1: Upper panels: speed of first and second sound in the absence of a superflow, ﬁw =0,
as a function of temperature for the ultra-relativistic limit m = 0 (left panel) and (approaching)
the non-relativistic limit m = 0.6 u (right panel), as well as for two different coupling constants,
A = 0.005 (solid lines) and A = 0.05 (dashed lines). The inset in the upper right panel magnifies
the region of an avoided crossing between first and second sound for the lower coupling constant.
Lower panels: mixing angle « for the amplitudes in temperature and chemical potential (see equation
(12.9)) associated to each sound wave, for the same values of A\ and m. Positive (negative) values of
« correspond to in-phase (out-of-phase) oscillations, while || = 7/2 (o = 0) corresponds to a pure
temperature (chemical potential) wave.
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Figure 14.2: Sound velocities for low temperatures and comparison with the analytical low-

temperature approximations for vanishing superflow and m = 0.6u (left panel) as well as for vanishing

mass and v = % ~ (0.087 (right panel). In both panels, A = 0.005. The approximations are given

in equations (13.1) and (13.2) (for the right panel) and in equations (13.3) (for the left panel). The
various curves in the right panel correspond to different angles between the superflow and the sound
wave, from parallel (uppermost curve) to anti-parallel (lowermost curve) with the middle (dashed)
line corresponding to the perpendicular case.

appears to approach the scale-invariant value more slowly for the case of the larger coupling.

Speed of second sound. In all cases we consider, the speed of second sound increases strongly at
low temperatures. We can see this increase in the low-temperature approximation, see discussion
in section 13. Even though figure 14.2 shows that the analytic approximation is only valid for very
low temperatures, we see that the strong increase continues beyond the validity of the analytical
approximation (although it becomes less strong than the approximation suggests). One can see
from equations (13.1), (13.2), (13.3) that the 72 contribution does not, to leading order, depend
on the coupling constant. Therefore, since smaller coupling strengths correspond to higher critical
temperatures, the increase of us can be made arbitrarily sharp (on the relative temperature scale
T/T,) by decreasing the coupling. This tendency is borne out in figure 14.1.

In the upper panels of figure 14.1, the velocity of second sound does not go to zero at the critical
point. This is an artifact of our Hartree approximation: as we have discussed in section 11.4, in our
approach the phase transition is strictly speaking first order. Therefore, the condensate is not exactly
zero at our critical point. The speed of second sound turns out to be sensitive to this effect, and
therefore uy does not approach zero at T.. The superfluid density appears to be less sensitive to this

effect since it approaches zero to a very good accuracy, see figure 11.5.
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Figure 14.3: Same as figure 14.1, but with a nonzero superfluid velocity, chosen to be v = %15 je

15 % of the critical velocity at m = T = 0. The left panel shows results for m = 0 and tﬁ right
panel for m = 0.6 u. Each plot shows the results for seven different angles between the propagation
of the sound wave and the superflow, from parallel (uppermost curves) to anti-parallel (lowermost
curves) in equidistant steps of /6 with the dashed lines corresponding to 7/2. The coupling is chosen
to be A = 0.05. The dashed lines, where the effect of the superflow is expected to be weakest, are

comparable (however not exactly identical) to the dashed lines of figure 14.1.
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Role reversal of the sound modes. To discuss the physical nature of the sound waves, we first notice
that the speeds of sound show a feature that is reminiscent of an “avoided level crossing” in quantum
mechanics. This feature is most pronounced for small coupling and nonzero mass parameter m, see
upper right panel of figure 14.1 and the zoomed inset in this panel. It suggests that there is a physical
property that neither first nor second sound possesses for all temperatures, but that is rather “handed
over” from first to second sound in the temperature region where the curves almost touch. We find this
property by computing the amplitudes of the oscillations associated to the sound modes, as discussed
in section 12.1. In particular, we are interested in the mixing angle « defined in equation (12.9) that
indicates whether a given sound mode is predominantly an oscillation in chemical potential or in
temperature or something in between. Our results show that u; always corresponds to a > 0 while
ug always corresponds to a < 0. Therefore, the first sound is always an in-phase oscillation, while
the second sound is always an out-of-phase oscillation. However, whether first or second sound is a
density wave or an entropy wave is a temperature dependent statement, as already discussed in the
scale-invariant limit where there are simple expressions for the amplitudes, see equation (12.15). In
all cases we consider, u; transforms from a pure density wave at 7' = 0 to a pure entropy wave at
T = T. and vice versa for ug. This role reversal becomes sharper for larger m and/or smaller A,
i.e., it is smoothest in the ultra-relativistic regime at strong coupling, see lower left panel of figure
14.1. (Remember that we compare two relatively weak coupling strengths, the “strong coupling” is
A =0.05.)

Comparison to non-relativistic systems. We can view m as a parameter with which we can go contin-
uously from the ultra-relativistic limit m = 0 to the non-relativistic limit of large m (always keeping
m smaller than p in order to allow for condensation). Therefore, the right panels of figure 14.1 are
comparable to the results in non-relativistic calculations. Of course, m = 0.6 i, as chosen in the plots,
is not actually a non-relativistic value; for instance, for this value of m the speed of first sound at
low temperatures is still about 50 % of the speed of light, while, for comparison, the speed of first
sound in superfluid helium is about 240 m/s, i.e., about 10~® times the speed of light. Nevertheless,
already for this moderate value of m we find qualitative agreement with the non-relativistic results
of reference [120] see in particular Fig. 6 in this reference which also exhibits the avoided crossing
and the sharp role reversal at a low temperature. As in this reference, we also find that a stronger
coupling smooths out both of these features. The results shown in figures 14.3 and 14.4 generalize the
results of [120] to the relativistic regime and to the case of nonzero superflow (For a zero-temperature

calculation of the sound velocities in the presence of a superflow in “He see reference [125]).
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Figure 14.4: Same as figure 14.3, but at weaker coupling, A = 0.005. The left panel shows results for
m = 0 and the right panel for m = 0.6 p.
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Our results (and those of reference [120]) for the sound modes differ from the calculations and mea-
surements for superfluid helium |[2], [14] and a (unitary) Fermi gas. For instance, in neither of these
experimentally accessible cases does the speed of second sound increase significantly at low temper-
atures. Another difference is that in superfluid *He, second sound is predominantly a temperature
wave for almost all temperatures, except for a regime close to the critical temperature. This shows
that the behavior of the sound waves is very sensitive to the details of the underlying theory, i.e., the
details of the interaction. We see from (12.14) that even in the ultra-relativistic, scale-invariant limit
the speed of second sound depends on thermodynamic functions that can be significantly different
in different theories. Another feature of the second sound in *He is a rapid decrease in a regime
where rotons start to become important [2], [14]. Our model for a complex scalar field also gives rise
to a massive mode whose mass is €,_, = V6 11 (the difference from rotons being that the minimum
of the dispersion is at zero momentum). For instance for the case m = v = 0 this means that the
mass in units of the critical temperature is €,_, = 0.17, (for the weaker coupling A = 0.005) and
€9 = 0.3T, (for the stronger coupling A = 0.005). Therefore, our sound velocities are dominated
by the Goldstone mode only for temperatures 7' < 0.1 7, while for higher temperatures the massive
mode plays an important role, even though there appears to be no characteristic drop in ug at the
onset of that mode.

Nonzero superflow. In the presence of a nonzero, uniform superflow - a relative flow between super-
fluid and normal-fluid components, measured in the normal-fluid rest frame - the sound velocities
obviously become anisotropic (see equations 13.1 and 13.2 for the explicit anisotropic result in the
low-temperature approximation). In figures 14.3 and 14.4 (A = 0.05 and A = 0.005, respectively) we
plot the speeds of sound and the corresponding mixing angles for the amplitudes for seven different
directions of the sound wave with respect to the superfluid velocity U, from downstream propagation
(uppermost curves in all panels) through perpendicular propagation (dashed curves in all panels) to
upstream propagation (lowermost curves in all panels). We see that both sound speeds are faster in
the forward direction, as was already observed in the low-temperature results. Since the superflow
ﬁw, like the mass parameter m, introduces an additional energy scale, the speed of first sound wu;
deviates from the scale-invariant value, at least at low temperatures. In the ultra-relativistic limit, uq
approaches the scale-invariant value at high temperatures from above (from below) for a downstream
(upstream) sound wave. The value of the superflow used in the figures corresponds to about 1 %
of the critical temperature, V4| ~ 0.017,(|7]) for the stronger coupling, figure 14.3, and to about
0.4 % of the critical temperature for the weaker coupling, figure 14.4. The critical temperatures are
T.(|9]) =~ 7.62 11 [6.04 p] for A = 0.05 and m = 0[0.6 p] and T(|v]) ~ 24.2 1 [19.23 ] for A = 0.005 and
m = 0]0.6 .
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To compare to the analytical results in the low-temperature limit, we use equations (13.1) and (13.2)
for the massless case and equations (13.3) for finite mass m , see figure 14.2. Even though we only show
the comparison for ug, we have checked that the numerical results agree with the low-temperature
approximation also for u;.

At the critical point, there is a sizable nonzero value of the speed of second sound for all angles. In
contrast to the case without superflow, this is not only due to our use of the Hartree approximation.
Remember from the discussion in section 11.4 that T,(v) is the point beyond which there is no stable
uniform superfluid, see in particular the phase diagram in figure 11.4. At that critical point, the
condensate is not zero (and is not expected to be zero in a more complete treatment), and therefore
we do not expect ug to go to zero.

Comparing figures 14.3 and 14.4 we observe that a weaker coupling leads again to a more pronounced
avoided crossing effect. This is particularly obvious from the upper right panel of figure (14.4), where
we observe the avoided crossing effect now for each angle separately. Like for vanishing superflow, a
weaker coupling tends to shift the point of the role reversal to lower temperatures, even though this
statement is not completely general. Namely, in the ultra-relativistic limit we see that changing the
coupling has a more complicated effect for the sound waves that propagate in the backward direction,
see curves below the dashed one in the lower left panels of figures 14.3 and 14.4. As a consequence,
we find the following interesting phenomenon: depending on the external parameters, there can be a
sizable temperature regime of intermediate temperatures where a second sound wave, sent out in the
forward direction, is almost a pure chemical potential wave while sent out in the backward direction it
is almost a pure temperature wave (and vice versa for the first sound). This effect is most pronounced
for weak coupling and the ultra-relativistic limit. We have checked that it gets further enhanced by
a larger value of the superflow. In other words, the role reversal in the sound modes does not only
occur by changing temperature (most pronounced in the non-relativistic case at weak coupling), but
can also occur by changing the direction of the sound wave (most pronounced in the ultra-relativistic

case at weak coupling).



15 CONCLUSION 129

15 Conclusion

We have derived the wave equations which described sound excitations of a relativistic superfluid
and calculated the corresponding solutions which are the velocities of first and second sound. In a
first step, we calculated the sound excitations in a low-temperature approximation in the presence of
a nonzero superflow. (The calculation of the sound modes always requires at least an infinitesimal
superflow; by nonzero superflow we mean larger than infinitesimal.)

To obtain non zero-temperature corrections it has turned out to be crucial to go beyond the linear
approximation of the dispersion of the Goldstone mode. Cubic corrections in the dispersion give rise
to T corrections in the pressure and T? corrections in the velocity of second sound, while the velocity
of first sound remains temperature-independent. We have found that the velocity of second sound
increases with low temperatures.

The numerical calculation up to T, within the 2PI formalism requires us to numerically evaluate
first and second derivatives of the pressure with respect to the temperature, chemical potential,
and superflow. To avoid numerical uncertainties we have computed these derivatives in a semi-
analytical way (see section 11.5.1). The low-temperature limit of the self consistent calculation agree
perfectly with the analytic results obtained in the low-temperature calculation and show that this
approximation is valid only for a very low temperatures regime whose size depends on the value of
the coupling. Even for the smallest coupling we have used, A = 0.005, the approximation deviates
significantly from the full 2P numerical result for all temperatures higher than about 0.1 % of the
critical temperature. The main reason seems to be the temperature dependence of the condensate
which is not included in the low-temperature calculation. This approximation also neglects the
massive mode that is present in our theory (and which is not unlike the roton in superfluid helium); the
massive mode becomes important for temperatures higher than about 10 % of the critical temperature.
We have investigated the dependence of the sound velocities on the boson mass m and the superflow
ﬁw. For m = |ﬁ¢| = 0 the speed of first sound assumes the universal value % for all temperatures,
while an additional scale, provided by m and/or |§¢], leads to a deviation from this result. For
temperatures higher than that scale but still lower than the critical temperature (if such a regime
exists) the speed of first sound again approaches % The speed of second sound is more sensitive
to details of the system and has a non-universal behavior even for m = |Vi| = 0. In our particular
model we found a strong increase for low temperatures before a decrease sets in, eventually leading
to a vanishing speed of second sound at the critical point, if the superflow is zero.

By computing the amplitudes in chemical potential and temperature of the sound waves for all
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temperatures, one finds that first sound is always an in-phase oscillation of chemical potential and
temperature (and thus also of density and entropy) and second sound is always an out-of-phase
oscillation, which can thus be viewed as their defining property. However, the degree to which a
given sound wave is a density or entropy wave depends on the temperature. We have shown that,
with respect to this property, first and second sound typically reverse their roles as a function of
temperature: the in-phase (out-of-phase) mode is a pure density (entropy) wave at low temperatures
and becomes a pure entropy (density) wave at high temperatures. This observation is in agreement
with non-relativistic studies. While in the non-relativistic case this role reversal occurs rather abruptly
in the very low-temperature regime, it is more continuous in the ultra-relativistic case. We have also
found that for certain parameters of the model and intermediate temperatures, there can be a role
reversal at a fixed temperature: if there is a nonzero superflow, the first sound is (almost) a pure
entropy wave parallel to the superflow and (almost) a pure density wave anti-parallel to the superflow,
while the second sound behaves exactly opposite. This interesting effect is most pronounced in the

ultra-relativistic limit at weak coupling.
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Part IV

A mixture of two superfluids

16 Effective description

In the final part of this thesis, we will investigate another kind of two-fluid system which is qualitatively
different from the one we considered before: a mixture of two superfluids. First, we will construct an
effective theory for a such a mixture. We will do so strictly at zero temperature (i.e. in the absence of
a normal-fluid component) and discuss the translation into a set of coupled hydrodynamic equations.
Such a study is useful in the context of compact stars where usually more than one superfluid is present
and also for example for mixtures of superfluid 3He and *He or cold atoms (see for instance [127],
[128]). Hydrodynamics for such complicated systems have for example been discussed in [69, 129], for
a modern relativistic description of multicomponent superfluids see reference [68]. The key ingredient
is once again entrainment - even at zero temperature (see section 5.1 for a discussion and references).
We have discussed that the microscopic mechanisms leading to this zero temperature entrainment can
be very complicated. At this point, we shall not be concerned with these details but rather introduce
entrainment in an effective way, by requiring that the current ji' of particle species 1 is proportional
to the conjugate momenta of both particles species , say 9,11 and J,12. As we will see, this can be
achieved by introducing a gradient coupling in the effective Lagrangian. The strength of this coupling
will be tunable by the parameter A\j2. Such a coupling makes a rigorous renormalization as we have
discussed it in the case of a single particles species impossible (which is of no further concern to the
zero temperature calculations of this section). At finite temperature, one would need to introduce a
cutoff to execute thermal integrals. We work in the same approximations as introduced in section 8.1
and assume a uniform density and flow of the superfluid. Since there are now two superfluid velocities,
there are two different rest frames even at zero temperature. In other words, a temperature limit
in which the pressure is isotropic does no longer exist. We shall therefore rely on the generalized
two-fluid formalism of section 5 right from the beginning.

The starting point is again a complex scalar field theory

|2

L = 0up10" 0t —mi o1]* — M |e1|* + 9402005 — m3 |p2]* — A2 02| * + Line » (16.1)

where the fields 1 and @9 are coupled by a gradient interaction
1 * *
Lint = —§A12¢14p23ugo18“<p2 + h.c.. (16.2)
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The interaction term ins manifestly U(1); xU(1)2 invariant (the “chemical index” i denotes the particle
species) and the complex conjugates are chosen such that the currents calculated as 0£/00,¢; and
0L/00,p; are complex conjugates of each other. To compensate for the extra mass dimensions of
the gradients, the coupling A1 2 cannot be dimensionless but rather has dim[A\2] = m~2. In complete

analogy to section 7 we introduce the condensates to the fields ¢ and @9

pr(z) — \}ieiwl(x) (p1(2) + p11(z) +ip12(z)) (16.3)

pa(z) — \}ie%(m) (p2(z) + p21(2) + ip2a()) .

For our tree-level analysis, we can neglect all fluctuations ¢;; and are only concerned with the potential

2 2 2 2

miy —ao ms— o 1 1 1
U(p1,p2) = —L(p1, p2) = %P% + %P% + Z)\lpil + 1/\2,03 + §>\12012P%P% : (16.4)
Here we have introduced the usual definitions O’% = 0, 10Mn, ag = 0, 20"1Pg and 012 = 0,110 1)s.
For dimensional considerations, it is helpful to keep in mind that the combination Aj3012 is dimen-

sionless. The equations of motions for ¥ and 9 are

oL 1

aum = O [P% (3%1 - 2>\12ﬂ§3“¢2>} =0, (16.5)
oL 1

gy = | (20 st )| =o. (165)

As expected, the gradient coupling leads to entrainment in equations (16.5) and (16.6). The equations

of motion for p; and po are

oL

I
oL

dp2

= M (—m% + O'% — Alp% — )\120’12;73) = 0, (167)

= p2(=m3 + 03 — Aap3 — Aizor2pt) = 0. (16.8)
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17 Hydrodynamics

In the zero temperature case, the microscopic representation of the coefficients A, B and C can be

conveniently read off from equations (16.5) and (16.6),

gt = By + A, (17.1)
gy = AP+ C Oy . (17.2)

where:

- 1
B:p%, C:pg, A= _§>\12P%p%'

Here, we have implicitly assumed that the phase-gradients d,,7; are indeed the conjugate momenta
to ju as we derived for the single fluid case in section 8.2.1. We shall see that this assumption is

consistent with the generalized two-fluid framework. The microscopic stress-energy tensor reads:

oL
jng _ v
T — %Wyg L
= pIOFp 0% ap1 + pROFped” by + A1aptpadfaln 8 e — gHY L, (17.3)

and the corresponding two-fluid expression is given by
TH = —g"" W + §1'0" 1 + 550" . (17.4)
After contraction with g,,,, equation (17.4) can be solved for the generalized pressure density,
V= _i (g T — jr - Op1 — jo - Ota) . (17.5)

With the aid of equations (17.1) and (17.2), we can obtain the generalized pressure in its natural

form expressed solely in terms of the momenta 0,1);

mi—of o mi— o
2 1 2

This on the other hand is precisely the negative tree level potential from equation (16.4). We have

1 1 1
U = Vlof, 03, o12] = — p3 — ZMP% - 1)\2/)3 - §A12012P%P%- (17.6)

now reestablished the important relation between the effective pressure and the (tree level) effective

action:

U=-U=_Lry. (17.7)
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Starting from W one can obtain the coefficients A4, B and C from
_ ov - ov - oV

B=2—— C=2—— 17.8
5‘0%’ 8057 A= 8012 ( )

which can be used as a consistency check. The generalized energy density A can be obtained with
the help of equations (17.3) and (17.6) ,

1
A = TrlI]=3¥ = (j1- 01 +j2- 02) = 5T

3
2
)

1 1
= o |pi(of +m3) + p3 (03 +m3) + )\1P1 + )\2P2 3\12012p705 | - (17.9)

2
This expression is formulated in terms of momenta rather than currents. A microscopic construction
of A=A [j%, i2, g1 -jg} is difficult even in the zero temperature case since the condensates p; are
complicated functions of the momenta determined by equations (16.7) and (16.8) (see next section
for explicit results). One can check the limit case without entrainment (A2 = 0) where one obtains
the generalized energy density as the sum two of non interacting superfluid energy-densities (compare

to equation (8.16))
2 m2)

Ao = 0] = Zesz_z (Ba7 +m (of =mi) (17.10)

With the above results at hand, it is easy to check the validity of the generalized thermodynamic
relation

U+ A=j1-0¢1+j2- 02, (17.11)

which confirms the role of 9#1); as the conjugate momenta to j'.

17.1 Frame dependent hydrodynamics

Now that the invariant formalism is set up, it remains to determine the physical meaning of the
conjugate momenta d,1;. From the discussion of sections 5.3 and 10.4.1 it should be clear that the
field theoretic expressions are obtained in a global rest frame, the rest frame of the heat bath (or
equivalently of the normal fluid, see also discussion in section 10.3). If we set the coupling A12 to zero,
we are left with a hydrodynamic system of two independent superfluids and the results of section 8.2.1
can be adopted. In particular, o; plays the role of a chemical potential in the respective rest frame
of each superfluid while dyy; and v; = —ﬁwi /Ootp; are chemical potential and superfluid velocity in
the rest frame of the heat bath. At first glance, it might seem obvious that these identifications still
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remain intact once the coupling Aio is turned on. However, in particular the microscopic definition
of the chemical potential has to be carefully checked. As we know, the chemical potential enters the
Lagrangian similar to the zeroth component of a gauge field (i.e. dye — Doy = o — ip). The
situation at hand is more complicated as the derivatives of ¢; and 19 appear coupled to each other
in 16.1. In appendix G we clarify that the microscopic definition of the chemical potential remains
intact (i.e. even in the presence of a nonzero coupling A2 the chemical potential is introduced to the
Lagrangian by replacing all time derivatives by dop; — ip;) and there is no reason to doubt that we
can identify Jgt); as the chemical potential u; in the normal-fluid rest frame.

Let‘s now discuss the role of the spatial components of d,1;. By setting 61&1 = 0 we assume that
superfluid 1 is at rest in the frame of the heat bath and only superfluid 2 is in motion. To simplify
notation, we define the generalized pressure expressed in this frame as ¥; = \I’(ﬁwl = 6) The
components of the pressure thus are 77, and 77 with respect to ﬁwz. Then, using the projection
operators introduced in section 5.4, one can easily confirm that in this particular frame the following

relations hold (compare also with the left column of table 1):

1 8i¢28j1/)2 ij
Ty = 3 (%’ - ﬁ> Ty =¥, (17.12)
2 V3
o dinhy L.
Iy = Wﬂ] =W — Jj2,1 - Vipa. (17.13)
2

Furthermore, we can confirm for A; = A(Vy; = 0)

A =T +Ty —Ty. (17.14)
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18 Phase diagram at zero temperature

18.1 Stability condition and global minima

So far, we have ignored the possibility that the coexistence of the condensates p; and ps might be
forbidden for some values of the parameter space spanned by w1, uo, the couplings A1, A, Ao, the
velocities |U7[,|02| and the angle 6 between ¢, and ¥s. Possible scenarios include no condensation, the
existence of a single condensate p; or po and the coexistence of both. Therefore we have to construct
a phase diagram where we compare the potentials U(0,0), U(p1,0), U(0, p2) and U(p1, p2).

Before we do so, we have to check the stability of the potential (16.4). The potential must be bounded
from below in all directions in the space spanned by p; and ps. The asymptotic behavior of the tree-
level potential is determined by the interaction terms i)\lp‘f + i)\gpg + %Algalgp%p%. We first observe
that as long as we move along a trajectory of fixed ps, A1 has to be larger than zero and vice versa
which leads to the restrictions Ay > 0 and Ao>0. It remains to find a similar condition for the coupling
A12. Obviously the case A\j2012 > 0 leads to a stable potential. To investigate the case of Aja012 < 0,

we define:
1 4 1 4
Pro= —\ipl+ S Aeps, (18.1)
4 4
1
Py = §|>\12012!P%P§-

Along the p; and py axes the potential P; is zero and lies below the potential P;, which has a parabolic
shape and is only zero at the origin. An instability occurs, if [A\;2012| becomes large enough compared
to A1 and Ao for the potentials P; and P» to intersect. This leads to (P} = P)

2
5 o | |Ai2012] A2012 A2
= + - — . 18.2
P2 = P1 A \/( A ) A ( )

In order for such an intersection not to occur, the square root must become imaginary which happens

for
Mg > A2y02,. (18.3)

Observe that A\joo12 = Aguips (1 — 01 - U2) can change its sign if either A2 or the product pipue

becomes negative (the factor (1 — ¥; - U2) is always larger than or equal to zero). It is interesting to
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observe that entrainment manifests itself in a coupling of the chemical potentials p; and w2 and is
thus present even if there is no relative motion between both superfluids (i.e. ¥; = ¥2).

We can now continue with the discussion of the phase structure. The axes of the phase diagrams will
be given by 1 and po while the parameters A1, Aa, A12,|01],|02| and 6 are fixed in each diagram. Any

phase must fulfill the following set of conditions in order to represent the ground state:
1. The (minimized) condensates in each phase must be real.
2. The phase under consideration must be a local minimum.
3. In addition, the phase under consideration must also be a global minimum.

Condition (2) is fulfilled, if the eigenvalues of the Hesse matrix H(p1, p2) are positive. In the most
general case, H = H(p1, p2) is given by

mi — o} 4 3\1p} + Ai201203 2A1201201P2 ) (18.4)

2M\ 12012012 m3 — o3 + 3\2p3 + A\1201207

H(p1, p2) = (

No condensation. We begin with the simplest case of no condensation (p; = 0 and pa = 0). The

Hesse matrix (18.4) takes the simple form

H(0 0):<m%_0% 0 ) (18.5)
’ 2 2 : :

0 my — oj

The eigenvalues can be read off right away and the local minimum requirements are

o} < mi, (18.6)
o3 < m3. (18.7)

As long as the conditions (18.6), (18.7) are met, U(p1,0), U(0, p2) and U(p1, p2) are all larger than

zero and U(0, 0) represents the global minimum.

Single condensation. Next we consider p; # 0 and po = 0 . The case of p2 # 0 and p; = 0 can be

obtained from this case by exchanging the chemical index 1 with 2. The Hesse matrix reads

(18.8)
0 m% - U% + )\120’12p%

m? — o2 + 3\ p? 0
H<p1,o>=<1 L .

Observe that the coupling between both condensates stills plays a role, even though ps is set to zero.
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Condition (1) is given by

2 2

oy —m
A g, (18.9)
1
which can be used to simplify H(p1,0). The local minimum conditions (2) then read:
o7 > mi, (18.10)
A
o2 < mi+ 11"12 (02 —m2) , for Appo1z >0, (18.11)
1
A
o2 < mi— ‘1?”2' (67 —m?) , forApo12 <0, (18.12)
1

From equation (18.9) and (18.10), we find that condition (1) is fulfilled in a region where U(p1,0)

represents a local minimum. The minimized potential reads

1 2 2\2
U(p1,0) = —4W. (18.13)

Since this expression is manifestly negative, it will be the preferred ground state compared to U(0,0)
(as long as inequalities (18.11) and (18.12) are fulfilled). To determine whether it represents the

global minimum we still have to compare it to the case of the coexistence of p; and ps.

Coezistence phase. If both condensates are present, the Hesse matrix is given by

(18.14)

A1201201P2 A2p3

Here we have used the equations of motion (16.7) and (16.8) to simplify the Hesse matrix (18.4). The

eigenvalues calculate to

wi2 = (A1pT + Aop3) + \/(MP% +X2p3)% — dpips(MA2 — Apots) - (18.15)

In case of A\j Ao < A\2,0%, we can see right away that one eigenvalue turns out to be negative, while the
other is positive (i.e. we found a saddle point rather than a minimum). A [ocal minimum is therefore
only given for A\ A2 > A3,0%,. Observe that this is also precisely the stability condition from equation
(18.3). Condition (1) can be checked by solving the equations of motion (16.7) and (16.8) for p; and

p2 whereby we find the following expressions
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1 O’% — m% )\120’12 2 2
= — — — 18.1
P1 N\/ N A (02 mg) ) (18.16)
1 O'% — m% A12012 , o 9
= — — — 18.17
P2 N\/ )\2 )\1)\2 (01 ml) ) ( )
A2, 02
N = /122712 18.18
N (18.18)

Using condition (18.3), we can see that N is real and positive and it is sufficient to check the expressions

in the numerators of p; and pa:

A
of < mi+ o (0F —m?), (18.19)
A12012
A
o2 > mi+ 1§c1712 (02— m2) , (18.20)
A2 > 0.

While the combination Aj2012 appears quadratically in the stability condition (18.3), it appears linear
in equations (18.19) and (18.20). In case A12012 is negative, condition (1) leads to the following set

of equations:

9 A2

o3 > mi— Sraora] (o7 —m3) , (18.21)
A

o2 > mi_ | 11‘1’12‘ (02 —m?) (18.22)

)\12 < 0.

Consider the plane spanned by positive and negative values of p; and ps. In quadrant I and III,
equations (18.19) and (18.20) are valid for A2 > 0 while equations (18.21) and (18.22) are valid for
A12 < 0. In quadrants II and IV it is the other way around.

It remains to check whether the coexistence phase indeed represents a global minimum.The full

minimized potential reads:

(07 —m3)? (03 —m3)* (07 —m3)(03 — m3)
U(p1,p2) = —A —A + Ai20 18.23
R R YR P e N TP Py £ AR
For vanishing coupling Aj2, this reduces to the potential of two non-interacting condensates
2 2)2 2 2)2
Ulpr, pos A = 0) = —LZL=m)” _ (o3 = ma)” (18.24)

4\ 4o
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To compare (18.23) to the case of no condensation and the single condensate phases, we re-organize

the numerator

(07 —m?) [Ma(0F — m3) — Aipo12(03 — m3)]
Ulp,p2) = — (18.25)
4(MA2 — )‘%2‘7%2)
2

| (3= m) (o3~ m) ~ haona(o )] (15.26)
4(MA2 — A[901y)

The denominator is always positive. In the numerator, the expressions in the square brackets are
always positive due to inequalities (18.19)-(18.22). Thus, the potential is always negative and preferred
to case of no condensation. In order to compare this to the single condensate case, we can ask for

example in which cases

U(p1,0) > U(p1, p2) (18.27)

is fulfilled. Inserting both potentials from equations (18.13) and (18.25), we find that this condition

is equivalent to

Ai2o12(0f —mi) [M2o12(of —mi) — Mi(o3 —m3)] < Ai(0F —m3) [M2o12(0f — mi) — (05 —m3)]

—>)\12012(0%—m%)—)\1(03—m%) < 0.

This is precisely the condition of o3 to be real. The condition U(p2,0) > U(p1, p2) leads to the second
reality condition (03 — m3)A12012 — A2(0? — m3) > 0. In other words, in regions of the parameter
space, where the coupled phase is a valid candidate according to condition (1) and (2) , it indeed
represents the ground state. We can also pose the inverse condition U(p1,0) < U(p1, p2) which is

obviously equivalent to

)\1(0% — m%) — )\12012(0% — m%) > 0,

the condition for the existence of a phase with condensate of only one condensate (in this case p1).

Again, we could repeat this analysis by comparing U (0, p2) with U(p1, p2).



18 PHASE DIAGRAM AT ZERO TEMPERATURE 141

18.2 Phase diagrams

Conditions (18.6), (18.7) as well as (18.10)-(18.12) and (18.19)-(18.22) together with the restrictions
A1 >0, A2 > 0and A\ A2 > A2,0%, contain all necessary information to construct the zero temperature
phase diagrams. To determine the phase structure in a plane spanned by p1 = g1 and s = Jytb, we
turn all inequalities into equations which we solve for g = po(p1). This leaves the couplings, |v7] ,|Us]
and the angle 6 as tunable parameters. To obtain an analytic condition for the boundary between the
two single condensate phases, we can solve U(p1,0) = U(0, p2) for ua. Since some of these equations
are cubic in pe, an analytic construction of the phase diagram is difficult. We shall rather compare
U(0,0), U(p1,0) , U(0, p2) and U(p1, p2) numerically for each point in the phase diagram. This of
course involves checking the respective conditions (1)-(3) for each phase and each point in the phase
diagram. To check the numerical results, we can compare the numerically calculated phase boundaries
with the analytical solutions of the set of equations discussed above. We shall not attempt to obtain
all possible topologies of the phase diagram but rather aim to identify regions in the parameter space,
in which the coexistence of both condensates in the presence of entrainment is in principle allowed.
The left panel of figure 18.1 displays the phase space which is “cut out” by stability conditions for
positive and negative entrainment coupling.

Let us begin with the very simple scenario of A\j2 = 0. The potential is given by (18.24) and single
condensation occurs if 07 > m? or 62 > m3. In regions where both conditions are satisfied, we find
the coexistence of both condensates. This scenario is illustrated in the figure 18.1. We do not specify,
in which units the chemical potentials p; are measured in the phase diagrams we present here as this
is a general study.

Once we switch on entrainment interactions, the phase diagram changes in two ways: first of all, the
straight lines of o; = +m,; representing the phase boundaries in the A\j2 = 0 case become deformed
and are determined by (18.10), (18.11) and (18.19)-(18.22) (with the exception of the phase with
no condensation which of course still resides in the area defined by o; < +m;). Secondly, condition
(18.3) significantly reduces the available phase space, see left panel of figure 18.1. Different values
for the superfluid velocities lead to slight modifications of the magnitude of o1, o9 and o015 which
will not induce a new topology of the phase structure. This was checked numerically by varying the
the superfluid velocities U; between zero and 1/ V/3, which is the upper bound for the critical velocity
- at least in the absence of entrainment. The impact on entrainment on the critical velocity is an
interesting subject for future studies. Qualitative changes of the phase structure are driven by the
magnitude and sign of Aj3 (of course we need to guarantee A\; > 0 and A9 > 0!). To demonstrate

the symmetry properties between positive and negative values of u;, we shall plot all four quadrants
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L unstable for A,>0 unstable for A,,< 0
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5 r 5 - A ]
o~ ~ L ]
3 0f stable b 3 0 P P ]
-5 5- i

[ unstable for A,,<0 unstable for A,> 0 [ COE P COE

5 0 5 -5 0 5
M M4

Figure 18.1: Left panel: unstable regions in the space spanned by the chemical potentials p; = dyi1
and pe = Ogipe for positive and negative couplings Aj2. The parameters for this plot are chosen as
follows: my = 1, mg = 2, Ay = 0.2, Ay = 0.5, |A12| = 0.03, |01| = |02] = 0. Right panel: outline
of the phase diagram for a system of two decoupled scalar fields (i.e. in the absence of entrainment,
A12 = 0, all other parameters remain unchanged). The boundaries for single and dual condensation
are given by p; = £m;y; = £m;/4/1 — 173 (which reduces to p; = +m; in the given parameter set).
In the area in the middle where p1 < mi and us < me, no condensation is possible. The coexistence
phase (COE) exists in regions where puq > my and pe > meo. Single condensate phases reside in the
regions where only one chemical potential is larger than its corresponding mass. Solid lines correspond
to first-order phase transitions, dashed lines correspond to second-order phase transitions.

of the phase diagram. The results for positive and negative entrainment couplings Ais are displayed
in figure 18.2. As expected from inequalities (18.19)-(18.22), changing the sign of A\j2 corresponds to
a 90 rotation of the phase diagram. As we can see in the left panel of figure 18.2, the coexistence
phase occupies a larger region in the second and fourth quadrant of the phase phase diagram which is
constrained by the stability condition (18.3) of the tree-level potential as well as a smaller region in the
first and third quadrant constrained by the phase boundary to the single condensate phases (A2 > 0).
In the second and fourth quadrant, we find regions which are generically unstable. For A9 < 0, we
see that these unstable regions are “rotated” into the first and third quadrant. There is no choice for
A12 (except A2 = 0) at which the phase diagram is generically stable for all chemical potentials. It
is important to realize that the instability can be directly related to the gradient coupling. If we had
coupled the fields directly by an interaction term of the form

Lint = gle1]? 2],

with a dimensionless coupling ¢, we would have obtained the stability condition A\jAy > ¢%. This
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Figure 18.2: Outline of the phase diagram for a system of two scalar fields coupled by entrainment
interactions. The parameter set is the same as in figure 18.1 with the exception of A2 which is now
given by A2 = 0.01 (left panel) and A1 = —0.01 (right panel). Thick black lines visualize the stability
condition (18.3). Obviously, changing the of sign of \j2 “rotates” the phase diagram by 90°.

condition is independent of the chemical potentials p; and does not induce any instabilities in the
phase diagram.
Increasing A1 will result in an increase of unstable regions. At a limit value of

VAL A2

mima ’

5\12 =

(18.28)

(here we have set ¥; = 6) the stability condition intersects with the edges of the square defined by
p1 = £my and pe = +meo and the “bubble” in which the coexistence phase resides in quadrants I
and III disappears (A12 > 0). In quadrants II and IV one can check numerically that the coexistence

phase persists in a small area even in case of very large values of A\12 (see figure 18.3).

18.3 Conclusion

We have studied the effect of two individual Bose-Einstein condensates on a microscopic scalar field
theory with gradient interaction. As usual, we have decomposed the condensates ¢; in terms of a
modulus p; and a phase 1);. The overall Lagrangian is invariant under two independent U(1); x U(1)2

transformations. Hydrodynamically, this corresponds to a system of two coupled superfluids, which
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unstable
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unstable

Figure 18.3: Same parameter set as in figure 18.2 with the exception of the entrainment coupling which
is now set to A1, see equation (18.28). The coexistence phase disappears completely in quadrants I
and III. In quadrants IT and IV on the other hand, a small region of the coexistence phase persists
even for values of A\i9 of order one as one can check numerically.

can effectively be described by a generalized pressure of the form ¥ = W[o?, 03, o15] which is given
by the (negative) tree-level potential. We have seen that gradients of the phase 1); constitute the
conjugate momenta to the currents jI. Calculating the equations of motion, one can see that the
currents j;" and j4 exhibit entrainment even at zero temperature. Even in a case of no relative motion
between both fluid components, entrainment plays a significant role since it leads to a coupling of the
chemical potentials.

We have further studied the stability of the tree-level potential. Depending on the sign of the product
w1 the gradient interaction must either be positive or negative. There is no nonzero value for Ao
at which the phase diagram is stable for any value of u; and ps. The occurring instabilities can be
related to entrainment since the only appear in the presence of a gradient coupling. Furthermore, we
have identified a critical value for A1 at which the coexistence phase completely disappears in two

out the four quadrants of the phase diagram.
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Part V
Outlook

The results presented in this thesis are an important step in connecting the microscopic foundations
of superfluidity with the corresponding macroscopic hydrodynamical approach. Hydrodynamically, a
superfluid can be described in terms of a two-fluid model. At zero temperature only the superfluid is
present and above the critical temperature only the fluid component termed normal fluid persist. The
microscopic dynamics on the other hand are determined by a quantum field theory. The necessary
ingredients to study superfluidity on a microscopic level are the spontaneous breaking of a continuous
symmetry by a Bose-Einstein condensate as well as the elementary excitations of a given system.
We have shown explicitly how the effective hydrodynamic description of superfluidity evolves from
the underlying microscopic physics in part 1T of this thesis. Analytic results for all non-dissipative
hydrodynamic quantities were obtained in the low-temperature limit. Based on these results, a
numerical and self-consistent study was carried out for all temperatures below the critical temperature.
In particular, superfluid and normal-fluid densities, entrainment effects and the critical velocity were
studied for all temperatures. A more detailed summary of the obtained results and the methods
which have been applied can be found in the conclusions of sections 10 and 11.

Based on this microscopic realization of the two-fluid model, we have studied the sound excitations
of a superfluid. Relative oscillations between superfluid and normal-fluid densities allow for an ad-
ditional sound wave, which has been termed “second sound”. We have studied this sound modes
for all temperatures with rather surprising results: first and second sound undergo what we termed
“role reversal” as a function of the temperature: while the first sound behaves like a pure pressure
(density) wave at low temperatures and transforms into a pure temperature (entropy) wave for high
temperatures, the second sound mode behaves exactly the other way around. In addition, we studied
the near-nonrelativistic limit of the sound modes and compared the results to other physical systems
such a superfluid helium and cold atomic gases. For a more detailed summary of the results obtained
for the sound modes, refer to the conclusion in section 15.

Finally we have investigated a two-fluid system consisting of a mixture of two superfluids instead of
one superfluid and one normal fluid in section 16.

The results of this thesis should prove extremely useful in future applications. Among the many
existing (equivalent) formulations of non-viscous superfluid hydrodynamics, we put special emphasis
on the canonical formulation introduced in section 5 since this is the preferred framework to describe

superfluidity in modern astrophysics. With this important groundwork at hand, the consequent next
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step is to approach applications in compact star physics. In section 4, we have seen that the rich
and complex physics of dense matter in compact stars require numerous extensions of the results

presented in this thesis. We shall now discuss some of these extensions.

e We have seen in section 4.1.2 that usually more than one superfluid component is present in the
interior of a compact star (e.g. neutron superfluids and proton superconductors, dense quark
or nuclear matter with meson condensation etc.). In part IV we have discussed how such a
coupled system of superfluids can be described at least qualitatively at zero temperature. At
finite temperature an additional normal current appears. The corresponding hydrodynamic
equations to be derived in this case are very complex since entrainment effects are expected to
introduce couplings between all three fluid components resulting in a generalized pressure of

the from
U = W[0y?, 03, ©2, 0y - Oy, © - 01, © - O] .

In analogy to chapters 10 and 11 all hydrodynamic parameters can be calculated in terms of
field-theoretic variables either analytically in a low-temperature approximation or numerically

for all temperatures.

e A local gauge symmetry has to be introduced to consider charged particles (in particular to
study proton-superconductivity). While a global U(1) symmetry led to a massless Goldstone

mode in the excitation spectrum, a local will lead to a Meissner-mass for the gauge boson.

e Actually most superfluids in a compact star are made of fermions (be it neutrons, protons or
even quarks). Thus, BCS theory should be introduced to the existing microscopic calculations.
From this point of view, the bosonic model described above corresponds to an effective low
energy description when fermionic excitations are gapped. However, in light of recent measure-
ments suggesting a critical temperature for neutron superfluidity of about 7. ~ 5.5 - 108 K (see
discussion in section 4.2), fermionic excitations should definitely be considered. The tempera-
tures of compact stars, especially shortly after they a born in a supernova explosion can be as
high as Ty, ~ 1011 K.

e The kaon condensate spontaneously breaks conservation of strangeness which is explicitly broken
due to weak interactions in the first place. In which sense such a system still exhibits superfluid
behavior should be analyzed by adding an explicit symmetry breaking term to the Lagrangian.

The results can be implemented to refine the derivation of hydrodynamics for CFL-K°.

e Probably the most significant complication is given by the introduction of viscous effects. In

hydrodynamic terms this corresponds to a coupling of a superfluid to a viscous normal fluid
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described by a Navier-Stokes equation. One of the peculiarities of the two-fluid formalism is
that more viscosity coefficients appear than in the description of a normal fluid. In addition
to the shear viscosity mode, three bulk viscosities are present. If there are two superfluid
components in addition to the normal fluid, the number of coefficients is even larger. For a
discussion of nuclear matter see reference [76], viscosity coefficients in CFL quark matter are
discussed in [130]. Bulk viscosity in kaon-condensed color-flavor locked quark matter has been
investigated before, see for example reference [131]. Equipped with a deeper understanding
of the microscopic origin of the two fluid model, it might be possible to improve on existing
calculations of the viscosity coefficients. In the context of compact stars, viscous effects are

essential since they are expected to affect the r-mode instability.

In addition to these refinements in the derivation of the hydrodynamic equations, there are plenty of

interesting phenomenological aspects which could be analyzed in this framework:

e Ag we have discussed, stable regions of superfluidity are bounded by the critical temperature and
velocity. In addition, another boundary is given by regions where collective excitations (i.e. the
sound modes) become unstable. This phenomenon is also termed “two-stream instability” and
can be related to observable phenomena such as pulsar glitches discussed in section 4.2. A study
of the two-stream instability based on the hydrodynamics derived in this thesis has already been
carried out [117]| and is in agreement with existing literature [132] in astrophysics. Taking into
account two superfluid components, the resulting three fluid system at finite temperature will
show an even richer spectrum of sound modes and additional instabilities are likely to occur.

The study of these instabilities might provide new insights into the dynamics of pulsar glitches.

e Of special interest are properties of the crust of a compact star which have a strong influence on
most observables of a compact star including X-ray bursts, magnetar flares or pulsar glitches.
In this context, the superfluid phase within the crust and especially entrainment effects are
important. These entrainment effects between crust and superfluid are assumed to be of a
different origin as those discussed in section 5.1: it is speculated that neutrons can be scattered
by the crystalline structure of the crust according to Bragg’s law [57, 58]. As a result, it might
be necessary to take into account an effective reduction of the flux of superfluid neutrons in the

vicinity of the crust.

e Another particularly interesting field of study are the heat transport properties in superfluids.
The most important channel for heat transport in superfluid helium is convection. However,
we have discussed in section 4.2 that convection might be suppressed in the nuclear matter due

presence of electrons while in CFL it might indeed be dominant. A calculation of the thermal
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conductivity (and probably also the specific heat) under careful consideration of all available

excitations in the various superfluid phases might shed some light on this question.

Many more projects could be added to this list. It should be emphasized that the proposed studies are
certainly not a “one way road” leading from fundamental field theory to astrophysics. Much more, a
fruitful symbiosis has evolved at the interface of these two disciplines: a deeper understanding of dense
hadronic matter from first principles allows for a more accurate modeling of compact stars whereas
at the same time observations of compact stars can be used as a testing ground for fundamental
physics. In particular, the outline of the QCD phase diagram at intermediate densities is one of
the most challenging open problems in modern particle physics: as mentioned in the introduction,
only in a region of asymptotically high density, quark matter can be analyzed from first principles
and important information such as the magnitude of the superconducting gap can be obtained. In
intermediate density regions, a rich variety of candidate ground states have been studied. Among them
are the CFL-K" phase, two-color superconductors or crystalline phases. Even a continuous transition
from quark to hadronic matter is in principle possible. These fundamental questions can most likely
not be attacked by conventional techniques: heavy ion collisions and lattice calculations are powerful
tools to probe the phase structure in a regime of high temperatures and low densities, but their
applicability at higher densities is very limited. The study of compact stars as the only “laboratory*
where such intermediate densities are realized could prove to be invaluable as the maximum value
for the chemical potential inside a compact star is estimated to be high enough for deconfined quark
matter to be conceivable.

Finally it should be remarked that the results obtained from the studies presented in this theses are
not limited to relativistic superfluids appearing in high energy physics. We have discussed how the
non-relativistic limit can be extracted from the relativistic version of the two-fluid equations and the
solutions for first and second sound. In particular the effects of instabilities which are induced by the
critical velocity, the two-stream instability or the instability of the (zero-temperature) thermodynamic
pressure in a system of two-coupled superfluids are subject of intense research in the fields of cold
atomic gases or liquid helium. The obtained results and the outcome of possible future studies are

therefore of interest to a large community of scientist.
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Part VI

Appendix

A Matsubara sum with anisotropic excitation energies and the low-

temperature limit

Here we derive the result (10.4) for the effective action. The calculation shown here is formulated in
a general way, such that it is also applicable to the stress-energy tensor and the current. In order to
perform the Matsubara sum in (10.3), we write the determinant of the inverse propagator in terms

of its zeros,

In the presence of a superflow ﬁw, the zeros are very complicated. The reason is the linear term in
ko in the off-diagonal elements. With the help of Mathematica we obtain analytical, but very lengthy

expressions for E#E. For small momenta, we can write

1y

+ o? —m? AV 3
T + m@i(k”k"i‘oﬂk’ ) (A1)
= £V2y/302 —m? +2(Vy) + O(R), (A2)
where
. V)2 — (Vo - k)2 2000V - k 2(Vy)? |
¢ty = 142 2_( - ) . 1+7(2_>2
30 m \/0'2 — m2\/3()'2 — m?2 30 m
We now use the Matsubara sum
ry Flok) 1 Flep k) oo
—1 e _ e e _ e e _ _—¢€
- det S—1(k) 2 4~ e (eiﬁ Ei,E)(Ei,E ej,E)(Ei,E ejﬁ) 2T

—.

with j = 2 if ¢ = 1 and vice versa, and an arbitrary function F'(kg, k) (without poles in the complex

ko plane). For the effective action, F(ko, k) is given by (10.5), for the stress-energy tensor and the
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current see (10.28), (10.29). In the low-temperature approximation which we discuss in appendix
D, we may neglect the contribution from the massive mode, i.e., the two of the four terms in the
sum where ¢ = 2. More precisely: later, after writing coth[ezl-f»/(ZT)] =1+ 2f(e;];) with the Bose
distribution f, we shall only keep the thermal contribution, which, in the case of the massive mode,
is suppressed for low temperatures. For the non-thermal (divergent) contribution, all terms have to
be kept in principle. However, after renormalization, the contribution is subleading since it contains
an additional factor of the coupling constant A and we shall neglect it. Therefore, after taking the

thermodynamic limit, we can write

T Flko,k) 1 [ &% F(ef 2. ) " o
v Xk: detS—T1(k) 2 / O (e e a0 2T
1 [ &% F(e, k) L
B z/ G (e ez a0 2T

N _/ = el coth L

N (2m)3 (ei“]; + GI_E)(GIE + 6;_12)(61:12 — e;E) 2T’

where, in the last step, we have changed the integration variable of the second integral k— —E, and

have used F'(ko, k) = F(—ko,—k) as well as

= —6_

e .
2 /L?k

i—k
This relation is easily checked for the small-momentum expressions (A.1), (A.2), and also holds for the
full results. Due to the symmetries with respect to reflection of E, the poles E;E have thus dropped

out of the result, and the only physical excitations are €+k

i Therefore, in the main text, we have
simply denoted €; = Ele and ¢(k) = ¢t (k).

B Path integrals over complex fields

In this section of the appendix, we evaluate path integrals for expectation values of a microscopic

(grand canonical) ensemble of particles which are given by (see also equation (10.10))

(A) = ;/D(plchpIQA exp </ d4x£> . (B.1)
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Obviously, this involves solving the path integral for the partition function Z which we shall discuss
first. Later we turn to the discussion of the slightly more complicated integral in the numerator.
B.1 The partition function in momentum space

We consider the Fourier transform of the partition function

(B.2)

By k we denote the momentum four vector k*, ¢(k) denotes a complex doublet field and S(k) a
hermitian 2 x 2 matrix. Since in position space ¢(x) is real, we seem to have doubled dimensions by
using the complex fields ¢(k) and ' (k). In order to account for this, we have to restrict ourselves to

positive values for k

5 S S elh) = [Z (k) S(k) @ (k) + > " (k) S(k) o) | - (B.3)
k k>0 k<0
Rewriting the second term
Y@l (k) S(k) (k) =D @' (—k) S(=k) p(=k) = Yo" (k) S(=k) * (k) (B4)
k<0 k>0 k>0

we find that both contributions add up to
1
52&(%3) S(k)p(k) =Y ol (k) S(k) (k) (B.5)
k k>0

This identity holds for the case of vanishing as well as for finite background superflow where S is of

the form

[ AR —iCk
S(k) = ( i B ) . (B.6)

For the integration measure, we have

[T detk) = T deth) de' (). (B.7)
k

k>0
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We now diagonalize S

Sdiag =V SV = diag(A\1, \2) . (B.8)

The columns of the matrix V are given by the eigenvectors corresponding to the eigenvalues Aj ,
A2. After reinserting V1Sy,,V into the exponent of (B.2), we redefine the fields ¢ (k) by using the

matrix V:
© —
ol —

The integration measure remains unaffected by this transformation. We thus find:

11 / dip(k)dpt (k) e~ 0500 — T / B (R)dG () =2 ) Sasag (1) (8) (B.9)
k>0 k>0

After decomposing the complex fields into real and imaginary part (91 = u + v , @2 = p + iq) and

calculating the corresponding Jacobian

ot
T = get [ 21 02,01, 93) _y (B.10)
8(U7U7p7Q)

we can now independently integrate all real and imaginary parts (which are now simple scalar Gauss

functions):

A (w2402) =X (p%+4¢%)  _ 272
4’}:[0/du(k)dv(k)dp(k)dq(k)e WENCRWEII g}w -

0 S » U CC0

_,g)det(sdmg(k)) - kE[Odet(S(k))' (B-12)

In the last step, we used det(Sgiqy) = det(V SV 1) = det(S) det(V V') = det(S). Finally using

[T det(S(k)) = [] det(S(k)) det(S(—k)) = ] det(S(k))?, (B.13)
k

k>0 k>0

we arrive at the final result
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,lz k)S(k) ¢
De(k)Dyf(k)e *%" B.14
| Do) iy vt (B.14)
The additional factor of 2w compared to the case of real fields ¢ again is a result of the doubled
number of dimensions in the integral and can be absorbed by a normalization factor N of the path

integral.

B.2 The stress-energy tensor and current

Next, we have to calculate the numerator of equation (B.1). We insert an operator A which leads to
the expectation value of T*” and j#. To construct this operator and evaluate TH from (10.9), we

first need to calculate the propagator in position space . We introduce the shifted complex fields

¢ = (ot pla)) = S o+ 1) + ia(e)). (B.15)
and insert them into
= [o0pl? ~ [V| —m? gl = Alel* (B.16)
This results in
i - [ao + (B01)® — (Vi))? — m® — 3Ap?] (B.17)
05 — [ao + (9ov)? — (V)2 — m? — A\p?]

—

p1p2 — (301/1)9013()@2 — (80¥) 920001 — ¢1(V - Vipa) — 0a(Vih - Vipr)

We can thus denote £2) (the quadratic terms in the fluctuations ¢(x)) in the 2 x 2 space spanned
by {p1(2), p2(x)}

1

_i(gpl(x), ©a(z)) ( ﬁ a;ﬂ/)a’%/""m + 3\p? —20,0H ) ( o1(x)

20, )0 _ 5.0k — 8,00mp + m? + \p?
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where the notation cpléual‘cpl denotes 0,¢10" 1 (alternatively, using partial integration one can show
that it is sufficient to have all operators act to the right). Partition function and pressure in position

space are given by

1 T
= /Dgoexp[—/cpT Styl, U=—-InZ. (B.19)
2/, %4
We use the pressure as effective action and construct the stress energy tensor in from

LOV[Y]

T =
09w

— "y, (B.20)

This amounts to the calculation of an expectation value of TH

1 ~ —
() = "221/{D¢9ﬂ3ﬂwweéﬂ¢Tslw = (B.21)
1 -1 1 1 T g1
- _52 Dy [ ( S gWS‘)@ﬂe_?h@ . (B.22)

Explicitly, the inserted operator reads

(B.23)

o _ [ 0P = 0mpr) — S <2(0000” — 970) — g St
B (awa” OO) + g S1a 2RO — 0rpry) — g Sy )

To perform the actual integration, it is again advantageous to transform to momentum space

oi(z) — w}vze—mwp)? (B.24)

—iq- :Jc

2(T —

#e) W Z
At this point we should remind ourselves that gradients of the Goldstones fields in the applied ap-
proximation are constant

Oup0Hyp = Mo? +m? = const (B.25)

and hence remain unaffected by Fourier transformations. The Fourier transformed operator thus reads

(technically, after Fourier transformation this matrix is no longer an operator and we shall denote it
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as A instead of A)

A = f(k-x) A" (p, q). (B.26)
The matrix A*¥ is then given by
g PP PVE) = 204907 — g*ma(p - q) —2i(0") " — 0" ¢) + 2ig"
2i(0" ¢ — 9" ") — 2igH (P"q” + p*q") — 208" — g"'ma(p-q) )
(B.27)
with the following abbreviations:
f(l;‘ . x) — e—i(p“—‘,—q”)l'“ ,
mi(p-q) = p-q—o>+m?+3\2,
ma(p-q) = p-q—o>+m?+Ap?.

This amounts to the calculation of the following path integral

JTLide(k) |32, ,(01(p), ¢2(p)) A (p, q) ( #1(9) )e—i@ﬂ)'m] e~29" (=k) S (k)
©2(q)

[ TL. deo(k) o390t (=k) 1o (k)

Let us pick out one term in the sum over p and ¢ in the integrand of the numerator (we shall suppress

(B.28)

the Lorentz indices in the following discussion)

dp(k1)...dp(kn) [A11 e1(p1)e1(q1) + A2z w2(p1)wa(qr) + -] exp <—;¢T(—/€1) 5_190(’?1)> (B.29)
...€XP <—;¢T(—kn) S_lgp(kn))

The only non-vanishing contributions to the path integral are obtained by choosing p; = k1 and
g1 = —ki1. The integration over all remaining ¢(k;) can be canceled with the corresponding integrals

in the denominator. Repeating this for all p; and ¢;, we are left with

[do(k) |(p1(—k), p2(—k)) A (k, —k) ( Zlig )] o 1T (k) S~ T(k)
> : :

: [ dp(k)e 307 RS 90

(B.30)
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To restrict k to positive values, we have to consider Ajao(—k) = —Aq2(k)
> [Anei(—k)ei(k) + Azpa(R)ea(—R)] = 2 |Anei(k)e] (k) + Anpa(k)eh(k)| ,(B.31)
k k>0
>~ [Aupr(—k)pa(k) + Anpi(R)ea(—R)] = 23 Awz [p1(k)eh(k) — ¢l (R)ea(h)] -
k k>0

Parametrizing (1 and @9 in exactly the same way as in the calculation of the denominator, we have

8/du dv dp dgq [All(u2 + UQ) + A22(p2 + q2) . 2A12(vp B uq)] e—(sll(u2+v2)+522(P2+q2)_2512(1)p—uq)) '

(B.32)
The variables u, v, p, ¢ can now be integrated out resulting in
S/dudv dpdq]|...] 87 (St Ary + St Agy — 25,1 A) (B.33)
S B — G P 29 4111 22 — 9 4112) - .
((5121)2 - 51115221)2 H !

Note that we have now explicitly included the fact that the off diagonal elements of S and A are
imaginary. All quantities that appear in the above equation are now real (Si2 in the formula below

now refers to Im[Si2].) To simplify the result we use

1 Syt =S
S — 22 12 B.34
det S—1 ( 752*11 Sﬁl ’ ( )
leading to
1
Tr(S-Al= = [S55 A11 + Sp7' Ao — 281, Ars] (B.35)
etS
and
8/dddd[]—87T2T[SA] (B.36)
uqum_detS*lT . .

In summary, the integral (B.30) calculates to

J 11 dp(k) [Zp,q ©T (p) Aw(q)eﬂ‘@ﬂ)-x} o= 397 (—k) 5 (k)
TRy s =2 Tr[SA] =) Tr[SA]. (B.37)
J L de(k) e k>0 K

Inserting the definition of the matrix A , reintroducing the Lorentz indices and denoting S" = 45/dg"”

S Tr[SA™] =) Tr2S- (ST — g S-S =D 2Tr[S - (ST - 20, (B.38)
k k k
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we finally arrive at the result (10.11)

T

(TH) = —%é > Tr[SA] = -7 SO Tr[S - (ST - g™ . (B.39)
k k

One can calculate the charge current in exactly the same way,

-1 1 Tg-1
(") = ézﬁ) = —;Zl/Dso {@Tg(zguw)go] e x @S The _%§ZTT[S'A“]. (B.40)

This time, the inserted operator is given by

0S5~1 20Mp  2ikH
AP = =2 , B.41
2(9,1) ( —2ikF 0 ) ( )
resulting in (10.12)
2
Tr[S - AM] = 2[28110") — i(S12 — So1)kH] = X (2555 0Fap — i(S12 — So1) k"] (B.42)

4

N [K20M) + 2(K - Op)kH] |

with A = det S~ L.

C Renormalization and useful identities for the stress-energy tensor
With the function ¥y from (10.14) we can write the effective action (10.1) as

T T
VF:_U—I—V%:\Pk' (C.1)

On the other hand, using (10.3), we have

T 17 . Lo
U= —U+go Zk: (Ckk:Q ~ Ak w) (C.2)

1, .. N
= —U—3(g" —u'u )V;wkkukuwkk@w,
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with the four-vector u* = (1,0,0,0) and Ak, Bk, Cj given in (10.15). A useful relation between Ay,

By, Ck can be derived with the help of the explicit form of the determinant of the inverse tree-level

propagator,
1 - kY —2k% (0% — m?) — 4(k - Oy)?
B det SO_
1 k*m?
= —[Ckk® + Bro® + 2A,(k - 0Y)] + ——— . C.3
2[ 2 K0 k(K - 0)] det 5] (C.3)
Next, we rewrite the stress-energy tensor. With
T ovy,
Tr | S } =2— C4
P2 5,0 v o (c

we can write the stress-energy tensor from (10.11) as

T
T = — (2 aiU ~ gWU> 37 O [Chk R + By + Ap(kH0"y + K 0") + g™ + Y]
pv %

(C.5)
where we have used the definition of ¥y (10.14) and have added a constant, diagonal tensor Y
which has to be determined such that the conditions 7% = ¢ and T% = §% P are fulfilled. In order to
implement these conditions we now set ﬁw = 0 and 0yt = p. In this case, because of the first line of
(C.2), the pressure P = %F becomes

— U+ 7—ZCkk2 (C.6)

In order to compute the energy density e = —P + un + T's we need

oP ou T
n o~ op tv ( ki + Agko) (C.7)
B oP _ _8U P T /,Lk'() ko

where we have used the form of the pressure (C.1) and 9ko /9T = ko/T (due to the linear temperature-

dependence of the Matsubara frequencies). Consequently,
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T
=5 Z (Brp® + 2Agkop + Crkg +2) (C.9)
k

On the other hand, the nonzero components of the stress-energy tensor without superflow are, from

(C.5),

ij (/ﬁ 2 . T ij ij ij
T :475 VZ Ck—é — 07 4y, (C.10)
k

and

Bu? +m?)(u? —m?)

TOO —
4\

T
+ VZ (Brp® + 2Agkop + Cikd + 1+ Y (C.11)
k

By comparing (C.10) with (C.6) and (C.11) with (C.9) we conclude that Y = diag(1,1,1,1).

Inserting this into (C.5), we can write the renormalized stress-energy tensor as

T — (2 aiU - g’“’U) + % ST O R + Brd"pd” s + Ap(k10 ) + K 0")) + 2uiu”] , (C.12)
pv k

with u# = (1,0,0,0).

D Small-temperature expansion

Here we explain the small-temperature expansion for the effective action, the stress-energy tensor, and
the current density which is used in section 10.4. We focus on the effective action in this appendix,
but the other results are obtained analogously.

Expanding in powers of the temperature corresponds to expanding the integrand in powers of ]l;| In

order to obtain the result up to 7%, we expand the integrand of the momentum integral in 10.4 as

F<617E7 k)
(61,12 + 61,712)(61,12 + 62,712)(61,12 - 62,k)

and, for the dispersion in the argument of the Bose distribution,

~ aﬂk\ + ]k\?’ (D.1)

P alkl+ SIkP, (D.2)
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where ai, as, ¢1, co are angular-dependent, dimensionless coefficients. Inserting these expansions,
introducing a dimensionless integration variable y = cﬂlﬂ/ T, expanding in T'/o, and performing the

resulting integration over y yields

Tho (02 —m?)?  2r72T? / dQ [al 407> <a2 2a102> T2]

v mn s JwlETE \3

where we have used the integrals

3 4 0o 5 6 0o 6 6
8 Y 16
/8°dy L _ - / dy—2— = / dy—2C =T (D4
ev—1 15 o “ev—1 63 o T(ev—12 21

For the case without superflow, 61/1 = 0, the angular integral becomes trivial. In this case, with

0ot = p, the full dispersions are given by equation (10.30), and we have

2 6

e —m? K (D.5)
cL=\l—5—>, co = , .
3u? —m? /12 — m2(3p2 — m2)5/2
and 5
alz%, azz%. (D.G)
We thus find for the pressure
P o_ ZI\ N (M2 o m2)2 7.[.2174 4027T4T6
VT 4\ 90c?  63u2cS
2 _ ,2)2 342 — m2)3/2 274 63,2 — m2)1/2 47476
_ (e m)+(u m2)YE T @3t —m) E AnTT (D7)

AN (12 —m2)3/2 90 (12 —m2)7/2 632

The expressions for the case with superflow are quite lengthy in general, and we give the final results

in the limit m = 0 in the main text, see table 2 in section 10.4.
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E Renormalization in 2PI1

In this appendix we discuss the renormalization of the 2PI approach. The renormalization procedure

is done on the level of the effective action. Its general form (11.1) can be written as

2 A M? —m? — 2)p?
‘IJ:%(MQ—mQ)—Zp4+J+ = P

where we have abbreviated

2 .2
OM? — M A

I+ 5(I+)2 — 2(1*)27 (E.1)

J = —f—ZTr ln

For the Tr[S; 'S — 1] term we have used the tree-level propagator (10.2) and the ansatz for the

<IN~

> [S11(k) & Saa(k)] . (E.2)
k

propagator (11.9), while for Vo we have used the definition (11.4) and the fact that the propagator is
antisymmetric, S19 = —9591.

We shall add a counterterm 6¥ to W, such that the effective action becomes renormalized at the
stationary point. It is instructive to start with the non-superfluid case where there is no condensate,
then discuss the case with condensate but without superflow, and then turn to the most complicated

case that includes condensate and superflow.

E.1 Uncondensed phase with (spurious) background field

First we consider the high-temperature, non-superfluid, phase. We can formally include a background
field ﬁq/) also in this phase, although we shall see that the physics will turn out to be independent of
61/1. If the condensate vanishes, there is no need to introduce two different self-consistent masses M

and dM, and the full propagator is given by

—k%2 4+ M? -2 ik, O
S™HK) = : (E.3)
—2ik, 0"y —k*+ M? — o2

From the poles of the propagator we obtain the dispersion relations

€& = \J(F — V)2 + M2 — ep, (E.4)
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where 1 = 0gtp. These are simply the usual particle and anti-particle excitations, carrying one unit of
positive and negative charge, respectively, but with the spatial momentum shifted by 61/1, for particles
and anti-particles in opposite directions.

The effective action in the uncondensed phase is given by equation (E.1) with p = 0. Moreover, since

there is only one self-consistent mass M, we also have M =0 and I~ =0,

M2 —m? A
U = - rt-=
J+ 2 5

We now add counterterms to the effective action in order to cancel the infinities in J and I,

(I')?. (E.5)

om? S
o= ——I" - —
2 2

The recipe for finding these counterterms is very simple: we add counterterms dm? and 6\ to each

(I*)?. (E.6)

mass squared and each coupling constant that appears in the action (E.5) (neither J nor It depend
on m or X explicitly). This will be a bit less straightforward in the condensed phase, where we shall
need two different counterterms d\; and d\q, see next subsection. The mass counterterm ém? is of
order X, while 8\ is of order A\?. The crucial point will be to show that all divergences can be canceled
with medium independent quantities 6m? and 6. Of course, the total counterterm 6¥ does depend
on the medium because I and J depend on u, T, and V). Let us first discuss the renormalized
stationarity equation. In the uncondensed phase there is only one equation, for the self-consistent
mass M,

M? =m? 4+ 6m? + 2\ + 6N IT . (E.7)

In evaluating integrals like I we will use a notation where a subscripted argument indicates subtrac-
tion of the function’s value when that argument is zero,
I,(A)=1(x,A) —I(0,A). (E.8)
Using that notation, we split the integral I into a zero temperature part that depends on the cutoff
A and a part I:,Jf that depends on T but goes to zero as T'— 0 and is cutoff-independent,
I(T,A)=T17(0,A) + 1}, (E.9)

where the dependence on u, M, ﬁw is not explicitly shown. Evaluating the Matsubara sum, we find
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It I~ J

, M? S M2
UV div. k—— -

M* + 6 M*
2k 2k

8k

3 2 2 2 k
—k —[M +3(w)]2+

Table 4: Ultraviolet divergent contributions to the various integrands of the three-momentum inte-
grals. The contributions are given for the most general case with condensation and superflow. The
limit cases discussed in detail in this appendix are obtained by setting dM = 0 (uncondensed case)
and Vi) = 0 (condensed case without superflow). The divergent terms depend implicitly on tem-
perature, chemical potential, and the superfluid velocity, the latter appearing even explicitly in the
divergent terms of J.

e

1 Pk 1 &Pk f(ez)
IT(0,A) == 7 It = k ’
2 ;/ Cm* (i — ey 4 a2 ! e:i/ @m* (= ey + 2

(E.10)

where f is the Bose distribution function. The terms in the large-momentum expansion of the

integrand that lead to cutoff dependences are shown in table 4 (with M = 0 for the uncondensed
case).
We evaluate the momentum integral 17 (0, A) via proper time regularization [111], using the general

relation

1 1 > a—1_—71x
L dr 79 e (E.11)
z*  T(a) Jo

where, in this case, x = (I; — eﬁw)Q + M?, and exchange the order of the k and T integrals. The k
integral is now finite, so we can eliminate ﬁw because it is simply a shift of the integration variable.

The ultraviolet cutoff A is implemented by setting the lower limit of the proper time integral to 1/A2,
This yields

A2 M2 A2
IY(T,A) = 2 @1“72 + Iﬁtﬂte(T, ), (E.12)
M? M?
Iise(T,0) = ) (’Y —1+In €2> + 17, (E.13)

where we have introduced the renormalization scale ¢, and where v ~ 0.5772 is the Euler-Mascheroni
constant. We can now insert the regularized integral into the stationarity equation (E.7), and separate
it in to a cutoff-independent part

M? =m? + 2\ . (T,0), (E.14)



E RENORMALIZATION IN 2P1 164

and a cutoff-dependent part

2
0=0om>+ A+ oA <A2—M21nA> + 200N I

= > (T (E.15)

Note that the ambiguity in performing this separation corresponds to choosing the renormalization
with the help of equation E.14. The

resulting equation has two contributions, one of which is medium independent and one of which is

scale £. In order to determine ém? and 6\, we eliminate I;nite
proportional to M?. Both contributions have to vanish separately, and thus we obtain two equations

for dm? and §)\ whose solutions are

A2 A2 A AT ) m? A2 A2

If we introduce the bare mass m%are = m? +0m? and the bare coupling, Apare = A + 6, we can write
1 1 1, A2 2 md A2
_ = 7_'_711’177 mizibare—l—i, (E].?)
A Apare 4m2 T 42 A Abare 4w

Next, we need to check whether the same counterterms cancel all divergences in the pressure ¥+ §W.

Again, we write

J(T,\) = J(0,A) + Jr, (E.18)

where again we do not show the dependence on u, M, ﬁw, and where, after performing the Matsubara

sum and taking the thermodynamic limit, we have

1 d3E e d3]2 —e£ /T
J(O,A):—QZ_L/(%)SGE, JT:—TZ;E/(QW)B 1n(1—e P ) . (E.19)

Proper time regularization eliminates the cutoff-dependent term that depended explicitly on the
background field Vi, and we find

A4 M2A%2  M* . A2

TA) — _ In— ite(T0) E.2

J(T4) 3072~ 16n2 | 3om2 P T Janite(T50) (E-20)
M* /3 M?

Jﬁnite(T; e) = 3271_2 <2 -7 — In £2> + JT . (E.Ql)

Inserting this into ¥ + §¥, using the stationarity equation (E.7) to eliminate I™, and making use of
the relations (E.17), we find that indeed all medium dependent divergences in ¥ 4 §W are canceled.
We are left with
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A4 m4 m4 (M2 o m2)2
Vol =— — — bare nite (T, 0) .
+ 3272 8A | Shvare 8\ + Jiwite (T £)

The first three terms on the right-hand side are independent of the thermodynamic parameters u, T,

and 61&, and hence have no effect on the physics.

E.2 Condensed phase without superflow

As a next step, we consider the condensed phase, but first without supercurrent, ﬁw = 0. In this

case, with j = 0p1), the inverse propagator is 3°
—k%+ M? +6M? — 12 2iko
S7(k) = , (E.22)
—2ikop —k2 4+ M? — 6M? — 12

which leads to the dispersion relations

¢t = \/Ez% +p? = e\ [AuPEL + SM*, (E.23)

E

where
k2 + M2, (E.24)

k
Now, the counterterm (E.6) is generalized to
2 2 2 2

(57; p2 B 2(5/\12- 5)\2p4 B om +225)\1p I+ 5)\;p - _ %(I+)2 _ (54&(17? .

In the condensed phase it is necessary to introduce two different counterterms dA; and d s for the two

o = —

structures It and I~ [133]?6. We could have put another different counterterm in front of the p* term,
but we have already anticipated the result that this counterterm is a particular linear combination of
5)\1 and 5)\2.

The stationarity equations become, in agreement to [133],

35Remember that M? + §M? is just a notation for two different self-consistent masses, as in reference [50], i.e., IM?
should not be confused with a counterterm.
36Tn the notation of [133], SN =260\ — )Xo, OAB = 6),.
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0 = p®—(m*+0m?) — (A4 201 + 0X2)p* — [2(A + SA)TT + (A + 6X)I ] (E.25)
M? +6M? = m?46m? + B\ + 2001 + 0X2)p? + 200+ AT + (A 46X, (E.26)
M? —6M?* = m?+6m?+ (A4 2071 — X)) + 20N+ A )T — (A + M), (E.27)

where the first one is obtained from extremizing the action with respect to p and the second and
the third are the two nontrivial components of the Dyson-Schwinger equation. Inserting (E.26) into
(E.25) as well as adding and subtracting (E.26) and (E.27) to/from each other yields the simpler

system of equations

M? 4+ 6M? = 124207, (E.28)
M? = m?4+0m?+2\+0M) (P2 + 1), (E.29)
SM? = (A+\)(p*+17), (E.30)

where the first equation already has its final, renormalized form. Using the notation of (E.8), we
rewrite IT by first separating off the T-dependent term, and then separating off the u-dependence at

T =0, leaving a p =T = 0 vacuum term that contains all the cutoff dependence,

IHT, i, A) = TH(0, 1, M) + I3 (1) (E-31)
I*(0,4,A) = I¥(0,0,A)+I;(0), (E.32)

where each quantity has dependence on (M, dM) which is not explicitly shown. As in [133]|, when
we set p or T to zero we keep unchanged the mass parameters of the full propagator M and M,
even though in reality they depend on p and T'. Evaluating (E.31), (E.32) with the help of (E.2) and
(E.22), the T' = 0 integrals are

3L 2
oA = + / d ksie 1 2ep , (E.33)
2 = (2) €z /4M2E% + 6MA

Ii<07:U’7A) = 35

24 (277)357%1/4;12E§+6M4.

The thermal integrals IF(u) are simply given by I*(0,, A) with an additional factor 2f(e%) in the

(E.34)

1 Z Bk 1 e M2

integrand, which renders them cutoff-independent. The vacuum contribution is
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(0,0 A)—l/ &k ! + ! (E.35)
2 ) o\ Vi ez o2 VE2 - M2 —oMm2) '

and its cutoff-dependence arises from the terms given in table 4 (after setting Vi) = 0). This can be

evaluated using proper-time regularization,

A? M? A2
I+(O, 0,A) = 52 8.2 In 7z + I\—/;c,ﬁnite(g) , (E.36)
_ SM?% A%
I7(0,0,4) = - 872 In 2 + Ivac,ﬁnite(g) ) (E.37)
M? M? 4+ 6M?  M?+6M?>  M?—-56M?_ M?—6M?
+ —
Ivac,ﬁnite(é) = w(’y - 1) + 1672 In /2 =+ 1672 In 12 .

The finite parts I

fimite Of 1 * are then given by

IéElitC(T7 s e) = I\:/lz:mc,ﬁnitc(g) + Ij(0> + IJ:L:(M) ) (E38)

where Iff(O) is obtained via (E.32), by numerically evaluating 1= (0, u, A) — I*(0,0,A), combining
them into one cutoff-independent integral. Now we can come back to the stationarity equations
(E.28-E.30). The first of these equations does not contain any divergences anymore. With (E.29) and
(E.30) we proceed analogously as explained for the uncondensed phase: we insert equations (E.36)

and separate finite and infinite contributions. The finite contributions are the renormalized equations

M? = m?+2\p* + I (T, 1, 0)], (E.39)
SM?* = Ap*+Ig . (T, 1, 0)]. (E.40)

In the equations for the infinite contributions we first eliminate p and Ifﬁlit .

(E.39), (E.40) and then separate medium-independent terms from terms proportional to M? for
equation (E.29) and §M? for (E.30). The requirement that all infinities cancel yields the conditions

with the help of equations

A2 A2 A A\ m2 A2 A2
N = —Ihn—(1——1In— om?2 =060 [ — — — ] =X — E.41
! 2 e < An2 €2> ’ " ! ( A 47T2> 472’ (B41)
A2 A2 A A\
(5A2 = @ In 672 <1 — 787]'2 In 7£2 > ,

which confirms that d\; and d)\y are indeed different. By introducing the two bare couplings
Al/2bare = A+ 0A1/2 and the bare mass m%are = m? + dm? we can write this in a more compact

way,
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1 1 1 A2 m?  mi . A 1 1 1 A?
— bare ; % +ﬁln€—2. (E.42)

= —|— —_— ln 5 = _=
A )\1,bare 472 02 A )\1,bare 472’ A )\Q,bare
Finally, we need to check that all divergences in the pressure cancel. This requires evaluation of J in
(E.1). In analogy with our evaluation of I*, we separate the T and p dependence from the vacuum

term, writing

J(T,p, A) = JO,p,A) + Jr(p), (E.43)
JO,mA) = J0,0,A) + J,(0).

The T'= p = 0 “vacuum” integral is

1 [ &3k - S
J(0,0,A) :_2/(27T)3 (\/k2+M2+5M2+\/k2+M2—5M2> ) (E.44)

Evaluating this using a proper-time regulator we find

AY AZM?2 O MA 4+ SME . A2

_ - In2 sitel£) E.4
J(0,0,4) 327 1602 T 3anz M gE T Scinite(£) (E.45)
M4 4+ s M4 (M2 +6M?)2 . M?+5M?*  (M?—6M?)?. M? —§M?
. = —— (3—2v) — 1 — .
Jvac,ﬁmte(g) 6472 (3 ’Y) 6472 n 02 6472 n 02
(E.46)

The finite part of J is then the finite part of the vacuum contribution plus the p and 7' dependence,

Jﬁnite(Ta M,ﬁ) - Jvac,ﬁnite(g) + JM(O) + JT(N) . (E47)

By using equations (E.29) and (E.30) to eliminate I and I~ we obtain

[

A dm? 201 + 0A
(2 —m?) = Zpt g - T L0

U460 —
+ A 9 P 4

(E.48)

o[

(M2 - m%are - 2)\1,barep2)2 + (6M2 - )\Q,barep2)2

+
8A1,bare 4)\2,bare

With the help of (E.42) we rewrite the last two terms of this expression,
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MZ_ 2 — 92X ar622 M2_ 2_2 2\2 4 4 M2A2
( Mpare 1,bare/) ) — ( m )\p ) — mﬁ + mi + EVECE (E49)
81 bare 8A 8A 8\ 167
LN e o
3272 (2 2 2 7
(5M2 — )\27barep2)2 - ((5M2 — )\p2)2 SM*A A2 5 9
A2 pare - m meteta’ (E:50)

We see that the divergences appearing here cancel all divergences from J in (E.45) that depend on

M and dM, and we arrive at the renormalized pressure

4 4 4 2 2 2 212 2 22
POl = ?;/2\#2_7;)\ 8)\m1b,:;1+p2( 2_m2)_ip4+Jﬁllite(T"u’g)+(M m8)\ e +(5M 4)\>\p !

(E.51)
The first three terms on the right-hand side are independent of the thermodynamic parameters p
and T, and hence have no effect on the physics; the next two terms are the renormalized tree-level
potential; then, Jgnite is the finite part of the Tr InS~! term, while the last two terms are the

renormalized version of the combined terms coming from Tr[S; S — 1] and Va.

E.3 Renormalization with Goldstone mode

As discussed in section 11.3, the present formalism violates the Goldstone theorem, and since our
discussion of the superfluid properties requires an exact Goldstone mode we need to consider modified
stationarity equations. We thus have to check how our modification affects the renormalization and
what the renormalized pressure at the new “Goldstone point” is (which is slightly off the “stationary
point”). To this end, we emphasize that the renormalization procedure explained above is designed
to work at the stationary point. In particular, equation (E.51) is the renormalized pressure at that
point because we have used the stationarity equations (E.28-E.30) that include finite as well as infinite
parts. It seems we would have to redo our whole analysis for the “Goldstone point”. However, we
may simply do the modification in the finite part of the stationarity equations, thus preserving all

the results for the counterterms. This amounts to changing equation (E.40) to

SM? = \p?, (E.52)

but keeping the two other renormalized equations (E.28) and (E.39) as well as all infinite contributions
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in equations (E.29) and (E.30) as they are. It is then obvious that the counterterms are still given by
(E.41). All we need to do is compute the finite part of the pressure; by construction, all infinities in
the pressure will still cancel. We can thus simply replace all integrals in the effective action (E.1) by
their finite parts, and use (E.39) and (E.52) to find

A mt oml 0> A (M? —m? — 2)\p? A
__bare +7(M2_m2)_1p4+=]ﬁnite+ ]\ ) 4(Iﬁmte) : (E53)

U400 = -
* 3272 8A  S8Alpare | 2

E.4 Condensed phase with superflow

Following the procedure of section E.2, we first separate the integrals I and J into their thermal

parts I%(,u) and Jr(u) and the cutoff dependent integrals?”

)2 _E2 — M2 4 52
I0.ma) = 22/ 6 + € -»)(6%4‘673)( € — e’ (E-54)

-k k k

I7(0,p,A) = 22/ dgk oM (E.55)
e + e‘i];)(e% + G:E)(é% - elg )

where 6163 are the positive solutions to (11.25), which depend on the angle between the momentum of
the excitation and the superflow. Next, we need to regularize I*(0, iz, A) and .J(0, 4, A). The divergent
contributions of these integrals are shown in Table 4. The integrals 17 (0, iz, A) show exactly the same
divergences as for the case without superflow discussed in section E.2. In J(0, i, A), however, there
is a divergent contribution that depends explicitly on 61/1. This divergence is exactly the same as
for the uncondensed case discussed in section E.1. In that case, the 61/1 dependent divergence in
the pressure was spurious because after regularization with the proper time method the integrals in
pressure and self-energy did not depend on ﬁw anymore.

One might think that, in order to regularize the divergent integrals, we should subtract the same
integrals at the point u =T = 0, ﬁw = 0. However, this procedure would not take care of the 61/1
dependent divergence. Thus we seem to be forced to subtract the integrals at the point p =7 =0
with Ve kept fixed, i.e., J(0,u,A) = J(0,0,A) + J,(0), which reads

3"For explicit numerical calculations, the identity

(e + e peg + e (er — i) = 4{eg [(0)” = B2 = M — (a0)” — (V)] - 2000 k- Vo)

can be useful, the right-hand side being 51mpler due to the fewer appearances of the complicated excitation energies.
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3
J(0,1,A) = Z/ . Z/‘““ Eu=0),  (E36)

and analogously for Ii(O, w, A). The p = 0 dispersion turns out to be

€ (p=0) = \/ K2+ M2+ (V)2 T \/4(W k)24 6MA. (E.57)

The presence of the two square roots in this expression renders a straightforward application of the
proper time regularization very complicated and one would have to proceed numerically.

We notice, however, that there is another way to treat the ultraviolet divergences, using the same
proper time regularization. Since the structure of the divergences is a simple combination of the
divergences of the cases discussed above, it is easy to “guess” a generalization of the subtraction terms

to the present case,

. . eN2 12 ag2 2
P 3,,€ 3 e e e —e\(.e _ _—¢ e :
2~ (2m) we o (27) _(EE + E—E)(EE + E_E)(GE € ) 2wk
- 1 BE e B | 26 M2
I (OnuvA) == 5 / (27‘_)3? / (27'[')3 (66 + 66 )(68 + E—e)(ee _ 6_6) - 2&}2 (E59)
e=+ k. e=% L\ ke AN —k' Nk k k
and - 5
1 ek, 1 &’k . .
J(0, 1, A) = D) ;:/ (271.)30‘)12 9 ;/ (2m)3 (GE o wE) : (E.60)
Here,
wé = \/(E + eVip)2 + M2 + ed M2 (E.61)

is simply the p = 0 dispersion of the uncondensed phase in the presence of a ﬁ@b, see equation (E.4),
generalized to two different mass parameters M2+ §M? and M? —§M?. It is also the = 0 dispersion
of the condensed phase without 61/1, see equation (E.35), with ﬁzﬁ added as a simple shift of the three-
momentum. According to the structure of the divergences, it is clear that the second integrals on the
right-hand sides of equations (E.58) and (E.59) are finite. And, the first integrals can be regularized
with the proper time method just as in the previous subsections: the 61/1 dependence drops out since
the proper time integrals “ignore” this dependence, and the resulting cutoff-dependent terms together
with the finite parts Ii(ﬁ)vmﬁmte, J (€)vac finite are exactly the same as in section E.2. Therefore, the

renormalization works as above, with exactly the same medium independent counterterms as given
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in (E.41).

The choice of the subtraction term corresponds to a renormalization condition, and usually this term
is the vacuum contribution. The appearance of the superflow in the divergent contributions appears
to make the choice ambiguous, and it is not a priori clear whether using (E.56)-(E.57) or (E.58)-
(E.61) is the correct physical choice. We are rather led to the conclusion that the very existence of
the 61/1 dependent divergence is problematic, because we seem to have found two renormalization
conditions that differ in their predictions of how physical observables depend on the superflow. Here
we only point out this problem, and leave its solution to further studies. It will not affect our physical
results because we shall restrict ourselves to weak coupling strengths where these ambiguous terms
are negligibly small, see discussion in section 11.4.

In the main part we summarize the results of the renormalization procedure using equations (E.58)-
(E.61), see equations (11.16)-(11.18) for the stationarity equation and (11.21) for the pressure.

F Calculation of sound velocities

F.1 Derivation of the wave equations

We start from the hydrodynamic equations

0 = a.4", F.1)
0 = Jys", F.2)
0 = s5,(0"0" — 0 0M). (F.3)

Before we evaluate them, we collect some useful relations. We denote P = P, + P; = ¥ and thus can
write with (5.4)

dP = () + s"dO), (F.4)
— ndp+sdT — 290 - dVy + 25 AV — F-d (@W) —F.d (%g) :
g S S S

where j0 =n, s° =, 0% = p, ©Y = T, and we have eliminated j and © by using

o1
i =nuut + nSTdJ , or = —%aﬂw + %u“ , (F.5)
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where w = €,+ F,, = un,+s7T is the enthalpy density of the normal fluid. In the linear approximation,

0

§ times a space-time derivative is negligible, because § = s"t;, and we neglect products of ¥, with

space-time derivatives. Therefore, we may approximate

dP =~ ndy + sdT — "5V - dV . (F.6)
ag

This relation is needed to express derivatives of any thermodynamic quantity in terms of derivatives
of T, p, and 61/1. For instance, we can write Jpn = 80?9 = d“@oP etc. and obtain the following

useful identities,

on s d(ng/o)

don = %ao 8—80T— 3 V- Vi, (F.7)
Bos = gTaou+g;aT— (Z#U)Wﬁu, (F.8)
o (%aﬂp) — —%aou—a(gjwa@+ (?5/"))w Vit o “oum, (F.9)
ﬁ(%m) _ _%aiu—a(gimaﬁ+ (El{;)) jwaiajw+%A¢, (F.10)

where 9yt = u has been used. With these preparations we can discuss the hydrodynamic equations.

The current conservation (F.1) obviously becomes

0~ don+npV -Gy —V - (%61/}) , (F.11)

where we have used @ ~ @, and V - (n,@,) ~ n,V - . Inserting (F.7) and (F.10) into this equation,

taking the time derivative of the result, and multiplying the whole equation by p yields

0 ~ 8 — R+ ﬁﬁo SHAM + ;mnﬁ - Oy, — umﬁw : ﬁ@ou (F.12)
8 8 ou
8 3 (ns/o)
+ p==—=000;1t + 000, T — 0;10;0;

Due to the linear approximation, all expressions have the form (equilibrium quantity) x (second
space-time derivative), since products of two first space-time derivatives are of higher order.

The entropy conservation (F.2) reads

0~ 8os + sV - Ty . (F.13)
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Inserting (F.8), taking the time derivative of the result and multiplying the whole equation by T
yields
on Os d(ns/o) =
~ T—d3T -T2~
0= Torob+ T8 aT
It is convenient for the following to add (F.12) and (F.14)

Vip - Vop + sTV - ot . (F.14)

0 0 0 0 d(ns .
0 ~ <,un+T n)@g,u—F(,uaS—i-Ta;) ORT — [u (%M/U)—FT a7 Vi - Voou (F.15)

0 orT

SV - VT — 2 O(ns/o) J(Vep- 6)2M—nS§Au,

ds
SV Vop + 2u e g 5 B

+ wV- OoUy, + 2
0 () (V)2

(V¢)

where we have rewritten the derivative with respect to 9;9 in terms of the derivative with respect to

(61&)2. Finally, we need the vorticity equation (F.3). The temporal component becomes

=5 (VT +8,0). (F.16)

We can neglect this equation completely, since in both terms the normal-fluid velocity is multiplied

with a space-time derivative. The spatial components are

~ 5008 + VT) ~ sVT + wdoiy + 59 (%W) , (F.17)

where © from equations (F.5) has been used. The last term needs some rearrangements,

s (“EV) = =SV s + (Vi) = — V0 dos + Bo(nVY) — 0o (n, V) (F.18)
S S S g
T - - Ng =, Ng =
= —2ATy s + Vodon + Vi — ZXVydop — pudy (;w) .

Inserting (F.7), (F.8) and (F.9) into this relation, the result into (F.16) and taking the divergence of

the resulting equation, we arrive at

madn _on_, o
s OT  Ou ”a(ﬁzp)?
n 9(ns/o)  9(ns/o) ., 9(ns/o)

0 ~ nuAp+sAT + wV - Oy, — %ﬁw . ﬁ@ou — 61/1 . ﬁﬁo,u (F.19)

n, 0s  0s 0s

21
s 0T Ou (vw)

or " on o(Tup

Vi - VT + (V- V)u
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The normal-fluid velocity can now be eliminated by solving this relation for V-8, and inserting the
result into the other two equations: inserting it into F.14 yields, after multiplying the whole equation
with w/(T's), (12.1), while inserting it into (F.15) yields (12.3). These are the sound wave equations

from which the sound velocities are computed as follows.

F.2 Solution of sound wave equations and low-temperature approximation

Replacing the chemical potential and the temperature in all space-time derivatives of the sound wave
equations (12.1), (12.3) by op = Suee’@=%%) and 6T = 6Tpe'@—* %) the sound wave equations

become

0 ~ [alw + (ag + aypv? cos? 0) +a3/1|vs|wcos0} T
4+ (1@ 4 by + bap|vs|@ cos 0) 6T, (F.20)
0 = [A4&°+ (Ag+ Agp®0? cos® 0) + Asp|Ts|@ cos 0] po (F.21)
+  (B1&* 4 By + Baul|vs|@ cos 0) 6Ty,

where cos = k - v, @ = w/|k|, and we have abbreviated

w In ns  wdns/o)  ny,On  On on
= —— = —Np, Ef 77777 2 e 5 F.22
“ sor: =" W= TS Tar T sar op Farwep T2
n, O(ns/o)  O(ns/o) d(ns/o) w Os
= —|— — —2 = —— = —
“ [s aT au Matver | U =ar  RETS
s 05, 0
S5 sar an Mav)r
on on Mg d(ns/o) d(ns/o) npon  On
4, = 2 Ay =— Ay =" _ T fin O _ O
LS M e 2ET = ou or s T op’
_ np d(ns/o)  A(ns/o) _0Os 0s _
Ay = [S T au ; Bl_u@,quT@T’ By = —s,
ny, 08 O0s
P = Sor ou

In general, the determinant of the coefficient matrix of the system of two equations (F.20), (F.21)
yields a complicated quartic equation for @. However, we can simplify the result in the low-temperature
approximation as follows. First one can check, for instance by explicit calculation, that the tempera-

ture dependence of the various coefficients is
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a; = a7 +d97%, 4, =AY 4+ AW AOT6 (F.23)
b = oI 0075 by =T P15 By = BYT? 4+ BT

where 1 = 1,2,3,4, j = 1,2, 3, and where the prefactors in front of the various powers of T' depend on
the superfluid velocity @. Since we have computed the pressure up to order 7, all terms of order 77
and higher must be neglected in these expressions. We see in particular that only the A;’s contribute
in the limit 7" = 0. Now, for the determinant we encounter two kinds of products, namely A;b; and
CLiBj,
0 4 6 3 5 0)1,.(3 5
Ay = A + AT 4 AT + o077 = T2 AO Y + 00T+ 0(17), (F.24)
a;B; = T'[a" +a”71? B + BY'T?) = 0(T7).
(7)

The first line shows that the O(T") terms are unknown in our expansion because a b; T 7 term in
b; would give rise to a T7 term in A;b;, but we have not computed b§7). Therefore, we must neglect
all products of the form given in the second line since they are all of order 77 and higher. In other
words, it is consistent with our approximation to set a; ~ B; ~ 0 and use the T' = 0 results for A;.

In this case the quartic equation for w factorizes into two quadratic equations,

0 ~ Ago) (A(O)—I—A( ),u U cos 0)+A u|’us|wc089 (F.25)
0 ~ B +oP7202 + B + 6072 + B + T2 |5, |@ cos 6. (F.26)

After dividing out the overall factor 72 of the quartic equation, the highest remaining power of
temperature is 2, i.e., our approximation allows us to reliably compute the sound velocities up to 7.
From the first equation we see that one of the solutions has no T2 correction. This is the velocity of
first sound. The second equation yields the velocity of second sound which does have a T2 correction.
We see that the coefficients b§5) are needed to compute this correction. These coefficients arise from
the T° terms in the entropy, i.e., from the T terms in the pressure. Had we truncated our expansion
of the pressure at order T, the velocity of second sound would have turned out to be independent
of temperature. There are two physical solutions of (F.25), (F.26), w = uj|k|. For the explicit
calculation of the two sound velocities u1, us we need ng and n,, from (10.40) (10.41) and the entropy
s (obtained by taking the derivative with respect to temperature of ¥ =T, from table 2). The results
are shown given in (13.1), (13.2) .
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F.3 Sound velocities at low temperatures for arbitrary m

In this appendix we derive the result (13.3) for the sound velocities in the low-temperature approxima-
tion and in the limit of vanishing superflow. As input, we need the tree level (and m # 0) expression

of the condensate

Pl M (F.27)

and the low-temperature approximation for the pressure

S o
v LT T (%)3111(1—@ ; ) (F.28)

where €;: is the dispersion relation of the Goldstone mode, containing the superflow; the massive mode
only becomes relevant at higher temperatures and can be neglected. With the help of relation (11.38)

we write

- 2
_— MM B ,U/ d®k Oeg; flep) 1+ f(ez)] B e Fer) (F.20)
) (2m)* ) \ 9|V T vy

V| —0
Using that the dispersion €; is given by the zeros of the determinant of the inverse free tree-level

propagator Sy,
Sit = KR 4207 — )] — 40, 0")° (F30)

where (F.27) has been used, we find

Oc; _ 2uk
VY| |S]=0 \/4M2E2 T (3u2 — m2)2 ’
e € — Qkﬁ — k2 8,u2kﬁ 4u2kﬁ(36% — k2 =342 +m?)
o2 V] =0 . 6k\/4u2152 b3 —m2)2 eR[4R? 4 (B3u2 —m?)?] ep[Au?k? + (3u2 —m?)?P/2

Here, k) is the longitudinal component of the momentum with respect to the superflow, and

er = \/ k24 3p2 — m2 — \/4u2k2 + (32 — m?)? F.31
i

is the dispersion of the Goldstone mode at vanishing superflow. Now the only nontrivial angular
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integration is the one over kﬁ,
k2 W
I 3
For low temperatures, we can expand the integrand in (F.29) for small k. We find
i [ de \ o [ o
2 k 72, 92,714 2 €k 7 P28
M/( = > ~ qi|k|” + =5 [k|%, M/( 2) ~ p1|k| + =5 |k[”,
4 \ 9|V 9]0 I dm \ 9|V o]0 I
with
-G53
€E201|k’+ﬁ|k’ ) (F.32)
and with the dimensionless coefficients
4pt 168
_ 7 =—-—-"r F.33
7 3(3u2 — m2)? 72 3(3u2 — m2)’ (F.33)
L 202 (4p2 — m?) ~2p5(5p* — 6p*m? 4 2m*)
b1 = 3(u2 — m2)1/2(3u2 — m2)3/2 p2 = (12 — m2)3/2(3p2 — m2)7/2°
(Mz _ m2)1/2 MG
a = (3u2 — m2)1/2’ C2= (U2 — m2)1/2(32 — m2)5/2”
This yields
2-m? w71 /4 8mT? (2q2 +pica  2qic
ne ~ b . oo 4[((]1_p1>+ 7722 <Q2 pica Q122_]92>]’ (F 34)
6ucy |5\ a1 pnecy 7 c1 ci 21
where the integrals
0 3 4 o) 4y 4 4
Y T y'e ™
d = — dy —/——— = — F.35
/0 Yo 1 15’ /0 Y ev—12 " 15° (F-35)
e Yo 876 o° ySev 1676 o yTeY(e¥ +1) 167
dy = -, dy = ; dy =
0 ey —1 63 0 (ey — 1)2 21 0 (ey — ].)3

for the dimensionless variable y = c;k/T have been used. Inserting the coefficients from (F.33) into
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(F.34) yields the result for the superfluid density

P2 —m? 2T [ 21202 — m?)(3p2 — m2)1/?

8 <7TT>2 pO(57ut — 24p2m? + 2m4)]
7

A 9 5(p2 — m2)5/2 1 (12 — m2)92(3p2 — m2)1/2
(F.36)
The pressure (10.32), evaluated at |[Ve)| = 0 becomes
2 ,02)2 274 2 _n2)3/2 4 TN2 6(342 — m2)1/2
L m)+7r (B —m?)*2 40 (77" p°(3p® —m?) (F 37)
A\ 90 (M2 _ m2)3/2 7 1 (M2 _ m2)7/2

This is all we need to compute the sound velocities: we can now straightforwardly take all relevant
derivatives of the pressure, compute the normal-fluid density via n, = n — ng, and insert the results

into the wave equation for the sound velocities.

G Chemical potential in a system of two coupled superfluids

In this part of the appendix, we shall prove that the usual way in which a chemical potential is
introduced in a field theory (i.e. similar to the zeroth component of a gauge field) remains intact in

the presence of a gradient coupling. To this end, we start from the Lagrangian
— 1, 2 2 4 e 2 2 4 .
L= 0up10"p1 —mi |p1]” = A 1]” + 920”03 — m3 [pa|” = Ao ol + Lins (G.1)

with )
Lint = —5)\12@1468“90’{8“@2 + h.c., (G.2)

and decompose the complex fields ¢; in the usual way

1 = (p11 +ip12) , (G.3)

Sl =Sl

Y2 = (p21 + ipa2) . (G.4)

This results in the following kinetic terms
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1
Liin = 3 (Oup110" @11 + 0up120" 012 + Oup210H a1 + 0,p220" 022) (G.5)

and interaction terms

Lint = —(A+ A") (Oup110"pa1 + 00120 p22) — i (A — A*) (9up110" 022 — Opip120" 021\ G.6)
—2Re (A) (0up110" 021 4 0,120 p22) 4 2Im (A) (0110”22 — 0up120" 021)

with the abbreviation )
A= gx\u [(p11 + ip12) (o1 — ipa2)] - (G.7)

All remaining terms in (G.1) are irrelevant for this analysis. The canonically conjugate momenta

mi; = 0L/0(0opij) are given by:

11 1 0 —2R 21 80g011
0 1 -2 —-2R 15,
12 _ 0412 ’ (G.S)
21 —2R 21 1 0 80g021
292 21 —2R 0 1 80§022
where
1
2R = 2Re(A) = Z)\m (1121 + @12p22) , (G.9)
1
2] = 2Im(A) = 1)\12 (pr2p21 — P11922) - (G.10)
This relation can easily be inverted to
aogoll 1 O 2R —21 11
15, 0 1 2I 2R
0412 — N 12 (G.ll)
Aop21 2R 21 1 0 To1
Dop22 —2I 2R 0 1 T2
with
1 1

=T 2 = 2 .
PR 1 (22) (vh + ¢h) (B + vh)

The currents are given by
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= (60— "0 i3 Mz 61 (650" 62 — $20463)

1
= (p120"p11 — 110" p12) — 1)\12 (1 + ¢ls) (9220021 — 210" 029)

. . * L 1 * *
Gy = (650" ¢a — $20"3) — iz Mia|af (610" 01 — 610" 7)
1
= (p220"p21 — 210" pa2) — 1)\12 (031 + ©32) (p120"011 — 110" p12)

Note that after plugging in the conjugate momenta from (G.11), the zeroth components of these

currents simply read:

= T — Teen, (G.12)
J9 = Ta1pa — Taapa - (G.13)

To eliminate the dependence of £ on 0yp;; in favor of the momenta ;;, we need calculate the factor

required for the Legendre transform of £

T1100¢11 + T1200¢12 + T2100¢21 + T220o22 = N [mly + miy + Ty + Ty (G.14)

+4R (11721 + miamaa) + 41 (T12m21 — T11722)]

Observe that for Aj2 — 0 this reduces to 7%, + T3y + 73, + 735, From (G.5) and (G.6) we need all
contributions which include time derivatives of ¢;;. From these, we calculate all contributions to
H =>_,;(mijOpij) — L which involve time derivatives (we could carry along terms in ﬁgpij through

the whole calculation but they are irrelevant), eliminate them in favor of 7;; and obtain

) . 1
H— paf) — pojd = 51\/ (73 + miy + T3y + 7o) — i1 (T1112 — T126011) (G.15)

—p2 (21022 — mo2021) + 2N [R (w1121 + mi2ma2) + I (m127m21 — T11722)] -

This is not yet the expression which appears in the path integral of the partition function (see equation
(5.35)). We need
m1100p11 + m200012 + T2100921 + Ta2009022 — H 4 paj) + pajs - (G.16)

Plugging in equations (G.12), (G.14) and (G.15), we obtain a result which can be summarized as
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1
5HT AT+ €711,
where
1 0 2R -—-2I Qo1 + 1912 i1
0 1 21 2R 0 —
FEY: Ce= bp12 — 11t 7 | ™2 | (G17)
2R 2 1 0 Oop21 + H2ap22 o1
—2I 2R 0 1 Oop22 — H2p21 92

A is the inverse of the matrix defined in (G.8) with an additional factor (—1) because —H appears in

formula (G.16). We can now use
%HT AT+ 711 = —%gTA*g + %H’TA I (G.18)
where we have introduced the shifted fields IT'
=IO+ A'¢. (G.19)

The second term on the right hand side of equation (G.18) is now quadratic in the shifted momenta
and can easily be integrated out (the linear shift doesn’t affect the integration measure D7). The

first term on the right hand side represents the new shifted Lagrangian and evaluates to

Liin = (30<P11)2 + ((908012)2 + (30%021)2 + (304/722)2 + pi (‘:0%1 + @%2) + 15 (‘P%l + 80%2)
+2111 (12009011 — P1100912) + 212 (Y2200021 — Y2100¥22) (G.20)

and

Lint = —2R[0op1100921 + 001200922 + 1 (91200021 — ©1100922)]
2R [MQ (8021309012 - @2230%1) — H1M2 (30119021 + 80219022)]

+ o+

21 [Opp1100p22 — 001200921 + 1 (1100921 + ©1200922)]
— 21 [p2 (92100011 + ©2200012) + 1 p2 (P12021 — P11922)] (G.21)

This corresponds precisely to
Liin = [(0p — iA1) 1] [(0" + 1 AY) 1] + [(On — 1A24) 2] [(0" +i45) 93]

and
1 N . . .
Emt = —5/\1%01@2 [(8“ + ’LAlﬂ) ©1 (8“ — ZAg) (,02] 4+ c.c.
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with
AT:(M176)7 ASZ(M276)

This completes the proof.
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