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Abstract

In this thesis we investigate the phase structure of dense quark matter, the structure and stability of neutron
and quark stars, and the phases of ultracold fermions in the presence of an artificial spin-orbit coupling.
While spanning an extraordinary twenty orders of magnitude in energy scales, these systems exhibit some
remarkable similarities including non-perturbative many-body interactions, perfect fluid behavior, the for-
mation of Cooper pairs, and the possibility of BCS-BEC crossovers between weakly and strongly interacting
regimes. Moreover, due to phenomenal advancements in laser cooling techniques and the ability to exert an
unprecedented level of control over the interactions of ultracold atomic gases, the possibility of using these
systems to simulate the complex behavior of systems not easily realized in the laboratory (e.g., non-Abelian

gauge fields, quantum chromodynamics) is becoming increasingly real.

Despite the widespread success of quantum chromodynamics (QCD), the theory of the strong nuclear
force, much remains unknown about the properties of strongly-interacting quark matter. In large part, this
continued ignorance is a result of the mathematical intractability of QCD and the limitations of current
numerical techniques to very low densities. In the first part of this thesis, in order to gain some insight
into the phase structure of dense quark matter we therefore apply an effective field theory which is built
upon the symmetries of QCD, the Polyakov—Nambu-Jona-Lasinio (PNJL) model. We construct the QCD
phase diagram for two and three quark flavors, giving special attention to the effect of the intermediate
strange quark mass on the preferred quark pairing structure at intermediate to high density. In addition, we
investigate the impact of the strange quark mass and axial anomaly on a recently proposed low temperature
critical point, which may allow for a smooth crossover between hadronic and color superconducting matter.
Finally, we investigate the impact of a local color neutrality constraint on phases of asymmetric quark
pairing.

While the Relativistic Heavy Ton Collider (RHIC) continues to probe the QCD phase diagram at ever-
higher temperatures and researchers await the completion of the highly anticipated Facility for Antiprotons
and Ton Research (FAIR), the only known “laboratories” in which low temperature dense quark matter
is encountered are the cores of neutron stars. Fortunately, the structure of these astrophysical objects is
highly dependent upon the properties of the dense matter in their cores, and observations of the mass-
radius relationship of these stars impose constraints on the quark matter equation of state. In the second

part of this thesis we investigate the possibility of realizing massive neutron stars, such as the recently
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observed PSRs J1614-2230, J0348+4-0432, and J1311-3430 with M = (1.97+£0.04) Mg, M = (2.014+0.04) Mg,
and M = (2.4+0.3) Mg, respectively, by including a flavor-symmetric vector coupling within an NJL model
description of quark matter. By extracting the quark matter equation of state we show that in the absence of
diquark pairing, a reasonable magnitude vector repulsion can to stabilize neutron stars against gravitational
collapse up to M ~ 2.34 M. We also investigate the possibility of realizing stable quark stars with densities
much higher than those obtained in conventional neutron stars, but find that stars with central densities
pe > 10pg are always unstable to gravitational collapse.

In the third part of this thesis we study the properties of ultracold atomic gases in the presence of
artificial gauge fields. While neutral atoms do not naturally couple to the gauge fields in nature (e.g.,
magnetic fields, the strong nuclear force), recent advancements in laser techniques have led to the realization
of synthetic gauge fields in which ultracold atoms behave as if they were charged. Combined with the
Feshbach resonance, through which the two-body interactions which dominate these dilute gases can be
arbitrarily tuned, these gases can be used to simulate a wide variety of systems, including those that occur
naturally and those that do not. We study the phase structure of a two-species mixture of fermions in the
presence of Rashba-Dresselhaus (RD) spin-orbit coupling, which is induced by a specific type of non-Abelian
gauge field. In particular, we compute the dependence of the superfluid critical temperature on the RD
coupling strength and the tunable two-body interaction. We also investigate the effects of the spin-orbit
coupling on the crossover between weakly bound (BCS) atomic pairs and strongly bound (BEC) molecules

and the effects of fluctuations on the stability of the superfluid phase.
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To my father,

I changed my mind.
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Chapter 1

Introduction

In this thesis we discuss three topics concerning matter under extreme conditions. First, we construct the
phase diagram of quantum chromodynamics (QCD) by applying effective field theory at finite temperature
and density. Second, we investigate the effects of quark thermodynamics on the structure and stability of
neutron and dense quark stars. Third, we study the properties of Fermi gas mixtures in the presence of
artificial spin-orbit coupling and a tunable s-wave contact interaction. While spanning an extraordinary
twenty orders of magnitude in energy scales, these systems exhibit remarkable similarities which will be
the subject of our investigation, including non-perturbative many-body interactions, perfect fluid behavior,
the formation of Cooper pairs, and the possibility of BCS-BEC crossovers between weakly and strongly
interacting regimes. In the following sections we briefly introduce each of these topics. Much of this work is

based on the author’s publications [2-5].

1.1 QCD Phase Diagram

Since its inception in the mid-1960s, the theory of quantum chromodynamics (QCD) has cemented its place
as one of the most robust and successful theories of modern physics. Modeled after the unprecedented success
of quantum electrodynamics (QED), for which Feynman, Schwinger, and Tomonaga received the 1965 Nobel
Prize in Physics, QCD describes the strong nuclear interaction in terms of a fundamental quark field which
interacts via the exchange of gauge bosons known as gluons. As suggested in 1965 by Nambu with Han,
and independently by Greenberg, it was possible to explain the observed hadronic structure of protons and
neutrons, an antisymmetric orbital s-state of three quarks, by positing a new quantum number color, which
belongs to the fundamental representation of SU(3). In order for the theory to retain the local SU(3) color
symmetry expected of relativistic field theories, it also demanded the existence of an octet of gauge bosons
which mediated the strong interaction, in the same way that virtual photon exchange mediates the U(1)

theory of QED.

While QCD has certainly obtained a secure footing in the contemporary physics community, it is unique
among such “successful” theories in that, while it has passed all experimental tests, there are an extremely
wide variety of conditions under which we are, nearly fifty years after its inception, still completely incapable

of discerning its predictions. This practical barrier is a consequence the strength of the aptly named strong
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interaction, namely that in contrast to the QED coupling constant o = e? /47 ~ 1/137, the strong coupling
constant a; = g2/4m is not small. As a result, the perturbative techniques which have proven so effective
in QED are much less useful in QCD, applying only in the limit of asymptotically large energies, where
the renormalized coupling as(ugr) becomes small. Thus, we find ourselves in the unique circumstance of
possessing a theory which we believe to be a complete and accurate description of strongly interacting matter,

but which is intractable in the majority of the phase diagram.

In our present undertaking we wish to construct the QCD phase diagram, which displays the ground
state phases of quark matter over a range of quark chemical potentials p and temperatures 7. Thus, we
are fundamentally required to assess the properties of strongly interacting matter under a wide variety of
conditions. As a starting point, we note that at asymptotically large densities, as the distance between
quarks becomes small and asymptotic freedom is obtained, quark matter becomes weakly-interacting and
the perturbative techniques developed in QED can be applied. However, except in this special region of
the phase diagram, we have no analytical method for ascertaining the predictions of QCD. At present,
there are two methods by which one may then proceed. First, by defining a discrete space-time lattice and
solving the equations of QCD on it, one may extrapolate to the continuum limit and thereby approximate
the properties of strongly interacting matter. Such lattice techniques have seen an explosion of interest
and precision thanks to the corresponding explosion in computing power over the decades since their initial
development in the 1980s [6-10]. At present, these techniques are our sole method for performing non-
perturbative QCD calculations, and are therefore invaluable both for the direct insight they provide to

strongly interacting systems, as well as in testing and verifying any approximation scheme one might apply.

Unfortunately, despite its successes, lattice QCD is largely restricted to zero quark density by the “fermion
sign problem” [6,7]. In constructing the QCD phase diagram, we therefore have “exact” lattice results at
zero density and perturbative results at asymptotically large densities, but we are left with very little insight
regarding the properties of quark matter in between. Thus, we are led to consider the second method of
studying strongly interacting matter, through the use of effective field theories (EFTs). Such theories are
constructed to retain the symmetry-breaking properties of QCD while dispensing with the full complexities
that render QCD intractable. Naturally, such a theory will have a limited region of applicability, namely
the region of phase space in which the symmetry-breaking properties it contains dominate the system.
Fortunately for our present undertaking, this symmetry breaking is precisely what determines the phase
boundaries of the system, so that the EFT approach is well-suited to an analysis of the QCD phase diagram.
In addition, an effective theory has the advantage of analytic tractability which may yield insight into the

basic mechanisms at work in the system, and which may be obscured by a brute force numerical treatment
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or hidden entirely in the full “parent” theory.

In Chapters 2, 3, and 4, we construct the phase diagram of two and three flavor QCD by employing the
Polyakov-Nambu—Jona-Lasinio (PNJL) model, an effective field theory built upon the spontaneous chiral
symmetry breaking exhibited by QCD. The earliest form of this model, which did not include the Polyakov
loop, an effective order parameter for confinement, was developed prior to the discovery of quarks and
provided a method for dynamically generating nucleon mass from a massless fundamental field [11,12].
After the discovery of quarks and the full theory of the strong interaction, the NJL model was reinterpreted
in terms of a massless fundamental quark field [13-16]. Since then, the model has been extended in a
variety of ways by including the effects of the QCD axial anomaly, diquark pairing, and confinement, among

others [2,17-22].

We observe that for three quark flavors the chiral phase transition at 7' = 176 MeV, which is first-order
in the massless quark limit, becomes a smooth crossover at u = 0 for non-zero quark masses. A line of first-
order transitions and an associated high temperature critical end point does persist, however, at non-zero
baryon density within a certain parameter regime, namely when the coupling between the chiral and diquark
condensates is not too strong. At low temperatures, we find that when the chiral and diquark condensate
coupling is sufficiently strong, the first-order transition between the hadronic and color superconducting
phases becomes second-order and the system develops a BEC-BCS crossover between strongly bound diquark
molecules and weakly coupled pairs consisting of up and down quarks (e.g., within a 25C phase). In addition,
while the presence of the 2SC phase eliminates the possibility of continuity between hadronic and color-flavor-
locked (CFL) superconducting matter, we find that for certain parameter sets there exists a line of first-order
BEC-BCS transitions within the 2SC phase, and an associated low temperature critical end point. Finally,
in the presence of a local color neutrality constraint, we find that certain phases of asymmetric quark pairing

are suppressed, which tends to decrease the 2SC portion of the phase diagram.

In order to motivate the PNJL model we now briefly discuss the symmetries upon which it is built and

the general properties which follow.

1.1.1 Symmetries of QCD

Having described the complexities inherent in QCD that prevent us from directly discerning its implications,
we now briefly discuss the symmetries of QCD, which motivate the NJL model. We begin by writing the

QCD Lagrangian density:

. A~ — a 1 a v
Lqoop =7 (id —m) q — ggy" AL Taq — 79w9i" (1.1)
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‘ Symmetry ‘ Name Transformation Manifestation

SU(Ny)y | isospin q — e Tabay approximately realized

SU(Nf)a chiral q — e Tawarsg spontaneously broken
u()
u@)

v baryon g — e % exactly realized

A axial q— e By broken by anomaly

Table 1.1: Exact and approximate symmetries of QCD with Ny quark flavors of approximately equal mass. Also
shown are the respective quark field transformations and their manifestation in nature. Adapted
from [15].

where ¢ is a quark field with Dirac, color, and flavor indices, 7 is the bare quark mass matrix, A, = AZTa
is the gluon field where T,, (a = 1...8) are the generators of the local SU(3) color symmetry,’ g is the strong

coupling constant, and the gluon field strength is defined by
Gl = 0uAL — 0, A% — gfapeALAS, (1.2)

where fupe are the structure constants of SU(3), defined by the commutation relations [Ty, Tp] = i fapeTe-

These coefficients are antisymmetric under the interchange of any two indices and are explicitly given by

fieza = 1,
1
Jfur = faae = fas7 = f3a5 = —f156 = —f3e7 = 3 (1.3)
V3
fass =  fors = 5

and where the coefficients not related to those above by cyclic permutation of the indices vanish. In
addition, we employ the Feynman slash notation, @ = y#9, = ~v,n"’0,, where we adopt the metric
n = diag(1,-1,—1,—1).

In analyzing QCD, there are three types of symmetries that one encounters. First, there are the sym-
metries of the Poincaré group and CPT invariance, which are characteristic of all relativistic quantum field
theories. These will certainly be maintained in any effective field theory which we might wish to consider,
but are sufficiently general that they will not play a defining role in our analysis and we will not discuss
them further. Second, there is the local SU(3) color symmetry which plays a defining role in QCD. It is
evident that this symmetry, which gives rise to the gluon field and thereby the complexities which render

QCD largely intractable, must be dispensed with (or approximated) to some degree. The specific way in

IWhile the majority of this thesis concerns systems exhibiting the local SU(3) color symmetry realized in nature, for
analytical purposes we also briefly consider a two color, two flavor system in Chapter 2. In this case, the Ty (a = 1...3) are
instead the generators of the local SU(2) color symmetry and the structure constants are simply given by the antisymmetric
tensor fape = Eabe-
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which we shall deal with this symmetry will be a topic of the next subsection. Third, there are approxi-
mate “accidental” symmetries of QCD which are not built into the structure of the QCD Lagrangian, but
are instead the result of the particular parameter values observed in nature (e.g., quark masses). These
approximate symmetries play a crucial role in QCD phenomenology and the observed hadronic spectrum,
and so will play a correspondingly important role in the construction of any effective field theory which we
hope to reproduce this phenomenology. Let us now turn to this third category of symmetries and discuss

the properties of QCD in more detail.

1.1.2 Approximate Symmetries of QCD
In order to identify the approximate symmetries of QCD it is helpful to first rewrite the QCD Lagrangian
in terms of quark fields of definite chirality. Defining the projection operators

_ 1+

Pr >

p =Lt =2, (1.4)

1,2.3

where 75 = i7%917?~3, and the corresponding chirality states gz = Prq and q, = Prq, we can rewrite Locp

as
, o o . ~ - 1
L =qgidqr + G1idqr — Trrngr — rngr — 90p7" AL Taqr — 90,7 A Taqr — 79m94" (1.5)

In this form, one immediately recognizes that only the mass terms couple states of different chirality. As a
consequence, for massless quarks the Lagrangian is invariant under independent unitary transformations of
right- and left-handed quarks (i.e. ¢gr = Urggr and q;, = ULqy,, where U};UR = UEUL = I). More generally,
for Ny massless flavors the states of different chirality corresponding to those flavors remain uncoupled and
so the QCD Lagrangian possesses the symmetry group G = U(Ny)r @ U(Ny)g.

In order to make the connection between the symmetries of the QCD vacuum and its phase structure
we now decompose the symmetry group of the QCD Lagrangian in terms of those symmetries which are
physically realized (or broken) in nature. To this end, we first note that an element of U(Ny) can always be

decomposed into the product of elements of SU(Ny) and U(1) so that?
G=[SUNy)@U1)], @[SU(Ny)@U(1)],. (1.6)

Next, by considering that a finite SU(Ny) or U(1) transformation can be built up from infinitesimal trans-

2If U € U(Ny) then UTU = 1 so that det(U) = e**. Defining U = e~ factorization of the determinant yields det(J) = 1
so that U € SU(Ny). Thus, by writing U = e’T, we find that U(Ny) = SU(Ny) @ U(1).
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formations, one can show that SU(Ny)r ® SU(Ny)r = SU(Ny)y @ SU(Ns)a and U(l)r @ U(l)g =

U(l)y @ U(1) 4, where the vector (V) and axial (A) transformations are defined by

Uly : q¢q— e g SU(Np)y 1 q — e Walay

Ul : q— e g SU(Nf)a:q— e PaTarsg (1.7)

where the T, are here understood to be the generators of SU(Ny). Thus, we may write the symmetry group

of the QCD Lagrangian with Ny massless flavors as

G=SU(Ns)y @ SUNfa®@U(l)y @ U(1)a. (1.8)

Having now expressed the symmetry group in terms of those symmetries which are physically realized (or
broken) in nature we shall now briefly discuss the four components of G.

The first component of G, SU(Ny)y, is a simple rotation in the space of massless flavors and is known as
isospin symmetry. While this symmetry is only approximate, owing to the only approximately equal masses
of the up and down quarks, and to a lesser extent the strange quark, this symmetry remains unbroken in
nature and is reflected in the spectrum of the light hadrons [23,24].

The second component of G, SU(Ny) 4, is known as chiral symmetry, and is spontaneously broken in the
hadronic phase of QCD, giving rise to the large effective quark masses present in the proton and neutron.?
We note that many authors use the term chiral symmetry to refer to either the entire symmetry group
U(Ny)r @ U(Nys)g, or the slightly smaller group SU(Ny)r, ® SU(Ny)g. For any of these definitions, it is
certainly correct to say that chiral symmetry is broken in the hadronic phase. However, with our definition
we isolate the particular SU(Ny)y symmetry which is completely broken in the hadronic phase, thus avoiding
the question of what subgroups might yet be realized.

The third component of G, U(1)y, corresponds to baryon number conservation and is believed to be
realized exactly in nature.

Finally, the fourth component of G, U(1)4, is known as the azial symmetry and as shown by 't Hooft,
is broken by instanton effects via the QCD axial anomaly [25]. Thus, while this group is a symmetry of the

QCD Lagrangian (i.e., “classical” QCD), it is not a true symmetry of QCD under any circumstances.

3The bare up and down quark masses are approximately m, = 2.3 MeV and mg = 4.8 MeV, while the proton (uud) and
neutron (udd) have masses of m, = 938 MeV and m, = 940 MeV, respectively. One important observation from this data is
that despite the fact that m, mg # 0, so that chiral symmetry is not truly present in the system, the effective quark mass in
the hadronic phase is nonetheless orders of magnitude larger than the quark bare masses. By attributing the large dynamically
generated masses to the same chiral symmetry breaking mechanism at work in the massless (bare) quark case, we may still
refer to (approximate) chiral symmetry breaking, and define the hadronic phase in terms of a chiral condensate which is much
larger than that stemming from the non-zero bare quark masses.
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1.1.3 Polyakov—-Nambu—Jona-Lasinio Model

Having discussed the symmetries of QCD, we are now in a position to construct an effective field theory
which will approximate the behavior of QCD in at least some portion of the phase diagram. As noted in
the prior subsection, we must begin by dispensing with QCD’s local SU(3) color symmetry, which gives rise
to the gluonic degrees of freedom. Thus, we replace the local symmetry with a global SU(3) symmetry, and
correspondingly eliminate the gluon field altogether. Next, having eliminated the mechanism for coupling
the quark fields, we must introduce an effective interaction which retains isospin and U(1)y symmetry,
while providing a mechanism for spontaneous chiral symmetry breaking. Finally, we must also introduce an
effective interaction which plays the role of the QCD instanton and explicitly breaks the U(1)4 symmetry

of the QCD Lagrangian.

While the specific form of the NJL model Lagrangian depends both on the number of quark colors and
flavors considered as well as the types of interactions one wishes to study, in this thesis we will study models

which can be generally written in the form
Ly =7(i@—m)q+ LY +£O), (1.9)

where £ is an effective four-quark interaction which is invariant under the full symmetry group G, but
allows for the spontaneous breaking of chiral symmetry and diquark pairing, and £ is an effective six-quark
interaction that is present for three quark flavors and reflects the QCD axial anomaly by explicitly breaking
the U(1) 4 symmetry.

While the NJL model accounts for many of the defining properties of QCD, there remains one crucial
property of strongly interacting matter which we have thus far neglected, namely the phenomenon of con-
finement. As with the chiral symmetry breaking and diquark pairing already mentioned, the confinement of
quarks into color singlets at low temperatures, and their “melting” into the quark-gluon plasma (QGP) is
the result of an extraordinarily complex exchange of gluons, as well as a variety of gluon-gluon interactions,
which we have necessarily dispensed with in our effective theory. In fact, an analytic proof that QCD is
color confining has so successfully eluded the physics community that since 2000 it has been the subject of
a Millennium Prize, and the corresponding $1 million which accompanies the six such outstanding prob-
lems [26]. Nonetheless, given that all known QCD phenomenology at low energies exhibits such confinement,

it remains a property which we wish to include in any effective theory of the strong interaction.

A quantity which will prove most useful in discussing confinement both in the full theory of QCD and

in modeling it in our present effective theory is the Polyakov loop, or thermal Wilson line with periodic
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boundary conditions, which is defined as [27-29]

B
L(r) = exp (2/0 dTAo(r,T)> , (1.10)

where Ag(r, ) is the time-like component of the gluon field. We note that the Polyakov loop L(r) inherits
any non-Dirac indices from the gauge field and so in the case of QCD, it is a matrix in color space. Tracing

over these indices yields the “traced Polyakov loop,” often itself simply referred to as the Polyakov loop:

B(r) = Nim:(r), (1.11)

C

where N, is the number of colors. The utility of this object is found in the fact that in the limit of infinitely
massive quarks the partition function of a static quark pair separated by r can be simply expressed in terms

of &:

e )  (B(r)(0)), (1.12)

where Fy,(r) is the free energy of the quark-quark pair and (- - -) denotes the thermal expectation value. In
the absence of long-range order we expect the correlations in Eq. (1.12) to fall off as a power of r. Thus, by

taking the quark separation to infinity the expectation value can be factored to yield
e~ PFaal) o ($(r)) (€(0)) = [(©(0)), (1.13)

where we have used the fact that ®(r) = ®(0), which follows from the symmetry of the two-quark system.

Thus, assuming a spatially homogeneous (®) we obtain
(®) ~ e PFaal0)/2, (1.14)

In the confined phase it requires an infinite energy to separate the two quarks to infinity so that (®) = 0,
while in a non-confining phase Fy4(co) remains finite and (®) # 0. Thus, (®) serves as an order parameter

for confinement, and after normalizing we obtain

0 confined
(®) = . (1.15)

1 deconfined
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A careful reader will note that we prefaced Eq. (1.12) by assuming infinitely massive quarks so that the
quark dynamics were suppressed. Thus, (®) is a true order parameter for confinement only in this limit. In
fact, as has been observed in both lattice and EFT calculations such as those which follow, for finite quark
masses there need not be a true deconfinement phase transition at all. Rather, the system may undergo a
more or less rapid and smooth crossover from (®) ~ 0 to (®) ~ 1 with increasing temperature. Thus, given
the phenomenological character of our model and the rough correspondence of these limiting values to the
confining and deconfining phases of QCD, we will employ the Polyakov loop as an effective parameter for
confinement.

Finally, we note that we will treat the PNJL model in the mean field approximation throughout this
thesis, replacing the traced Polyakov loop and its conjugate with their thermal expectation values. For the
sake of notational simplicity, we will continue to use ® to represent this expectation value, not writing the
brackets explicitly.

As seen in Eq. (1.10), the Polyakov loop is defined in terms of the time-like component of the gluon field
Ap. Thus, if one were computing true QCD thermodynamics, one can imagine determining the equilibrium
gluon field configuration for a system, and from it calculating the Polyakov loop, thereby determining whether
the system is in a confined phase or not. However, having begun our search for an EFT by dispensing with
the dynamical gluon field, we no longer have either the field Ay nor a means to define the Polyakov loop.
Thus, our first step in incorporating confinement into the NJL model is to re-introduce a static homogeneous

gauge field A, and the corresponding covariant derivatives into the NJL Lagrangian:
D, =0, —iA,, A, =6 Ao, (1.16)

where we have absorbed any coupling strength which would otherwise multiply A, into the definition of the
gauge field.

One crucial aspect of the Polyakov loop’s place in an EFT is the fact that unlike in QCD, its value is no
longer the byproduct of the theory’s dynamical degrees of freedom. Rather, we must treat ® (or equivalently,
Ap) as a variable on par with the chiral and diquark condensates, with respect to which we will minimize
the thermodynamic potential. As a result, we must also introduce an effective potential 2(®, ®), which will
govern the deconfinement phase transition in the pure gauge sector (i.e., in the absence of quarks). The
precise form of the potential will depend on the number of quark colors, but will allow us to write the PNJL

model Lagrangian generally in the form

Lrnyr =7 (id — i+ Apy°) ¢+ LY + £O —U(D, D). (1.17)
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Figure 1.1: Schematic QCD phase diagram showing the regions probed by current heavy ion colliders as well as
the low temperature region applicable to neutron stars. Adapted from [30].

1.2 Structure of Neutron and Dense Quark Stars

While much of our current observational study of the QCD phase diagram is restricted to the high temper-
ature, low density matter created in heavy ion collisions, nature itself provides us an indirect method for
the study of low temperature quark matter in neutron stars. These astrophysical objects have temperatures
T <1 MeV and are thought to obtain central densities of p. ~ 5 — 10pg, where py ~ 2.3 x 10 g /em? is
nuclear density. As a result, the cores of neutron stars are thought to have precisely the conditions necessary

to reach into the rich, but highly uncertain, region of the QCD phase diagram (see Fig. 1.1).

Unfortunately, while neutron stars may hold the key to understanding the structure of dense quark
matter, our observations of the quark matter that comprises them are necessarily indirect, owing both to
their distance (~ 100 ly to the nearest [31,32], and ~ 4000 ly to the most massive [33]) and to their intense
gravitational and rotational properties. Thus, we are led to consider what observable properties of a neutron

star is capable of providing insight into the thermodynamic properties of its core [34-36].

The connection between neutron star thermodynamics and structure is contained in the Tolman-Oppenheimer-
Volkov (TOV) equation, which describes spherically symmetric solutions of the Einstein field equations of

general relativity [37,38]:

dP(r) [p(r) + P(r)/02] [M(r) + 473 P(r)/c2]
dr ¢ r2 —2GM(r)/c*r ’ (1.18)

where P(r) and p(r) are the pressure and energy density at a radius r from the star’s center, G is Newton’s
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gravitational constant, and the mass contained within a shell of radius r is given by
M(r) = / dr’ 4mr?p(r'). (1.19)
0

In order to solve Eq. (1.18) we must specify the equation of state of the matter comprising the star, which
gives the matter’s pressure as a function of its mass density, P(p). Once this ingredient is supplied by a
thermodynamic analysis of the quark matter which comprises the star, the relationship between neutron star
mass and radius is determined. Working in reverse, by making astronomical observations of the mass-radius
relationship of neutron stars one can constrain the possible quark matter equations of state and thereby gain

insight into the microscopic properties of dense quark matter.

One reason that observing the masses of neutron stars is so useful is that for a given equation of state
there exists a maximum total mass (M. ), beyond which a star would be unstable to gravitational collapse.
Thus, by observing the neutron star masses obtained in nature, one can eliminate those candidate equations
of state which do not permit the realization of such massive stars. One can understand the existence of
Mz by considering the simpler case of a much lower density white dwarf, which is supported against
gravitational collapse by electron (rather than neutron) degeneracy pressure. For simplicity, we assume
the star is comprised of highly relativistic electrons and stationary nuclei. Taking into account the spin

degeneracy, the kinetic energy of the electrons is

PF d3p 5 53
Bun = 2V [ ool G+ (P, (1.20)

2/3

where m. is the electron mass, pr = h(37T2N€/V) is the Fermi momentum of the electrons, N, is the

number of electrons in the star, and V' is the star’s volume. In the highly relativistic limit (pp > m.c) the
electrons’ rest energy is a small correction to their kinetic energy so that we can expand the square root in

Eq. (1.20) and after performing the integrals obtain
B
Eyin(R) ~ = + CR, (1.21)
where R is the star’s radius and we define the constants
1/3 4/3 4/3 -1/3 2/3 2/3
3/79 Z M 3/9 Z M 2
Bp="(Z — — he c=2(=Z — — (@) he, (1.22)
4\ 4 A my 4\ 4 A My h

where m,, is the proton mass and M =~ (A/Z)N.m, is the total star mass, with A and Z the mass and
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atomic numbers, respectively. Meanwhile, the gravitational potential energy of the star is V.= —D/R where

we take D = 3GM?/5, assuming a constant density star.? The total energy of the star is therefore

E(R) = B ];D + CR. (1.23)

The equilibrium radius of the star is the radius at which the pressure P = —(0E/0V)g n = 0, so that
E'(R.) = 0. However, if B < D then the star’s energy is a monotonically decreasing function of R; in this
situation the degeneracy pressure of the electrons is insufficient to balance the gravitational force, and the

star is unstable to collapse. Setting B = D thus yields the maximum white dwarf mass:

15v57 (Z\2 [he\*? 1 Z\?2
M, w = 2) (X)) —~687(2) M, 1.24
16 <A> <G> - 687<A) © (1.24)

where Mg = 2.0 x 103® g is a solar mass. The appearance of the ratio Z/A in this expression can be
traced to the fact that while protons contribute to both the gravitational and degeneracy pressures of the
star (the latter indirectly, through the presence of a neutralizing electron), neutrons do not. Thus, a star
composed of neutron rich nuclei (4 > 27) will become unstable before a star with equal numbers of protons
and neutrons. In practice, white dwarfs primarily consist of low atomic number nuclei with roughly equal
numbers of protons and neutrons (e.g., 12C, °0) and using a value of A/Z ~ 2.2 yields the Chandrasekhar
limit of My, = 1.41Mg [39,40].

Looking back at Eq. (1.23) we see that while the coefficient D, which stems from the gravitational
pressure of the star, is independent of the type of particles which comprise the star, the coefficient B
is highly dependent on the detailed properties of the gas’ constituents. In particular, it can be derived
from the equation of state for the star’s constituent matter, which for a free ultra-relativistic Fermi gas is
simply P(p) = p/3. Thus, if by careful astronomical observation we are able to identify a white dwarf with
Mops > Mp,q. then we can conclude that we must modify our equation of state in order to raise M, above
Mops.

In Chapter 5 we investigate the constraints placed on the equation of state of dense quark matter by the
recent observation of massive neutron stars with M 2> 2Mg [33,41,42]. By introducing a flavor-symmetric
vector repulsion within an NJL model of dense quark matter we construct a quark matter equation of
state which stabilizes neutron stars up to M ~ 2.34M. Such an interaction can therefore explain the
recent observations of PSRs J1614-2230 and J0348+0432 with M = (1.97 4 0.04) M, and (2.01 & 0.04) Mg,
respectively [33,42], though its capacity to account for PSR J1311-3430 with M = (2.4 +0.3) M, is unclear,

4This approximation is not necessary, but simplifies the present calculation without affecting the qualitative result.
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given the large uncertainty in its observed mass [41]. We then consider observational data from non-
maximally massive neutron stars and find that our equation of state is in marked agreement with the

observational constraints imposed by this data for quite reasonable magnitudes of the vector coupling.

We also investigate the stability of neutron stars and the proposed ultra-dense quark stars, whose central
densities are thought to be p. > 10py [43,44]. We construct density profiles and determine the mass-
radius relationships for these dense stars in the presence of a vector repulsion and study the impact of this
coupling on the stability limits of quark and neutron stars. We find that the vector coupling is not capable
of stabilizing the ultra-dense matter of quark stars against gravitational collapse, so that if such stars are to

be realized in nature, additional physics is required.

1.3 Artificial Gauge Fields in Ultracold Atoms

In the past two decades the study of ultracold atomic gases has quickly become one of the most rapidly
developing fields of science, due in large part to these systems’ remarkable ability to simulate other widely
disparate physical systems. The explosion in both interest and application of these systems has been largely
precipitated by the technological developments which have recently allowed experimentalists to reach the
extremely low temperatures (T' ~ 100 nK) required to observe macroscopic quantum mechanical behavior.
In particular, the development of laser cooling techniques which earned Phillips, Cohen-Tannoudji, and
Chu the 1997 Nobel Prize in physics, paved the way for researchers to probe the lowest energy states of

matter [45].

The realization of the first man-made atomic Bose-Einstein condensate (BEC) in 1995 [46] and the
first degenerate Fermi gas four years later [47] opened these prototypical quantum systems to experimental
probes for the first time, seventy years after they were postulated [48,49]. Soon after, the first signs of the
wide application of these systems began to appear, and in 1998 Ketterle et al. demonstrated the ability
to arbitrarily tune a two-body atomic interaction by means of an external magnetic field, via a mechanism
known in nuclear physics as a Feshbach resonance [50,51]. Five years later, beginning with a gas of weakly
bound Bardeen-Cooper-Schrieffer (BCS) pairs of fermions, Jin et al. induced the formation of strongly
bound diatomic molecules which then condensed to form a molecular BEC, as shown in Fig. 1.2 [52,53].
Thus, a mere eight years after creating the first BEC, researchers were able to create and probe either Bose
or Fermi systems with arbitrary two-body interactions, and remarkably, to move continuously between the

two regimes via a BEC-BCS crossover.

The ability to prepare and measure the properties of strongly interacting systems in a controlled manner

ensure sustained interest in ultracold gases and has inevitably led researchers to pursue methods of simulating
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(a) (b)

Figure 1.2: Momentum distribution (a) above and (b) below the critical temperature 7. for Bose-Einstein con-
densation of a *°Ks molecular gas. Above T, the gas has a thermal Boltzmann distribution, while
below T. a large peak in the distribution forms, indicating the presence of a macroscopic number of
molecules in the zero-momentum ground state. Image is courtesy of [53].

other systems that are difficult to study in their naturally occurring forms. One such application which has
garnered particular attention is the simulation of both Abelian gauge fields (e.g., magnetic fields) in which
the symmetry group generators commute, and non-Abelian fields (e.g., QCD) in which they do not. For
example, in order to simulate a charged particle in a magnetic field, we must design a system described by
a Hamiltonian of the form

Hi

=5 (P 24)" (129)

where p is the particle’s momentum and B = V x A is the magnetic field. The remaining variables m and ¢
are the particle’s effective mass and charge, while ¢ is the speed of light. Of course, the reason we cannot use
a cold atomic gas to probe a magnetic field directly is that ¢ = 0 so that the atoms do not couple to the gauge
field A. Thus, we must devise a way in which to construct a Hamiltonian of the form in Eq. (1.25) without
a true electric charge. At present, two such methods have been successfully implemented. The first, which
is capable of simulating constant Abelian gauge fields (i.e., magnetic fields), is through mechanical rotation.
The second, through which it is possible to simulate both spatially varying and non-Abelian gauge fields,
employs carefully tuned laser techniques. Though it is the second technique which we will be concerned with
in this thesis, we will first briefly review the rotation method, as it is technically less complex and provides

insight to the general approach of gauge field simulation.

Consider an atom with Hamiltonian Hy = p?/2m + Vp, where V; is an unspecified external potential. If
we place the atom in a frame rotating at an angular velocity w = wz the Hamiltonian in the rotating frame

is

H =Hy-w-L, (1.26)
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where L = r X p is the particle’s angular momentum in the lab frame. Writing out the components explicitly,

the rotating-frame Hamiltonian becomes

pi+ .+ p2

H' = T_W($py_ypz)+%7
» + mwy)? + — mwzx)? + ﬁ 1
_ (p y) 2(717)’3 ) p _ §mw2($2+y2)+VO,
= j—(—gAY+V’ (1.27)
= o \PT ¢ ’ '

where we define the artificial gauge field A and rotating frame external potential V'
1
qA = meaw (—yx + xy) V=V, — 3 mw?(2® + y?). (1.28)

Thus, measured in the rotating frame, the neutral atom responds as if it were a charged particle subject
to the vector potential A as well as an additional scalar potential which gives rise to the centrifugal force.
Incidentally, very often the external potential is a harmonic trap of the form Vi = m€?r?/2 so that if the
system is tuned to 2 = w, the centrifugal and trapping potentials precisely cancel in the plane perpendicular
to the rotation, and one is left only with a trapping potential V/ = mw?2?/2 in the plane perpendicular to
the rotation. Also, note that by equating Egs. (1.25) and (1.27) we are only able to determine the product
qA, which is as expected, since both ¢ and A are artificial “effective” quantities, and only their product
appears in the Hamiltonian.

From the vector potential A we can compute the artificial magnetic field B = V x A. Since only the

product ¢B is fixed by Eq. (1.28) we are free to choose g = e for simplicity so that

- 2me

B="—w=~~10""Aw gauss, (1.29)
e

where A = m/m,, is the mass number of the atom and w is measured in Hertz. The magnetic field is
necessarily constant in space and while its magnitude can be tuned arbitrarily in principle, in practice the
attainable fields are limited by achievable rotation rates. As a result, researchers have recently developed
optical techniques for creating synthetic gauge fields which are much more versatile than mechanical rota-
tion [54-56]. In particular, these methods do not face the technical limitations associated with high rotation
rates and therefore allow for the realization of much larger synthetic field strengths. Moreover, these meth-
ods also allow for the simulation of both spatially varying and non-Abelian gauge fields, with which we are

concerned in this thesis.

In Chapters 6 and Appendix A we investigate the properties of a mixture of two hyperfine species of
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fermions coupled to a non-Abelian gauge field, induced by spatially-varying lasers. In particular, we consider

a spin-orbit coupling of the Rashba-Dresselhaus (RD) form:

H= % kpow + % kyoy, (1.30)
where m and k are the atom’s mass and momentum respectively, & = (0, 0y,0,) is the vector of Pauli
matrices in hyperfine space, x is the overall strength of the spin-orbit coupling, and 7 is the anisotropy of
the Rashba and Dresselhaus components. The special cases 7 = 1 and 7 = 0 were first encountered in the
study of two-dimensional semiconductors [57,58], and this class of Hamiltonians has recently gained attention
as the first type of experimentally realized artificial non-Abelian gauge field [59]. With the addition of a
Zeeman field (h,) and a tunable s-wave contact interaction this system exhibits a very rich phase structure
including a variety of topologically distinct superfluid phases, a BEC-BCS crossover, and the emergence of
Majorana and Dirac excitations [59-63].

In Chapter 6 we investigate the phase structure of artificially spin-orbit coupled systems in the mean
field approximation, which yields the general phase structure of these systems and reveals many important
properties. We compute the critical superfluid temperature as a function of the RD coupling strength and
anisotropy, as well as the applied Zeeman field. We observe a continuous BEC-BCS crossover with increasing
two-body coupling strength, indicating a movement from a gas of weakly bound fermions to a composite
gas of strongly bound Bose molecules. We also find that the critical temperature for superfluidity can either
be enhanced or suppressed by the presence of a Zeeman field, depending on the system’s location in phase
space, namely whether the system is dominated by singlet or triplet pairing and the form of the density of
states.

In Appendix A we study the effects of fluctuations on the phase diagram of spin-orbit coupled fermions,
which play an increasingly important role as the system approaches phase transitions. In particular, we
focus on the BEC regime in which the Fermi gas is largely composed of composite Bose molecules. We
compute the coefficients of the Ginzburg-Landau thermodynamic potential, which can be used to obtain the
superfluid critical temperature in this limit. Thus, one can show that the formation of bosonic molecules
strongly suppresses the critical temperature relative to the mean field result by replacing the energetically
costly pair-breaking excitations of the BCS limit with excitations of the strongly bound diatomic molecules

from their bosonic ground state.



Chapter 2

Phase Diagram of Two Flavor QCD

2.1 Introduction

The reasons for the great sustained interest in the QCD phase diagram are many, but two factors in particular
have contributed to its long-standing status among theoreticians. First, QCD’s phase structure has the
potential to be nearly arbitrarily rich, owing to the complexities of the gluon-mediated interaction, the
wide variety of potential quark pairing structures, and the asymptotic freedom which is obtained at large
densities. Second, until very recently it has been nearly impossible to probe the phase diagram experimentally
and thereby constrain the number of “good” models. As a result, within the general bounds provided by
the structure of QCD, each theoretician is limited only by his imagination as regards the varied exotic
phases in which quark matter might exist, particularly at intermediate to large densities. Examples of such
postulated phases include the color superconducting 2SC and CFL phases, superconducting phases with
condensed mesons (e.g., CFLK®*, CFLK°, CFLwi), strange quark matter (e.q., stranglets, strange stars),

and quarkyonic matter, among others [8,30,64-71].

In principle, a complete QCD phase diagram would involve an exhaustive analysis of the phases of the six
quark flavors over all energy scales. Fortunately, nature has provided a convenient method for approaching
the complete phase structure systematically. In particular, the six flavors of quarks are spread out over
a wide range of masses so that at chemical potentials below a given threshold, quarks whose masses are
greater than that threshold may be neglected. Conveniently, given the masses observed in nature, only the
two lightest quarks (up and down) are relevant at the densities observed in our everyday world. Thus, the
case of Ny = 2 provides a very useful and physically meaningful starting place from which to study the QCD

phase diagram.

In this chapter we begin our study of the QCD phase diagram by considering the two flavor PNJL model
for both two and three colors. In doing so, we pay special attention to how the addition of the third quark
color and confinement affects the phase structure of strongly interacting matter. In particular, we find that
the existence of a third quark color suppresses color superconductivity at low chemical potentials, thereby
greatly increasing the hadronic region of the phase diagram. In fact, while the two flavor model yields a

phase structure incorporating the rough features of more elaborate models (e.g., a hadronic phase, color

17
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superconductivity, and a deconfined quark gluon plasma), for N. = 3 the onset of color superconductivity is
delayed to chemical potentials large enough that the strange quark can no longer be consistently neglected.
Thus, we are naturally led to consider the three flavor PNJL model, which is the subject of Chapters 3
and 4.

2.2 Two Flavor NJL Model

Recalling the general NJL Lagrangian of Eq. (1.9) and noting that the six-quark interaction is absent in the

two flavor system, we write the two flavor NJL Lagrangian in the form

Lop = G(id =+ ) g+ LY + L5, 21)
£ = 6 @) + @, (2.2
) =" [(awmAzcaT) (¢"Cinsmahaq) + (Fr222CT") (4" Cradeg) |, (23)

where we have introduced the quark chemical potential p, and £g4) and ﬁl(;l) are responsible for spontaneous
chiral symmetry breaking and diquark pairing, respectively. The coupling coefficients are G, H > 0, cor-
responding to attractive quark-quark interactions, while 7 = (71,72, 73) is the vector of Pauli matrices in
flavor space, Az is the second Pauli (for N, = 2 colors) or Gell-Mann (for N, = 3) matrix in color space, and
C is the charge conjugation operator. We now make two observations regarding this Lagrangian. First, the
coefficients G and H subsume all of the gluon-mediated interactions of QCD into themselves. Second, by
using four-quark point interaction vertices, our theory is no longer renormalizable and therefore requires the
introduction of a high-momentum cutoff (A) to regulate the theory. This cutoff will serve as a parameter
of our model and will be determined along with the other parameters (namely, m, G, and H) by fitting
to various experimentally determined, or otherwise known, quantities. We are free to choose either a 3-
or 4-momentum cutoff, but in order to maintain contact with the majority of the literature and to remain

applicable in the finite temperature formalism, we will choose the former.

In order to complete the definition of our model, we must now specify a method for fixing the parameters
m, G, H, and A. For simplicity, we treat the situation of equal up and down quark masses and follow the
standard prescription in which m, G, and A are fixed by fitting to the pion mass (m, = 139.3 MeV) and
decay constant (fr = 92.3 MeV) in vacuum, along with the chiral condensate determined from QCD sum
rules [(wu) &~ (dd) = —(240 4 20) MeV)?] [16,20]. The diquark coupling H can be related to G by means of
a Fierz transformation which connects the 5574) and 5514) vertices so that for N. = 2 we have H = @, while

for N. = 3 we have H = 3G/4. The result of this fitting procedure is given in Table 2.1, which is taken
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[N, [ MeV] [ GA® [ HAZ [ A [ M Mev] |
2 4.5 3.13 | 3.13 | 780 360
3 5.5 2.13 | 1.60 | 650 323

Table 2.1: Parameters for the two flavor NJL model: the bare quark mass m, chiral and diquark couplings G and
H, and the spatial momentum cutoff A [72,73]. Also shown is the effective quark mass M at p =T =
0.

from [72,73].

2.3 Mean Field Approximation

The condensates preferred by our chosen interaction are the flavor symmetric chiral and diquark condensates

in the spin-parity 0T channel [2,20]:
o =(q9), d = (q" Cysm2aq), (2.4)

where o represents the degree to which the system has spontaneously broken SU(3) 4 chiral symmetry and d
is the amplitude of quark Cooper pairing. In particular, by writing out the color and flavor indices explicitly,

one finds
d=— <uTTC'”y5dg> + <u§C'y5dr> + <df0~y5ug> — <d§C'y5ur> , (2.5)

where (u,d) and (r, g) denote up and down flavors and red and green colors, respectively. Thus, the structure
of d ensures that a quark pair will be a color and flavor singlet consisting of one quark of each color and
flavor. Working in mean field and neglecting quadratic fluctuations of the fields, we expand the products of

operators appearing in the Lagrangian as

XY = [(X)+ (X - X))+ (¥ =),

X
=
=
4
=
Q

|
=

+
<

|
E
=

= (X)Y+X{Y)-—(X)({Y). (2.6)
The mean field Lagrangian thus becomes

Lop =7 (i — i+ 2Go + 1n°) ¢ — Hd* (¢" Cysmaraq) + HA([@ysm2A2CT") — Var (o, d), (2.7)
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where Vor(0,d) = Go? + H|d|? prevents double-counting the degrees of freedom in our mean field treatment.

Next, in order to transform the Lagrangian to Gaussian form we introduce the Nambu-Gor’kov spinor

(2.8)

where ¢¢ = Cq7 is the charge-conjugate quark field. Symmetrizing the first term in Eq. (2.7) with respect

to the Nambu-Gor’kov indices and defining the effective mass and gap
M =1 — 2Go, A= —2Hd, (2.9)
we can write the Lagrangian in the form
Lop = US™' — Vor(o,d), (2.10)
where the inverse propagator is

id — M + un° Av5To A
S () = at L (2.11)
—A*ysmde i — M — pr°

Thus, we have cast the mean field NJL model in the form of a free theory which can be solved exactly.
In particular, the quasiparticle dispersion relations are simply the poles of the propagator in Eq. (2.11). We

now proceed to calculate these eigenvalues in both the two- and three-color cases.

2.3.1 Eigenvalues for N, =2

In order to compute the eigenvalues for N, = 2 we first transform the inverse propagator in Eq. (2.11) to

momentum space:

— M + pur° AvsToA
S1(k) = ¥ at pRE (2.12)
—A*ys1he f— M — pr°

We note that while the Nambu-Gor’kov indices are written explicitly, each of the four elements appearing in
S~1(k) is itself a 16 x 16 matrix, having 4 Dirac, 2 color, and 2 flavor indices. The eigenvalues of the system

are given by the roots of the equation det[S~!(kg)] = 0. As shown in Appendix D.2.1, the determinant of
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Eq. (2.12) can be written in terms of its blocks:
det[S™ (k)] = det [}é — M 4 p7° — (Aysmade) (F — M — p7°) "2 (= A%ys7a)0) | det(f — M — pn°).  (2.13)

Assuming equal mass up and down quarks (m = mly), the argument of the first determinant above can be
simplified significantly by commuting s\ through the inverted Dirac matrix (which is both color and flavor
independent) and noting that 73 = A\3 = I5. In addition, it is easily verified that

_ E M-y

(k=M —py°) ' = m, (2.14)

where E, = vk? + M? is the energy of a free quark of mass M. Using these facts and taking the now trivial
determinant over color and flavor indices, we obtain

=M -
2

4
A A0V
(o 17— 2 det(f — M — uy")*. (2.15)

det[STY(K)] = det |} — M + uy® — |AJ?

After writing out the Dirac indices and a bit of algebra (see Appendix D for details) we obtain the eigenvalues:

Eip = /(B £ 1)+ A2, (2.16)

each with multiplicity 16, though we note that the Nambu-Gor’kov formalism has doubled the number of
degrees of freedom, so that only 8 of each eigenvalue are “physical” (4 Dirac x 2 color x 2 flavor indices).
Thus, we find that for N, = 2 all 16 eigenvalues of the system are gapped, half corresponding to quasiparticles

(—), and half to quasiholes (+).

2.3.2 Eigenvalues for N, =3

In the N. = 3 case, the momentum-space inverse propagator is again given by Eq. (2.12), but with Ay
the second Gell-Mann matrix, rather than the second Pauli matrix. Thus, each block is now a 24 x 24
matrix. The expression in Eq. (2.13) similarly holds for the N. = 3 case, but while we can commute the
T2 Ao and utilize the fact that 722 = I, as before, it is no longer true that )\3 = I5. Rather, we now have
A3 = diag(1,1,0), so that the eigenvalues will fall into two classes. Two-thirds of the eigenvalues (those

corresponding to the first and second diagonal elements of A\3) will be of the form of Eq. (2.16), while the
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remaining third will be ungapped. The detailed calculation is given in Appendix D.3, and the result is:

Eis = V(Ertp? 1 AP multiplicity 16, (2.17)

Es 4 |Ey £ p multiplicity 8. (2.18)

We can understand the appearance of ungapped excitations in the N, = 3 case by considering the explicit
form of the diquark pairing amplitude, given in Eq. (2.5). In this form we see that the system pairs up
(red) with down (green) quarks, as well as up (green) with down (red), while blue quarks remain unpaired.
Thus, in the N, = 2 case, in which there are no blue quarks, all quark colors and flavors participate in the
pairing, thereby inducing gaps into all quasiparticle excitations. In the N. = 3 case, however, blue quarks are

unpaired and the corresponding one-third of the eigenvalues are the ungapped excitations of free particles.

Having computed the eigenvalues for both the N, = 2 and N, = 3 cases, we are now in a position to

evaluate the thermodynamic potential of the system, from which we can construct the QCD phase diagram.

2.3.3 Thermodynamic Potential

The partition function of the system can be expressed in path-integral formalism as

Z = /D[ﬁ, gle srlrdl, (2.19)

where the Euclidean action is defined as

8
Se(d,q) = / dr / &*x (77°0-q+H), (2.20)
0

with 8 = 1/T the inverse temperature (and kg = 1 throughout). Thus, having cast the Lagrangian in the
quadratic form of Eq. (2.10), the Gaussian integral over the quark fields can be performed exactly so that

we obtain

z - /D[ﬁ q]ef foﬁ dr der (6571‘1/+V2F)

— ¢ BVVer \//D[T, Ule™ IS ded%@S*l‘I/’

= e AVVer Jdet(BST),

_ e—ﬁvv2F+%1ndet(Bs*)7 (2'21)
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where V' is the volume of the system and we have used the identity trln A = Indet A to rewrite the last line
above. In addition, the square root in the second line comes from doubling the number of degrees of freedom
in the path integral from (g,q) to (¥, ¥). The thermodynamic potential per unit volume (2 = —T'In Z/V)

is therefore

T
Q= —Wtrln(BS_l) + Var. (2.22)

The trace in Eq. (2.22) is taken over the discrete indices (Dirac, color, flavor, and Nambu-Gor’kov)
as well as the continuous labels (7,r), or equivalently (iw,,k), where w,, = (2n 4+ 1)7T are the fermionic
Matsubara frequencies. Choosing the latter set of variables, by virtue of our interest in finite temperature

effects, and writing out the trace over (iw,, k) explicitly, we obtain

3
Q= —g ;/%trln [ﬂSil(iwn,k)] +Var. (2.23)

This result is of the standard form except for the unusual factor of 1/2 present in the first term, which
accounts for the double-counting of the degrees of freedom inherent in the Nambu-Gor’kov formalism. We
can take our expression a step further by noting that the eigenvalues of the system E;(k) are the poles of

S~ 1(iwy, k) so that
det [BS ™! (iwn, k)] = H B liwn — E;(K)] .

Inserting this expression into Eq. (2.22) and performing the Matsubara sum (see Appendix C for details)

we obtain
T d3k 1
_ —BE; - .
Q0= -3 ;/ Ok [ln(l +e )+ 5 BALE;| + Var, (2.24)

where AE; = E; — Ef "““ is the difference between the eigenvalue and its value in the non-interacting case
(without absolute values). This term is required to ensure that @ = 0 when all condensates are set to zero

at T =0, so that € is measured with respect to the ground state of the non-interacting Dirac sea.

Having obtained the thermodynamic potential, we now proceed to minimize it with respect to the con-
densates o and d at each point (p,T"), and thereby obtain the phase diagram in both the two and three color

cases.
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Figure 2.1: Phase diagram for the two flavor, two color NJL model. Solid (green) lines denote second-order
transitions while the dash-dotted (cyan) and dotted (blue) lines denote the chiral and BEC-BCS
crossovers respectively. The BEC-BCS crossover is defined by M (u, T) = p.

2.4 Two Color NJL Phase Diagram

The eigenvalues in the case N. = 2 are given in Eq. (2.16), so that recalling Eq. (2.24), the thermodynamic

potential becomes

Q(o,d) = —STZQ: {111(1 + e PEi) 4 %ﬂAEj +Vap(o,d). (2.25)
j=1

Having fixed the parameters m, G, and A, as described in subsection 2.2, we now minimize 2 with respect
to o and d, which yields the phase diagram in Fig. 2.1. The three phases are the chirally broken Nambu-
Goldstone (NG) phase with o # 0 and d = 0, a color superconducting (CSC) phase with d # 0, and which
may or may not be chirally broken, and the quark-gluon plasma (QGP) with o ~ 0 and d = 0. We note that
while in the chiral (m — 0) limit the QGP is defined by o = d = 0, the presence of a non-zero bare quark
mass (m = 4.5 MeV) turns the chiral phase transition into a smooth crossover, blurring the distinction
between the NG and QGP phases. Nonetheless, while no longer a true phase transition, we define the

crossover temperature 7. as the location of the maximum in the do/dT, as shown in Fig. 2.2.

At low temperatures the NG-CSC phase transition occurs at a critical chemical potential 1. = m,/2 = 70
MeV, precisely half of the pion mass m,, as is expected from general considerations [72]. Roughly speaking,
the system will begin pairing as soon as there is sufficient energy to generate a pion (i.e. a quark pair) from

the vacuum.

In addition to the three phases just discussed, we also make a distinction within the CSC phase between
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Figure 2.2: Normalized do/dT vs. temperature at p = 0 in the two flavor, two color NJL model.

regions characterized by tightly bound diquark molecules (BEC) and delocalized weakly bound quark Cooper
pairs (BCS). The blue dotted line in Fig. 2.1 demarks the boundary between these regions, which is defined
by M (p,T) = u, and is smooth crossover at all temperatures. As this BEC-BCS crossover will be a topic of

interest throughout the remainder of our work, let us now investigate the transition in more detail.

2.4.1 BEC-BCS Crossover

In order to begin our discussion of the crossover from tightly bound diquark molecules to weakly bound
Cooper pairs we first consider the quasiparticle excitation spectrum given in Eq. (2.16). In particular, we
ask the question, “At what momentum is the quasiparticle energy minimized?” Noting that E; corresponds
to the quasihole energy, while Es is the quasiparticle energy, we set dEs/dk = 0 and solve for the momentum,

which yields two possible minima:

(1) k1=0 Ey(k1) = \/(n— M)? + A,

(2) ke = /p? — M? Es(k2) = [A[,

where the first solution always exists, but the second exists only for g > M. If this condition is met then
Ey(ks) < Ea(k1) and the quasiparticle energy is minimized for k = \/u2 — M2 = kp, which we recognize
as the quark Fermi momentum. This corresponds to a weakly bound (BCS) Cooper pair whose component
quarks have momenta k and —k, where |k| = k. On the other hand, if 4 < M then only the first solution
exists and the quasiparticle energy is minimized for £ = 0. In this case, the paired quarks are at rest with
respect to one another, and the excitation energy is simply the gap |A|. This corresponds to a tightly bound
diquark molecule, the low energy excitations of which simply involve the quarks moving together at non-zero

momentum.
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Figure 2.3: Quasiparticle dispersion for the CSC phase of the two flavor, two color NJL model, Eq. (2.16). The
dependence on k., which is identical to that of k, and k, is neglected for the sake of representation .
(a) For < M(u,T) the dispersion’s minimum is at £k = 0 and the diquark pair is a tightly bound
(BEC) molecule. (b) For y > M(u,T), the dispersion’s minimum is at k = /pu? — M? and the
diquark pair is a weakly bound (BCS) Cooper pair.

Having identified the BEC and BCS regimes of quark pairing, it is instructive to consider the low-energy

excitations in each regime. First, in the BEC regime we expand F(k) about k = 0, which gives

M=y k2
P .. (2.26)

In this form, we see that at low energies, the quasiparticle dispersion is of the form of a free particle with

er]fEC — (]52(_0L) M=M ll—l- % (2.27)

The free particle-like dispersion is consistent with our picture of a tightly bound molecule in which the

an effective mass

diquark ground state consists of two quarks at rest (k = 0), while the low energy excitations involve the

quarks moving together at small k£ # 0, with an effective mass that is modified by their interaction strength

A
Turning now to the BCS regime, expanding Eq. (2.16) about k = kp yields

N2_M2

Eo(k) ~ |A] + 2A]

(k._kF)2+... (2.28)
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Figure 2.4: Properties of the two flavor, two color NJL model at 7" = 0. (a) Normalized chiral and diquark con-
densates, where o¢ and do are the condensates’ maximum values. Note both the second-order NG-
CSC transition at e = mx/2 and the smooth crossover from the BEC to BCS pairing regimes at
p =121 MeV. (b) Effective quark mass, Mg = (0°E2/0k?) |10, across the BEC-BCS crossover.

This expression is again consistent with a weakly bound quark Cooper pair with momenta (k, —k) and
|k| = kr and binding energy |A|. In order to excite the diquark pair, one must first expend an energy |A|
to break the Cooper pair, and then give the liberated quark a small “kick,” modifying its momentum from
its unperturbed position on the Fermi surface. Nonetheless, even after its liberation from the Cooper pair,

the quark’s effective mass is still modified by the presence of the other quarks surrounding it, and becomes
12
BCS __

As indicated in Fig. 2.4(a), at low p when the system is in the NG phase, the chiral condensate, and
therefore the constituent quark mass M = m — 2Go, remains constant. Further, since quarks are unpaired
(A = 0), the effective quark mass Mg and constituent quark mass M are identical. In the opposite limit,
at large pu, chiral symmetry is asymptotically restored so that M — m & 0, while the BCS pairing gap
plateaus so that Mg also approaches a constant value. As shown in Fig. 2.4(b), in between these two limits
as the system moves through the BEC-BCS crossover at u = 121 MeV, one observes a divergence in Mg

Physically, this implies that even a finite momentum quasiparticle carries a vanishingly small kinetic energy."

Having observed the phase structure of the two flavor, two color QCD phase diagram, let us now move

on to observe the modifications made by the addition a third color, as is realized in nature.

LCare must be taken in applying the expansions Eqgs. (2.26) and (2.28) very near the crossover. It is straightforward to

show that these expansions are valid only for |k — ko| < \/p|M — p|, where kg = 0 on the BEC side and kg = kp on the BCS
side of the transition. Thus, precisely at the crossover when M = p, the radius of convergence of the expansions goes to zero.
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Figure 2.5: Phase diagram for the two flavor, three color NJL model. Line types are the same as in Fig. 2.1, with
the additional thick (red) line denoting a first-order transition.

2.5 Three Color NJL Phase Diagram

While two color QCD provides an instructive introduction to the phases and characteristics of strongly
interacting matter that we will observe throughout this work, the N. = 3 case which we now consider moves
us much closer to “real world” QCD. In particular, while QCD’s SU(3) color symmetry guarantees that
quark masses are independent of color, and there is therefore no physical basis on which to eliminate one
of the three colors, no such fundamental flavor symmetry exists. Rather, the existence of two light flavors
(My,q ~ 5 MeV), an intermediate mass flavor (ms ~ 100 MeV), and three heavy flavors (mep: 2 1,300
MeV) of quarks implies that two flavor QCD is a very physically meaningful limit. In particular, for p < msg
a strongly interacting system will have insufficient energy to generate strange quarks and the two light flavors
will be the only physically relevant degrees of freedom. Thus, in this regime, two flavor QCD will be precisely
the governing theory of the system.

Having previously computed the eigenvalues in the case N. = 3, which are given in Eq. (2.18), the three

color thermodynamic potential becomes

3
Qo,d) = —4T/ % [2 In(1+ e PE) 4 BAE; + 2In(1 + e PE2)

1 1
+BAE; +1n(1 + e PFs) 4 5 BAEs +1In(1+ e PPy 4 5 BAEL| + Vor (e, d).(2.30)

Minimizing the thermodynamic potential yields the phase diagram shown in Fig. 2.5. Comparing this phase
diagram to the N, = 2 case (Fig. 2.1), we observe a few notable differences.

First, we note that the inclusion of a third quark color significantly reduces the transition temperature to
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Figure 2.6: Normalized chiral and diquark condensates vs. p at 7' = 0 in the NJL model with Ny = 2, N. = 3.
The discontinuous jump at g = 327 MeV indicates a first-order NG-CSC phase transition.

the QGP phase, particularly at large chemical potentials. While the CSC-QGP phase boundary is relatively
independent of 4 in both cases, the transition now occurs at TN<=3 ~ 65 MeV, approximately one third
the value of the two color transition temperature TN<=2 ~ 215 MeV. Thus, the region dominated by quark

pairing is significantly smaller for N, = 3 than for N, = 2.

The second significant difference between the N. = 2 and N, = 3 phase diagrams is that in the latter
case there exists no BEC region of color superconductivity. Instead, the NG phase gives way immediately
to a weakly-coupled CSCgs phase via a first-order transition, as shown in Fig. 2.6. In addition, the critical
chemical potential at which the NG-CSC transition occurs has increased by nearly a factor of 5 to u. = 327
MeV, so that where the CSCgp region existed in the N, = 2 case, it is now energetically favorable to remain

in the chirally broken NG phase.

2.6 Mean Field PNJL Model

Having constructed the phase diagram for the two flavor NJL model with both N, = 2 and N = 3, we
now investigate the effects of confinement by introducing the Polyakov loop. From Eq. (1.17) we observe
that the static gauge field Ay associated with the Polyakov loop enters the Lagrangian in the form of a
color-dependent chemical potential, resulting in the modification p — p+14Ag. Thus, the inverse propagator

Eq. (2.11) now becomes

i — M+ (p+iAg)y° AvsTo\
S‘l(:v): 7l (u 0)Y V5T2A2 ' (2.31)

—A"y5Ta Ao i — M — (u+iAp)°
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Before constructing the phase diagram, we next compute the eigenvalues in both the N, = 2 and N, = 3

cases in order to observe how they are modified by the presence of the Polyakov loop.

2.6.1 Eigenvalues for N, =2

The eigenvalues in the N, = 2 case are the poles of the momentum space propagator

— M+ (p+1iAo)y° Ay T2\
S~Y(k) = K (e 0)Y V5T2A2 , (2.32)

—A*’Y57'2/\2 k‘ — M - (/L + iAo)”yO
where Ay is the second Pauli matrix in color space. The field Ay is a matrix in color space so in order
to write down the inverse propagator explicitly we must fix the gauge. For convenience, we choose the
Polyakov gauge, in which Ag is diagonal and can therefore be expressed in the form Ay = ¢3A3. Computing

the 4p x 2. X 2y X 2ng = 32 eigenvalues yields

Fi, = \/(Ek + )2 + |A]2 £ igs multiplicity 8, (2.33)

Ess = (Br—p? + AP +ids multiplicity 8. (2.34)

Comparing this result to Eq. (2.16), we note that the presence of the Polyakov loop introduces an imaginary
part to the eigenvalues. However, the fact that the eigenvalues appear in conjugate pairs will ensure that

the thermodynamic potential is real so that its minimization remains well defined.

Before moving on to the N, = 3 case, we now pause to briefly consider the Polyakov loop itself. While
our discussion in Section 1.1.3 concerned the quantity ® = trL/N,, which serves as an order parameter for
confinement, the eigenvalues above have been expressed in terms of the variable ¢3. Thus, we must ask how
these two quantities are related. From Eqs. (1.10) and (1.11) we observe that for the homogeneous gauge
field we have adopted we obtain ® = tr(e’#40)/2. Evaluating the matrix exponential with Ay = ¢3\3 leads

to the relation

O = cos(fe3). (2.35)

From this expression we find that the physically relevant range 0 < ® < 1 corresponds to 0 < ¢3 < 7T/2,
with ¢3 = 0 (® = 1) denoting a completely deconfined phase and ¢3 = 7T/2 (P = 0) a completely confined
phase. In between these limiting values the system can be interpreted as being either more or less confined,

as we will discuss in more detail in Sections 2.7 and 2.8.
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2.6.2 Eigenvalues for N, =3

In Sections 2.3.2 we found that the addition of blue quarks, which do not participate in pairing as a result of
the color-flavor locking of 5514), leads to a set of non-gapped eigenstates, while leaving unchanged the gapped
quasiparticle excitations corresponding to red and green quark pairs. Unfortunately, we cannot apply this
same reasoning to the three color PNJL model because in exchanging SU(2), for SU(3)., we have introduced
a second diagonal generator and so in the three color Polyakov gauge we have Ay = ¢3A3 + ¢gAg. Thus, the
Polyakov loop now involves two independent fields, ¢3 and ¢g. Solving for the eigenvalues in terms of these

fields, we obtain

NG
Eio = \/(E;C +pu+ %) +|A]2 £ i3 multiplicity 8,

igs\”
B3y = <Ek o 7;) + |A]2 £ igs multiplicity 8,
E = |Ep+pl+ Zids multiplicity 4 (2.36)

5,6 kT M \/§ p y 4, .
Y

Ers = |Ep—pl=+ 2ids multiplicity 4.

V3

We note that as expected on physical grounds, and as observed in the N, = 3 NJL model, one-third
of the eigenvalues are ungapped, corresponding to the unpaired blue quarks. The remaining two-thirds of
the 48 eigenvalues consist of gapped quasiparticle and quasihole excitations with complex chemical potential
Hap = —Hqh = b+ i¢ps/ V3. In addition, the gapped eigenvalues have an imaginary part of the same form as

observed in the N, = 2 case, while the ungapped eigenvalues are modified by the new field ¢g.

Next, we must again determine the relationship between the quantities ¢3 and ®, this time for N, = 3.

Since Ay is diagonal in the Polyakov gauge its exponentiation is trivial and we obtain the relation

(ei(¢3+¢8/\/§) + ei(_¢3+¢8/\/§) + e2i¢8/\/§) ) (237)

Wl =

At this point, we must say a few words about the traced Polyakov loop and its properties in our mean field

treatment. First, it is evident from the definition of the thermal expectation values
1 —BH Y 1 =, —BH
(®) = gtr (@e M), (®) = Z tr (P71, (2.38)

that we need not have <5> = (®)". This follows from the fact that the Hamiltonian density corresponding



32 CHAPTER 2. PHASE DIAGRAM OF TWO FLAVOR QCD

to Eq. (1.17) is
H =7 (i V+ri— (p+i40)7") g + Hint + U®, D), (2.39)

where v = (71, 72,73). In particular, the quark-Polyakov loop coupling term gi Agy"q is anti-Hermitian, and

is responsible for the complex eigenvalues obtained in Eqs. (2.34) and (2.36).2

Having observed that the PNJL model Hamiltonian is not Hermitian, it follows that

() = {%tr(@e—ﬁfﬂ)]*#@*, (2.40)

Despite this complexity, it is quite generally true that the thermal expectation values (®) and <5> are both
real quantities [74]. As a result, in mean field where we make the replacements ® — (®) and ® — (@), the
imaginary part of Eq. (2.37) must vanish, which requires ¢g = 0.% Incidentally, this result also allows us to
avoid the rather confounding prospect of a complex thermodynamic potential which would result from the

presence of a non-zero ¢g [21,77-79].

Having eliminated ¢g, the eigenvalues in Eq. (2.36) reduce to

Eis = VErtp? AR +ids multiplicity 8, (2.41)
By, = \/(Ek — )2+ |A]2 £igs multiplicity 8, (2.42)
Ese = |Ex+y multiplicity 8, (2.43)

where we have redefined the subscripts as indicated. In fact, we might have expected these eigenvalues on
the basis of the argument at the beginning of this section. That is, having eliminated ¢g, the Polyakov loop
now couples only to red and green quarks, which happen to be the same colors which give rise to the gapped
quasiparticle states. As a result, we would expect the Polyakov loop to generate an imaginary part of the
gapped eigenvalues as in the N, = 2 case, while leaving the ungapped (blue) eigenvalues unchanged. Finally,

we note that after setting ¢g = 0, Eq. (2.37) reduces to

d = %S(B%)' (2.44)

2 Any Hermitian operator possesses only real eigenvalues, so if we had not noticed at the outset, the appearance of complex
eigenvalues in Egs. (2.34) and (2.36) indicate that the PNJL Hamiltonian is decidedly non-Hermitian.

3In some of the literature authors attempt to account for the beyond-mean field effects of <$> # (®)* by treating ® and
® as independent quantities (interchangeable with ¢3 and ¢g) and minimizing Q with respect to the full set (o, d, ®,®) [73,
75,76]. However, as noted in [21], this treatment results in certain unphysical features and does not substantially improve any
quantitative aspects of the model. Therefore, we do not consider such extensions of the PNJL model in this thesis.
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Thus, the range 0 < & < 1 corresponds to 0 < ¢3 < 277T'/3, with ¢35 = 0 corresponding to a completely

deconfined phase and ¢3 = 277T/3 corresponding to a completely confined phase.

2.7 Two Color PNJL Phase Diagram

Having solved for the Ny = N, = 2 eigenvalues in Eq. (2.34), the thermodynamic potential becomes
Q(o,d, ®) 4TZ/ [m (14+ePEiy 4 ﬁAE + Var(0,d) +Uzc(P), (2.45)

where, as the notation suggests, we have made use of the mean field relation <5> = (®), and have represented
both by a single ® in the argument of the Polyakov loop potential Usc(®). Following Brauner, we write this
potential in the form [80,81]

Use (D, D)

= b (24P +1n (1 - 3D)], (2.46)

where a2 and by are coefficients fixed by matching with two color lattice data at u = 0 [8,21,73,82]. We can

rewrite Eq. (2.45) in a somewhat more transparent form by defining the quantities E = \/(Ej £ p)? + |A[2

and combining the logarithms from the j = 1,2 terms as follows:

In(1+ eiﬁEl) +1In(1+4+ eiﬁEQ) = In(1+ 675E+67i5¢3) +1In(1+4 675E+6+iﬁ¢3),

= In [1 + (ei3¢3 + e—iﬂd’s) 8_'8E+ + 8_2BE+}

In (1+2®e PEr 4 7208 (2.47)

Similarly combining the j = 3,4 logarithms, the thermodynamic potential becomes
Q(o,d, D) 4TZ/ [m (1420 e PF: 4 e72PF%) L BAEL| + Vop(0,d) + Usc (D). (2.48)

We can interpret this form of the thermodynamic potential by first noting that the logarithm in €2 has its
physical origin in the entropy of the system since @ = e—T's—pnand s = V=13, [feln fi + (1 — fi) In(1 — fx)].
where f, is the Fermi distribution function. Since the logarithm in Eq. (2.48) is the result of adding loga-
rithms corresponding to two distinct eigenvalues, the result is related to the entropy of two quasi-quarks. In
a confined phase (® = 0) there will be no isolated quarks to contribute to the system’s entropy so that the
terms weighted by e #F% vanish. On the other hand, in a deconfined phase (® = 1) the two quarks may

either be free (corresponding to the term 2e =A%) or “paired” (corresponding to the term e~28F=+),
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Figure 2.7: Phase diagram for the two flavor, two color PNJL model. Line types are the same as in Fig. 2.5, with
the additional dotted (purple) line denoting the deconfinement crossover, defined as a maximum in
d®/dT.

Before constructing the phase diagram, we must now fix the Polyakov loop parameters as and by in
Eq. (2.46). It is straightforward to show that in the pure gauge sector, where Q = Usc(P), the critical
temperature for the first-order deconfinement transition is 7. = a/In(24). Thus, one common method of
parameter fixing is to determine as by matching this pure gauge transition to the lattice QCD value of
Tév =0 — 9270 MeV [19,80,83]. The second parameter by, which is known with less certainty, can be fixed
independently in order to ensure coincident chiral and deconfinement transitions [19] or related to ag via the
QCD string tension, by = (04 /az)?, where o, = (425 MeV)? [80]. However, fixing as in the pure gauge sector
results in a deconfinement transition temperature approximately 30 MeV higher than the lattice QCD value
of Tévf:z = 173 MeV. Since our present goal is to model the Ny = N. = 2 QCD phase diagram, we therefore
choose as = 565 MeV in order to reproduce the two flavor lattice transition temperature and subsequently

set by = (320 MeV)? to reproduce the QCD string tension.

Minimizing Eq. (2.48) with respect to o, d, and ® yields the phase diagram in Fig. 2.7. Comparing
to Fig. 2.1, we find that the inclusion of the Polyakov loop does not significantly alter the structure of the
two color QCD phase diagram. Indeed, we appear to have simply overlaid a p-independent deconfinement
transition onto our previous non-confining (NJL) model. However, it is important to note that given our
parameter choice for as, in the absence of quarks the deconfinement transition is first-order and occurs
at Te = 177 MeV. Thus, the coupling between the quarks and the Polyakov loop has transformed the
deconfinement transition from first-order to a smooth crossover, and has pulled the critical temperature
for this transition down slightly. In fact, the difference between the chiral and deconfinement crossover

temperatures at low p is very nearly constant at AT, =T, —Tg = 35 MeV, as shown in Fig. 2.8. So, while
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Figure 2.8: Near coincidence of the chiral and deconfinement crossovers at ¢ = 0 in the Ny = N. = 2 PNJL
model. (a) Normalized chiral condensate and traced Polyakov loop. (b) Normalized do/dT and
d®/dT. The transitions are nearly coincident, with AT = T, — Te =~ 21.5 MeV, independent of

L.

the two crossovers are not coincident, they are certainly correlated.

Before moving on to consider the N. = 3 phase diagram, we note one subtle feature of Fig. 2.8(b),
namely the slight “bump” in do/dT which accompanies the local maximum in d®/dT. We will see a much
more pronounced correlation between the two derivatives in the N, = 3 case, but it is interesting to note
that while the chiral and deconfinement crossovers do not coincide in the PNJL model, they do nonetheless

influence one another.

2.8 Three Color PNJL Phase Diagram

Having solved for the Ny = 2, N. = 3 eigenvalues in Eq. (2.42), the three color thermodynamic potential is

[ln (14+e~ ) + %ﬂAEJ} + Vor(o,d) + Usc (D), (2.49)

Q(,d, D) 4TZ/

where, following Fukushima, we use the three color Polyakov loop potential [17,21]

”wfi’ ® __ “(QT) 3 + b(T) In [1 — 63D + AT + %) — 3(6@)2} , (2.50)

where the temperature-dependent coefficients are

o(T) = a0 + ar <T?>+ 2<§?> , b(T) = by <%>3 (2.51)
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ag ap a b3

3.51 -2.47 15.2 -1.75

Table 2.2: Coefficients of the three color Polyakov-loop potential Usc (®), given in Eq. (2.50) [21].

and where the coefficients a;, and b3 are determined by fitting to three color lattice data at 4 = 0. The
constant Ty, which is the critical temperature for deconfinement in the pure gauge sector, has a value of
To = 270 MeV [17]. However, we will treat Ty as a parameter of the theory, along with the various NJL

couplings, and will fix its value by matching the p = 0 deconfinement transition from lattice QCD.
Combining the logarithms corresponding to j = 1,2 and j = 3,4, we can rewrite the thermodynamic

potential in terms of ®:

3
Q(o,d, ®) = —4T/ (;lwl)‘g [m [1+ (3% —1)e PP+ + e 28] +In[1+ (3@ — 1)e PP~ 4 e 20F]

+1n(1+ e P55) 4 In(1 + e PP0) + BAE, + BAE_ + %BAE5 + %BAEG

+V3F(U, d) +U3c((1)), (2.52)

Comparing this expression to the N, = 2 case in Eq. (2.48) we note that the coefficient of e=#F+ appearing

in the logarithmic terms is now 3® — 1 instead of 2.

Before constructing the three color phase diagram, we must also fit the parameter Ty which appears in
the Polyakov loop potential Usc(®). As in the N, = 2 case, we fix T in order to reproduce the lattice QCD
deconfinement transition of T = 173 MeV, which leads us to choose Ty = 200 MeV. We must also address
a certain ambiguity in the definition of the chiral crossover for N, = 3 that did not exist in the N, = 2
case. As shown in Fig. 2.9(b), the normalized do/dT now has two local maxima, and we must determine
which of these we will designate the chiral crossover. To a certain extent our choice is arbitrary, since the
ambiguity arises from the fact that there is, in fact, no true chiral phase transition for m # 0. However, from
Fig. 2.9(a), we see that the first (sharp) peak in do/dT corresponds to the initial “drop off” of & from its
maximum value o, which persists for 0 < T' < 172 MeV. That is, the chiral condensate (and consequently
the constituent quark mass) is constant up to 7T'= 172 MeV, but as the temperature increases further, the
condensate decreases, and begins its descent with an infinite slope, akin to a square root divergence. While
certainly an interesting feature, this behavior does not correspond to our notion of a crossover. Thus, we
define the chiral crossover temperature T, as the location of the broader, smooth maximum at somewhat
higher temperature than the slight discontinuity. As a result, the chiral and deconfinement crossovers will

not coincide, but we shall discover that as u increases, the difference between the crossover temperatures
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Figure 2.9: Near coincidence of the chiral and deconfinement crossovers at ¢ = 0in the Ny = 2, N. = 3
PNJL model. (a) Normalized chiral condensate and traced Polyakov loop. (b) Normalized do/dT
and d®/dT. Note the presence of two local maxima in do/dT: (1) a sharp maximum coincident with
the deconfinement crossover, and (2) a broader, smooth maximum at a higher temperature (AT = 52
MeV).

will decrease and eventually they will in fact coincide.

Minimizing the thermodynamic potential with respect to o, d, and ® yields the phase diagram in Fig. 2.10.
Comparing to Fig. 2.5, we see that the coupling of the Polyakov loop to the quarks significantly increases
the region of chiral symmetry breaking and diquark pairing. In the case of the NG phase, the crossover
temperature to the QGP at g = 0 has increased by AT, = 31 MeV. Meanwhile, the temperature to which
diquark pairs exist has nearly doubled from TN7L ~ 65 MeV to TFN/L ~ 125 MeV. This suggests that
the system has a strong aversion to simultaneously undergoing chiral symmetry breaking or diquark pairing
on the one hand, and deconfinement on the other. Thus, deep in the NG phase where confinement is a
dominant property, the system strongly prefers to obtain o # 0. Similarly, at large u the small value of ®
drives diquark pairing to persist to a much higher temperature than in the non-confining NJL model.

A second observation we make from Fig. 2.10 is that the deconfinement transition, while still not highly
dependent on p, is more obviously correlated with the chiral crossover, as well as the diquark pairs, than in
the N, = 2 case. While AT, = 51 MeV at u = 0, this difference decreases as the system moves to higher

density, and the deconfinement crossover is very nearly coincident with the CSC-QGP transition at large .
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Figure 2.10: Phase diagram for the two flavor, three color PNJL model. Line types are the same as in Fig. 2.7.



Chapter 3

Phase Diagram of Massless Three
Flavor QCD

3.1 Introduction

In the prior chapter we analyzed the phase structure of two flavor QCD, which is a useful approximation to
the full theory at energies less than the strange quark mass mg ~ 100 MeV. However, as shown in Fig. 2.5,
our two flavor model predicts the realization of color superconducting phases for . = 320 MeV, well above the
density at which strange quarks may be expected to play an important role in QCD thermodynamics. Thus,
if we hope to obtain a reliable picture of strongly interacting matter at these densities we are necessarily led
to consider the three flavor system. The content of this chapter is based on [2].

The inclusion of the strange quark in our theory greatly enhances the richness of the possible QCD phase
diagram in two ways. First, the number of possible quark pairing structures is expanded. For example,
while the two flavor system is restricted to forming ud pairs, the three flavor system may also form us and
ds pairs. As a consequence, the system may realize phases in which only one set of quark flavors pairs (e.g.,
2SC, uSC, dSC), a color-flavor-locked (CFL) phase in which all flavors pair with equal magnitude, or an
asymmetric CFL (ACFL) phase in which all flavors pair, but with unequal magnitudes [30, 83, 84].

The second way in which the strange quark affects the QCD phase diagram is by its role in the instanton-
induced QCD axial anomaly. In particular, the axial anomaly, which in three flavor QCD gives rise to the
Kobayashi-Maskawa, ‘t Hooft (KMT) effective six-quark interaction, plays a crucial role in determining both
the properties of the light mesons and the phase structure of quark matter. In the first case, the anomaly
is responsible for breaking the U(1)4 symmetry of QCD and giving rise to the anomalously large mass of
the 1’ meson. In the second, recent work by Hatsuda et al. has demonstrated the importance of the axial
anomaly in determining the topology of the QCD phase diagram [18,85]. Specifically, they have shown that
under the right circumstances the anomaly-induced attraction between chiral and diquark condensates leads
to a low temperature critical point and a corresponding BCS-BEC crossover between the chirally broken
Nambu-Goldstone phase and a color superconducting phase.

In this chapter we investigate the phases of dense quark matter by considering the massless three flavor
PNJL model. We pay special attention to the impact of the axial anomaly-induced KMT interaction on

the structure of the low temperature QCD phase diagram, and particularly the possibility of realizing a

39
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low temperature critical point. We also carefully consider the combined effects of the axial anomaly and
confinement by performing an expansion of the thermodynamic potential of the Ginzburg-Landau form and

computing the lowest-order couplings between the quark condensates and the Polyakov loop.

3.2 Three Flavor PNJL Model

Following Abuki et al. and introducing the Polyakov loop via the standard prescription we write the three

flavor PNJL Lagrangian [20]

L=7qid—m+ (un+iA0)")g+ LD + L) — U (T, D), (3.1)

where we have introduced a factor of ¢ to the gauge field Ay, as required at finite temperature (see Ap-
pendix B). The standard form of the three flavor four-quark interaction £(*) is chosen to respect the full

symmetry group of classical QCD and contains color-flavor-locked quark-quark interactions [65, 86]

LY = Wy, (3.2)
8

LY = G [@rae)’ + @sma0)?, (3.3)
a=0

' = H Y [@s7araCT) (" Cinstararq) + @ara CT ) (g Cradaq)), (3.4)
AA'=25,7T

where 7, are the U(3) flavor generators (a = 0...8), and 74 and A4 are the antisymmetric flavor and SU(3)

color generators (A, A’ = 2,5,7). We also find it useful to define the chiral and diquark operators

dij = (@r)l(qw)h, (3.5)
(dL)ai = €abcbijk (QL)iC(QL)]cc, (36)
(dr)ai = e€avcciji(qr)iClar)k, (3.7)

where i, 7, k and a, b, ¢ are flavor and color indices respectively and gz, and gr denote states of left and right
handed chirality. In terms of these operators, the four-quark interactions can be written in the compact

form

()
2
)
\

a - 8Gtr(¢T¢)a (38)

£t = 2Hu(dldy + ddg). (3.9)
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GA? HA? KA® M (MeV)
1.926 1.74 12.36 355.1

Table 3.1: Coupling constants and dynamical quark mass for the massless three flavor NJL model. The high mo-
mentum cutoff is A = 602.3 MeV [16,20].

The six-quark interaction can also be written as the sum of two terms

£O = O 40 (3.10)
£ = —8K(det¢+h.c.), (3.11)
c® = K (tr[(dgdL)gz)]Jrh.c.). (3.12)

The first term, ﬁ((,G), is the standard KMT interaction, which is the result of the instanton-induced QCD
axial anomaly [25,87]. The second term, E((,Z), is the effective interaction between the chiral and diquark

fields, mediated by the QCD instanton [18, 85].

To complete our model we must now fix the NJL parameters of our theory. The couplings G and K,
as well as the cutoff A are fixed by fitting to experimentally determined mesonic properties, while H is
related to G via a Fierz transformation, as discussed by Buballa [16], and are given in Table 3.1. The second
anomaly coupling K’ will be adjusted “by hand” to determine its effect on the QCD phase structure, and in
particular the realization of a low T critical point. In addition, the Polyakov loop parameters a; and b3 are
unchanged from the two flavor case, while the parameter Ty is chosen to match our model’s deconfinement
transition at p = 0 to the massless lattice value of Tév 1=% = 154 MeV [30,82]. Throughout this chapter we

assume that the bare masses of the quarks are zero.

3.3 Mean Field Approximation

The condensates favored by £*) and £(® are the flavor-symmetric chiral and diquark condensates in the

spin-parity 0% channel:
<§Zqé> = 061']', <qTCW5TA/\A/q> = déAA/. (3.13)

Expanding about these condensates and neglecting quadratic fluctuations, we obtain the mean field La-

grangian

. _ 1, ., _
L=qG@— M+ (1 +i4o)y°)qg — 5(A ' Cystadaq + Hee)) = Vsp(o,d) — Usc (D, D), (3.14)
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where H.c. denotes the Hermitian conjugate, the sum over A = 2,5,7 is implied, and the effective quark

mass and BCS pairing gap are

/! !/
M:m—4Ga+2K02+KI|d|2, A=-2d (H—KI(f). (3.15)

In addition, the condensates contribute to the system’s potential directly an amount
3 3 K/
Vap(oi, d;) = QG; 0?2 —4Ko 0903 + Z; <H - gl-) |di 2. (3.16)

In terms of the Nambu-Gor’kov spinor ¥ = (¢ ¢%)/v/2, we can now cast the Lagrangian in the quadratic

form £ = WS~ — V3 — Usc, where the inverse propagator in Nambu-Gor’kov space is

— M + (p+iAg)y° AvysTaN
S~L(k) = K (e 0)Y V5TAAA 7 (3.17)

—A*y5TaAA - M — (1 + iAo)”yO

Having cast the Lagrangian in Gaussian form, we may integrate over the fields ¥ and ¥ to obtain the

thermodynamic potential:

T &[N Pk sm, L 1 _
Q= —3 ;/ @) |:1n(1 +e O+ gﬂAEl + Vsp(oi,d;) + Usc (D, D), (3.18)

where the F; (i = 1...72) are the poles of Eq. (3.17). Working in the Polyakov gauge in which Ay =
@33 + ¢gAg, our next task is to compute these eigenvalues, from which we may obtain the thermodynamic

potential.

3.4 Eigenvalues

From Eq. (3.17) we see that the presence of the Polyakov loop induces an effectively color-dependent chemical

potential. We therefore define the effective chemical potential matrix i = p+1Ag = diag(u1, pe, ps) where

o
u1=u+i<¢3+%), u2=u+i<—¢3+%), M3 = p— \Zf;- (3.19)

Obtaining the 72 roots of Eq. (3.17)’s characteristic polynomial is a laborious calculation involving the
properties of block matrices, the details of which are given in Appendix D. The resulting 18 distinct

eigenvalues, each with multiplicity 4 (2 spin x 2 Nambu-Gor’kov), fall into two classes. The first class,
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consisting of 12 distinct eigenvalues, can be written in the form

2
E112—\/(Ek:l:'ul_|2—'ug) +|A|2iL2‘uJa 17]5215273 (’L#])v (320)

where Ey = vk? + M?, and the two £ are independent. The remaining six distinct eigenvalues are the

roots of the polynomials F(w,, £Ey) which satisfy limy_, ., F; = 0o, where

Flwn, By) = (wn+ Eg+ ) (wn — By — p1)(Wn + Ex + p2)(wn — By, — p2)(wn + Ex + p3)(wn — By, — p13)
— AP (wn + Bk + p1) (wn + By, + p2)(wn — By — p3)[(wn = Bx — ) + (wn — By, — pi2)]
—|AP (wn + B + p1)(wn + Bk, + p3)(wn — Bx — p2)[(wn — Bx — ) + (wn — Ex, — pi3)]
— AP (wn + Bk + p2)(wn + By, + p3)(wn — By — 1) [(wn — By — p2) + (wn — By, — )]
HAPM(wn + B + m1) + (o + Bi + pi2) + (wn + B + 1))

X[(wn — B — p1) + (wn — Ex — p2) + (wn — Ex — p3)] — 4]A|°. (3.21)

The function F(w,, Ey) is an even sixth-order polynomial and therefore reducible to a cubic polynomial,
whose solutions can be obtained exactly.! Thus, all of the model’s eigenvalues can be obtained explicitly

and the thermodynamic potential computed via Eq. (3.18).

In light of the eigenvalues’ dependence on the Polyakov loop variables ¢35 and ¢g, by comparing Eq.
(3.18) to the two-flavor expression in Eq. (2.30) we note that € is no longer a simple function of the traced
Polyakov loop @, but rather depends on ¢3 and ¢g independently. Thus, in order to construct the phase
diagram we must now minimize Q(o, d, ¢3, ¢s) with respect to all variables, then compute ® via Eq. (2.37).
However, as shown in Section 2.6.2, the self-consistency of our mean field approximation requires us to set
¢s = 0. In this case, ,uJ{ = pg and ps = u, so the eigenvalues come in conjugate pairs. This fact, together
with the assurance that ® is now real ensures that the thermodynamic potential is also real and that the

minimization procedure is well-defined.

In order to assess the effects of confinement on the QCD phase structure we first construct the phase

diagram for ® = 1 (no confinement), and then compare to the results for the full PNJL model.
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Figure 3.1: Phase diagram for the three flavor NJL model (no confinement). Thick (red) lines represent first-
order phase transitions while thin (green) lines represent second-order transitions. The dotted (blue)
vertical line is a BEC-BCS crossover, defined by M (p, T) = p. The low T critical point is at (p,T) =
(291 MeV, 35 MeV).

3.5 Phase Diagram without Confinement

In the absence of confinement we set Ag = ¢3 = 0 so that ® = 1 (see Eq. (2.37)) and eliminate Usc (®, )

from the thermodynamic potential, which then reduces to
d3k _BEi _ﬂEi + 1 +
QNJL:V3F(U,d)_2TZ e 8In(l4+ e 7%1) +1In(1l+e "2 ) +48AE] +§ﬁAE2 : (3.22)
+

where the eigenvalues are now

BE = (B £ 0P + AP, (3.23)

By = (By+p)?+4]AR, (3.24)

and where Y denotes summation over E;, and E| ,.

The minimization of Q with respect to o and d yields the phase diagram shown in Fig. 3.1. The critical
temperature for the chiral transition at p = 0 is found to be TN/Z = 153 MeV, in agreement with Abuki
et al., and within the margin of error of current lattice results [9,10,20]. Note that this temperature is

determined entirely by the couplings G and K and the high momentum cut-off A, which were in turn fixed

IWhile the remaining six distinct eigenvalues can in principle now be written down explicitly, due to the complicated
and opaque nature of these expressions, we decline to do so. It is a straightforward exercise to rewrite F(w, Ej) as a cubic
polynomial in w?, read off the polynomial’s coefficients, and insert the coefficients into the formula for the roots of a general
cubic polynomial. Having spent several hours in this endeavor himself, the author encourages the reader who feels compelled
to do so to share any insight he thereby gains!
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Figure 3.2: (a) Contour plot for the chiral condensate in the three flavor NJL model, showing contours of o =
0.2, 0.4, 0.6, 0.8 and 1.0 oo, where o9 is the maximum value of the diquark condensate. (b) Contour
plot for the diquark condensate in the NJL model, showing contours of d = 0.2, 0.4, 0.6, 0.8 and 1.0
do, where dp is the maximum value of the diquark condensate.

by empirical mesonic properties (TV/% proves independent of H and K’, which are related to diquark
pairing, since d = 0 in this portion of the phase diagram).

As reported by Abuki et al., the topology of the phase diagram depends critically on the ratio of the
anomaly couplings k = K'/K [20]. We find, in agreement with their results, that for k < 4.2, the transition
out of the Nambu-Goldstone (NG) phase is first-order for all temperatures, while for k > 4.2, a low-T critical
point emerges, below which there is a smooth crossover from the NG phase to a CSC phase, in which both
chiral symmetry breaking and diquark pairing persist (see Fig. 3.1).

We find that as x increases above the critical value of 4.2, the low T critical point moves up the NG-CSC
phase boundary (to higher T" and lower x) until it vanishes into the NG-QGP phase boundary at x = 4.8.
We therefore find that there are three distinct structures of the NJL phase diagram, determined by the value
of ki (1) k< 4.2, (2) 42 < Kk < 4.7, and (3) k > 4.8. Since we are particularly interested in the existence
of the low T critical point, we are interested primarily in structure (2). Therefore, in displaying our results,
we choose k = 4.2 as a representative value for which the critical point is realized.

Considering the contour plot of o, shown in Fig. 3.2(a), we see that the chiral condensate is relatively
slowly varying within the NG phase, which implies a relatively constant effective quark mass. Near the
phase boundaries, however, o varies rapidly, either falling discontinuously (NG-QGP or NG-CSC, above the
critical point) or undergoing a very rapid, though smooth, crossover (NG-CSC, below the critical point).

Similarly, the contours of d show that while d is not maximized over as great a portion of the phase

diagram as o, it is relatively constant throughout the CSC region, dropping rapidly only near the second-
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Figure 3.3: Phase diagram for the three-flavor PNJL model. Line types are the same as in Fig. 3.1, and the de-
confinement transition coincides with the chiral phase transition at all values of . The low T critical
point is at (p, T) = (288 MeV, 36 MeV).

order CSC-QGP phase transition and the NG-CSC crossover (Fig. 3.2(b)).

3.6 Phase Diagram with Confinement

Before constructing the three-flavor QCD phase diagram with confinement, we fix the Polyakov loop pa-
rameter T by matching the deconfinement temperature at © = 0 with current lattice data. With massive
quarks, the definition of T, in this context would be, as noted by Aoki et al., ambiguous, there being at least
three standard choices: (1) a maximum of the chiral susceptibility, (2) a maximum of the quark number
susceptibility, and (3) a maximum in d®/dT [9,10].? While these transitions are coincident in the NJL and
PNJL models, current lattice calculations with non-zero current quark masses yield slightly different values
for the three critical temperatures. However, for massless quarks, all three transitions are coincident and
there is no ambiguity. Thus, we choose to match the deconfinement transition at T, = 154 MeV [30], which
leads us to set Ty = 50 MeV.

Minimizing €2 in the presence of the Polyakov loop yields the phase diagram shown in Fig. 3.3. Comparing
to Fig. 3.1 we now assess the effects of confinement on the phase structure of QCD. As in the nonconfining
NJL model, the topology of the phase diagram depends critically on x. We find that this dependence is
unaffected by the inclusion of confinement, and that the critical point continues to appear for 4.2 < xk < 4.7,

while it vanishes into the NG-QGP phase boundary for k > 4.8. The location in the phase diagram at which

2There is a slight ambiguity in this definition at low u. For p < 288 MeV, as the system moves to higher T, ® first undergoes
a smooth, though rapid, crossover, which is followed by a slight discontinuity coincident with the chiral phase transition, as
shown in Fig. 3.5(b). Whether one chooses to identify the deconfinement transition with the maximum finite value of d®/dT
(rapid crossover) or with the absolute maximum of d®/dT" (discontinuity) is a matter of convention. Here, we choose the latter
definition. For large p there is no such ambiguity, since the CSC-QGP transition is second-order and no discontinuity exists.
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Figure 3.4: (a) Contour plot for the chiral condensate in the three flavor PNJL model, showing contours of o =
0.2, 0.4, 0.6, 0.8 and 1.0 oo, where o9 is the maximum value of the diquark condensate. (b) Contour
plot for the diquark condensate in the PNJL model, showing contours of d = 0.2, 0.4, 0.6, 0.8 and 1.0
do, where dp is the maximum value of the diquark condensate.

the critical point vanishes (for k = 4.8) is at marginally higher temperature in the PNJL model (T" = 54
MeV) than in the NJL model (T' = 50 MeV). This reflects the fact that the Polyakov loop causes a slight
shift (between 2 and 4 MeV) of the NG-QGP and CSC-QGP phase boundaries to higher temperatures, at
intermediate to high p (note that the critical temperature at g = 0 is unchanged).

Given that deconfinement is a high T effect, it might be unsurprising that it does not materially affect
the low T critical point. However, it is important to note that were possible u dependence included in the
Polyakov loop potential, Eq. (2.50), the present inclusion of confinement could have a greater effect on the
phase structure of QCD. Unfortunately, because lattice calculations are restricted to u = 0, we are unable
to discern any p dependence of U(®, ®).

We also note that while prior work has demonstrated that inclusion of the Polyakov loop pulls the NG-
QGP and CSC-QGP phase transitions, as well as the low-T critical point, to higher temperatures [21,88,89],
our results do not demonstrate such a shift. This apparent disparity is a result of the aforementioned fitting
of Ty = 50 MeV, which we choose to reproduce the p = 0 deconfinement transition for massless three-flavor
QCD. Had we instead chosen to match the transition in the pure-gauge sector (as in [21]) and set Ty = 270
MeV, both the NG-QGP and CSC-QGP transitions, as well as the low-T" critical point, would have been
shifted to significantly higher temperatures.

Comparing the contour plot of the chiral condensate (Fig. 3.4(a)) to that from the NJL model (Fig. 3.2(a)),
we note that the Polyakov loop encourages larger values of o, most notably near the phase boundaries. This

is clear from the absence of a ¢ = 0.60¢ contour at low p in the PNJL model, as well as the termination of
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Figure 3.5: (a) Contour plot for the traced Polyakov loop in the three flavor PNJL model, showing contours of ®
= 0.2, 0.4, 0.6, 0.8 and 1.0. (b) Plot of the normalized chiral and diquark condensates and Polyakov
loop for p = 280 MeV.

the o = 0.80¢ contour into the NG-QGP phase boundary at lower chemical potential (u = 250 MeV) than
in the NJL model ( = 266 MeV). This effect can be traced to an effective o2® coupling, which favors the
coexistence of a chiral condensate and confinement, and which is discussed in more detail in Sec. 3.7. In the
same vein, from Fig. 3.5(a) we note that ® tends to decrease in the presence of . As a result, curves of
constant ® are “pulled” to higher temperatures in the NG phase than they would be in the absence of the
effective 02® coupling. On the other hand, inspecting the contours of the diquark condensate (Fig. 3.4(b)),

we find that the Polyakov loop has no appreciable effect on d.

Finally, Fig. 3.5(a) demonstrates that ® is only weakly dependent on chemical potential, being primarily
an increasing function of temperature, and what p dependence does exist is almost entirely restricted to
the NG phase. In the CSC phase, the ® contours line up roughly parallel to the d contours, suggesting an
effective |d|?® coupling. However, it does not appear that this coupling affects the deconfinement transition
significantly, since ® has already achieved nearly its maximum value at much lower temperatures than where
d — 0. We find that @ is discontinuous across the first-order NG-QGP and NG-CSC transitions (e.g. note
the jump in the ® = 0 contour at y = 267 MeV), but the relative magnitude of the discontinuity is much

less than that of o (Fig. 3.5(b)).

3.7 Ginzburg-Landau Coefficients

Having constructed the PNJL phase diagram, we next seek to understand the lowest-order effects of the

condensate-Polyakov loop couplings by expanding the thermodynamic potential € in a Ginzburg-Landau



3.7. GINZBURG-LANDAU COEFFICIENTS 49

form

b B, C
0 = (g(ﬁ - ga?’ + ZU4> + (g |d]* + g |d|4) + (Afb + 507+ §<1>3> —oldf?
I / /
—|—%U2(I)— %03(I>+ %|d|2<1>—7'0|d|2<1>+"' (3.25)

While prior work by Hatsuda et al. focused on the topological consequences of a thermodynamic potential
of this form (without the Polyakov loop), here we are in a position to compute the coefficients explicitly as
functions of temperature and chemical potential [18]. For example, the coefficient a can be computed from
Eq. (3.18) via the relation

o0

a= (3.26)

2 )
9% |, _4—o—0o

while similar expressions hold for the other coefficients.

In the following calculations, for the sake of convenience the coefficients a, ¢, 7, etc. will be taken to refer
to their dimensionless versions, where they are scaled by the appropriate power of A (as in Table 3.1). This
ensures that the coefficients are of roughly the same order of magnitude and facilitates comparison of their
relative importance. For the purposes of these comparisons, note that the dimensionless chiral and diquark
condensates have maximum values of oy = 0.0636 and dy = 0.0548. In addition, in order to express the
coeflicients compactly, we define the following quantities:

1 1 1

+ + +

=, =, h* = ——a—, 3.27
cosh(BEy ) — % g cosh(BEy )+ 1 9(BEy)? + w2 ( )

where ESE = k £ p are the eigenvalues (without absolute values) in the absence of any interactions.

3.7.1 Noncoupling terms

In computing the coefficients of simple powers of o, we may set d = ® = 0 prior to taking the necessary
derivatives. Thus, the 18 distinct eigenvalues shown in Egs. (3.20) and (3.21) reduce to the six distinct
values: Fy_4 = |Ej, + p| £2miT/3 (with the two £ independent) and E5 ¢ = |Ej, & p]. In this way, we obtain

the first three LG coefficients:

. +
a(p, T) = 12G—48GQZ/(;Z?;3 Smh(]fEO)@fiJrgi), (3.28)
+
d®k sinh(BEF
o(p,T) = 1211(-726:}(%:/(27T)gs (k 0)(2fi+gi), (3.29)
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Figure 3.6: Coefficient of o2, a(p, T'), for various values of the chemical potential (solid black = 0, dashed red =
150 MeV, dot-dashed green = 300 MeV, long-dashed blue = 450 MeV).

We note that the o term is proportional to the coupling K, which stems from the axial anomaly. This
proves true for all odd powers of ¢ so that in the absence of the axial anomaly the thermodynamic potential

is an even function of o.

Figure 3.6 shows that the coefficient a changes sign, becoming negative at low temperatures and chemical
potentials. As a result, in the low-4, low-T portion of the phase diagram, the o2 term in the thermodynamic
potential tends to favor chiral condensation. In fact, we see that if the o2 term were dominant, this transition
would occur at ;1 = 0 at the extremely high temperature of T'= 395 MeV. However, by looking at Eq. (3.29)
we can assess the relative magnitude of ¢, and whether it will play a significant role in determining the order
of the NG-QGP phase transition. In fact, noting that the integrals appearing in ¢ are identical to those in

a, we can write

c=—(a—4QG). (3.30)

Thus, we find that at © = 0, |¢/a| 2 6K ~ 60, while as noted above, o9 ~ 1/16. As expected from the
results of the prior section then, we find that the ¢ term cannot be ignored in determining the order of
the NG-QGP transition. In fact, the inclusion of higher-order terms coupling o and ® leads to a first-order

transition at a more modest temperature of T, = 154 MeV.

Next, the coefficients of terms involving only powers of |d| may be obtained by setting ¢ = ® = 0 at the
outset and taking the appropriate derivatives. Unlike the prior calculation, in which setting d = 0 reduced
the number of distinct eigenvalues from 18 to 6, in this case, no such simplification occurs and the full 18

eigenvalues must be evaluated. Doing so yields the |d|? coefficient:
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Figure 3.7: (a) Coefficient of |d|?, a(u, T), for various values of the chemical potential (same as Fig. 3.6). (b)
Coefficient of ®, A(u,T).

. £\ r+
ap,T) = 6H - 4H22/ @k {4smh(]§f‘) 7 9Bl68EE sinh(BEE) + v3x] fEh
0

+3682EE sinh(BET) gt h* } (3.31)

As shown in Fig. 3.7(a), for sufficiently large u, the sign of the |d|? term becomes negative at low T.
Since no odd powers of the diquark condensate appear in ) the phase transition is of second-order. This
transition produces a color superconducting phase of quark Cooper pairs in the low 7', high p portion of
the phase diagram, as has been widely reported [16,21,66]. The precise location of the diquark condensate
formation is affected by the chiral-diquark condensate coupling, but for 7' ~ 0, we find that « becomes

negative at p ~ 120 MeV.

Next, we compute the coefficients of powers of ®. Setting o0 = d = 0 again reduces the 18 eigenvalues
to six eigenvalues analogous to those involved in the calculation of the o™ coefficients (with Ej, — k).

Computing the necessary derivatives yields:

d3k N

A(u, T) (3.32)

B(u,T) = —T*[a(T)+12b(T 27TZ/ dk

C(p,T) = 24b(T 81TZ/ @k = (f5). (3.34)

(3.33)
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Figure 3.8: (a) Coefficient of o|d|?, v(u, T, for various values of the chemical potential (same as Fig. 3.6). (b)
Coefficient of o?®, a’(u, T).

Significantly, while in the pure-gauge sector the lowest-order term in Usc (®, @) is quadratic (see Eq. (2.50)),
the existence of quarks generates a term linear in ®. Further, A is negative at all points in the phase diagram
except at T = 0. As a result, even for very small non-zero temperatures, the Polyakov loop will take on a
finite value. This behavior stands in marked contrast to that of the pure-gauge sector, in which ® undergoes

a large discontinuous jump at Ty = 270 MeV, below which & = 0.

3.7.2 Coupling terms

Having computed the coefficients of the pure condensate and Polyakov loop terms in Eq. (3.25), we now
consider the lowest-order couplings between these variables. Beginning with the chiral and diquark conden-
sates, we note from Figs. 3.4(a) and 3.4(b) that there is only a small region near u ~ 280 — 320 MeV in
which both ¢ and d are significant. Thus, the primary condensate coupling is the lowest-order coupling, of

the form o|d|?. Setting ® = 0 at the outset and performing the necessary derivatives yields

3, , @k [3Gsinh(BEL) ... ..  2Hsinh(BEL)f*
Y T) = K 26K ;/(2@3{ - 2f"+g%) + I

+3HB|BEL sinh(BET) + V3n]f*h* + 18HB*EF smh(ﬁEgt)higi}. (3.35)

In Fig. 3.8(a) we see that 7 is negative at all points in the phase diagram, and therefore the o|d|? coupling
universally encourages coexistence of the chiral and diquark condensates. In the prior section we observed
that this term is the critical factor in determining the nature of the NG-CSC transition at low temperatures.
Since the o|d|? coupling does not involve the Polyakov loop, Eq. (3.35) is the same as that obtained by

Abuki et al., although they did not compute it explicitly, but only observed its consequences in the numerical
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Figure 3.9: (a) Coefficient of |d|*®, o' (u, T, for various values of the chemical potential (same as Fig. 3.6). For

a’ < 0, the |[d|*® term favors the coexistence of a diquark condensate and deconfinement. (b) Coeffi-
cient of o|d|?*®, v'(u, T). For 4/ < 0, the system favors the coexistence of &, d, and ®.

construction of the QCD phase diagram [20)].

Having computed the lowest-order noncoupling terms, we consider the effective modifications to these
terms that arise from the inclusion of the Polyakov loop. The coefficients of the lowest-order couplings

between the condensates and the Polyakov loop, o2®, o3®, and |d|?® are:

. +

o = 144G2Z / ;ljrkgsmh(ﬁ Eg)(f i (3.36)
:|:

¢ = 216GKZ/ dgk sinh(8 k)(fi)2, (3.37)

. +
o = 12H2Z/ @k {2smh(ﬁ§£)(fi)2 — 36v/3nB2 EE sinh(BET)(h*)2gt,
0

—2V3BrBfEhE +3v/38 [2\/§ﬁESE sinh(BEE) + w} ( fi)%i}. (3.38)

As shown in Fig. 3.8(b), except for at very large chemical potential (1 2 445 MeV) both o’ and ¢ =
(3K’ /2@G)d’ are positive, and therefore tend to disfavor simultaneous chiral condensation and deconfinement.
Since o is only appreciable for p < 300 MeV, this means that to lowest-order, the presence of a chiral
condensate will tend to maintain a confined state, and vice versa. We note, however, that this finding
does not preclude the realization of a spatially inhomogeneous “quarkyonic” phase at large u, as has been

suggested recently [30,83,84,90,91], since we have explicitly assumed a homogeneous condensate.

We also note that the magnitude of a’ decreases with increasing chemical potential, and is therefore

largest (most strongly opposing deconfinement) in the NG region of the phase diagram where o dominates.
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This effect is visible in Fig. 3.5(a), where the curves of constant ® are pulled to higher temperatures in the
NG phase by virtue of the presence of a non-zero 0. The NG-QGP transition is therefore the result of two
competing effects. On one hand, in the pure-gauge sector confinement tends to become weaker at higher
temperatures, eventually giving way to a deconfined QGP. On the other hand, as temperature increases,
the system has an increasing aversion to a state in which both ¢ and ® are non-zero, so the presence of the

chiral condensate tends to suppress the deconfinement transition.

Similarly, as shown in Fig. 3.9(a), the coefficient o’ is positive throughout the phase diagram and its
magnitude increases with increasing p. Thus, the presence of a diquark condensate also tends to maintain
a confined state with ® ~ 0, and does so more strongly at high chemical potentials, where d is appreciable.
This can be understood by noting that in order to satisfy the gap equation, 9Q/9A = 0, with increasing ®,

one must decrease the magnitude of the gap.

The final coefficient that we compute is of the term o|d|?®, the lowest-order term coupling all three

variables:

, , PN . 3G H\ .
v = 6K g/ (2#)3{ — 18V3rHB?EL (h™)?sinh(BET ) g™ + (7 E—Oi) sinh(BET)(fF)?

VBrHBfERE + MTIM {2\/3513(;# sinh(BEL) + w} (fi)th}. (3.39)

As shown in Fig. 3.9(b), " is positive throughout the phase diagram, so that once again, we find that
condensation and deconfinement tend to disfavor one another. Thus, we find that in general, the existence
of a condensate (either o or d) tends to encourage confinement, and the greater the number or magnitude

of the condensate(s) present, the greater the effect.

3.8 Low temperature critical point

Having computed the lowest-order Landau-Ginzburg coefficients, we are now in a position to assess the effect
of the Polyakov loop on the low temperature critical point. As noted in the prior section, in order for the
critical point to appear the ratio of the axial anomaly couplings £ = K’/ K must exceed 4.2. In the presence
of the Polyakov loop, the values of these couplings are effectively modified by terms proportional to ®, as

well as higher-order terms, which can be neglected to first-order. Comparing Eqs. (3.16) and (3.25) we
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define

/
Ka = Ko (1+C—<I>>, (3.40)
C

,y/
e = K <1+7 ) (3.41)

Taking the ratio and expanding to linear order in ® yields
’Y/ C/
= [+ (L= ) o] (3.42)
vy ¢

The effect of the Polyakov loop can be assessed in terms of the sign of § = +'/y—¢'/c. For § > 0, the effective
ratio keg is increased, which will tend to encourage the emergence of the critical point, while for § < 0 the
critical point will tend to be suppressed. The condition for Eq. (3.42) to remain valid is § < ®~! ~ 2, which
follows from the fact that ® ~ 0.4 at the critical point. Noting that for ko = 4.2 the critical point is at
(1, T) = (288 MeV, 36 MeV), we find that ., = —0.16. Thus, the presence of the Polyakov loop decreases

the effective coupling ratio x by approximately 6%.



Chapter 4

Phase Diagram of Three Flavor QCD
with Realistic Masses

4.1 Introduction

In the prior chapter we began our investigation of the three flavor QCD phase diagram by studying the
massless PNJL model. While we have gained a number of insights by this work, there are several important
factors which we have thus far neglected. In particular, while we have found that the addition of a third
quark flavor may give rise to a low temperature critical point, we have not yet assessed the impact of a
realistic strange quark mass on the realization of this critical point. Thus, in this chapter we investigate the
effects of realistic quark masses on the QCD phase diagram and the “freezing-out” of the strange quark as
the system moves to lower chemical potentials where the light up and down quarks dominate. The material
in this chapter is based on [3].

Another aspect of the QCD phase diagram of particular interest is the nature of quark pairing at inter-
mediate chemical potential. While it is known that for three quark flavors a color-flavor-locked (CFL) phase,
in which all quark flavors and colors pair, is energetically favorable for asymptotically large i, the preferred
pairings for p not asymptotically large are not determined. Calculations indicate phases in which only two
colors and flavors pair (2SC) [92], in which one flavor pairs with all others (uSC, dSC) [64], and a spatially
inhomogeneous phase which has properties of both free quarks and hadrons (quarkyonic) [30,83,84].

In this chapter we build on prior studies of the effects of confinement on quark pairing in the three flavor
PNJL model by considering a wider range of pairing schemes than the CFL and 2SC phases previously
considered [2,92]. In particular, by permitting distinct ud, us, and ds pairing amplitudes we allow for the
possibility that the confining mechanism of QCD may not treat all quark flavors on an equal footing, even for
equal masses. Thus, we are led to consider the possibility of a new homogeneous asymmetric CFL (ACFL)
phase characterized by breached pairing in which all quark flavors pair, but with unequal magnitudes [93-95].
Further, by considering a range of strange quark masses we investigate the combined effects of this potential
asymmetry and the decoupling of the strange quark sector with increasing strange quark mass.

We also investigate the implications of a local color neutrality constraint on the phase structure of dense
quark matter. While QCD has the capacity to dynamically achieve local color neutrality by means of a

gluon field condensate <A2>, the PNJL model lacks the necessary gluonic degrees of freedom to achieve

o6
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such neutrality in a phase of asymmetric quark pairing (e.g., 2SC, uSC, dSC). Thus, one must impose
such neutrality “by hand” in order to avoid the large color-electric forces which would result from color
accumulation [68,96-99]. Prior studies of the axial anomaly’s influence on the phase structure of dense quark
matter in NJL-type models have either focused on pairing structures which are trivially color neutral [2,20]
or have allowed for locally colored phases [92]. By introducing an effectively color-dependent chemical
potential we impose local color neutrality and study its effects on the low temperature portion of the QCD
phase diagram, most notably its suppression of the 25C phase and the potential for realizing quark-hadron

continuity.

4.2 Three Flavor PNJL Model with Realistic Masses

Recalling the three flavor PNJL Lagrangian in Eq. (3.1) and anticipating the effects of unequal quark masses

we consider chiral and diquark condensates of the form

(@dh) = 0y, (q" Cstiljq) = dibyy, (4.1)

where the sum over a is implied and we define ¢; 23 = 7752 and 123 = A752. Note also that there is no
sum over ¢ in Eq. (4.1); rather, the right sides of the equations are diagonal matrices in flavor space with

three distinct elements. Writing out the diquark condensates explicitly, we have

d = - <d§C'YSSb> + (di Cys34) + <s§Cw5db> — (s{ Cysdy) (4.2)
dy = —{uf Cyssp) + (u} Cyssr) + (sE Cysup) — (s§ Cysuy ) (4.3)
dy = —(ul'Cysdy) + (ul Cysd, ) + (dX Crysuy) — (dL Cysu,) . (4.4)

Thus, we see that while o1, 02, and o3 represent the up, down, and strange chiral condensates respectively,
dy, do, and ds represent the magnitudes of ds, us, and ud pairing. In addition, the color-flavor-locking of the
interaction 5514) means that while d3, for example, describes the pairing of red up and green down quarks

(as well as red down and green up quarks), blue quarks of either flavor do not participate in this pairing.

With our chosen condensate structure, working in mean field the Lagrangian Eq. (3.1) becomes

3
> [A(q" Crstiliq) + Hee.] = Vap(oi,di) — Usc (D), (4.5)

=1

N =

L=7q6d— M+ (u+i40)y")g —
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where the ith effective quark mass and BCS gap are

K'
M,; = —4Go; + K|51jk|0]0k + |d |2 A; = —2d; (H — IUj) R (46)

with |e;;,] = 1 if ¢, 7, k are all distinct and zero otherwise, and where the condensates’ direct contribution to

Qs

K’
/ } : 2 : 2
VBF(UZ’ 1‘ == 2GZ - g; — 4KO’10’20’3 + <H - 70'1> |dz| . (47)
Writing the Lagrangian in terms of the Nambu-Gor’kov spinor ¥ = (¢ ¢“)/v/2, we cast the Lagrangian in

the form £ = US~1¥ — Vi —Usc, where the inverse propagator in Nambu-Gor’kov space is

f— M+ (1 +iAp)y° Aivystil;

S*l(kj) _ (:u O)FY Y5 7 (48)
—A7vstil; F—M—(n+ido)°

and where the sum over i in the off-diagonal elements is implied. Integrating over the fermionic fields then

yields the thermodynamic potential:

=——Z/

{lnl—i— ‘BE1)+ BAE + Vip(oi, di) + Usc (P, D), (4.9)

where the E; (j = 1...72) are the poles of Eq. (4.8).

Unfortunately, owing to the size of S™1(k) (72 x 72) and the asymmetry of its constituent blocks, it is not
possible to obtain explicit forms for the system’s eigenvalues in either the case of unequal quark masses or
condensates. Thus, in the general case we are left to proceed by constructing the phase diagram numerically.

Before proceeding to our construction of the phase diagram, we must say a brief word concerning our
parameter fits for this model. The values of A, H, and K remain unchanged from the massless case considered
in the prior chapter and are given in Table 3.1. However, in order to observe the gradual decoupling of
the strange quark from the up-down sector, we will consider several strange quark masses in the range
0 < ms < 80 MeV; if G were to remain independent of mg, the result would be quite unreasonably large
effective quark masses at p = 0. Thus, following Abuki et al., as we adjust the strange quark mass and
coupling K’ (see Table 4.1), rather than recalculating G' by again fitting the mesonic quantities, for the sake
of simplicity we choose G to yield a fixed value for (M, + My)/2 = 367.5 MeV [20]. The quantitative effects
of this choice are negligible for the present purposes.

As noted in Table 4.1, we consider two values of K': (1) K/ = K, which is suggested by applying a Fierz
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| [, MeV) | GAZ | K'A° [ Ty (MeV) | M, (MeV) |

I* 0 1.926 12.36 210 355.1
II 5 1.928 12.36 208 369.4
I11 ) 1.928 | 51.91 208 369.4
I\Y 20 1.915 12.36 207 392.2
\% 20 1.915 51.91 207 392.2
VI 40 1.899 12.36 206 417.5
VII 40 1.899 | 51.91 206 417.5
VIII 80 1.877 | 12.36 204 476.6
X 80 1.877 | 51.91 204 476.6

Table 4.1: Parameter sets for the three flavor PNJL model: the strange quark bare mass ms, coupling constants G and
K’, and Polyakov loop parameter Tp, with a spatial momentum cutoff A = 602.3 MeV [16]. The remaining
parameters, which are constant across all parameters sets, are H = 1.74/A? and K = 12.36/A5 [20,21,73].. Also
shown is the constituent strange quark mass at 4 = 7" = 0. *Parameter set I, which was studied in Chapter 3
and in which all bare quark masses are set to zero is listed here for comparison. In all subsequent data sets we
take mqy = 2.5 MeV and mg = 5.0 MeV [24].

transformation to the instanton vertex [20], and (2) K’ = 4.2K, which allows the realization of the low T
critical point and facilitates comparison with the results of the prior chapter and current literature [20,92].
Finally, the parameter T} is chosen for each parameter set to match our model’s deconfinement transition
at 1 = 0 to the lattice value of Ty’ > = 176 MeV [9,10].

In order to study the effects of an increasing strange quark mass on the preferred quark pairing struc-
tures at intermediate p, we begin by again constructing the massless QCD phase diagram, now with the
more general condensate structure given in Eq. (4.1). Afterwards, we adopt realistic up and down quark
masses, while gradually increasing the strange quark mass in order to observe its effects. In addition, to
facilitate a comparison with the current literature, which largely ignores the complication of a local color
neutrality constraint, we begin by constructing the phase diagrams without enforcing color neutrality, de-
ferring a discussion of the effects of this constraint to Sec. 4.6. We also note that while a variety of spatially
inhomogeneous phases (e.g., crystalline color superconductors, FFLO phases) may be energetically preferred
in certain high density regions of the phase diagram [100, 101], in this thesis we consider only homogeneous

phases.

4.3 Massless QCD Phase Diagram

4.3.1 Without Confinement

In this section we discuss the phase structure of massless QCD before moving on to consider the case of three
different mass quarks. This will allow us to investigate both the general effects of quark mass on the phase
diagram, as well its particular influence on a possible ACFL phase. We note that we do not impose color

neutrality in either this section or the following, in order that we may consider the effects of this additional



60 CHAPTER 4. PHASE DIAGRAM OF THREE FLAVOR QCD WITH REALISTIC MASSES

200 : : : : :
Im=my=m=0
K' = 4.2K
150 -
A
2 100 i
= S
50 ]

| CFL
2SGec—|
O 1 1 _# 1 1 1
0 100 200 300 400 500 600
u (MeV)

Figure 4.1: Phase diagram of the NJL model (no confinement) with three massless quark flavors. Red lines de-
note first-order transitions while green lines denote second-order transitions.

constraint in Sec. 4.6.

When we turn off confinement by setting ¢3 = 0 and dropping the potential U3¢ (®, ®) the thermodynamic
potential reduces to that considered by Basler and Buballa [92]. The only significant difference between the
massless NJL model considered here and the massive case is that for massless quarks the chiral phase
transition is first-order for all p, rather than a smooth crossover at low p (Fig. 4.1). Basler and Buballa have
shown that for K’ > 3.5K a 2SCggc phase appears, in which only up and down quarks pair (d; = do = 0,
ds # 0). This phase is similarly visible in Fig 4.1, separated from the hadronic NG phase by a second-order
phase transition, and from the 2SCgs phase by a first-order transition.

Anticipating the ACFL phase discussed in Secs. 4.4 and 4.5, in Fig. 4.2 we show the single diquark
condensate of the CFL phase as a function of temperature for = 500 MeV. We note that it is roughly
constant for T' < 30 MeV, and then falls as d ~ /T, — T for 30 MeV < T < 71 MeV, before finally vanishing

as d ~ (T, — T), due to the effective o|d|?> coupling induced by the axial anomaly [2, 18, 85].

4.3.2 With Confinement

In order to construct the phase diagram in the presence of the Polyakov loop, we first fix Ty by matching the
model’s deconfinement transition at u = 0 to the lattice value of TP = 176 MeV. The resulting value of
T\ varies slightly with mg, and is given for the various parameter sets used in Table 3.1. Minimizing 2 with
respect to the condensates and Polyakov loop, we obtain the phase diagram shown in Fig. 4.3(a). As has
been widely reported, the inclusion of the Polyakov loop pulls the chiral transition to higher temperatures

(from 151 MeV to 193 MeV), significantly enlarging the region of symmetry breaking [21,73].1

INote that in our prior work [2], we did not observe such an increase in the region of chiral symmetry breaking. This was
due to our defining the deconfinement transition as the (slight) discontinuity in d®/dT, which is coincident with the chiral
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Figure 4.2: Dimensionless diquark condensate d~l = cli/A3 for 4 = 500 MeV in the massless three flavor NJL
model. As indicated in Fig. 4.1, the system undergoes a second-order CFL-QGP phase transition at
73 MeV. The linear approach to zero for 71 MeV < T < 73 MeV is due to an effective U|d|2 coupling
(see Sec. 3.7) [2,18,85].

One important consequence of the increase of T2°" is that the Polyakov loop gives rise to a much
larger region of 2SCgcs, which we define as a 2SC phase (d; = dy = 0, d3 # 0) in which M, 4 < p. In
particular, this phase now persists to much higher x than in the NJL model, where it is constrained to
roughly 270 MeV < p < 350 MeV.

Figure 4.3(b) shows the two distinct diquark condensates d; = ds and d3 for = 500 MeV. We find that
for T' < 20 MeV, the results are not significantly altered from the NJL model. However, for T' 2 20 MeV we
find that dy = ds falls with increasing T', while d3 increases until the system undergoes a second-order phase
transition to the 2SCyos phase at 70 MeV, slightly below the location of the CFL-QGP transition in the
absence of confinement. Thus, the ground state of the system at intermediate p is no longer a symmetric

CFL phase, but rather an asymmetric CFL phase characterized by 0 < dy = ds < dj3.

4.4 Realistic Mass QCD Phase Diagram

Having observed the emergence of an ACFL phase in massless QCD, we now consider the effects of realistic
bare quark masses on both this phase and the phase diagram generally. To this end we construct phase
diagrams for ms = 0, 20, 40, and 80 MeV. In all cases we take m, = 2.5 MeV and my = 5.0 MeV, while the
coupling G is adjusted in order to maintain (M,, + My)/2 = 367.5 MeV at u =T = 0.

As shown in Figs. 4.4 and 4.5, as the strange quark mass increases, the region of ACFL moves to higher

u, effectively decoupling the strange quark from the up/down sector. This is due to the fact that in the

phase transition, rather than its maximum finite value. Here, we use the latter definition as it more naturally extends to the
case of non-zero quark masses in which d®/dT is continuous and the deconfinement “transition” is unquestionably a smooth
Crossover.
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Figure 4.3: (a) Phase diagram of the PNJL model with three massless quark flavors. Line types have the
same meaning as in Fig. 4.1, with the additional dotted (blue) line representing the deconfinement
crossover. (b) Dimensionless diquark condensates in the massless PNJL model for p = 500 MeV.

limit ms — oo, there is insufficient energy to generate strange quarks and we are left with an effectively
two flavor system. We also note that while for small mg, the deconfinement transition at large u essentially
coincides with the breaking of up/down quark Cooper pairs (the 2SC-QGP transition), as m increases the

deconfinement temperature moves down somewhat.

Also noteworthy is the fact that except for small ms and K’, a critical point appears on the ACFL-2SC
phase boundary, separating a first-order transition at lower p from a second-order transition at higher pu.
One can summarize the situation by noting that the ACFL-2SC transition is first-order when T, < 50 MeV,

~

and second-order when T, 2 50 MeV. Thus, for example, for ms; = 5 and 20 MeV and K’ = K, the phase
boundary never drops below T =~ 50 MeV and the transition is always second-order. We note, however, that
while the phase boundary has a negative slope for large i, the transition does not again become first-order

when the boundary drops below T' ~ 50 MeV.

As shown by Abuki et al. in the non-confining NJL model and by the authors for the massless PNJL
model, we find that for K’ > 4.2K, a low T critical point emerges [2,64]. Also, as shown by Basler and
Buballa, when one allows for 2SC pairing this critical point acts as the termination of a line of first-order
BEC-BCS transitions, above which a smooth crossover develops [92]. Interestingly, as shown in Fig. 4.5,
when the 2SCgc phase exists, we find that for mg = 5, 20, and 40 MeV the BEC-BCS transition is first-
order at zero temperature, while for mg = 80 MeV the critical point drops below the T-axis and one obtains

a smooth BEC-BCS crossover at all temperatures.

While not visible in Figs. 4.4 and 4.5, for unequal mass quarks much of the ACFL-2SC phase boundary
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Figure 4.4: Phase diagrams for the PNJL model with realistic up and down quark masses and various strange
quark masses, where the axial anomaly couplings are taken to be equal (K’ = K). Line types have
the same meaning as in Fig. 4.3(a).

is actually two distinct, but very closely spaced phase boundaries. The first boundary, at slightly lower
temperature, separates the ACFL phase from a sliver of a uSC phase in which up/down and up/strange
quarks pair, but down/strange quarks do not. Thus, crossing this phase boundary corresponds to breaking
the down/strange quark Cooper pairs. The second boundary separates the uSC phase from the 2SC and
corresponds to the breaking of the up/strange quark pairs. Figure 4.6 shows these two distinct transitions
for exaggerated up and down quark masses (m, = 0, mqg = 40 MeV, m, = 80 MeV), in order to make the
distinct phase boundaries visible.

We note that while the precise value of K’ is unknown, on the basis the Fierz transformation mentioned
in Sec. 4.1 it is expected that K’ ~ K, and it is unclear if any mechanism might increase K’ above the 4.2 K
threshold required to realize the low temperature critical point and BEC-BCS crossover. Therefore, it seems

likely that Fig. 4.4(d) is closest to the true QCD phase diagram.
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Figure 4.5: Phase diagrams for the PNJL model with realistic up and down quark masses and various strange
quark masses, where K’ = 4.2K. Line types have the same meaning as in Fig. 4.3(a).

Finally, a word is required regarding quark pairing in the ACFL phase for realistic quark masses. While
the splitting of up and down quark masses is quite small relative to the chemical potential at which the ACFL
phase is obtained (u ~ 400 MeV), the mass splitting between the strange quark and the two light flavors is
indeed large (Ms— M, q 2 100 MeV). This mass difference results in significantly mismatched Fermi surfaces,
which acts as a barrier to quark pairing in the conventional BCS picture of superconductivity. However,
with the assumption of spatially uniform pairing, the different dispersion relations of the ultrarelativistic
light quarks on the one hand, and the much slower strange quarks on the other, can lead to a situation in
which quarks on the strange quark Fermi surface pair with quarks on the interior of the light flavors’ Fermi
spheres, as shown in [93]. This breached pairing corresponds to a situation in which the T' = 0 state of the
system consists of both superfluid and normal Fermi liquid components with both gapped and ungapped
quasiparticle excitations [94]. Thus, as shown in [95], it is indeed possible to form a stable homogeneous

superfluid phase out of the mismatched Fermi spheres, as we observe.
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Figure 4.6: Partial phase diagram of the three flavor PNJL model with K’ = 4.2K. Exaggerated bare quark
masses of m, = 0, mg = 40 MeV, and ms = 80 MeV are used to make the uSC region more visible.
Line types have the same meaning as in Fig. 4.1.

4.5 Asymmetric CFL (ACFL) Phase

4.5.1 Quark Pairing Amplitudes

The evolution of color superconducting quark matter with increasing temperature can be inferred from
Fig. 4.7. At low temperatures, the ACFL phase is essentially identical with the CFL phase, with d; = dy ~
ds, and has a thermodynamic potential well below the QGP. At high temperatures, the ACFL phase morphs
continuously into the 2SCys phase, with d; = dy = 0, via a second-order phase transition. In between these
two limiting cases, for 20 MeV < T < 70 MeV, the ACFL phase is distinct from both the 25C and QGP
phases, and has a thermodynamic potential below both.

We also note that while not clearly visible in Fig. 4.3(b), our calculations indicate that for T' > 6 MeV
it is always energetically favorable to adopt unequal pairing amplitudes. Thus, while we cannot exclude the
possibility of a low temperature CFL-ACFL phase transition, it seems very likely that the unequal pairing
amplitudes persist to arbitrarily low temperatures, and that a symmetric CFL phase at intermediate p is
restricted to T' = 0.

We can understand the asymmetric behavior of the quark pairing by noting that in our chosen gauge

(and with ¢g = 0) the quark-Polyakov loop coupling is of the form
7407°q = ¢3(™°r —97°9), (4.10)

where we have written the color indices explicitly, so that the Polyakov loop couples only to red and green
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Figure 4.7: Minimum Q/A* vs. T at ;1 = 500 MeV for the phases: CFL (green), ACFL (blue), and QGP (red) in
the massless PNJL model.

quarks. Thus, the condensates dy (which involves green and blue quarks) and da (red and blue) are only

singly-coupled to the Polyakov loop, while d3 (green and red) is doubly-coupled.

One may inquire whether this phase of unequal quark pairing is simply an artifact of our choice of ¢g = 0,
or whether such a phase might actually be realized in QCD. Unfortunately, in the present model, allowing
¢s # 0 renders the thermodynamic potential complex so that its minimization is no longer a well-posed
problem. Nevertheless, our results do demonstrate the possibility of obtaining a phase characterized by
unequal quark pairing, and they present a challenge to other models of dense quark matter to address the

question of its realization.

In addition to local color charge, asymmetric quark pairing in both the ACFL and 2SC phases can give rise
to a net local electric charge. In quark matter in neutron stars such a charge is neutralized by a net electron
(and possibly muon) density, and indeed in deriving an equation of state for neutron stars, we must include
charge neutrality. On the other hand, matter encountered in heavy ion collisions is electrically charged and
the collisions occur on sufficiently short time scales that while the matter reaches equilibrium with respect to
the strong nuclear force, it does not reach charge equilibrium. While we discuss color neutrality in Sec. 4.6,

we defer a discussion of the effects of electrical neutrality in neutron stars to Chapter 5.

4.5.2 Symmetry Breaking Pattern

Having identified the region of the phase diagram occupied by the ACFL phase as well as the order of the

associated phase transitions, we next study the symmetry breaking pattern of this phase. We begin by
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noting that the symmetry groups of the 25C and CFL states are [66,67]

25C: SU(2),, ®SU(2), ® SU2), ® U(1)5 ® U(1)s,

CFL: SU@),, ;. g ® Zs,

where SU(2),, denotes a rotation in the color subspace of red and green quarks, U(1) 5 is a rotated baryon

conserving symmetry with conserved quantity

B=Q+13 with @zQ—2—\1/§)\8, (4.11)

and where I3 is the isospin operator, @ and @ are the standard and rotated (conserved) electromagnetic
charge operators in the 2SC phase, and U(1)g corresponds to multiplying the strange quark by an arbitrary
phase.

Since both the CFL and 2SC phases are special cases of the ACFL phase, the symmetry group of the
ACFL phase must be a subset of the symmetry groups of these respective phases. Thus, the color-flavor-
locking aspect of the CFL phase requires that there be no unbroken independent color or chiral rotations
in the ACFL phase, while the SU(2),, symmetry of the 25C phase requires that there be no unbroken
symmetry which mixes blue quarks with red or green quarks. A direct calculation demonstrates that none

of the remaining symmetries are broken and we are left with the symmetry group
ACFL : SU(2), 4 14 g ® Z2.

In fact, the symmetry group of the ACFL phase is simply the intersection of the symmetry groups of the
2SC and CFL phases. Moreover, this symmetry group is identical to that of the CFL phase with unequal
strange quark mass.? Finally, we note that we expect 14 Goldstone bosons in the ACFL phase, which follows
from the 8z + 81 + 15 = 17 generators of the Lagrangian’s symmetry group and the three generators of the

ACFL symmetry group.

4.6 Color Neutrality

In the prior sections we have constructed the phase diagram of the PNJL model for both massless and

massive quarks and have observed the emergence of a new ACFL phase at large pu. If our model is to

2While one often refers to a CFL phase in the case of unequal strange quark mass, it is implicitly assumed that g > ms so
that di = d2 =~ d3. If p is not much larger than ms then the quark pairing amplitudes will no longer be approximately equal
and the CFL phase gives way to the ACFL phase.
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Figure 4.8: Minimum thermodynamic potentials in the NG, 2SC, and CFL phases as a function of ug at 7' = 0
for (a) p = 275, and (b) p = 285 MeV, in the three flavor PNJL model with massless quarks and
K' =42K.

accurately reflect the behavior of dense QCD, however, for the homogeneous phases which we consider here
we must also investigate the effects of the requirement of local color neutrality. In fact, both the 25C phase
previously reported by Basler and Buballa [92] and the new ACFL phase possess non-zero color densities

which would, if left unchecked, induce large color-electric forces in the superconducting quark matter.

The origin of the net color density, in both the 25C and ACFL phases, is the modification of the quark
dispersion relations which results from unequal pairing amplitudes for red and green quarks compared with
blue quarks. In the 2SC phase, for example, at fixed particle number the pairing of red and green quarks
results in a decrease in the Fermi energy of these colors. In a system at fixed quark chemical potential p,
this results in an increase in the density of red and green quarks compared to the unpaired blue quarks,
and a corresponding net anti-blue color density. In QCD, this quark color density is exactly cancelled by
the development of a non-zero expectation value of the gluon field (i.e., tadpole diagrams), and so the
homogeneous 2SC phase remains color neutral [96,97]. However, having replaced the local SU(3) color
symmetry of QCD with the global symmetry of the PNJL model we now lack the means for dynamically

realizing a neutral ground state.
The standard method for imposing color neutrality in the NJL model is to introduce a set of color
chemical potentials p,, which are chosen to ensure vanishing color densities [68,98,99]:

00

o = (4.12)

Ng = <qTTaQ> =

where T, = A,/2. In light of our discussion above, we see that the equilibrium value of p, (i.e., the value

required to achieve color neutrality) is proportional to <A2> in QCD. In both the 2SC and ACFL phases red
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and green quarks pair symmetrically, so we need only include jig, in order to ensure that ng = n, +ny—2n; =

2(n, —np) = 0. Thus, we modify the Lagrangian from Eq. (3.14) to

L=q6Gd—m~+ (u+ i)y + psAsy?)g + LY + £ — Us o (B, ®). (4.13)

In order to obtain the locally color neutral phase diagram we now minimize the thermodynamic potential
with respect to the condensates o; and d;, and Polyakov loop variable ¢3 as before, while imposing the

additional neutrality constraint

o
—_2" 4.14
ng 8/148 ) ( )
along with the stability condition
ong 0%Q
— =—-——=>0. 4.15
T @15)

Thus, our solution is a saddle point of €2, minimized with respect to the condensates, and maximized with
respect to pus.

Due to the computational intensity of the saddle point problem for our eight variable thermodynamic
potential we do not perform a complete assessment of the effects of color neutrality, together with the strange
quark mass and confinement, at present. However, we report two important results from the massless quark
limit at 7' = 0, which give insight into the structure of the full color neutral QCD phase diagram.

First, in the massless quark limit the color neutrality constraint eliminates the 2SC phase from a large
portion of the phase diagram, in favor of a CFL phase. We can understand this effect by considering Fig. 4.8.
At p = 275 MeV the thermodynamic potentials of the color neutral NG and CFL phases (ug = 0) are nearly
equal, indicating the location of a phase transition between the NG phase, which exists at low p, and the
CFL phase which exists at high p. As the system moves to higher density the energy of the NG phase is
essentially constant, while both the 25C and CFL phases decrease in energy, becoming more favorable.

The crucial effect of the color neutrality constraint is visible in the thermodynamic potentials at p = 285
MeV. In the absence of a local color neutrality constraint (ug = 0), we find that the 2SC phase is indeed the
lowest energy, and therefore the preferred, phase of the system. However, in imposing color neutrality, we

require the 2SC phase to take on a nonzero ug ~ —40 MeV, which results in a (physical) 2SC state which is

3Strictly speaking, because of the small mass splitting between up and down quarks there is a slight imbalance in the light
quarks’ Fermi seas, which in principle leads to di # d2 and requires the introduction of additional color-dependent chemical
potentials, beyond the pg considered here. However, because the up-down mass splitting is extremely small compared to the
light quark Fermi energies, this effect is negligible.
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Figure 4.9: (color online) Proposed phase diagram for three flavor QCD with spatially homogeneous color neutral
phases. The arrows indicate the movement of the phase boundaries due to the enforcement of local
color neutrality (compare to Fig. 4.4(d)).

formally higher in energy than the colored state. This “additional” energy is sufficient to raise Qs5c above
both Qn¢g and Qe gy, with the lower energy CFL phase being the color neutral ground state. As the system
moves to yet higher u, both the 2SC and CFL phases continue to move to lower energies, with the latter
always maintaining a slight energetic advantage. Thus, at T" = 0 enforcing local color neutrality eliminates
the 25C phase altogether.

A second important effect of color neutrality, which is a corollary of the suppression of the 2SC phase is
the “re-emergence” of a low temperature critical point [2,18]. As shown in [92] and confirmed in Fig. 4.5,
when one allows for 25C quark pairing (rather than simply a CFL structure) in the absence of a local color
neutrality constraint this critical point is eliminated in favor of a second-order NG-2SC phase transition at
intermediate u. However, with the 2SC phase eliminated by the color neutrality constraint, the system once
again realizes quark-hadron continuity via a smooth crossover between the NG and ACFL phases at low
temperatures.

In the case of realistic quark masses, the 25SC phase remains intact after imposing local color neutrality,
but the location of the low temperature NG-2SC transition is moved to the right by Ap ~ 30 MeV. This
shift in the phase boundary is not surprising in light of the additional energy required to maintain a non-zero
us. Indeed, the 2SC phase still becomes more favorable (i.e., Qa5 decreases) as the system moves to higher
1, but the non-zero value of ug results in an overall shift of Qsg¢c to larger values. As a result, the NG-2SC
phase boundary defined by Qo5 = Q¢ is shifted to larger p.

While an exhaustive analysis of the effects of color neutrality and realistic quark masses is beyond the
scope of this thesis, based on the results obtained here we can propose an educated hypothesis for the

QCD phase diagram under the assumptions adopted here, namely the restriction to spatially homogeneous
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phases. Figure 4.9 shows the proposed QCD phase diagram, which should be compared to Fig. 4.4(d), in
which color neutrality was not enforced. We expect the essential effect of the color neutrality constraint to
be the reduction in size of the 2SC phase, due to the additional energy required to generate the neutralizing
gluon condensate. In particular, the lines of first-order NG-2SC and ACFL-2SC transitions will encroach
upon the 2SC region due to the upward shift of 255¢, as indicated by the arrows in Fig. 4.9. Second-order
transition lines, however, will remain largely unaffected as pug — 0 on these boundaries.

A number of outstanding questions exist regarding the PNJL model and the QCD phase diagram which
have yet to be addressed. Foremost among them is a complete construction of the QCD phase diagram which
incorporates local color neutrality along with realistic quark masses. Also, the effects of charge neutrality
and S-equilibrium, which are important in the study of stable quark matter at low temperatures in neutron
stars, and which is the subject of the next chapter, remain to be completely elucidated in the context of the

PNJL model.



Chapter 5

Structure and Stability of Neutron
and Dense Quark Stars

5.1 Introduction

After several decades of speculation, the Large Hadron Collider (LHC) and the Relativistic Heavy Ion
Collider (RHIC) are finally providing the first significant experimental probes of the phase diagram of
quantum chromodynamics (QCD) [102-107]. Unfortunately, despite their successes and the promise of yet
higher density probes at the Facility for Antiproton and Ion Research (FAIR), accelerators are by their
nature restricted to investigating high temperature matter due to the extreme heating inherent in high
energy collisions. Indeed, there is no conceivable method by which the rich structure of cold dense quark
matter will ever be obtainable in a laboratory, due to the extreme pressures which must be sustained to
produce such matter. As a result, the only opportunity to probe the low temperature region of the QCD
phase diagram is provided by nature herself, in the neutron stars which are fortuitously spread throughout
our galaxy, and beyond.

While neutron stars may hold the key to understanding the properties of dense quark matter, our
observations of the quark matter that comprises them are necessarily indirect, owing both to their distance
(~ 100 ly to the nearest [31,32], and ~ 4000 ly to the most massive [33]) and to their intense gravitational
and rotational properties. Thus, we are led to consider what observable properties of neutron stars are
capable of providing insight into the thermodynamic properties of their constituent matter [34-36, 108].

Two astrophysical observables which are intimately connected to the thermodynamic properties of quark
matter are neutron stars’ maximum stable masses (M;,q,) and their mass-radius (M-R) relationship. In
particular, for a given equation of state (EoS), which specifies the pressure (P) of the star’s constituent
matter as a function of its density (p), both M., and the M-R relationship are uniquely determined by
the Tolman-Oppenheimer-Volkov (TOV) equation [37,38]. As a result, much work has been done to model
the equation of state of the dense quark matter of which neutron stars are composed, in order that we may
better understand the structure of these astrophysical objects. While a wide variety of nuclear equations of
state have been proposed, until very recently all such models have yielded maximum neutron star masses less
than 2Mg [109-115]. The recent observation of several neutron stars with M ~ 2Mg, has thus prompted a

revisiting of our understanding of the basic structure of dense quark matter and the search for a mechanism

72
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| Neutron Star | Discovery | Mass (M) | Distance |

J1614 - 2230 Demorest (2010) 1.97£0.04 3,900 ly
J0348+0432 | Antoniadis (2013) | 2.01 40.04 6,800 ly
J1311- 3430 Romani (2012) 24+£0.3 TBD

Table 5.1: Currently known massive neutron stars with M 2 2Mg), together with the date of their discovery and
distance from Earth [33,41,42].

by which such massive stars might be obtained [33,41,42]. Meanwhile, from an observational standpoint,
astrophysical measurements of the masses and radii of neutron stars place strict constraints on the equation

of state of dense quark matter [36,116].

Neutron stars with central densities of p ~ 5—10p, (where nuclear density is py ~ 2.3 x 10** g/cm?) have
traditionally been studied under the assumption that they are largely composed of matter whose fundamental
degrees of freedom are hadrons. However, as discussed in Chapters 3 and 4, the phase transition from
confined hadrons to color superconducting phases occurs at a density of roughly p ~ 2pg, and as a star’s
central density increases beyond this range, an increasingly large portion of the star is described by matter
whose fundamental degrees of freedom are the quarks themselves. As a result, the structure and stability of
these dense neutron stars is particularly dependent on the quark matter equation of state [43,44,117-119].
Moreover, as shown in [120,121], strange matter is expected to emerge at baryon densities of ny, ~ 4ng (where
nuclear baryon density is ng ~ 0.17/fm?), at which point the nuclei comprising the star will have percolated,
rendering a nucleonic description of matter quite tenuous. We therefore take as our starting point a Nambu—
Jona-Lasinio model description of quark, rather than hadronic matter, and investigate the possibility of
realizing massive neutron stars of M 2 2My. In particular, we include a tunable flavor-symmetric vector
repulsion and compute M, .., as well as the stars’ M-R relationship, as a function of the magnitude of the

vector coupling.

In addition to the question of how nature might realize massive neutron stars, the possibility of extremely
dense quark stars has been raised [122-124]. Such stars would have masses typical of observed neutron stars,
but would consist of an extremely dense core (perhaps with p. ~ 100 or more) possibly surrounded by a
thin crust (§R ~ 1 km) of hadronic matter of more typical neutron star densities. For such stars, even
more than typical neutron stars, their stability is determined by the equation of state in the quark sector.
In the next section we derive a quark matter equation of state at 7" = 0 from the NJL model discussed
in Chapters 3 and 4. After interpolating this equation of state with a hadronic equation of state at low
densities we then proceed to investigate the density profiles and mass-radius relationship of both neutron

stars and the proposed ultra-dense quark stars. The content of this chapter is based largely on [4].
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5.2 Quark Matter Equation of State

The pressure in a homogeneous system in equilibrium is given by the thermodynamic identity
P = n%9(Q/n)/0n, where n = N/V is the baryon density and Q = (E — TS — uN)/V is the thermo-
dynamic potential per unit volume. Since (2 is an intensive quantity it follows that P = —{ and it is
possible to obtain the pressure for the three flavor PNJL model trivially from Eq. (4.9). However, since the
Polyakov loop does not significantly impact quark thermodynamics at low temperatures, for simplicity we
work instead with the non-confining NJL model. In addition, we consider the effects of a flavor-symmetric

vector repulsion of the form [120,121,125,126]

£y = —gv @"0)*, (5.1)

where gy > 0, which increases the quark matter pressure at fixed mass density p. Since a star’s radius
is determined by the equilibrium of gravitational and internal pressures, this additional pressure tends to
counteract the tendency toward gravitational collapse that increases with mass and thereby permits the

realization of more massive neutron stars than would otherwise be stable.

Next, we note that while color superconducting phases are thought likely to exist in the cores of neutron
stars, as discussed in Chapters 2, 3, and 4, the preferred quark pairing structures at neutron star densities
are not known. Thus, by investigating a variety of potential pairing structures and computing the maximum
stable star masses for each, it may be possible to infer aspects of the QCD phase diagram directly from
astrophysical observations. Regardless of the precise pairings realized, however, color superconductivity will
always act to soften the quark matter equation of state, reducing P(p), and thereby making it more difficult
to realize massive neutron stars. As a first approximation, we therefore neglect quark pairing entirely in
order to determine whether a vector repulsion is capable of stabilizing massive neutron stars even in the
absence of this softening. Future work will be dedicated to a more complete analysis of quark pairing and

its effects on the stability of massive neutron stars.

In the absence of diquark pairing we describe the quark matter of neutron stars with the NJL model

Lagrangian
Lq=7 (0 i) g+ L5+ £ + £, (5.2)

where E,(;l) and E((TG) are defined in Egs. (3.3) and (3.11). In order to describe the stable quark matter

which comprises a neutron or quark star we must also impose the conditions of fixed particle number, charge
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neutrality, and S-equilibrium. The first two conditions are incorporated in the standard way by introducing

quark and electron chemical potentials 1 and p as Lagrange multipliers so that

Ly = Lq+nq'q— peq'Qq, (5.3)

where @ = diag(2/3,—1/3,—1/3) is the quark charge matrix in flavor space (in units of e, where we take
e > 0). Meanwhile, the S-equilibrium u > d + e~ + T, requires that g, = pq + e, where we neglect pg,
since the neutrinos’ extremely small scattering cross section allows them to escape the star so their number
is not conserved.! The presence of the electrons required to maintain charge neutrality also requires that we

include the corresponding Dirac Lagrangian £, = Ee(zéf — Me + ,ue”yo)dJe, where 1), is the electron field.?

Having defined our model, we now work at the mean field level by neglecting quadratic fluctuations about
the average chiral condensates o; = (g;¢;) and quark densities n; = (¢ ¢;) (i = u,d, s). Thus, we obtain the

Lagrangian
=q(id — M + i7°)q + P, (id — me + pey°) e — V(0i,m), (5.4)
where M and i1 are flavor-dependent effective quark masses and chemical potentials:
M; = m; —4Go; + 2K |€i k|00, i = p— Qite — 2gvng, (5.5)

and where n, = >_, n; is the net quark density. Writing the partition function as Z = [ D[q, q,,, t.]e” 57
where Sg = foﬂ dr [ dr {qTaTq + o + 7—[} and integrating out the fermionic degrees of freedom yields

the thermodynamic potential per unit volume

Z / [m 14 e PPai) 4~ ﬁAqu]

—2TZ/ {m (14 e PPeiy 4 2 ﬂAEEZ] + V(oi,n), (5.6)

where V(o;,n) is defined below, the quark and electron eigenvalues E,; and E.; are the poles of their

1This approximation is very nearly exact in all stable astrophysical objects. However, the T, are believed to play an
important role in the dynamics of stellar core collapse, which occurs on such short time scales that the large quantities of v,
produced are unable to escape the star [127-130].

20ne can also allow for the possibility of muon production in neutron stars by introducing an analogous term Ly =
ﬂu(u‘ﬂ —my + uﬂ’yo)wﬂ. However, as noted in [120,121], within the present model muons are produced neither at low densities
where they are suppressed due to their relatively large masses (m, ~ 200m.), nor at high densities where the appearance
of strange quarks achieves charge neutrality without lepton generation. Thus, we do not consider the possibility of muon
production further.
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[A(MeV) | GA? | K'A° | mya (MeV) | ms (MeV) |
[ 6314 | 1835 ] 929 | 55 | 1357 |

Table 5.2: NJL parameters in the 241 flavor NJL model, which we use to construct the quark matter equation of
state [14].

respective single particle Green’s functions S, (k) = (F — M + p7°) =1 and Se(k) = (F — me 4 per?) 1

Eqi = |Ek,i + ,LLZ| Where Ek_’i =1/ k2 + M7,2’ (57)

Eez = |Ek,e + Mel where Ek,e =V k2 + mz7 (58)

and AE; = E; — E{f "¢ where EZf "¢ is the given eigenvalue in the non-interacting case, and measures ()

with respect to the non-interacting Dirac sea.

The potential V(o;,n), which prevents the double-counting the degrees of freedom in our mean field

treatment is

3
V(Ui,’n) :2G2012 —4K0’10’20’3 —gvng. (59)
i=1
Finally, because neutron star temperatures (7' ~ 1 — 10 MeV) are very small compared to the energy scales

of QCD we may consider the limit 7" — 0 and obtain the quark matter equation of state:

Z/ dgk Eqi Z/ dgk AEe; — V(oi,n), (5.10)

where we have introduced the usual high-momentum cutoff A to regulate the theory. We note that the total
weighting of the quark degrees of freedom in Eq. (5.10) is 72/4 = 3 (color) x 3 (flavor) x 2 (spin), while
the electrons contribute a factor of 2 (spin). This is what we expect at 7' = 0 as the antiparticle excitations

are frozen out, reducing the Dirac degeneracy from four to two.

In order to fully define the quark matter equation of state, we must also fix the NJL parameters m, G,
K, and A. For the sake of simplicity, as well as to facilitate a comparison of our results with the current
literature, we work in the 2+1 flavor NJL model where m,, = my # ms and adopt the parameters of Hatsuda
and Kunihiro, which are shown in Table 5.2 [14]. While we have now obtained the equation of state for quark
matter, which is valid for high densities at which quarks are no longer confined into hadrons, non-trivial
portions of neutron stars consist of hadronic matter for which Eq. (5.10) will not be valid. Thus, we must
devise a method for extending the region of validity of our equation of state to low densities, which is the

topic of the next section.
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5.3 Quark-Hadron Hybrid Equation of State

While the equations of state for quark matter at very low (hadronic) and very high (liberated quark) densities
are well studied, very little is known of the detailed crossover between these two regimes. As a result,
there is no unique method for extending our quark matter equation of state to low densities. Therefore,
following [120,121] we adopt a simple, qualitatively valid interpolation scheme in which the pressure is given

by
P(n) = fa(n)Pu(n) + fo(n)Py(n), (5.11)

where n = n,/3 is the net baryon density, Py(n) and P,;(n) are the pressures as given by the hadronic and

quark equations of state, respectively, and we define the weighting functions

fan(n) = % {1 + tanh (n = ﬁ)} : (5.12)

where 7 and T' are the center and characteristic size of the “crossover region,” and following [120,121],
we choose (1,T") = (3ng,np). In order to compute the mass (or energy) density in a thermodynamically

consistent way, we integrate the identity P = n?d(pc?/n)/0n to obtain

p(n) = fr(n)pn(n) + fo(n)pg(n) + Ap(n), (5.13)

where Ap/n is an additional mass density per baryon which stems from the interpolation scheme:

/

Ap(n) = n/_” an’ ph(n’)Q—qu(n’) 95:/)7 (5.14)

n

and where g(n) = sech?[(n — 7)/I]. In order to apply our interpolation scheme we must of course choose
an equation of state P}, (n) valid in the hadronic regime. Many candidates have been proposed to describe
nuclear matter at low densities [112-115], but here we employ the Akmal-Pandaripande-Ravenhall (APR)

equation of state to describe matter in the low density hadronic regime [111].

Figure 5.1(a) shows the interpolation scheme between the hadronic and quark equations of state for
gy = G. As we found in Chapters 2—4, in the NJL model, in which the quarks themselves are the fundamental
degrees of freedom, for p < 275 MeV the effective quark masses are sufficiently large to suppress their
generation so that n, = 0. Thus, below this critical chemical potential (and the corresponding density)

P, = 0, while above it P, # 0. As a result, the quark matter equation of state is only relevant above a
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Figure 5.1: (a) Hadronic (dashed blue), quark (dot-dashed green), and interpolated (solid red) equations of state
P(n) for gy = G. For ny < 1.5n0 the NJL model’s ground state is the vacuum so that Pinterp =

~

Py, [110]. (b) Hybrid equation of state P(p) for gy = 0 (thin blue), G (dashed green), 1.5G (dot-
dashed red), and 5G (solid teal).

critical density, as depicted in the green curve. For lower densities, the interpolated equation of state is
identical to the hadronic equation of state, while at higher densities it moves smoothly between the hadronic

and free quark limits.

Figure 5.1(b) shows the interpolated quark matter equation of state for gy = 0, G, and 1.5G. As
anticipated, the presence of the vector repulsion acts to increase the pressure of the quark gas at fixed
p. This effect is most pronounced at small gy, while for gy 2 1.5G the marginal effect of increasing gy

diminishes. Having now obtained the equation of state we are in a position to determine the structure of

neutron and quark stars by solving the Tolman-Oppenheimer-Volkov equation, to which we now turn.

5.4 Massive Neutron Star Structure

Having specified the quark matter equation of state for all densities, the pressure (and thus density) profiles
of neutron and hybrid quark stars are determined by the Tolman-Oppenheimer-Volkov (TOV) equation,
which is the solution of the Einstein field equations for a static spherically symmetric body:

dP(r) s [p(r) + P(r)/cﬂ [M(T) + 47TT3P(T)/C2]

dr r2 —=2GM(r)/c?r ’ (5.15)
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Figure 5.2: Quark star density profiles p(r) for (a) gv = 0 with p. = 8po (solid blue), 25p0 (dot-dashed green),
and 200p (dashed red); (b) pc = 8po with gy = 0 (solid blue), 1.5G (dashed green), and 5G (dot-
dashed red). Note that the vertical axis in (a) is logarithmic, while that in (b) is linear.

where G is Newton’s gravitational constant, the equation of state gives p(r) = p(P(r)), and

M(r) = /0’” dr’ 4mrp(r) (5.16)

is the total mass inside a shell of radius r. Given a central density p. = p(r = 0), Eq. (5.15) can be integrated
numerically to yield P(r), which can then be transformed into the density profile via the equation of state.

Figure 5.2(a) shows the density profile for three quark stars with different central densities and gy = 0.
The red curve (with p. = 8pg) represents a typical neutron star while the green (p. = 25p9) and blue
(pe = 200pp) curves represent quark stars with central densities above those of known astrophysical objects.?
One feature of these stars which immediately stands out is the fact that at least for these values of p., the
equilibrium star radius decreases with increasing central density. This is due to the increasing gravitational
force which accompanies the increase in p., and which tends to decrease the size of the star. In addition,
while stars with intermediate central densities (p < 10p.) have relatively constant density profiles outside
of a thin crust of thickness R ~ 1 km, as p. increases the larger gravitational force induces larger density
gradients and a smaller fraction of the star’s volume realizes densities of p ~ p.. As a result, for p 2 10pg
the total star mass is actually a decreasing function of p., as shown in Fig. 5.3(a).

Figure 5.2(b) shows the density profile for a star with p. = 8pg, for three different values of gy. We

see that as the vector coupling increases, the stiffening of the equation of state tends to raise the density

3Black holes are, of course, an exception that we do not attempt to describe in this thesis.
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Figure 5.3: Neutron star (a) mass (in solar masses) and (b) radius vs. central density for gv = 0 (blue), G

(green), 1.5G (red), and 5G (teal). As gv increases, the additional pressure due to the vector cou-
pling allows neutron stars to become larger and more massive before succumbing to gravitational col-
lapse.

at a given radius. As a result, the density profile “bows out,” tending to give rise to larger, more massive
stars for a specified central density. We also find that while the star radius increases by ~ 1 km when gy /G
increases from 0 (blue curve) to 1.5 (green), there is no further increase in star size as the vector coupling
increases to gy /G = 5. However, the density profile does continue to bow out, indicating a further mass

. . R
increase, since M = [" dr’ 4z p(r').

In Fig. 5.3(b) we display the neutron star radius as a function of its central density for gy /G = 0, 1,
1.5, and 5. For low p., where the hadronic equation of state dominates, the star’s structure is relatively
independent of gyy. However, as p,. increases, the vector repulsion plays a progressively more significant role

in the stellar equilibrium, and for p. 2 5pp a value of gy 2 G increases the star radius by ~ 0.5 km.

~

While Fig. 5.3(a) indicates that increasing the vector coupling increases the maximum stable neutron
star mass, this situation does not continue indefinitely, as shown in Fig. 5.4(a). The reason for the vector
coupling’s limited capacity to increase M., can be understood by considering the effect of an increasing
gy on the interpolation of the equation of state P(p). As discussed in Section 5.3, we interpolate between
the hadronic and quark sector equations of state over the domain 2ng < np < 4ng, based on the percolation
of quark matter at these baryon densities. As gy increases, the hybrid equation of state stiffens, and p(n)
(i.e., the mass density at specified baryon density) decreases. Thus, while the crossover region in baryon

density is fixed, as gy increases the corresponding crossover region in mass density is shifted to progressively
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Figure 5.4: (a) Maximum stable neutron star mass as a function of the vector coupling strength gv/G. (b) Cen-
tral density for maximally massive stars (red) and critical density for onset of strangeness (green) as
a function of gv /G. The curves intersect at gv /G = 3.19, indicating that for gv /G > 3.19, maximally
massive neutron stars have no strange quark content. Black dots denote calculated values while the
red curves are interpolated fits.

larger values of p (see the green curve in Fig. 5.4(b) which roughly corresponds with the end of the crossover
region). In other words, while larger values of gy stiffen the hybrid equation of state at large p, they soften
it at low p. The net effect of the vector coupling is therefore to exchange stiffness at low mass density for
stiffness at high density.

As shown in Fig. 5.2(a), the density profiles of neutron stars with central densities of p. < 10pg are
relatively flat except for very near the stars’ crusts, where p(r) decreases rapidly. As a result, very little of
these stars’ constituent matter exists at low densities. This means that when gy is small, the equation of
state’s stiffening at high p impacts a large portion of the star’s constituent matter, while the softening at
low p is negligible except in a very thin shell near the star’s surface. In this case, the net effect of gy is
therefore to increase the maximum stable star mass. When gy is large, however, the crossover region is at
a correspondingly high p, and for a specified p. a greater portion of the star is described by the softened,
low p portion of the equation of state, tending to lead to lower mass stars. Moreover, increasing p. does not
counteract this effect, for as shown in Fig. 5.2(a), as p. increases, so too does the gradient dP/dp, so that it
is no longer possible to form a star whose constituent matter is described primarily, by the high p equation
of state.

The end result of the vector coupling’s ability to shift stiffness between low and high density quark

matter is that, as shown in Fig. 5.4(a), for gyv/G < 5 the high density stiffening dominates the star, while
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for gy /G Z 5 low density softening is the dominant feature. Thus, the maximum stable neutron star mass

for any vector coupling is M4, = 2.34Mg, which is obtained for gy /G ~ 5.

Figure 5.4(b) shows the central density for maximally massive stars (p), as well as the critical density for
strange quark production (p¥), as a function of gy. Noting that the critical baryon density for the onset of
strangeness (n; ~ 4.3ng) is independent of gy, p roughly corresponds to the end of the interpolation region
(4ngp), and so its rapid increase with gy is anticipated from our prior discussion. Meanwhile, we find that
as gy is increased from zero, p} initially decreases slightly, as the stiffening of the high density equation of
state is exploited most effectively by “flattening” the density profile of the star, thereby rendering a greater
portion of the star described by the stiff high density equation of state. As gy increases, however, p¥ must

likewise increase if a significant portion of the star is to take advantage of the stiff high density region.

Comparing Fig. 5.4(a) to the masses observed in Table 5.1, we find that our equation of state is capable of
generating stable neutron stars consistent with J1614-2230 (M = 1.97M)) and J0348+0432 (M = 2.01 M)
for quite reasonable values of the vector coupling (gy /G 2, 1). The status of J1311-3430 [M = (2.4£0.3) M|
is less clear, owing to the large uncertainty in its observed mass, but our calculated value of My, ~ 2.34 Mg
is well within the quoted mass range, with the lower limit on its mass requiring 1.4 < gy /G < 17.0, and
the mean estimate yielding 3.6 < gy /G < 8.0. Perhaps in the near future, improved observational data
will reduce the uncertainty in this massive neutron star’s properties and the discovery of additional massive

neutron stars will further constrain the quark matter equation of state.

5.5 Stability of Neutron and Ultra-Dense Quark Stars

In the previous section we computed the maximum obtainable masses of neutron and hybrid quark stars
as a function of the vector coupling gy. However, we have yet to assess the stability of these massive stars
against gravitational collapse and the formation of black holes. In addition, there has been much interest
recently in the prospect of stable quark stars for which p. > 10p. In particular, it is suggested that while
neutron stars become unstable to collapse beyond a critical central density, by continuing to increase p. well
beyond the densities obtained in conventional neutron stars one might arrive at another region of stability.
This ultra-high density matter would consist of equal densities of the three light flavors of quarks, as shown
in Fig. 5.5, and could be absolutely stable, or the true lowest energy state of quark matter [122,124]. Tt is
the stability of the neutron stars studied in the prior chapter and the possibility of realizing such ultra-dense

quark stars to which we now turn.

Before assessing the stability of dense quark stars we first briefly discuss the properties of the matter
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Figure 5.5: Fractional quark and electron number densities vs. p for electrically neutral matter with gy = 0,

where ng = ny + ng + ns.

which makes up these proposed objects. Charge neutrality requires that

1 1
Ny = gna = 3ns = ne =0, (5.17)

[SVR )

so that defining the fractional densities 7; = n;/n, (where ngy is the net quark density) we obtain the relations

Thy = 3 +ne,  or equivalently, ng+ng=

[SVR V)

— Tl (5.18)

At low densities there is insufficient energy to generate the intermediate mass strange quark and the electron
density is always much smaller than the net quark density (n. ~ n/100) so that charge neutrality enforces
ng ~ 2n,,. At the high densities anticipated in quark stars, however, the quark mass splittings are negligible
relative to the large Fermi energies obtained so that the matter becomes flavor symmetric (n, =~ ng =~ ns)

and the electrons are suppressed entirely (n. — 0).

One way of assessing the stability of high density quark stars is by constructing the M-R diagram shown
in Fig. 5.6. The structure of neutron stars with low central densities (p. < 2pp) are determined entirely by
the hadronic equation of state and are therefore independent of the magnitude of the (quark) vector coupling
gy . Further, the low densities of these stars result in correspondingly small density gradients via the TOV

equation so that these stars have relatively large radii of R ~ 20 km for p. = 0.2py. As p. increases the

equilibrium radius falls and for p 2 2pg the vector coupling begins to play an important role in the star’s
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Figure 5.6: Mass-radius relationship for neutron and quark stars for gv = 0 (blue), G (green), and 1.5G (red).
The stars’ central densities increase from po to 400po as one moves from right (large R) to left (small
R), tracing out the curves in a counterclockwise fashion.

equilibrium, causing the M-R curves for different values of gy to begin to separate (see the “kink” in Fig. 5.6

at M ~ 0.3Mg), after which the stars’ masses begin to increase dramatically with p.).

As indicated in Figs. 5.3(a) and 5.4(b), for gy /G < 5 the maximum stable neutron star mass is obtained
for p. = 11pg. Thus, as p. increases from 3py to 10py in Fig. 5.6, the stars’ positions in M-R space move
from the “kink” at M =~ 0.3Mg to the respective peaks at M4, = 1.44My, 2.01Mg, and 2.14 Mg, with
R ~ 9 — 10 km. As the central densities increase further, the stars trace out the curves in Fig. 5.6 in a
counterclockwise fashion, but do so at a decreasing rate (i.e., dM/dp. — 07, as indicated in Fig. 5.3(a)). The
stability of high density quark stars depends on the direction in which the M-R curves bend as p. becomes
large. Due to the small values of dM/dp. one must consider central densities as high as 400p in order to
obtain the curves shown in Fig. 5.6, but having done so, we find that while at extremely high densities the
stars’ radii do begin to increase, the masses continue to fall, indicating the onset of a second unstable mode,
rather than a recovery of stability. Thus, while the presence of a vector repulsion does allow neutron stars
to obtain larger stable masses, it does not (within the NJL model, at least) provide sufficient pressure to
stabilize the ultra-high density matter against gravitational collapse and thereby allow for the realization of

high density quark stars.

5.6 Observational Constraints and the Equation of State

Having seen that our equation of state is consistent with the most massive neutron stars yet observed,

we now proceed to consider the constraints placed on our equation of state by observations of other, non-
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Figure 5.7: Comparison of our equation of state, Eq. (5.11), with constraints from astrophysical observations.
Curves show our equation of state (in order of increasing stiffness) for gv /G = 0 (solid magenta), 1
(solid blue), 1.5 (dashed black), and 5 (dot-dashed green). The shaded region with data points shown
is from [36] while the larger (red and green) shaded regions are 68% and 95% confidence regions, re-
spectively, from [116].

maximally massive neutron stars. As discussed in the prior section, a given equation of state uniquely
determines the neutron star M-R relationship. As a result, astrophysical measurements of these parameters
allow one to place strict constraints on the quark matter equation of state. While this connection between
quark thermodynamics and neutron star structure has been discussed for some time, it is only recently that
significant efforts have begun to put this connection into practice [36,116].

Figure 5.7 shows our hybrid equation of state as a function of baryon density, along with the observational
constraints imposed by the analyses in [36,116]. While in the absence of the vector coupling (dotted red
curve) our equation of state is too soft to be consistent with the eleven neutron stars analyzed in these studies,
and gy /G = 5 results in an equation of state which is significantly too stiff at high density, vector couplings
of 1.3 < gv/G < 1.7 yield quite marked agreement with the observational constraints. Moreover, this range
of vector couplings is consistent with the constraints imposed by the massive neutron star observations
discussed in the prior section, which required gy /G 2 1.4.

An important question which we have not yet addressed is the role of quark pairing in the structure of
neutron and dense quark stars, particularly its impact on the astrophysical observables discussed here [119].
While we are hopeful that by combining observational data with future analysis of the effects of quark pairing
we may gain further insight into the low temperature QCD phase diagram, regardless of the preferred pairing
structures of dense QCD, color superconductivity will always act to soften the quark matter equation of

state, thereby making it more difficult to realize either massive neutron or ultra-dense quark stars. It is
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important, however, to determine how significantly quark pairing reduces the maximum obtainable neutron
star masses. In addition, we have so far neglected the effects of the rapid rotation which many neutron stars

undergo and which tends to stabilize these stars to somewhat greater masses.



Chapter 6

Artificial Gauge Fields in Ultracold
Atoms

6.1 Introduction

Over the past decade the study of cold atomic gases has rapidly become one of the most dynamic and quickly
evolving fields of physics, largely due to the ability of these systems to simulate a wide variety of quantum
systems [131,132]. One particular type of system which is not easily probed in its naturally occurring
forms, but which is of great theoretical interest is that of both Abelian and non-Abelian gauge fields.
While homogeneous Abelian gauge fields (i.e., magnetic fields) can be simulated via mechanical rotation, as
discussed in Section 1.3, the ability to obtain synthetic fields with large magnitudes is limited by achievable
rotation rates and this method is also incapable of producing spatially varying fields. Further, given the
extreme difficulty of probing the rich phase structure of naturally occurring non-Abelian gauge fields (e.g.,
QCD) the ability to simulate non-Abelian gauge fields in ultracold atoms is of both great theoretical and
experimental interest.

Fortunately, in the last five years researchers have developed optical techniques for achieving both inhomo-
geneous and non-Abelian gauge fields, greatly expanding the number of systems that can be experimentally
probed [54,55,59,133-135]. In particular, studies are no longer limited to simulating naturally occurring
systems, but are now extended to systems never before realized in nature, but having the capacity to greatly
advance our understanding of the complexities of non-Abelian theories.

In this chapter we investigate the properties of a mixture of two hyperfine species of fermions subject
to a particular non-Abelian gauge field of the Rashba-Dresselhaus (RD) form, which couples the atoms’
momenta and spins (H ~ p - o). This type of anisotropic spin-orbit coupling is of practical interest due to
its realization in certain two dimensional semiconductors [57,58]. It is also of great theoretical interest due
to the recently acquired ability to create artificial gauge fields of this type in the laboratory, and perhaps
in the near future, to tune the anisotropy in order to study a wide range of systems which do not naturally
occur, thereby broadening our general understanding of these system’s properties [136-139].

In the next section we begin by reviewing the phenomenon of Berry’s phase, the exploitation of which
allows for the realization of spatially varying and non-Abelian gauge fields by optical methods. We then

move on to discuss Rashba-Dresselhaus coupling specifically, which will be the focus of the rest of this thesis.

87
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The background presented in these two sections is largely based on [56,140]. Finally, we construct the
mean field phase diagram for spin-orbit coupled fermions whose interactions can be arbitrarily tuned via a

Feshbach resonance.

6.2 Berry’s Phase

Berry’s phase is a quite general quantum phase which emerges in systems described by two sets of variables
which evolve on different time scales [141]. For example, in order to describe a metal fully one must in
principle solve the Schrodinger equation for the many-particle Hamiltonian that describes both the nuclear
and electronic degrees of freedom. However, due to the electrons’ much smaller mass they are able to
respond to internal (and external) forces, and thereby reach dynamical equilibrium, much more rapidly than
the relatively heavy nuclei. Therefore, to a first approximation one may treat the slowly varying nuclei
positions as fixed, solve for the quickly varying electron distribution, and then use this electron distribution
in order to solve for the new positions of the nuclei. In this particular context, this approximation is known

as the Born-Oppenheimer approzimation [142].

In the case of the laser-induced artificial gauge fields which we will study in this chapter, the slowly
varying variables are the positions of the atoms (r) while the quickly varying variables are the internal
pseudo-spins |x(r)) (i.e., hyperfine states, which we will henceforth refer to simply as “spins”), where, as the
notation suggests, the spin configuration will be solved for as a function of the positions r, which are taken
as fixed. According to the adiabatic theorem of quantum mechanics, as long as the time scale characterizing
the motion of the atoms is long enough compared to the time scale characterizing the spin dynamics, the
eigenstates of the system will continuously evolve from their unperturbed states. In particular, this means
that the coupling of the quickly and slowly varying degrees of freedom will not couple eigenstates of different
energies. Thus, in considering the evolution of an atom which begins in a particular eigenstate |x;(r)) of the
“fast” Hamiltonian Hp, we need only consider the subspace of eigenstates which are degenerate (or nearly

degenerate) with |y;(r)).

We can write the Hamiltonian of our atomic system quite generally in the form
v2
H= <—%+U(I‘)>I+HF(I‘), (61)

where V is the gradient with respect to the slowly varying variables r, U(r) is an external potential, and
Hp(r) is the Hamiltonian describing the quickly varying spin variables. In addition, I is the identity operator

in spin space. Assuming that our atom begins in an eigenstate |y;(r)), the total state of the atom at a later
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time ¢ can be written as

sz |X1 ) (6'2)

where {|x;(r))} (i = 1...N) is an orthonormal set of eigenstates of Hp(r) with the nearly degenerate eigen-
values Fy...En and {¢;(r,t)} are the atomic position eigenstates. The Schrédinger equation therefore yields

(with A=1)
) Y[V
g 1800 = 3 (=g + U+ B ) o) (6.3

We can pick out the time evolution of the jth component of |¥(r,t)) by taking the inner product of this

equation with (x;(r)| and using the orthogonality of the eigenstate to obtain

) 1 =
gt = g3 (0| (V ) )+ O+ B vt
9 N
= (o U+ B ) ws(r0) = 1 Y @IV () V(1)
1 N i=1
_%Z<Xj(r)|v2|xi(r)>wi(rvt)v
i=1
1 N
= o X (BT 2 I Y )by lr) + (U0 + ()
i=1 1 N
—5 2 (G @IV 0) (e, ),
N
P GLASTECIL >>)-(—iw—i<xi<r>|V|x;c<r>>)wk<r,t>
i,k=1
1 N
U+ B0 5 3 (G EITRGE) (u eIV (e)
z,k:l
1 N
S (V) - (7 o)) ), (6.4

where ((x;(r)V|) indicates V acting to the left on (x,(r)|. Next, we write p = —iV and define the quantities

Aij(r) = i (G0 VIx; () (6.5)

where the notation indicates that for each pair (i, ), /Lj is a three component vector, with the components

corresponding to the three “components” of the gradient operator. Thus, writing Eq. (6.4) in vector notation
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we obtain

L0 - 1 /7. 2\2 -
is Ut = [—m (P1- &) +(U@) + BT+ V(r)} D, 1), (6.6)
where A = (Az, Ay, A,) is a 3-component vector of matrices and we define the effective scalar potential

1
2m

Vi) = 5 () 91) - (9 ) -

N
2 Z:: Aur(r) - A (x). (6.7)

k=1

We can rewrite this potential by inserting the identity operator I = 3", |xx(r)) (xx(r)| into the first term,
where the sum is over the elements of an orthonormal basis of the entire Hilbert space of spin states (i.e., both
the degenerate states with ¢ = 1...N as well as all states non-degenerate with the atom’s initial eigenstate).

Thus, we obtain the expression
Z Ay (r) - Agj(r). (6.8)

By considering Eq. (6.6) we see that the effective Schrodinger equation for the spatial wavefunction 1Z (r)is
of the form of a particle subject to an external potential U(r)I+V(r) and a gauge field A(r) = (Az, Ay, A))
whose components are N x N matrices. Thus, if there are no other eigenstates degenerate with the initial
state (N = 1) the synthetic gauge field will necessarily be Abelian. However, if N > 1 the gauge field
components will not, in general, commute (e.g., [A;, A,] # 0) so that we obtain a non-Abelian field.

Having outlined the general means by which Berry’s phase can be exploited to produce an artificial gauge
field, in the next section we discuss a particular optical scheme which has been proposed to realize such fields

in the laboratory.

6.3 Creating an Artificial Gauge Field

As shown in the previous section, in order to simulate a non-Abelian gauge field we must prepare a system
with more than one degenerate eigenstate. A system would be particularly amenable to manipulation in
this context if its unperturbed eigenvalues came in degenerate sets and were easily controlled with a tunable
external field. One such system, which was exploited to create the first non-Abelian artificial gauge field,
is the three F' = 1 hyperfine states of 3"Rb [59]. In order to understand how this system can be exploited,
we will briefly consider a three-state system with the “A-level” structure shown in Fig. 6.1, and which is
subject to the electric fields of two counter-propagating lasers. In the discussion which follows we will make

use of both the Schrédinger and interaction representations to express system’s operators. For a review of
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Figure 6.1: Atomic A-level structure with two nearly degenerate states |g1) and |g2), which are coupled to an
excited state |e) by two lasers with frequencies wr1 and wrz. Adapted from [56].

these representations and their connection, see [143].

6.3.1 Schrodinger Representation

Let us consider a three state atomic system which is subject to the external field of two counter-propagating
lasers, one tuned to couple the states |g1) and |e) (with frequency wr1) and the other to couple |ga) and |e)
(with frequency wr2). The system’s Hamiltonian can be written in the form H = Ha + Hap1 + H A2, where
H 4 is the unperturbed atomic Hamiltonian and H 1 and H oo are the interaction Hamiltonians describing
the coupling between the atoms and the lasers. Working in the basis {|g1),le),|g2)}, the unperturbed
Hamiltonian is of the form H, = diag(wi,w,,ws2). Meanwhile, energy conservation allows us to relate the

various frequencies shown in Fig. 6.1:

g1 — e transition We — w1 = wp1 + 01, (6.9)

go — e transition We — Wy = W2 — 02, (6.10)
where the 0; are in general position-dependent. Subtracting Eq. (6.10) from Eq. (6.9) yields
01 +02 = (w2 —wr1)+ (w2 —wi), (6.11)

which is known as the detuning of the two-photon Raman excitation (or simply Raman detuning). Alterna-

tively, adding Eq. (6.9) and (6.10) gives

2we = (w1 +wr2) + (W1 + wa) + dig, (6.12)
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where we define 19 = 07 — d>. This relation can be used to eliminate w, in the atomic Hamiltonian and

after shifting the zero of energy so that (H4)22 = 0 we obtain

—(51 —I—le) 0 0
H) = 0 0 0 ) (6.13)
O O (52 —wLQ)

Turning now to the interactions and working in the dipole approximation, the Hamiltonians due to the

two lasers are

0 d3 O

Hapt = —|dyy 0 0] -Eicos(ki-r—writ), (6.14)
0 0 O
0 0 0

Harz = =10 0 di, | E2cos(kz-r—wrat). (6.15)
0 ds2 O

Defining the Rabi frequencies 2; = —ds; - E; and Q3 = —ds2 - Eq, and adding the interaction and atomic

Hamiltonians yields the full Hamiltonian

—(51 —|—le) QT COS(kl -I‘—let) 0
H=10Qcos(ks - v —wr1t) 0 Q% cos(ky - T —wrat) | - (6.16)

0 QQ COS(kg - r— ngt) (52 — ng)

Having obtained the system’s full Hamiltonian, we next transform to the interaction representation in order

to motivate the random wave approximation, which we will shortly apply.

6.3.2 Interaction Representation

In order to transform to the interaction representation we must decompose the Hamiltonian in the form
H = Hy + H', after which the interaction Hamiltonian will be given by H} = e!fot H’e=tHot In order to

simplify this procedure, we will choose Hy = —diag(wp1,0,wr2) so that its exponentiation is trivial. The
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remaining portion of the Hamiltonian is then

—0 O cos(ky - r — wrat) 0
H' = | Qcos(ky - T — wpit) 0 Q% cos(ky T —wroat) | - (6.17)

0 QQ COS(k2 - r— ngt) 52

Writing the cosine terms as complex exponentials and evaluating H} gives

—26; Q»{(eﬂ'kl.r_i_ei(kl.r,Qlet)) 0
1
H} = 5 Ql(eik1-t‘ + 6*i(k1~r72wL1t)) 0 Q;(efikzr + ei(k2-r72w1,2t)) . (618)
0 Qo (etker 4 emilkeT—2wrat)) 2,

We see that in the interaction representation the Hamiltonian consists of terms that are (1) constant in
time, and (2) oscillatory with frequency 2wr,. Since the time scale for our measurements is much longer
than the period of oscillation for a visible laser with frequency wy ~ 10'° Hz we may safely replace the
oscillatory terms with their average values (zero). This replacement, which is known as the rotating wave

approximation yields the Hamiltonian

—261 I{{ 0
1
HFWA = 5| m 0 ke |> (6.19)
0 Ii; 252

where we have defined the spatially-varying complex Rabi frequencies k1 = Q%" and ky = Qje~ 2T,
which are determined by the geometry of the laser configuration. Having obtained the three state Hamil-
tonian, from the discussion in Section 6.2 we know that the effective gauge field will be determined by the
eigenstates of the system. Unfortunately, while as the roots of a cubic polynomial it is possible to obtain
a closed form expression for the eigenvalues (and the corresponding eigenstates) of Eq. (6.19), such an
expression is rather opaque in the general case. However, when the system is tuned symmetrically about
the average of the g1 — e and g — e excitations (i.e., when ¢; = J2 = §) the eigenvalues simplify considerably

and it is instructive to consider this limit.

6.3.3 Abelian Gauge Field

In the case of symmetric tuning the eigenvalues of Eq. (6.19) are Ey = 0 and Fy = +4/62 + k2/2. If we

consider two counter-propagating lasers with equal magnitude wave vectors (k; = k3 = ke **) then the
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corresponding eigenstates are [140]

e*® cos?(6/2) e sin(0)/v/2 e sin?(0/2)
l+) =] —sin(0)/vV2 |, |0) = cos(0) ) |—) = sin(6)/v/2 , (6.20)
e~ in?(0/2) —e~ kT gin(9)/V/2 e~ cos?(6/2)

where we define tan(f) = x/v/25. While these eigenstates are position dependent, E_ is always the ground
state of the system (as long as k,0 # 0) so that applying the adiabatic theorem, an atom prepared in the
(local) ground state will simply evolve continuously with |—). Since the ground state is unique, the synthetic

gauge field is trivially Abelian and from Eq. (6.5) we obtain

—

A=i(—|V|=) = —kcos(0)%. (6.21)

The synthetic magnetic field B =V x A is therefore

Kk 00 06
B=——«— —[—9V—-—2%. .22
2(02 + K2/2)3/2 (62 Y Ay Z> (6:22)

We see that the components of the magnetic field are related to the spatial gradient of the detuning 9.
The first synthetic gauge field realized in the laboratory consisted of a spatially uniform § so that A # 0, but
B = 0 [133]. Soon after, a detuning linear in y (6 = ay) was utilized to obtain a uniform synthetic magnetic
field which manifested itself by inducing the formation of vortices in the superfluid 8’Rb system [54]. Having
seen how an artificial Abelian gauge field can be realized by means of a spatially varying symmetric detuning,

we next consider how a cold atomic gas can be utilized to simulate a non-Abelian field.

6.4 Rashba-Dresselhaus Spin-Orbit Coupling

As discussed in Section 6.2, Berry’s phase is a versatile tool which can, in principle, allow for the synthetic
realization of a wide variety of Abelian and non-Abelian gauge fields. In practice, however, the technical
challenges to achieving these fields are quite significant and it is only slowly that progressively more complex
field configurations are obtained in the laboratory. One particular class of non-Abelian gauge fields which is
beginning to be realized is the Rashba-Dresselhaus spin-orbit coupling, whose Hamiltonians can be written

in the form

HR = UR(kmUy — kyO'gC), HD = ’UD(/CQCUm — kydy), (623)
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where k is the atom’s momentum and o = (04, 0y,0,) is the vector of Pauli matrices in hyperfine space.
These Hamiltonian were first studied in the context of two dimensional semiconductors, in which the Rashba
interaction stems from an inversion asymmetry of the confining potential, while the Dresselhaus interaction
is brought about by an inversion asymmetry of the bulk material [57,58]. More recently, these interactions
have found renewed interest due to their relatively simple non-Abelian character and the possibility of their
simulation in cold atomic gases.

While Eq. (6.23) gives the Rashba and Dresselhaus Hamiltonians in their original forms, for our purposes

it will be convenient to work in a rotated coordinate system in which the hyperfine Pauli matrices become

Op — Oy O + 0y

Oz — ) o ; 6.24
and the momentum-space axes become
ky — k ke +k
ky - —Y + v, (6.25)

N TR

In this rotated space the RD interaction couples only momentum and spin coordinates corresponding to the

same axes, taking on the simple form
K Nk
H=—kyo, + — kyo,, 6.26
m oz + m vy ( )

where k = m(vgr 4+ vp) is the overall strength of the RD coupling and n = (vg —vp)/(vr +vp) is a measure
of the relative strength of the Rashba and Dresselhaus components, which we refer to as the anisotropy of
the RD coupling. Without loss of generality we assume x > 0 and 0 < 7 < 1 throughout our discussion.!

While several experimental schemes have been proposed for creating synthetic fields of the Rashba-
Dresselhaus form [136-139, 144], only the equal-Rashba-Dresselhaus (ERD) case (n = 0) has thus far been
realized [54]. Here we will briefly review a proposed method for obtaining a synthetic Rashba-only (RO)
field (n = 1) by means of dark states which follows the discussion in [56].

We consider a generalization of the atomic system discussed in Section 6.3.3 in which there are three nearly
degenerate ground states |g1) , |g2) , |g3), and one excited state |e). Working in the interaction representation

and within the rotating wave approximation we can write the Hamiltonian in the compact form

H= [% le) (g;] + Hee.| , (6.27)

3
—

J

LIf either of these conditions is not met we can simply redefine our momentum-space axes such that both conditions are
satisfied in the new coordinate system.
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where the three x; are spatially-varying complex Rabi frequencies corresponding to three distinct lasers. If
we choose the geometry of our system such that the lasers are positioned at the vertices of an equilateral
triangle whose center is the atomic gas then we can write x; = ke’ ' /v/3 where k; = k(- cosf;,sin6;,0)

and 6; = 2mj/3. Thus, we can recast the Hamiltonian in the form

H="21e)(B| +He., (6.28)

[\

where we define the bright state as the unique linear combination of the |g;) which couples to |e):

B) = 3 == las). (6.29)

Next, we define the dark states, which form a basis for the subspace of |g;) which do not couple to |e):

3 i p—ik;r 3 2005 ,—ik; T
D) = — gj), Do) = — 95) - 6.30
|D1) ; 7 |95) [ D2) ; 7 |95) (6.30)

It is straightforward to verify that {|B),|e),|D1),|D2)} is an orthonormal basis for the Hilbert space of

relevant states.

Since the dark states do not couple to either |B) or |e), if an atom is prepared in one of these states (or
a superposition thereof), it will simply evolve within the dark subspace. From Eq. (6.5), the gauge field in

this subspace is therefore

Apn = i(Dy|V|Dy,),

3 e*inﬁjeikjwr 3 eimﬁj/efikj/-r
= 1 —{gi|| V —_— g |,
j:zl NG (951 J/ZZl /3 lg7)
.3
_ ! i(mb;—nb;) yi(k;—k;0) T (il V5
= 3 Z e e (—ikjr)dj50,
J,3'=1
I,
— §ijel(m_")0j. (6.31)
j=1

Substituting k; = k(— cosf;,siné;,0) and evaluating the sum explicitly yields

0z, 0y,0), (6.32)

which is precisely the gauge field involved in RO spin-orbit coupling. As noted previously, this interaction
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has not yet been realized in the laboratory, largely due to the short lifetime of particles in the dark subspace
due to collisions which induce transitions to lower energy states. At least one proposal for overcoming this
obstacle has been made, however, and experimentalists continue to investigates methods for realizing this

interaction [139].

Having described the form of the RD interaction and the general methods by which synthetic gauge fields
of this form may be realized, we now move on to construct the phase diagram of systems subject to RD

spin-orbit coupling and a tunable two-body contact interaction.

6.5 Spin-Orbit Coupled Fermions with a Contact Interaction

We consider a system of two fermionic species in the presence of a (real or fictitious) magnetic field h(r) and

subject to a two-body contact interaction, whose Hamiltonian density is
H(r) =D L) [Ka(r)dap — B(x) - gap] t(r) + 9] (£)0] (x)y ()i (x), (6.33)
ap

where K, = —V?/2m, — ji,, is the kinetic energy operator of species a with mass m,,, measured relative
to its chemical potential u,, and g < 0 corresponds to an attractive interaction. In addition, while we label

)

the species as different “spins,” in ultracold gases these states are typically different hyperfine states rather

than true spins.

Anticipating the effects of pairing, we define the pairing amplitude A(r) = g (¢, (r)(r)) and approxi-

mate the two-body interaction by factoring in the following form, then neglecting quadratic fluctuations:

Hie = g0l m)e] ()i, () (r),
= a|(wlmwlw)+ (sl - wleie)

. [<m<rw¢<r>> (W () (1) — (b (r)n () }

(0 (0)er (0))]7 + (W)l (1)) (g (2)ey (r) — (8 (0)en (1))

Q
S

i) (vl - wlou] ) |

— [wl(r)wj(r)m(r)w) T (e ) L] (0) — (i ) |2] ,

A)?
ot

= ANy )er(r) + A@)ylE)](x) - (6.34)
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Next, we transform to momentum-space by defining the Fourier transforms
o (r,t) = — e T (1), Ar,t) = e"TTAG(1), 6.35

where V' is the volume of the system. Thus, the Hamiltonian becomes

1%
H= Z [€kadas — h(k) - Uaﬂ}wltaz/’kﬁ + Z AL oo + Z Ak—k/wjﬁwikw - — Z |Aq]?, (6.36)
a

kaﬁ kk’ Kk’ g

where &xo = k2/(2ma) — j1o is the kinetic energy of an atom of species o with respect to its chemical
potential. Noting that the spin-orbit field couples particles of different species (but the same momentum),
while the pairing amplitude couples particles of momentum and spin (k, o) with particles of (—k’, —o) we

define the Nambu-Gor’kov spinor

T
Wk:(%@ "/’k,l, wT_kT "/’T_ki,) : (6'37)

Symmetrizing the Hamiltonian with respect to the Nambu-Gor’kov components allows us to write the Hamil-

tonian in the form

1 Vv N
_ T 2
H = 3 kgk, \I/kak/\Ilk/ — _g Eq |Aq| + gk Ext, (6.38)

where we define ng = &kt — ha, §~k¢ =&k, +h,, and Cxr = (ng :I:ng)/27 along with the Hamiltonian matrix

(&t — h2)oe —hi(K)Okw 0 Ay
—h* (k) Ok + h) kK — A 0
Hy — TK)oae (€t + he)d k—k ' (6.39)
0 AL —(E —h)dae b (—K)dae
Al 0 b1 (=k)dw —(&xy + hz) o

Note that the final term in Eq. (6.38) arises from commutation of the diagonal elements of the kinetic energy

operator.

The partition function of the system is Z = [ DIAT, A, 9t 4p)e™%E where the Euclidean action is

B
SEZ/ dr
0

and where 8 = 1/T is the inverse temperature and 7 = it. Defining the Fourier transforms in (imaginary)

Y o) tia(r) + H| (6.40)
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time

Vo = % > e T (1), Ay =) e Ag(7), (6.41)

where w, = (2n + 1)7T and v,, = 2nxT are the fermionic and bosonic Matsubara frequencies, respectively,

we can write Sg in the form

= gZ‘P% o U — —ZIA |2+ﬂZ§k+, (6.42)

kk’

where the single-particle Green’s function is G™1 = iw,I + H:

(iwn + &et)Okrr —hot (K)Ogps 0 A
Gl = —h (K)Oker (iwn + ki) Ok _Afc—k’ 0 | (6.43)
0 ~AL, (iwn — E—xt)Okks h% (—K) ks
AL’*’“ 0 hJ—(_k)(Skk’ (iwn - {t_m)ékk,

Having cast the partition function in the form of a Gaussian integral, we can integrate over W', ¥ explicitly

and obtain the thermodynamic potential per unit volume Q@ = —T'In Z/V:

Z |A ®_ ltrln (BG~1 Z§k+, (6.44)

where the trace is taken over the continuous momentum variable as well as the discrete Nambu-Gor’kov and
spin indices and the factor of 1/2 in the second term comes from the double-counting of degrees of freedom

inherent in the Nambu-Gor’kov formalism.2

Next, we expand the thermodynamic potential about the homogeneous mean field gap Ay by writing

Ay = Agbg0 + 1, where 7, is the fluctuation field. Similarly, we rewrite trIn(8G~1) as

trln (ﬁG_l)

trin [3(Go' + GE') |,

trin (8Gy ") +trin (1 + GoGR'), (6.45)

2In integrating over W', ¥ we have treated all elements of the Nambu-Gor’kov spinor as independent fields. However, as one
can see from Eq. (6.37), only two of the four elements are actually independent. The factor of 1/2 in Eq. (6.44) removes this
double-counting of the system’s degrees of freedom.
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where G, 1 is the inverse of the mean field Green’s function:

iwn + er —h (k) 0 Ao
—h*(K)  iwn + & —A 0
Gy ' (k, K) = 1K) fki . ’ Sk - (6.46)
0 —Ay iwn =&k RE(=k)
Ag 0 hL(—k) iwn — £,k¢

and G is the fluctuation matrix:

0 0 0 —Tpp
0 0  me—w O

Gk, k) = . (6.47)
0  m, 0 0
0t 0 0 0

Thus, separating the mean field and fluctuation contributions to the thermodynamic potential we can write

Q = Q+Qp, (6.48)

D = - — 5y trin (AGg )+Vzk:K+, (6.49)
@ T _

Qp = —;T—Wtrln(l—l-GOGFl), (6.50)

where the terms linear in 7 vanish due to the stationary condition of { at the mean field gap.? Having
derived the thermodynamic potential, we now proceed to consider the mean field properties of the system,

deferring a discussion of fluctuation effects to Appendix A.

6.6 Mean Field Approximation

Before constructing the mean field thermodynamic potential €y explicitly, we make two observations. First,
we note that for Rashba-Dresselhaus spin-orbit fields the magnetic field strength is linear (odd) in the
momentum coordinates, while the energies &y, are quadratic (even). In particular, this implies i (—k) =
—h, (k) and é_ka = éka. Second, while to this point we have allowed for different masses for the two spin
species, in practice a spin-orbit field is incapable of transforming an atom of one species into another species

of different mass. Thus, in what follows we will discuss only the situation of equal masses, my = m; =m.*

3The mean field gap is precisely the value of A that minimizes the thermodynamic potential. As a result, any linear terms
in an expansion of 2 about the mean field configuration must vanish identically. For this reason, this approximation is often
referred to as the saddle point approximation.

41t is possible that in the presence of weak spin-dependent optical lattices one may obtain different effective masses for
the two hyperfine states (m4 # my) [62]. Such a spin-dependence would modify our starting Hamiltonian and require careful
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In order to obtain the mean field thermodynamic potential we begin by computing the eigenvalues of the

system by diagonalizing the mean field Hamiltonian Hg = G ! _jw,I. This yields the eigenvalue pairs

Bio = \/Y+ +Y. 2V Y — [Ao?hL]?, (6.51)

s

B3y = —FEip, (6.52)

where following the notation of [62] we define Yy = &2, + |Ag> and Y_ = & + |ho[?, with & =
(&t £ &ky)/2. Making use of the identity trln A = Indet A, we can express trln(8Gg?) in terms of the

system’s eigenvalues as
trln (Gy') = In H 8 (iwn, — Ej)],
4
= ) In[B(iw, — Ej)]. (6.53)
j=1

Substituting this expression into Eq. (6.49) and performing the Matsubara sum (as shown in Appendix C),

we obtain the mean field thermodynamic potential:

A

=~ - % z; zk: [1n(1 +e BB + %ﬁEJ—] + % ijék+, (6.54)
=

which we have written in terms of the positive eigenvalues E; 2. Having obtained the thermodynamic
potential, we next derive the mean field gap and number equations in order to analyze the phase structure

of the system.

6.6.1 Gap Equation

The mean field gap is the homogeneous configuration A(x) = Ay which minimizes the thermodynamic
potential €y. The trivial solution Ay = 0, which represents the “normal” phase of the system, is always a
solution of the equation 9Qy/9|Ag| = 0. The gap equation, which implicitly defines the non-trivial solution

to this extremization problem, is given by 90/9|A¢|?:

2
1 1 BE;\ OE,
j=1 k

analysis, but spin-orbit transitions between species of different mass would remain prohibited on physical grounds. An analysis
of the full implications of such spin-dependence is beyond the scope of this thesis.
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Replacing the divergent bare coupling g with the s-wave scattering length via the relation

1 m 1 1
_ _ _ 6.56
g Amags V g 2¢’ ( )

where ¢ = k?/2m, and computing the eigenvalues’ derivatives in Eq. (6.55) we obtain the renormalized gap

equation

(6.57)

47m5 Z
k

<ﬁ+£) _ Sk (ﬁ_ﬁ)
2e 4F4 4F, \/Y+Y7 — | Ag|2|hy |? 4F4 4F,
where we define X; = tanh(8E;/2).

6.6.2 Number Equations

The number equation for the species « is given by the thermodynamic identity n, = —0€0/0ua. Thus,

differentiating Eq. (6.54) we obtain

1 X, X Y 46 Y X, X
mo= o |1-ba (5 o ) - et (- 2 (6:58)
” 2 VYYD — [Ao?|h ] 1 2
1 = X1 X ) Gt Yo — &Yy ( X Xy )
n, = — - + 22— 2 6.59
‘ 2V zk: St <2E 2B;)  \/YiY_ — [DolPlhi® \2B1  2E, (6.59)

Before proceeding to solve the gap and number equations we note that by alternatively adding or subtracting

subtracting Eqs. (6.58) and (6.59) we can express the total particle density in the form

- (X1 X N X X
s e () e () em
2E VYYD — [Ao2lh 2 \2E1 2B
and the excess density of up spins as
1 ~ X3 X5 Y. < X3 X5 )
ng—ng=—— =+ =+ — = 6.61
TR T Y Zk:gk 2B | 2B, /Y Y. — |[AoPh. \2E1  2E; (6:61)

From this expression it is clear that the Zeeman field acts in the same way as a chemical potential difference
between the two spin species. In particular, defining p4 = (p4 £ py)/2, when fue = —(p— + hz) # 0 the
right side of Eq. (6.61) will not vanish and the system will be population imbalanced. On the other hand,
for £, = 0 the two number equations are identical and we need only solve Eqs. (6.57) and (6.60) for (A, p),

where p1 = 14 = py is the two species’ common chemical potential.

There are two different experimental situations that may be realized for which & # 0. On the one
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Figure 6.2: (a) Pairing gap magnitude A and (b) chemical potential y (in units of e, the Fermi energy of the
free Fermi gas) vs. inverse scattering length (1/kras) at T' = 0 in the RO case (n = 1) for k/kr = 0
(solid red), 0.5 (dashed green), 1.0 (dotted blue), 1.5 (thin violet), and 2.0 (dot-dashed light blue),
where kr = /2mep is the Fermi momentum. In the ERD case the gap is independent of x and hence
is identical to the x = 0 curve in (a), while u(v) = 1(0) — k*/2m (see Eq. (6.62)).

hand, by applying a radio frequency (RF) field during the system’s preparation it is possible to induce a
specified population imbalance. In the absence of a spin-orbit field capable of transforming one hyperfine
state into the another, this imbalance will persist and 4 # ) so that we must solve the full set of three
equations (6.57), (6.58), and (6.59) for (A, us,py). On the other hand, in the presence of a Zeeman field
the system will spontaneously develop a population imbalance due to the energy difference between the two
hyperfine states, but the spin-orbit induced equilibrium between the species dictates that us = py. While

both situations are realizable, in the following calculations we concentrate on the latter case.

In the next section we investigate the phases of the population balanced system by solving Eqgs. (6.57)
and (6.60) for €k = 0. We then proceed in the following section to introduce a non-zero Zeeman field and

consider the more general case ny # ny.

6.7 Population Balanced System

In order to solve the gap and number equations, even for a population balanced system, we must specify the
two-body interaction strength (or s-wave scattering length) as well as the overall spin-orbit magnitude x and
the anisotropy 7. Thus, the phase space of our system is already rather large, depending on three independent
parameters. In order to render our calculations maximally useful, we therefore restrict our attention to
situations which are, or we anticipate will be shortly, within the realm of experimental observation. In

particular, regarding the spin-orbit coupling we will focus on the ERD (n = 0) and RO (n = 1) cases. The
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Figure 6.3: Pairing gap magnitude Ao vs. T' (in units of er) in the case K = 0 for 1/kras = —0.5 (solid red), 0.5
(dashed green), 1.5 (dotted blue), and 2.0 (thin violet).

s-wave scattering length, which can be tuned arbitrarily via a Feshbach resonance, will be investigated across

all parameter values.

Figure 6.2 shows the zero temperature mean field gap and chemical potential as a function of the interac-
tion parameter 1/kpas in the RO case, for a variety of spin-orbit couplings. We find that the gap increases
with increasing « for fixed 1/kpas, but that this effect diminishes as 1/krag — oo where the curves converge.

Meanwhile, the chemical potential consistently decreases with increasing .

The ERD case has the important property that in the absence of a Zeeman field, A is independent of
the magnitude of the spin-orbit coupling x, and so is simply given by the k = 0 curve in Fig. 6.2(a). We

can understand this result by considering the eigenvalues in the ERD case, which for ék_ = 0 reduce to

Eio = \/(kar + k|ky|/m)? + |Ao|2, where &, = ¢ — . By shifting the integral over k, to k, = k, + r we

obtain

K| k| - K2

— gk/+ - % (662)

it £

Thus, the entire spin-orbit dependence of the gap and number equations can be subsumed into a shift of
the chemical potential to p(k) = p(0) — £%/2m. The result is that, as observed, the gap is independent of
%, while the chemical potential has a simple quadratic dependence on k.

Turning next to the temperature dependence of Ay, Fig. 6.3 shows the mean field gap in the absence
of spin-orbit coupling, where the system exhibits behavior typical of second-order phase transitions with
A(T) o< /T.—T. As shown in Fig. 6.4, as k increases in the RO case, the critical temperature also

increases, as we would expect from the increased zero temperature gap observed in Fig. 6.2(a). In contrast,
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Figure 6.4: Mean field phase diagram for an RO coupled system for x/kr = 0 (solid red), 1.0 (dashed green), 1.5
(dotted blue), and 2.0 (thin violet). N and SF denote normal and superfluid phases, respectively. The
ERD phase boundary is identical to the Kk = 0 curve. The temperature is in units of .

since the zero temperature gap is independent of v in the ERD case, T, is similarly independent of the
spin-orbit coupling strength.

Figure 6.4 shows the mean field phase diagram for the population balanced system in the RO case for
several values of k. We see that the effect of kK # 0 is to increase the region of superfluidity by enhancing

the pairing strength and thereby increasing 7. for a given interaction strength.

6.8 Population Imbalanced System

Having constructed the phase diagram for a population balanced system with ék, = 0 we now move on to
consider the more general case in which ék, # 0. The description of imbalanced systems is complicated
by the fact that for Ny # N, the Fermi seas of the two species are mismatched (i.e., kpy # kp ) so that
the net pair condensation energy obtainable by forming spin-singlet BCS pairs is decreased [145-149]. As a
result, in the absence of triplet pairing, as the population imbalance P = (nq —ny)/(ny +ny) grows, the net

condensation energy falls until at some critical value P, superfluidity is destroyed altogether.

Figure 6.5 shows the mean field phase diagrams for RO coupled systems with various Zeeman fields and
Rashba couplings. We see that at small k the Zeeman field acts to suppress superfluidity by inducing a
mismatch of the Fermi surfaces of the two species, thereby making pairing more difficult. However, as noted
in [62], as k increases, the pair-breaking mechanism of h, becomes less effective, due to the emergence of
a triplet component of the superfluid order parameter. Indeed, as shown for k/krp = 1.0, 1.5, and 2.0, the
region of superfluidity actually increases with increasing Zeeman field. Moreover, the effect of h, on the

phase boundary is magnified as k increases so that the curves in Fig. 6.5 spread out with increasing .
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Figure 6.5: Mean field phase diagrams for RO coupled systems with h./er = 0 (solid red), 0.25 (dashed green),
0.5 (big dotted blue), 0.75 (small dotted violet), and 1.0 (dot-dashed light blue) and various spin-
orbit coupling strengths.

In Fig. 6.6 we show the phase diagrams for ERD coupled systems with various Zeeman fields and spin-
orbit couplings. As shown in Eq. (6.62), for h, = 0 the ERD coupling can be absorbed into a shift in
the system’s chemical potential so that the location of the phase boundary is independent of x. Thus, the
red curves in the four plots of Fig. 6.6 are identical. However, for h, # 0 the x dependence can no longer
be eliminated by such a gauge transformation and the phase diagram develops a non-trivial dependence on
the spin-orbit coupling. In particular, we find that the Zeeman field tends to increase T, and its effect is
magnified as the magnitude of the spin-orbit field is increased.

One common feature of the mean field phase diagrams for both RO and ERD coupled systems is the
exponential increase in T, with increasing 1/kras. Thus, it appears that one can increase T, arbitrarily

simply by tuning the system to create strongly bound diatomic molecules (1/kpas — oo0). This cannot be
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Figure 6.6: Mean field phase diagrams for ERD coupled systems with various spin-orbit coupling strengths. Line
types are the same as in Fig. 6.5.

true, however, for in this BEC limit the system simply behaves as a gas of bosons with mp = 2m and

np = n/2. The critical temperature for BEC formation in a free boson gas is [150]

o 21 np 2/3
Tc_m_3<<<3/2>) ’

where ((z) is the Riemann zeta function and ((3/2) ~ 2.61.

(6.63)

Comparing this expression to the Fermi

temperature (Tr = ep/kp) of the original gas of fermions we find

9 1/3
)2> Tp ~ 0.218T. (6.64)

fe= (W

Thus, on physical grounds we expect that the phase boundaries shown in Figs. 6.5 and 6.6 should reach a
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plateau at T. ~ Tr as 1/kpas — oo, rather than continuing to increase. In fact, this unphysical behavior
in the BEC limit is a generic feature of our mean field treatment of the BCS-BEC crossover, independent
of the spin-orbit coupling with which we are presently concerned [151-153]. This discrepancy can be traced
to the number equation’s failure to account for the fact that for 1/kras > 1, nearly all of the fermions
in the system are bound into composite bosons. In particular, in this limit the normal state should be a
(composite) Bose gas, not the Fermi gas about which the mean field treatment expands. In order to account

for BEC physics we must include the effects of fluctuations, which is the subject of Appendix A.

6.9 Ginzburg-Landau Thermodynamic Potential

In order to gain insight into the superfluid-normal phase transition, as well as to lay the foundation for our
consideration of fluctuations in Appendix A, it will be helpful to consider the thermodynamic potential very

near the phase boundary by expanding in a Ginzburg-Landau (GL) form:
b
Qa1.(80) = Q0(0) + alBol* + 5 [Ao[* +---, (6.65)

where the coefficients a and b depend on p and T'. These coefficients can be computed directly by differen-

tiating Eq. (6.54) and are
m 1 1 X1 X2 h2 Xl X2
) = - Bl N Y e e I [ (s ] 6.66
alw T) dray |V : [25 (4E1 * 4E2> Gh \4E,  4E, )|’ (6.66)
h? Z A 2n? ([ Z A hi X X
o) i 28) 2 5 ) (-2
n2 )\4E? T aE3 ) e \4E? ~ 1E3) T gnd \uB,  1F,

where we define Y; = sechz(ﬁEi/2) and Z;; = X; — BE;Y;/2, and the eigenvalues are understood to be

(6.67)

evaluated at Ag = 0, so that By 5 = & & h, where { = ¢ — p and Y- = h? + |h |? = h?. Note also that
since we have specialized to mass balanced systems in chemical equilibrium we have & = &k = &k as well
as &t = & and G = —h,.

Comparing Eqgs. (6.57) and Eq. (6.66) we note that the GL coefficient a(u,T') vanishes precisely when
the gap equation is satisfied for Ag = 0. This is encouraging, for both of these conditions are criteria for
defining the onset of pairing. In the first case, the gap equation does not in general contain the trivial
solution Ay = 0, so that when a solution exists at all, pairing has commenced. In the second case, a negative

coefficient a is precisely what is required of Q¢ to produce a non-trivial minimum.



Appendix A

Effects of Fluctuations on Spin-Orbit
Coupled Fermions

A.1 Introduction

In Chapter 6 we analyzed the mean field properties of ultracold fermions subject to an artificial gauge field
of the Rashba-Dresselhaus form. While our results have provided insight into the generic phase structure of
these systems, particularly in the weak coupling regime, we have observed that fluctuations play a crucial
role in determining the location of the phase boundary in the BEC regime where the normal phase consists
largely of composite bosons. Thus, in this appendix we build on our prior results by considering the effects

of Gaussian fluctuations on the phase diagram of spin-orbit coupled fermions.

A.2 Fluctuation Thermodynamic Potential

In Chapter 6 we derived the thermodynamic potential for our spin-orbit coupled system, including fluctua-
tions, which is given in Eqs. (6.49)-(6.50). However, before proceeding with our treatment of the fluctuation
contribution 2 we make two approximations. First, we expand 2 in powers of the fluctuation field n and
truncate the series at quartic order. Second, since we are particularly interested in the effects of fluctuations
on the phase boundary of the system, where the mean field gap vanishes, we set Ay = 0 and henceforth
denote the fluctuation field by the now identical full gap A.

Anticipating our expansion about A = A = 0 we begin by writing G™'[A] = G (0] + G'[A] where

the ungapped Green’s function is now of the block diagonal form

Wy + ékT —h (k) 0 0
—h%(K)  iwy + &y 0 0
G0 = + i S (A1)
O O iwn - ng —hj_ (k)
0 0 —hi (k) iwn — iy

and where the gap-dependent fluctuation matrix is given by Eq. (6.47), with n = A. The trln term in Eq.

(6.50) can be expanded as

trln (BG'[A]) = trln(8Gy'[0] + BGR'[A]),

109
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= trln (BGy'[0]) + trln (1 4+ Go[0]GR'[A]),

= trln (8Gq'[0]) — %tr (GO[O]Ggl[A])2 - itr (Go[o]s(;;l[A])“ +., (A2)

where we note that traces of odd powers of G[0]G'[A] vanish. Thus, truncating the thermodynamic

potential per unit volume at fourth order we have

QA] = Q0] + Q@ [A] + QWA (A.3)
Q0] = —%trln(ﬁGal[O])—F%Z&(Jﬂ (A.4)
k
aa] = ;'A;' b (Gol0GF[A]), (A5)
Q@] = %tr(GO[O]GFl[A]f. (A.6)

Evaluating Eqs. (A.3)-(A.6), we will obtain the Ginzburg-Landau (GL) thermodynamic potential, which

we write in the form

_ 1
QGL[A] = QO[O] + ZF l(q)|Aq|2 + 5 Z b(ql’ 42, q3)AQ1A32AqSA21—QQ+QS + (A7)
q

q1-°°q3

Given our interest in how fluctuations affect the critical temperature of the system, our task is now to
compute I'"1(q) and b(q1, g2, q3) explicitly by evaluating Eq. (A.3)-(A.6) and determine how these quantities
are modified from their mean field values in which ¢; = 0. Since we are focusing on the phase boundaries of
the system where A — 0, we treat the gap A, as well as the Matsubara and momentum coordinates (¢, q),

as an expansion parameter, and in keeping with Eq. (A.7) we truncate our expansion at fourth order.

In order to assess the lowest-order corrections to the mean field action in Eq. (A.4) we must evaluate
the bosonic propagator, I'"1(q), to second order in the momentum coordinates and first order in frequency:

q;

r—t = d :
(w,q) =a+ wcig -

Foee, (A.8)

where the sum over i = .y, z is implied and we have analytically continued I'"(g,,q) to real frequencies,
as discussed in A.4. For the quartic term in Eq. (A.7), since A is itself an expansion parameter and we
truncate at fourth order, we can set ¢g; = g2 = g3 = g4 = 0 so that b(q1, g2, ¢3) ~ b(0,0,0) = b is unchanged
from its mean field value at our level of approximation. In what follows, we no longer consider the term
QS;Q, as it provides only an overall shift in the thermodynamic potential and is irrelevant to determining the

phase boundaries of the system.
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A.3 Calculation of I'"!(q)

In this section we will evaluate the quadratic portion of the thermodynamic potential, Q(2) [A], from which
we will extract the bosonic propagator I'"!(¢q). To simplify this computation we begin by writing G o]

and G.'[A] in the block matrix form:

where we define the 2 x 2 blocks

Al = | T “hili) ) c- " 7' (A.10)

—ht (k) iwn + iy 1 0

Thus, the ungapped mean field propagator may be written as
A(
Go[0](k, k') = Okk’ » (A.11)
T

where direct computation yields

Ak) = ag) | T el (A.12)

b (k) twn, + gk’r

and where we define a(k) = det[A(k)], with the determinant taken over the Nambu-Gor’kov and spin indices.

Given these definitions, computing the product G[0]6G~1[A] yields

A(k) 0 0 CA(K' —E")
G O G—l A k,k// — 5 / )
(Gol0IGFTA]) (k. 47) ; 0 —ACKT]  \—catwr—w) 0
B 0 A(KICA(k— k")) A3)
A(=k)TCAT (K" — k) 0

Squaring this matrix and taking the trace, as appears in Q?)[A], we obtain

tr (Go[0]GH'[A])° = > tr {A(k)CA(—k”)Tcm(k —kEN2 + A(=k)TCAK)CIAKK —k)[*|. (A.14)
kk'
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Rewriting the second term by taking k <+ &’ and using the cyclicity of the trace shows that it is identical

to the first term. Thus, shifting the sum over k” by defining ¢ = k — k", we obtain
tr (Go[0]G _22|A NE Ztr[ k)CA(q —k) c}. (A.15)

Inserting this expression into Eq. (A.5) and comparing with Eq. (A.7), we find that we can write the bosonic

propagator in the form
-1 1 T T
I (g)=-=+ =Y tr|A(k)CA(g—k)"C|. (A.16)

In order to evaluate the trace in Eq. (A.16) we next obtain the diagonal elements of the product A(k)CA(q—

k)TcC:
[A(Z)(ckj)AaEZ = ]/:))TC} o (M" - gki) (M” i — kg, T) hy (k —a)h (k) (A.17)
[A(?(E)AQEZ - ]l:))TC] » (w" * g“T) (’“n —idn — kq ¢) Mikhi(k—q).  (A18)

Substituting these expressions into Eq. (A.16) gives
Do) = ot o a(k)ala — k)| (iwn +Er) (w0 — in — Ea)
g 2V - @
+ (iwon + &) (ion = ian = gt ) = WLOAL (K = @) = B (K — @)hs (k)] . (A19)

In order to proceed, we must now evaluate the Matsubara sum over each of the terms above. The explicit

calculation is given in Appendix G, the result of which can be written in the form
) =———-= [le + War + g(k, q) (Wi1 — Wiz — War + W22)}, (A.20)

where g(k,q) = u%v,%_q —l—ui_qv% + 22UV Uk — qUK—q cOS(0r, —O1—q) is a function of the quasiparticle amplitudes

s 1[0 & (k) 02 k- (k)
uf =3 <1 7}/_(1{)), i=3 <1+ Y_(k)> , (A.21)

as well as the spin orbit phase angle, defined via the relation h, (k) = | (k)|e?*, and the quantities

_ L= f(Ei(k) = f( J( —-q)
9T T B+ Ey(k—aq) (4.22)




A.4. EXPANSION OF I'!(w, 0) 113

where Ej 5 are evaluated at Ay = 0, and f(F) is the Fermi distribution function. It is straightforward to
verify that by setting ¢ = 0 in Eq. (A.20) and expressing the coupling ¢ in terms of the s-wave scattering
length, one recovers the mean field Ginzburg-Landau coefficient a(u,T) given in Eq. (6.66). Thus, having
obtained a general expression for the bosonic propagator, we now proceed to perform a lowest-order frequency
expansion of I'"!(w, q).

In the calculations that follow we again specialize to the situation of mass-balanced systems (m4 = m,)
in chemical equilibrium (g4 = py). We will therefore drop the pseudospin indices from &, and also write
ir = & and & = —h,. This further implies Y_ = h2 + |k |? = h2. Finally, since we are interested in the
superfluid-normal phase boundary throughout this chapter, all quantities are understood to be evaluated at

Ag =0 so that Yy = ¢ and By 2 = & + h.

A.4 Expansion of I'"!(w,0)

In order to investigate the frequency behavior of the system, we begin by analytically continuing I'~!(g,,, 0)
to real frequency by taking ig, — w + i€, where € — 0. The frequency w appears only in the W;; terms of

Eq. (A.20), which can be written in the form

Xi + X; 1 .
L - E+E)|, A2
Wij 5 [77 (w—i—Ei +Ej> md(w+ E; + J)] (A.23)

where P denotes the principal value. Thus, setting q = 0 and defining Q(w) = I'"!(w,0) —T'~1(0) we obtain

Q(w) = Qr(w) + iQr(w), where the real and imaginary parts of Q(w) are

Qr(w) = % 3 {(X1 + Xa)P (2§k(w°jr 2&)) + |th2|2 [Xﬂ? (W)

+X,P (W) — (X1 + Xo)P (W) } } (A.24)
Q) = g5 S { (K Xt + 2

+ '@;'2 {de(w 1 2B)) + Xa0(w + 2E5) — (X1 + X5)8(w + 25@] } (A.25)

Having obtained Q(w), we are in a position to analyze the low frequency fluctuations of the system by
expanding to first order in w. Writing the expansion in the form Q(w) = dw + - - -, we obtain d = dg + id;

where

1 2\ (X1 X, 202 (X1 X,
drlwT) = WPZK”@> <m+@)+gkh <4—E5‘@ﬂ’ (4.26)
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| 2

di(nT) = §2{<X1+X2>5'<2§k>+'“
k

2 X15l(2E1) + X26/(2E2) — (Xl + X2)6/(2§k)] }, (A.27)

where terms involving ¢’(x) = dd(x)/dx are understood to be evaluated by integrating the associated terms
by parts. As we will see in section A.6, the imaginary part of d(u,T) determines the lifetime of the bosonic
molecules while the real part plays a role in determining the Bose gas’ properties in the BEC limit. Regarding
the lifetime of the molecules, we note that for 1/kpas — oo, as u ~ —Ep,/2 — —o0, the arguments of
the ¢§'-functions in Eq. (A.27) are always positive so that d; = 0 and the molecules’ lifetime becomes
7B « 1/d; — oo. Thus, as expected on physical grounds, for large enough 1/kras the system becomes a

dilute gas of stable bosonic molecules.

A.5 Expansion of I'"1(0,q)

We now wish to assess the stability of the system to spatial inhomogeneities by expanding I'"1(0,q) to
second order in q. This expansion is more tedious than the expansion in w, as we must expand both the
quasiparticle function g(k, ¢) of Eq. (A.20) as well as the W;;. Our first step is then to obtain the expansions
of the quasiparticle amplitudes uj_, and vj;_4, as well as the spin-orbit phase angle 6;,_,. A straightforward,

though cumbersome, Taylor expansion yields

h. h.
Uheg Uk g A 20T [4uih’B + (h. — 12uih?) A?] (A.28)
h. h. 213 2 2
Vk—gq Uk Tor I3 A+ 520700 [4vkh B (hz + 12vk\/Y_) A } ; (A.29)
1 1
where we define the quantities
K 2 Ko 2 2 K>

Using these expressions, the second order expansion of the function g(k, ¢) becomes

|hL|2 h? h? 2 h? 2 L 2
k,q) ~ ~2aq D p2p SANN, I/EY G £ A.32
9k, 0) ~ =5 = 3 A+ g SRICTTE T (A.32)
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Next, we must obtain expansions for the W;;. We begin by obtaining the second order expansions of the

eigenvalues Fy o(k — q) ~ By 2(k) — Dy + E, where we define the quantities

_k-q A B q? B A?
From these expressions we can obtain the expansions of the Fermi distribution functions:
6Y1(Dy — FE B2X,Y,D?
fBk ) ~ )+ PP PR (A.34)
BY>(D_ - E_) pB*X1v1D?
fEk—a) ~ f(E) + D) PR (A.35)

Having obtained expressions for the eigenvalues and the Fermi distributions, we can now write down expan-

sions for the W;;:

X1 Z11 Ull

Wi = 25, + 17 (Dy — E) + S D%, (A.36)
W = X 4sz2 - Z”sziz” (D- —E_) + 7[]121;55 2 p?, (A.37)
Wy = 2 4J£kX2 - Z“Szﬁzm (Dy — By) + Lllgzgﬂ D?, (A.38)
Wiy = %—i—f—%(D—E)—i—SU—;QgD?, (A.39)

where we introduce the quantities U;; = Z;; — 8%(E; + E;)?X,;Y;/8. Finally, we are now in a position to
obtain a second order expansion for the full bosonic propagator I'"1(0, q). Substituting our expansions into

Eq. (A.20) we can write the propagator in the form Eq. (A.8) with a given in Eq. (6.66) and the ¢;:

K2 1 k2 2 K2 4R?
x 7T z '’ 1 Z— - = U - U_ —= Z
¢, T) T zk: {Sh ( k2> 8k2 T dnk, n2 <t

_ [2;42 (1 - (3+ 2|Zj|2) %) - |h’fﬁi%] X+}, (A.40)
wn) = e s <1— ”,f) 7 -Tho - Bo Mg

_ [Qh_}f (1 - <3+ 2”};;2) nZ’;Z) B lhﬁjﬁig] X+}, (A.41)
awT) = Z { 1662 16U+€k K+ |hfj2|2 (Z+ — U kj) } (A.42)

k
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where we define the quantities kﬁ = 7’)’Lh/li7 Ci = Z11 +Z22 + (Zlg +Z21), and v+ = (U11 + UQQ) + (U12 +U21),

as well as
X1 X X1+ Xy Z1 oo G+ Ui Us Uy
X, = L2 ATmAe g2 g GE SV L T
* 1B, 15 ST T REZ TREZ 1682 *TRED TRER 168 (A43)
~ K (o 16k )? = _wvx  16h?
A = Z —Z_ J_ = = Z_ Ul = —+ Us. A.44
+ + + kn ) 512{ h2 5 + 513( h2 + ( )

Having obtained all of the LG coefficients to quartic order in A, we are now in a position to analyze
the full time dependent GL thermodynamic potential. Thus, in the next section we first discuss the general
structure of the time dependent Ginzburg Landau (TDGL) equation and then proceed to consider specifically
the BEC limit.

A.6 Time-Dependent Ginzburg-Landau Functional

Returning to Eq. (A.3) with the expansions of the prior sections in hand, we are now in a position to derive
the time-dependent Ginzburg-Landau (TDGL) functional. Substituting the expansion Eq. (A.8) into Eq.

(A.7) and neglecting the overall constant [0] gives the momentum-space functional

2
q; 1
A=Y (et e 4 o ) I8@F + 5 3 b ana)dn AL A8, g (A5)
q q1,92,93
We now transform to real spacetime by rewriting AZ = > ¢ Ag,éqq/ in the quadratic term, while also

assuming that b(q1, g2, ¢3) = b is independent of momentum, so that we obtain:

2
4; 1
=t dw) Al Agdgy + §b|A0|4,

FlA] = Z<a+q2

a,q’

2 3 3
_ 9 T dt d°r i(g—q')r b dt d°r 4
= E (a—i—cZ 50 —i—dw) Aq,Aq Eve a—a')r 4 3 E 7 NG

a9’

dt d3 .
= at rze—zq VTA;;/Aq (a_

’ o\ . b [ dtd
v —id_) 3 SINGI
2m

8V o ot 2 8V
dt d®r »/ ¢ 0 , b [ dtdr
_ wee s —iq r AT o 2 _ g7 iq-r e e 4
7V E/ e Ay (a 2mvz Zd(?t) [Eq eI AL | + 5] BV A(r)|,
dt &®r ¢ 0 b [ dtdr
= _—— T — v 2 — 7d— — _ 4
% AT(r) (a 5 \%: Zd(?t) A(r) + 5| 5V A(r)]*. (A.46)

Integrating the Laplacian term by parts yields the standard form

31‘ C; 2 .
=[G (80P + = VAP + FIA0) ~ aal ()2 A0)) (A47

F[A] 5
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This functional, which describes the low energy excitations of the system, depends on p and 7" through the

GL coefficients. By setting 6G/dA = 0 we obtain the equation of motion for these excitations:
.

5]
v 2 —1d — =
5 Vi —id 815) A(r) = 0. (A.48)

(a +blA(r)]? -

We note that for a static homogeneous solution this equation reduces to the familiar mean field expression

|Ag| = \/—a/b, so that the condition for pairing is a(p,T) < 0.

A.7 BEC Limit

Having obtained the equation of motion for the low energy excitations of the system, we now consider
the BEC limit in which the ground state above which these excitations exist is a dilute gas of composite
bosons. In particular, by computing the effective bosonic properties of the system one can infer the critical
temperature for the superfluid transition in the limit 1/kpas — co.

In the BEC limit we define the bosonic “wavefunction” ¥ = v/dA. Substituting into Eq. (A.48) yields

the equation of motion

a b 2 C; 2 . 8 o
(5+ EI0OP - 5 v2 =i ) vy =0, (A49)

This equation is precisely of the form of the Gross-Pitaevski equation for a dilute Bose gas. The standard
form of this equation, which describes a gas of bosons with mass mp, chemical potential up, and s-wave

contact interaction strength U = 4dwap/mp, is

(—uB +UW(r)]? - % v —i %) U(r) =0. (A.50)

By equating coefficients of Eqs. (A.49) and (A.50) we find the effective bosonic parameters

d
, U — E? mB,i = (—) m, (A.51)

ISHRS]

UB = —
Cq

where we note that the anisotropy of the spin-orbit field induces different effective masses for the three
spatial coordinates.

Having cast the equation of motion in BEC limit in the form of an interacting Bose gas, it is possible
to compute the superfluid transition temperature by applying the results of [154]. In this earlier study
no spin-orbit effects were considered, but having absorbed the spin-orbit effects into the GL coefficients,

it is straightforward to make the necessary correspondences required to compute the spin-orbit-dependent
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transition temperature in the BEC limit. This calculation will be the subject of a future publication.



Appendix B

Gauge Fields at Finite Temperature

In this appendix we discuss the replacements required to treat gauge fields in the standard finite temperature
path integral formalism. This analysis is based largely on the very helpful work [155]. In particular, we will
find that it is necessary to make the replacement xg — iz for all 4-vectors in the theory. In the NJL model
this affects only the position 4-vector, z, = (¢,r), and results in the usual replacement ¢t — it. However,
in the PNJL model, having introduced the 4-vector gauge field A, = (Ap, 0), we must also take Ay — i Ay.
The need for this replacement can be observed most easily by considering the electromagnetic field at finite
temperature.

In order to treat the electromagnetic field at finite temperature we wish to transform the path integral

into the partition function by making the replacement ¢ = —i3, where 5 = 1/T is the inverse temperature:
Z:/[DA#] eif(;‘dt’fd3x£EM — Z:/[DA#] e~ Dﬁdﬂrfd?’x’HEM, (Bl)

where Lgy = %(52 — B?) and Bpy = %(82 + B?) are the electromagnetic field Lagrangian and Hamilto-
nian densities respectively. Thus, in addition to the replacement ¢ — —i3, we must make an additional
replacement(s) such that Lgy — —Hpar. Clearly, the simplest manner in which this can be achieved is by
ensuring £ — i€ and B — B.

In order to determine the necessary finite temperature replacements of the gauge field components, we

recall that the electric and magnetic field densities are given in terms of the gauge fields by

A
5:—VA0—86—t B=V xA. (B.2)

While the change of variable ¢ = i7 in the time integral of Eq. (B.1) produces the necessary factor of ¢ in the
second term of £, we must introduce this factor into the first term by hand. Thus, we find that the required

finite temperature gauge field replacement is (Ag, A) — (iAg, A)?L.

1We note that while many authors use this convention, a significant portion of the literature does not explicitly introduce
the factor of i, but rather takes the field Ap to be anti-Hermitian, effectively absorbing the ¢ into a redefinition of the field.
While physically equivalent, this discrepancy does lead to slightly different expressions in the literature. For the sake of clarity
we will always write the factor of 7 explicitly and Ag will correspondingly remain a Hermitian field.
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Appendix C

Evaluation of Matsubara Sums

In this appendix we evaluate a fermionic Matsubara sum which appears frequently in the study of finite

temperature field theories, namely

S=> In[B(iw, + E)], (C.1)

where w,, = (2n + 1)7T are the fermionic Matsubara frequencies, 8 = 1/T is the inverse temperature, and

F is a constant.

The common feature in evaluating Matsubara sums is to convert the sum into a contour integral by
identifying the summand with the residues of a complex function. Having done so, we may then exchange

the sum for an integral by means of Cauchy’s residue theorem:

2=2zn

?gdzg(z) = 2772'2 res g(z), (C.2)

where {z,} are the poles of g(z), and C is a contour enclosing the given poles. Our first step, then, is
to identify a function g(z) whose poles are the fermionic Matsubara frequencies iw,, (or more precisely,
1Pwy, since the argument of the complex function must be dimensionless) and whose residues are the terms
appearing in Eq. (C.1). While there are any number of such functions, it is straightforward to verify that one

such function with the correct poles is simply the analytical continuation of the Fermi distribution function

f(z) = : (C.3)

While f(z) has the correct poles, it does not have the desired residues. In fact, expanding f(z) about an
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Figure C.1: Contour for the evaluation of the Matsubara sum Eq. (C.1).
arbitrary pole z, = w,, we obtain
1
f(Z) - €Z”€(Z_Z”) + 17
1 —z
1 — e(z_zn) ’ (e _1)
_ 1
Ol -[1+(z—zp) -]
1
- _ 4. (C.4)
Z— Zn
Thus, we can simply read off
res f(z) = —1. (C.5)
z=2zn

In order to obtain a function g(z) with the desired residues, we must therefore multiply f(z) by the function

h(z) = —In(z + BE). Thus, defining g(z) = f(2)h(z), we can rewrite Eq. (C.1) as

1

S = 9 Cdzg(z), (C.6)

where C is any contour enclosing the poles of f(z), which lie along the imaginary z axis.

Choosing the contour C as shown in Fig. (C.1), where we have introduced a branch cut from z = —3F to

z = 00, we note that the contribution to the integral for |z| — oo with Re(z) > 0 is exponentially suppressed
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by the function f(z). However, the contribution from |z| — oo with Re(z) < 0 is divergent. In order to

remedy this problem, we introduce a small (positive) number 1 and rewrite (C.6) as

S = —lim L ]{ dz f(z)In(z + BE)e". (C.7)
c

n—0 271

Having accounted for the portions of C at infinity, the only non-zero contribution to S comes from the

segments along the real axis. Taking z = x + ie along these segments, we obtain

1 o )
S = — lim —{ / dz f(x + i€) In(z + ie + SE)e@Ti©)
n,e=0 270 | J_pp

- /°° dz f(z —ie)In(z — ic + BE)GW(IZ'E)}
—BE

— lim /OO dx f(z) [ln(:v +ie+ SE) —In(z —ie + BE)] ; (C.8)

e—0 27TZ —BE

Next, we evaluate the term in brackets by using polar coordinates to write

In(a+ie) = In(va2+ e2e?) (0 = tan"*(¢/a)),
= In(va?+€?) +1i6. (C.9)

Due to the branch cut we restrict the values of 6 to the interval [0,27). Thus, the bracketed term in Eq.
(C.8) becomes

I+ e+ 9E) ~nlo—ic + 68) = I/ BPF @+ itan! ()

x+ BF
—Iny/(z+BE)? + € —i [27r—tan1 (:v—l—EﬁE)] ;
- _9 -1 €
= —2mi+ 2tan (a:—l—ﬂE) . (C.10)
Substituting this expression into Eq. (C.8) and taking ¢ — 0 gives
< dr sE
S = =In(1+¢e"™). (C.11)
—BE et +1

One final word should be said regarding the Matsubara sum just calculated. An attentive reader may be
bothered by our apparently arbitrary introduction of the convergence factor €”* in Eq. (C.7), particularly
because once we cited its suppression of the portion of the contour for which Re(z) — —oo, we then set

7 = 0 and continued as if it had never existed. Even worse, it is straightforward to show that if we had
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instead used the function F'(z) = 1/(e* +1) to pick out the desired poles in Eq. (C.6) and then introduced
the convergence factor e~* (a procedure which is equally valid on its face), we would have obtained the

result

S =In(1 +e PF). (C.12)

In other words, the value of the sum depends on the auxiliary function f(z) chosen and the convergence factor
it requires. Fortunately, for any physical problem, the physics itself will dictate the proper convergence factor.
One is then free to choose any auxiliary function which picks out the correct poles and ensures convergence
in the limit not taken care of by the physical convergence factor, and will then obtain the unique physical

value for the sum.



Appendix D

Determinants of Block Matrices

In this appendix we derive an expression for the determinant of a block matrix of arbitrary partitioning in

terms of its constituent blocks. This material is based on [5].

D.1 General Construction

Let S be an (nN) x (nN) complex matrix, which is partitioned into N2 blocks, each of size n x n, and let

U be a lower triangular auxiliary matrix:

Sii Si2

So1 So
S =

Sn1  Snw2

Forming the product SU gives

S11 4+ S12U21 +

So1 + S22Usg; +
SU =

Sni1+ Sn2Uszi +

Sin

Son

SN

- SinUn
--SonUny

- SynUn1

Uny

Si2+8S13U32 + - -+
So2 + S23U3z2 + - - -

Sn2 +Sn3Uszo + - -+

0 0
I 0
Uyy - 1
SinUn2
SonUne
SnynUn2

Sin

Son

SN

(D.1)

(D.2)

Now, let us assume that the blocks of U can be chosen such that the product SU is upper triangular. In this

case, we obtain (N? — N)/2 constraint equations (the lower triangular blocks of SU = 0) with (N? — N)/2

unknowns (the blocks of U). The N — k equations arising from the kth column of SU are

Skt +Skr1,k+1 Uk, + -+ Sk, vUne = 0,
Skiok + Skr2kr1 Uk e+ +SkponUnk = 0,
Svik+ Sngr1Ugpip+ -+ SynUni = 0.
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(D.3)
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In order to simplify our notation, we now define the block vectors

Sij Ui; Sij
Sit1,j Uit Si,j
Sij = + ’ u;j = o oij = S (D.4)
Snj U, Sin

We also let Sy, represent the k& x k block matrix formed from the lower-right corner of S,

SN—k+1,N—k+1 SN—kt1,N—k+2 °°° SN_kt1,N
. SN—k+2,N—k+1 SN—kt2,N—k+2 *°° SN_kt2,N
- (D.5)
SN N—k+1 SN, N—k+2 e SN~

With these definitions, we can rewrite Egs. (D.3) in the matrix form:

SN—kuk-i-l,k = —Ski1k- (D.6)

Solving for the auxiliary block vector yields

Witk = — Sy kSktik- (D.7)

We now define aiTj as the block row vector of S lying to the right, and inclusive of, the position (4,7) (Eq.

(D.4)). Inspecting Eq. (D.2), we can express the kth diagonal element of SU in the form

(SU) ik

T
Skk + Ok gy1Qk+1,k>
T a—1
= Skk — Ok k1SN Sk+1,ks

= SNn_kt1/Sn—k, (D.8)

where SN_k+1/gN_k denotes the Schiir complement of SN—k+1 with respect to Sy_p [156]. Next, defining
the matrices
0)
az('j = Sij,

af) = Sy — ol Sy svorr, k=1, (D.9)
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we can write (SU)g, = a,(j,j_k). Since SU is upper triangular by design, the determinant is simply the

product of the determinants of its diagonal blocks. This, together with the fact that det(U) = 1 gives

N
det(S) = [ det(afy ™). (D.10)
k=1

In order to express det(S) in terms of the blocks of S, we must now evaluate QIZl, which appears in Eq.

(D.9). Rather than approaching this problem directly, we will focus on the matrices agf), and seek to find

a recursive relationship between matrices of consecutive values of k. Thus, we begin by writing

k1 -
anJr = Sij — az?:kaSkJilsN—kJW
1
SN_kN—k Tk N_k SN_kj
, —k,N—k+1 d
= Si— (Si,N—k UZN—k+1> . , (D.11)
SN_k+1,N—k S, SN—k+1,j

where we have partitioned the block vectors and matrix into sections of block length 1 and N. Next, we

evaluate the inverse matrix above by making use of the Banachiewic identity [157,158]

-1

A B (A-BD'C)! —(A-BD 'C)"'BD!
= : (D.12)
C D -D7'C(A-BD'C)"! D!'[I+C(A-BD 'C)"'BD']

Identifying this expression with the partitioned form of g,;l in Eq. (D.11), the Schiir complement with

respect to S}, becomes

—1 T o—1
A-BD 'C = SN_kN-k—ON_,N-k+15, SN—k+1,N—k

k
ag\/)fk,ka' (D.13)

Thus, evaluating the inverse matrix in Eq. (D.11), we have

(k+1) B T
& = Sy —(Sinv-kx N 11
(k) -1 (k) 1T &—1
« (O‘ka,ka) _(aka,ka) O'ka,kaJrlSk

1.7

o—1 (k) -1 &1 (k) - a—1
=S sN—kt1,N—k(ON"} N k) S I+ snv—kti,N—k(QN ) N 1) TNk N—k+15k

SN-k,j
X

SN—k+1,j
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T a—1 (k) -1
_ g (Si-,N*k_o'i,N—k-i-lSk SkaJrl-,ka) (aN—k,N—k)
= Sij—
T S—1 ) T G—1 (k) -1.T g1
Uz‘,N—k+lsk - (S%N*k_o'i,N—k-i-lSk 3N7k+17N7k) (aN—k,N—k) UN—k,N—k-i—lSk
SN_k,j
X )
SN—k+1,j
(k) (k) -1 )
o N k(0N N k) SN_k,j
= i a1 () ) 1 ’
r - -1.T - )
O N—kt15% _ai,N—k(aN—k,N—k) ON_k.N—k+15% SN—k+1,j
_ (k (k) -1 T G—1
= Sij—ai,N—k(aN—k,N—k) SN—kj = OiN_kt1S; SN-k+1;j

(k) (k) —1_T a1
+ai,N7k(aN7k,N—k) ON_k,N—k+19% SN—k+1,j

_ T -1 (k (k) —1 T S—1
= (Sij — O, N—k+15% SN*kJrlyj) - ai,N_k(aN_k,N_k) SN—kj = ON_k,N—k+15; SN—k+1,j )

k k k 1 (K
= az('j)_aE,szfk(agv)fk,ka) lagvlk,j- (D.14)

k) . .
We can therefore express the agj) in the recursive form:

k41 k k k 1 (K
okt — al(.j) - O‘E,szfk(agv)fk,ka) 10‘5\7)4@,;'7 k> 1. (D.15)

(0)

ij

(k)

Given this recursive relationship, the matrix a;;;’ can be read off directly from S, and all higher order oy

can be calculated iteratively. Finally, the determinant may be computed via Eq. (D.10).

D.2 Simple Cases

Having derived an expression for the determinant of an N x N complex block matrix, it will be useful to
examine the result for a few specific values of N. We choose to consider N =2 and N = 3, as the first is a
well-known result and the second gives a clear picture of what sort of objects our result actually involves.
Larger values of N quickly become cumbersome to write down, but the procedure for their calculation will
be made clear. Lastly, we present a “real world” application of our result by calculating the determinant of

a 48 x 48 matrix, which arises in the study of quark matter.

D.2.1 2 x 2 Block Matrices

In the case N = 2, Eq. (D.10) reduces to

det(S) = det(agll)) det(aég)), (D.16)
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while Egs. (D.15) become

) = Sij agjl) = Sij — Sigs2_21821. (D17)

o

Thus, we obtain the result
det(S) = det(811 — 8128521821) det(SQQ). (D18)
It is instructive to combine the two determinants in this expression and rewrite it in the alternate forms

det(S) = det(SuSgg—81282_21821822),

= det(SQQSll — 8228128521821). (Dlg)
In these forms, it is clear that when either S5 or Sg; commute with Sao our expression reduces to:

S12S22 = S22S12 ¢ det(S) = det(S22811 — S12521),

Sglsgg = Sglsgl : det(S) = det(811 822 — Slgsgl). (DQO)

Alternatively, for anti-commuting matrices, which often arise in the study of fermionic systems, the signs in

(D.20) become positive.

D.2.2 3 x 3 Block Matrices

In the case N = 3, Eq. (D.10) reduces to

det(S) = det(a'?) det(al})) det(ald), (D.21)
while Egs. (D.15) become
ag?) = Sij, Otl(-;) =S,; — Si3S35 S,

a? = (Sij — Si3S33S3;) — (Siz — SisS33 Sa2) (S22 — szgs;;s?,z)‘1 (S2; — S23835'Ss;) . (D.22)
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Thus, we obtain the result

det(S) = det | (S11— S1333731331) — (S12— S13S35 S32) (S22 — 5235531532)71 (S21 — S23S§3IS31)

x det (SQQ — 8238;31832) det(833). (D23)

Analogously to the N = 2 case, the commutation of certain blocks (e.g., Sg3 and Ssj, Ozng) with ozglz)) allows

this expression to be simplified.

D.3 Eigenvalues of the two-flavor NJL model

Having considered the general form of the determinant of 2 x 2 and 3 x 3 block matrices, we now consider
an application of our result by calculating the eigenenergies of quark matter in the two flavor Nambu—Jona-

Lasinio model [15,16,21]. In this model, the energies are the roots of the equation det S = 0, where

+uy® — M AT\
S — k+ py V5T2A2 , (D.24)

—A*ysmdy k=’ - M

and where M is the effective quark mass, i is the chemical potential, A is the color superconducting pairing
gap, k = By — v -k, where k = (ki, ko, k3)7 is the quark momentum and the 4* (v = 0...3) are the 4 x 4

Dirac matrices:
7 = , v = . (D.25)
with o = (04, 0,,0.)T representing the vector of Pauli matrices:
Oy = , oy = , o, = . (D.26)

1.2,3

In addition, 75 = i7°y'y%y3, 75 is the second Pauli matrix in flavor space, and ), is the second Gell-Mann

matrix in color space:

=i 0 0]- (D.27)
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Thus, while we have written Eq. (D.24) in 2 x 2 block form, each block is itself a 24 x 24 matrix (2 (flavor)

x 3 (color) x 4 (Dirac)).

Before constructing the determinant from Eq. (D.10), we must choose how we wish to partition S. We
could, for instance, choose to begin with the 2 x 2 block form shown in Eq. (D.24), in which case the a®)
would be 24 x 24 matrices, which we would partition further, repeating the process until we have eliminated
all indices. While this choice has the advantage of requiring the construction of only a single a® (V) for

the first step (Eq. (D.16)), the price is that correspondingly more steps are required to finally obtain det S.

As a middle ground, balancing the number of a*)’s which must be constructed in each step with the
number of steps, we will partition S into a 6 x 6 block matrix, with each block of size 8 x 8. We achieve
this partitioning by writing out the color indices explicitly, while leaving the Dirac and flavor indices intact.

Thus, the non-zero blocks of S become

Sii = S =Sss=F+puy"— M,

Sus = Ss5 =S¢5 =k — " — M,

Sos = —Si5 = iAy57o, (D.28)
Si2 = —S51 =iA"y57.

(k)

We now must construct o) - a®. From Eq. (D.15), we see that ozz(-f“) will be equal to a,;’ unless
both agfgjz,_k and ag\lﬁ)_k)j are non-zero. As a result, since S;s = Sg; = 0 for 4, j # 6, we find
ol =8, 1<ij<s. (D.29)

Next, we note that S15 and Ss; are the only non-zero blocks with a row or column index of 5. Thus, the

(2) which differs from a(-l-) is

only a;; i

(1521) = Sll — 815Sg51851. (D30)

A straightforward application of the Banachiewicz identity (Eq. (D.12)) yields S5_51:

k- + M

Stl=_" D.31
55 (E . /L)Q o E]%? ( )
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where Fy = vk? 4+ M?2. Substituting this expression into Eq. (D.30) yields

0
@ _ 0 : F—p’+M .
aiy = kt+py’ =M (—iAys72) [m (—iAy572),
0
0 2 k-’ - M
= -M- A ——%—— D.32
k + | | ( ) E27 ( )
where we have used the fact that 77 = I and y57* = —v"v5. Meanwhile, the rest of the ag) = agjl-) = Sij,
so that
bty = M- |AP A2 i =1,
alf) = (BB (D.33)
Sij else (1 <i,j < 4).

Constructing a(®), we note that aéi) and Syo are the only non-zero blocks in the fourth row or column of

a®. As a result, we find

3 2 2 2 2
off = off —ol (o) o,

= Si1 — (—=S15)(S55) " (=Ss1),
= Si1 — S15S55 S5,

= al?. (D.34)

(2)

The rest of the al(?) are equal to o;;” so we find

0
Ft iy’ — M — AP K =M g =1 ori,j =2,
a® = (B-p?— B} (D.35)

ij
Sij else (1 <14,5 <3).
Since ag‘? = S33 is the only non-zero block in the third row/column, we have

o =a®  1<ij<e (D.36)

) ]

Finally, since a§2) = a21 =S = Sy; = 0, we find that the sole block of a®) is

6 _ 4 (3)

a;p = Oy = Qgp,

k= —M

= f+m°’- |A|2W- (D.37)
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Having constructed the necessary determinants, Eq. (D.10) gives

det(S) = det(aﬁ)) det(agé)) det(ag‘?) det(aﬁ)) det(aé?) det(aé%))
2
0 _ Ay _ 2 F—w’ - M 0 _ 0 3
= det <k+u7 A E-p B E2> 3}%(%+W M) 51_%(% py” — M)”,(D.38)

where the subscript of f, D on the determinant indicates that the remaining determinant is to be taken over
flavor and Dirac indices.
Thus, we have eliminated 6 of the original 48 indices, and have only the Dirac and flavor indices remaining.

In fact, the flavor indices are now trivial, having vanished upon squaring the matrix 7o (see Eq. (D.32)), so

that
4
det(S) = det(f+uy’—M—|A]? M—M det(f + uy° — M)? det(f — uy° — M)5(D.39)
D (E—w?—-E) D D
Computing det(f + uy® — M) yields
E+up)—M —o-k
det(f £ uy° — M) = det ( #) )
o-k —(E£tu)—M

= [~(E+p)’+M+(0-K)]7,
= [(B+w?-E,

[E + (Ex £ p))* [E — (Bx F ))?, (D.40)

where we have used the fact that (o - k)? = k2.
Finally, computing the remaining determinant from Eq. (D.39), we find

det (-4 = 0 - |A|2%)

_ {— B+ |A|2(E+EJ #[1- %rﬁ}?’

_ B — (Bt ) — [APPIE — (B — p)* — |APP
- (E— Er — p)2(E + By — p)? : (D.41)
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Inserting Eq. (D.40) and (D.41) into Eq. (D.39), we obtain the result

aet(S) = [B+ Bt w2 T 1AF] [B+B—pP +18F| [E- (Bt 7+ A7)

x |B = VB — w7+ |A|2]8 (E + By, + p)*(E — Ey, — p)*

X (B + Ey, — ) (B — By + p). (D.42)

Finally, then, we can read off the eigenenergies, which are the absolute values of the roots of det(S) = 0:

E, = |Ex+ypy (multiplicity 8),
Ey = |Ep—p (multiplicity 8),
Es = /(Ex+p)?2+|A]R (multiplicity 16), (D.43)
Ey = /(Ex —p)?+|A]2 (multiplicity 16).

Indeed, these are the correct eigenenergies, as reported previously by Rossner [21].



Appendix E

NJL Model Code

The code below, written in C, minimizes the thermodynamic potential of the three flavor Nambu—Jona-
Lasinio model, including the axial anomaly, with massless bare quarks. This system was considered by
Abuki et al. and is a precursor to the model studied in Chapters 3 and 4. The algorithms employed are part
of the GNU Scientific Library (GSL), release gsl-1.15 [159]. Note that some of the spacing and line-breaks
have been modified in order to comply with formatting requirements.

// File: NJLAAmin.c

// Author: Philip D. Powell

// Date Created: November 8, 2011

// Date Last Modified: November 8, 2011

?;////////////////////////////////////////////////////////////////////;;

// This program is designed to minimize the thermodynamic potential //
// for the Nambu—Jona—Lasinio (NJL) model including the effects of //
// the QCD axial anomaly. For a given chemical potential (mu) and //

// temperature (T) it minimizes the thermodynamic potential with //
// respect to the chiral condensate (sigma) and diquark condensate //
// (d). The code allows the chemical potential and temperature to //
// be varied, and therefore to compute the equilibrium values of //
// the condensates at any point in the phase diagram (mu,T). //

I/ I/
N N N N aay,

#include <stdlib.h>

#include <stdio.h>

#include 7 gsl/gsl_vector .h”
#include 7 gsl/gsl_integration .h”
#include 7 gsl/gsl_multimin.h”

// Define dimensionless couplings (scaled by Lambda)

double G = 1.926;

double K = 12.36;

double Kp = 12.36 *x 4.2;

double H = 1.74;

double Lambda = 602.3; // 3—momentum cutoff in units of MeV

double my_f (const gsl_vector xv, void xparams);
double integrandl (double x, void * params);
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struct rparams

double a; //used for storing sigma
double b; //used for storing d
double d; //used for storing mu
double f; //used for storing t

b

struct mut

{
double T;

double MU,
b

int main ()

{

FILE =xfile;
file = fopen(”njl—data”,”wt”); // open file to store results
size_t iter = 0;

3
int status, j, k;
double size;

double mu_min = 0.0 / Lambda;
double mu.max = O .0/ Lambda
double T_min = 1.0 / Lambda;
double T_max = 600.0 / Lambda;

double temp = 0.5; // initialize temperature
double mul = 0.0 / Lambda; // initialize chemical potential

struct mut Mut = {temp ,mul };

const gsl_multimin_fminimizer_type T =
gsl_multimin_fminimizer _nmsimplex2 ;

gsl_multimin_fminimizer *xs = NULL;

gsl_vector =xss, *x;

gsl_multimin_function my_func;

my_func.n = 2;
my_func.f = my_f;
my_func.params = &Mut;

s = gsl_multimin_fminimizer_alloc (T,2);
// vector of unknown variables (sigma, d)

x = gsl_vector_alloc (2);
ss = gsl_vector_alloc (2);
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for (k = 0; k < 601; kt++) {
for (j = 0; j < 155; j++)
iter = 0;
Mut.MU = ( 1.0 % k ) / Lambda; // set the chemical potential

Mut. T = ( 1.0 + 1.0 %= j ) / Lambda; // set the temperature
gsl_vector_set_all (ss, 0.001);
// Check to see if mu and T are in the desired range

if ( (Mut.MU >= mu_min) && (Mut.MU <= mu_max)
&& (Mut.T >= T_min) && (Mut.T <= T.max) )

{
if ( Mut.T x Lambda < 180)
// initial guess for minimizer
gsl_vector_set (x, 0, —0.047);
gsl_vector_set (x, 1, 0.00);
}
else
{
gsl_vector_set (x, 0, 0.0);
gsl_vector_set (x, 1, 0.0);
}
gsl_multimin_fminimizer_set (s, &my_func, x, ss);
do
{
iter++;
status = gsl_multimin_fminimizer_iterate (s);
if (status)
break;
size = gsl.multimin_fminimizer_size (s);
status = gsl_multimin_test_size (size, le—7);
if (status = GSL_SUCCESS)
fprintf(file , "%.1f %.11 %.6f %.6f %.9f \n”,
Mut .MUxLambda, Mut.T«Lambda,
—gsl_vector_get (s—>x,0)/0.063565,
fabs(gsl_-vector_get (s—>x,1))/0.054760,s—>fval)
}

while (status == GSL.CONTINUE && iter < 4000);

if (status != GSL_SUCCESS)
fprintf(file ,”%.1f %.1f %.6 f %.6 %.9f \n”,
Mut .MU«Lambda, Mut.T«Lambda, 7.777777, 7.777777,
TATTITT777);5
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else

fprintf(file , "%.1f %.11 %.6f %.6f %.9f \n”,

Mut .MUxLambda, Mut.T«Lambda, 9.999999, 9.999999,
9.999999999);
}
¥

gsl_vector_free (x);
gsl_vector_free (ss);
gsl_multimin _fminimizer_free (s);

fclose (file);

return 0;

// Returns the value of Omega
double my_f (const gsl_vector xv, void xparams)

{

// initialize variables
double V = 0.0;
double Omega = 0.0;

// absolute error limit for integrals
double abserror = le—10;

const struct mut Mut = *(struct mut *)params;
double mu = Mut.MU;
double t = Mut.T;

const double Sigma = gsl_vector_get (v, 0);
const double D = gsl_vector_get (v, 1);

gsl_integration_workspace xwl =
gsl_integration_workspace_alloc (1000);

double resultl, errorl;
struct rparams Vars = {Sigma, D, mu, t};
gsl_function F;

F.function = &integrandl;
F.params = &Vars;

gsl_integration_qags(&F,0,1,0,abserror ,0.0,wl,&resultl &errorl);

V=26 % G x pow(Sigma,2) + 3 * H x pow(D,2) — 4 x K % pow(Sigma,3)

— 3 x Kp * Sigma x pow(D,2) / 2;

double DiracSea = 3.0 * (3.0 + pow(mu,4) ) / (4.0 % pow(M_PI,2));
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Omega =V — t % resultl / pow(M_PI,2) + DiracSea;
gsl_integration_workspace_free (wl);

return Omega;

}

double integrandl (double x, void % params)
{
double #p = (double x)params;
double sigma = p[0];
double d = p[1];
double mu = p[2];
double t = p[3];
double M= - 4 % (G — K x sigma / 2) % sigma + Kp * pow(d,2) / 4;

double delta = — 2 x (H— Kp * sigma / 4) * d;
double Ek = sqrt( pow(x,2) + pow(M,2));

double E1 = sqrt( pow(Ek + mu,2) + pow(delta ,2));
double E2 = sqrt( pow(Ek — mu,2) + pow(delta ,2));
double E3 = sqrt( pow(Ek + mu,2) + 4 * pow(delta ,2));
double E4 = sqrt( pow(Ek — mu,2) + 4 * pow(delta ,2));

double logsum = 8 x log(l + pow(ME, —E1/t))
+ 8 % log(l + pow(ME, —-E2/t))
+ log (1 + pow(M.E, —E3/t))
+ log (1 + pow(M.E, —E4/t));

double mnonlogsum = 1.0/(2xt) * (8 * E1 + 8 * E2 + E3 + E4);

return pow(x,2) x (logsum 4 nonlogsum );



Appendix F

Gap and Number Equations Code

The code below, written in C, solves the gap and number equation(s) for the system considered in Chapter 6
and Appendix A. The algorithms employed are part of the GNU Scientific Library (GSL), release gsl-
1.15 [159]. Note that some of the spacing and line-breaks have been modified in order to comply with
formatting requirements.

// File: CASolve.c

// Author: Philip D. Powell

// Date Created: April 1, 2013

// Date Last Modified: April 4, 2013
?;////////////////////////////////////////////////////////////////////;;
// This program is designed to solve the gap and number equation(s) //
// for a system of a mixture of two species of spin—orbit coupled //
// fermions , with spin—orbit coupling of a Rashba—Dresselhaus form. //
//  The program takes as inputs the temperature (T), Rashba and //

// Dresselhaus coupling strengths (vR and vD), Zeeman field (hz), //
// and population imbalance (P = (n_up — n.down)/(n_up + n.down)), //
and outputs the equilibrium chemical potentials (mu.up and //
mu_down) and BCS pairing gap (Delta). //

//
N Ny,

#include <stdlib.h>

#include <gsl/gsl_monte_vegas.h>
#include <gsl/gsl_vector .h>
#include <gsl/gsl_multiroots.h>
#include <gsl/gsl_monte_miser.h>

// Integrands for gap and number equations

double gap_int (double xk, size_t dim, void xparams);
double num_int_1 (double xk, size_t dim, void xparams);
double num_int_2 (double xk, size_t dim, void xparams);

// Gap and number equations
int gapNnums (const gsl_vector % x, void sparams, gsl_vector x f);

// Auxiliary function to print iteration data
int print_state (size_t iter, gsl multiroot_fsolver x s);
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APPENDIX F. GAP AND NUMBER EQUATIONS CODE

struct Params

{
double
double
double
double
double
double
double

b

struct rparams

{
double
double
double
double
double
double

b

vD;
vR;
hz;
mu_up;

mu_down ;
Delta;

// temperature

// Dresselhaus coupling coefficient
// Rashba coupling coefficient

// Zeeman field

// spin up chemical potential

// spin down chemical potential

// BCS gap

// s—wave scattering length
// population inbalance

// Specify integration method for 3—momentum integrals

) )

const char integration_method = 'm’;

int main ()

{
FILE x

file ;

)

file = fopen(”CAdata” ,” wt”); // open file to write results

const gsl_multiroot_fsolver_type «T;
gsl_multiroot_fsolver xs;

// vector for
gsl_vector xF
// gsl_vector xF

int status;

size_t

double
double

const
// const

double
double
double
double
double
double

gap & number equation(s)

gsl_vector_alloc (2);
gsl_vector_alloc (3);

i, iter = 0;
myDelta = 0.0;
myMu = 0.0;
size_t n = 2; // #vars in gap & number equations
size_t n = 3;
Temp = 2.35;
vD = 0.0;

vR = 0.0;

hz = 0.0;

as = 1.0/(2.0);
P=10.0;
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struct rparams p = {Temp, vD, vR, hz, as, P};
gsl_multiroot_function f = {&gapNnums, n, &p};

// initial guess (Delta, mu_up, mu.down)
double x_init [2] = {0.7,-3.8};
// double x_init [3] = {1.2,-0.5,-0.5};

gsl_vector xx = gsl_vector_alloc (n);

gsl_vector_set (x, 0, x_init[0]);
gsl_vector_set (x, 1, x_init[1]);

// gsl_vector_set (x, 2, x_init[2]);

T = gsl_multiroot_fsolver_hybrids;

s = gsl_multiroot_fsolver_alloc (T, 2);
// s = gsl_multiroot_fsolver_alloc (T, 3);

gsl_multiroot_fsolver_set (s, &f, x);
print_state (iter, s);

do
{
iter 4++;
status = gsl_multiroot_fsolver_iterate (s);

print_state (iter , s);

// stop solver routine when gap and number equation(s)
// are less than 5e—3

if (status) // check if solver is stuck
break;

status = gsl_.multiroot_test_residual (s—>f, 5e—3);
}
while (status = GSL.CONTINUE && iter < 50);

printf (”status = %s\n”, gsl_strerror (status));

gsl_multiroot_fsolver_free (s);
gsl_vector_free (x);

return 0;

double gap_int (double xk, size_t dim, void xparams)
{
// map integration from (—infty..infty) (in p) to (0,1) (in k)
// this is necessary because the GSL Monte Carlo integration
// routines require a finite domain of integration

double px, py, pz;

px = k[0]/(1—-k[0]);
py = k[1]/(1-k[1]);
pz = k[2]/(1-k[2]);
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// Jacobian for the integration variable change
double jacobian = 1.0 / (pow(1-k[0],2) * pow(l—k[1],2)
x pow(l-k[2],2) );

double integrand = 0.0;

double xp = (
double T = p[0];
double vD = p
double vR = p
double hz = p
double mu_up = p[4]
double mu.down = p |
// double mu.down = p |
double Delta = p[6]

// define auxiliary quantities which make the equations managable
double v_plus = vD + vR;
double v_minus = vD — vR;

double mu_plus = (mu_up + mu.down) / 2;
double mu_minus = (mu_up — mu.down) / 2;

double Kt_plus = pow(px,2) + pow(py,2) + pow(pz,2) — mu_plus;
double Kt_minus = — (hz + mu_minus);

double hp = 2 % pow( pow(v_plus * px,2) 4+ pow(v_minus x py,2), 0.5);

double Y_plus = pow(Kt_plus,2) + pow(Delta ,2);
double Y_minus = pow (Kt_minus,2) + pow(hp,2);

double E1 = pow( Y_plus + Y_minus + 2 * pow( Y_plus % Y_minus
— pow(Delta,2) * pow(hp,2), 0.5), 0.5);

double E2 = pow( Y_plus + Y_minus — 2 * pow( Y_plus % Y_minus
— pow(Delta,2) * pow(hp,2), 0.5), 0.5);

double X1 = tanh(E1/(2x«T));
double X2 = tanh(E2/(2xT));

// this condition avoids "nan” values resulting near 0/0 division
if (Y-plus % Y._minus — pow(Delta,2) * pow(hp,2) > le—4)
integrand = 1.0 / (pow(px,2) + pow(py,2) + pow(pz,2))
~ X1/(2%E1) — X2/(2%E2) — pow(Kt_minus,2) /
pow( Y_plus % Y_minus — pow(Delta ,2)
x pow(hp,2), 0.5) x (X1/(2«El) — X2/(2«xE2));
else
integrand = 1.0 / (pow(px,2) + pow(py,2) + pow(pz,2))
~ X1/(2%E1) — X2/(2%E2);

return integrand x jacobian;
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double num_int_1 (double xk,

{

//

double

px = k[0]/(1-%k]O
py = k[1]/(1—-k[1
pz = k[2]/(1—-k[2

double

double

double
double
double
double
double
double
double
double
double

double
double

double
double

double
double

double
double

double

double

double

double

double

double
double

pX, Py, Dz
[0]
]
[2]

jacobian =

integrand =

);
)
).

3

size_t dim, void sparams)

1.0 / (pow(1-k[0],2) = pow(l-k[1],2)

x pow(1—-k[2],2) );

0.0;

*p = (double x)params;
[

v_plus = vD + vR;
v_minus = vD — vR;

mu_plus =

(mu_up 4+ mu-down) / 2;
mu_minus = (mu.up — mu.down) / 2;

Kt_plus = pow(px,2) + pow(py,2) + pow(pz,2) — mu_plus;
Kt_minus = — (hz + mu_minus);

Kt.up = Kt_plus + Kt_minus;
Kt_down = Kt_plus — Kt_minus;

hp = 2 % pow( pow(v_plus % px,2) 4+ pow(v_minus * py,2),
Y _plus = pow(Kt_plus,2) + pow(Delta ,2);
Y _minus = pow (Kt_minus,2) + pow(hp,2);

El = pow( Y_plus + Y_minus + 2 % pow( Y_plus

* Y
0.5),

E2 = pow( Y_plus + Y_minus — 2 % pow( Y_plus * Y_minus
0.5

— pow(Delta,2) * pow(hp,2),

— pow(Delta ,2) x pow(hp,2),

X1 = tanh(E1/(2%T));
X2 = tanh(E2/(2%T));

if (Y_plus % Y_minus — pow(Delta ,2) % pow(hp,2) > le—4)

integrand

1 — Ktoup * (X1/(2+E1) + X2/(2+E2))
— (Kt_up * Y_minus + Kt_minus * Y_plus)
/ pow( Y_plus * Y_minus — pow(Delta,2)

0.5);
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« pow(hp,2), 0.5) * (X1/(2%El) — X2/(2xE2));
else
integrand = 1 — Kt_up * (X1/(2+E1) + X2/(2xE2));

return integrand x jacobian;

}
double num_int_2 (double xk, size_t dim, void *params)
{

double px, py, pz;

px = k[0]/(1-k[0]);

py = k[1]/(1-k[1]);

pz = k[2]/(1-k[2]);

double jacobian = 1.0 / (pow(1-k[0],2) * pow(l—k[1],2)
x pow(l—k([2],2) );
double integrand = 0.0;

double #p = (double x)params;
double T = p[0];
double vD = p]|1
double VR = p[2
double hz = p[3
double mu_up = p]|
double mu_down =
// double mu.down =
double Delta = p]

double v_plus = vD + vR;
double v_minus = vD — vR;

double mu_plus = (mu_up + mu.down) / 2;
double mu._minus = (mu-up — mu.down) / 2;

double Kt_plus = pow(px,2) + pow(py,2) + pow(pz,2) — mu_plus;
double Kt_minus = — (hz + mu_minus);

double Kt_up = Kt_plus + Kt_minus;
double Kt_down = Kt_plus — Kt_minus;

double hp = 2 % pow( pow(v_plus x px,2) + pow(v_minus * py,2), 0.5);

double Y_plus = pow(Kt_plus,2) + pow(Delta ,2);
double Y_minus = pow(Kt_minus,2) + pow(hp,2);

double E1 = pow( Y_plus + Y_minus + 2 * pow( Y_plus =x
— pow(Delta,2) * pow(hp,2), 0 ,
double E2 = pow( Y_plus + Y_minus — 2 % pow( Y_plus % Y_minus
— pow(Delta ,2) x pow(hp,2), 0

double X1 = tanh(E1/(2x«T));
double X2 = tanh(E2/(2+T));
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if (Y-plus * Y._minus — pow(Delta ,2) * pow(hp,2) > le—4)
integrand = 1 — Kt_.down x (X1/(2«E1) + X2/(2xE2))
— (Kt_up * Y_minus — Kt_minus * Y_plus)
/ pow( Y_plus % Y_minus — pow(Delta ,2)
« pow(hp,2), 0.5) * (X1/(2%El) — X2/(2xE2));
else
integrand = 1 — Kt.down x (X1/(2xE1) + X2/(2xE2));

return integrand * jacobian;

}

int gapNnums (const gsl_vector * x, void sparams, gsl_vector x f)

{

double #p = (double x)params;
double Mu_down;

const double Delta = gsl_vector_get (x, 0);

const double muup = gsl_vector_get (x, 1);
const double mu.down = gsl_vector_get (x, 1);
// const double mu.down = gsl_vector_get (x, 2);

double T = p[0
double vD = p|
double vR = p]|
double hz = p]
double as = p]|
double P = p[5

// variables for storing integral values and errors
double resl, errl, res2, err2;
double res3, err3;

// lower and upper limits of integration in {px,py,pz}
double x1[3] = { 0.0, 0.0, 0.0 };
double xu[3] = { 1.0, 1.0, 1.0 };

double gap_equation, num_equation_1;
// double num_equation_2;

const gsl_rng_type *T1, *T2;
// const gsl_rng_type xT3;

gsl_rng x*rl, *r2;

gsl_rng *r3;

struct Params parameters = {T, vD, vR, hz, muup, mudown, Delta};
gsl_monte_function F1 = { &gap_int, 3, &parameters };

gsl_monte_function F2 = { &num_int_1, 3, &parameters };
// gsl_monte_function F3 = { &num_int_2, 3, &parameters };
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//
//

//

//

//

// number of function calls in Monte—Carlo integration procedure
size_t calls = 100000;

gsl_rng_env_setup ();

Tl = gsl_rng_default;
rl = gsl_rng_alloc (T1);

T2 gsl_rng_default;
r2 = gsl_rng_alloc (T1);

T3 = gsl_-rng_default;
r3 = gsl_rng_alloc (T1);

gsl_monte_vegas_state xsl = gsl_monte_vegas_alloc (3);
gsl_monte_vegas_state xs2 = gsl_monte_vegas_alloc (3);
gsl_monte_vegas_state *xs3 = gsl_monte_vegas_alloc (3);
gsl_monte_miser_state *xS1 = gsl_monte_miser_alloc (3);
gsl_monte_miser_state *xS2 = gsl_monte_miser_alloc (3);
gsl_monte_miser_state *xS3 = gsl_monte_miser_alloc (3);
if (integration_method = ’v’)
do

{

gsl_monte_vegas_integrate
(&F1, xl, xu, 3, calls, rl, sl, &resl, &errl);

}
while (fabs (gsl-monte_vegas_chisq (sl1) — 1.0) > 0.5);

do
{

gsl_monte_vegas_integrate
(&F2, x1, xu, 3, calls, r2, s2, &res2, &err2);

while (fabs (gsl-monte_vegas_chisq (s2) — 1.0) > 0.5) ;

do
{

gsl_monte_vegas_integrate
(&F3, x1, xu, 3, calls, r3, s3, &res3, &err3);

while (fabs (gsl-monte_vegas_chisq (s3) — 1.0) > 0.5);

else

gsl_monte_miser_integrate
(&F1, xl, xu, 3, calls, rl, S1, &resl, &errl);
gsl_monte_miser_integrate
(&F2, x1, xu, 3, calls, r2, S2, &res2, &err2);
gsl_monte_miser_integrate



147

//
//

//

//

//

//

(&F3, xl, xu, 3, calls, r3, S3, &res3, &err3);
printf (” gap_-int = %f +/— %f\n” ,resl ,errl);
printf (?num_int = %f +/— %f\n” ,res2 ,err2);

}

gsl_monte_vegas_free (
gsl_monte_vegas_free (s2);
gsl_monte_vegas_free ( ;

gsl_monte_miser_free (S1);
gsl_monte_miser_free (
gsl_monte_miser_free (S3);

gsl_rng_free (rl);
gsl_rng_free (r2);
gsl_rng_free (r3);

s) — resl;

gap-equation = pow (M_PI,2) a
1 / 3 — res2;

/ (4x
num_equation_.1 = M_PT % (1 + P)
gsl_vector_set (f, 0, gap_equation);

gsl_vector_set (f, 1, num_equation_1);

gsl_vector_set (f, 2, num_equation_2);

return 0;

int print_state (size_t iter, gsl_multiroot_fsolver x )

{
//

printf (7iter = %3u  Delta =% .3f muup =% .3f mudown = %.3f

f1 = %.3f 2 = %.3f 3 = %.3f \n”, iter

gsl_vector_get (s—>x, 0), gsl_-vector_get (s—>x,
gsl_vector_get (s—>x, 2), gsl_vector_get (s—>f,
gsl_vector_get (s—>f, 1), gsl_vector_get (s—>f,

printf (7iter = %3u  Delta =% .6f mu=% .6f 1 = %.

f2 = %.6f \n”, iter, gsl_vector_get (s—>x, 0),
gsl_vector_get (s—>x, 1), gsl_vector_get (s—>f,
gsl_vector_get (s—>f, 1));

3
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Appendix G

Evaluation of Matsubara sums in
I 4q)

In this appendix we explicitly evaluate the Matsubara sums appearing in the bosonic propagator I‘_Nl (Gn, q),

which is given in Eq. (A.19). In order to facilitate a comparison with [62] we use the notation K, (k) in
place of &y, which is used in Chapter 6.

G.1 Mean Field Eigenvalues

Before evaluating the Matsubara sums of Eq. (A.19), we will find it useful to compute the eigenvalues of
the ungapped system, which are the poles of G[0] (Eq. (A.1)), or alternatively, the roots of the equation
det(G1[0]) = 0. Due to the block diagonal structure of G71[0], the determinant is straight-forward to
compute and is simply

1

det (G~1[0]) = e (G.1)

where a(k) is defined below Eq. (A.12). Thus, two of the eigenvalues are the roots of the equation

1
m’ ~ ~
= fion + Kyl + 4 1) — R (0

(k) + fmk)] o lf%(k) +Rm]

O =

= |iwnt 5 5 + K (K (k) = [ho ()P,
= fiwn + K1 (0 = K_(k)* — |1 (k)]
- [mn + Ko (k) + /Y (k)} [mn + Ko (k) — y_(k)] , (G.2)

where we have defined K_ = (K4 — K)/2 and Y_ = K2 + |h_|?. Thus, defining the eigenvalues

Ei(k) = Ky (k) + /Y- (k), (G.3)
Es(k) = Ky (k) — /Y- (k), (G.4)
we can express a(k) in the form
(k) : (@5)
a(k) = . .
[iwn + E1(K)][iw, + Ea(k)]
The remaining two eigenvalues, which solve the equation 1/a(—k) = 0 are simply E5 4 = —E1 2 so that we
can write
1
a(—k) = (G.6)
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G.2 Term 1
With the above expression for a(k), we can now write the first term in Eq. (A.19) as
term 1 = Z a(k)a(q — k)[iwn + K1(k)][iw, — ign — K| (k — q)],
k
_ Zz’wn—i—KT(k) 1 iwn — ign — Ky (k — q) 1

wy, + B (k) wy, + Fo (k) twy — iq, — B (k - q) Wy — iqn — EQ(k - (])7

_ Ky(k) — B (k) 1 Ei(k—q) - Ki(k - q)
N ;<1+ iwy, + E1(k) )z’wn—f—Eg(k) <1+ iwn—iqn—El(k—q)>
1
iwn_iQn_EQ(k_q),
K_ (k) —/Y_(k) 1 K (k—q)++Y_ (k—q)
;<1+ iwy, + E1(k) )iwn—l-EQ(k) <1+ iwn, —iqn — F1(k—q) )
1

“iom —ign — Ba(k—q)’ (G.7)

X

Expanding this expression yields

1 1

t 1 =
e ; Z'Wn + E?(k) Z'(“)n - ZQn - E2 (k - q)
> 1 1 1
K- = VY- (k)} Zk: iwn + F1(K) iw, 4+ Ey(K) iwy, — i, — Fa(k — q)

M= 1 1 1
K_ (k- Y_ (k-
e )+ VY q)}zk:wnwz(k) i — i — (K — Q) iy — ig, — Ba(k — q)

+ [K-(0) = VYV-(0)| [R-(k =) + VY- (k— )]

1 1 1 1
G.8
X;iwn'f'El(k) an+E2(k) iwn_iQn_El(k_q) iwn_iQn_EQ(k_q) ( )

Next, we will perform partial fraction decomposition on each of the four terms above, after which we will
evaluate the sums directly.

The first component of term 1 is

term 14

1 1
; iwn + EQ(k) iwn - ZQn - EQ(k - q)

1 1 1
T gy + Ea(k) + Ex(k — q) zk: L’wn —ig, — Fa(k —q) mn+E2(k)} ’

)

1 1 1
T g+ Bn(k) + Ba(k — q) [; iwy — Ea(k —q) ; iwn, + E2 (k)
- ’ 1Bk =)~ 5~ - Bal0) + 3]

iqn + E2(k) + Eo(k — q) 2
1 — f(Ea(k)) — f(Ea(k —q))
iqn + Ea2(k) + Ea(k —q)

- .3 (G.9)
where we have suppressed the sum over k for notational simplicity. In addition, in evaluating the second
sum above we have shifted the summand by defining w,, = w,, — g,. This is permissible, as the difference
between a fermionic and bosonic frequency is another fermionic frequency. The second component of term
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1is

torm 12 [%-00 - — it + By (K) iy + Ba(K) it — iy — Ba(k — q)’
1 1 1
() = } 2 [El(k) — Ey(k) ig, + F1 (k) + Ea(k — q) iw, + E1(k)
1 1 1
- Ei(k) — By(K) ign + Fa(k) + Ba(k — q) iw, + Ba(k)

1 1 1
+- - - - )
iqn + Er(k) + E2(k — q) ign + E2(k) + E2(k — q) iwy, — igy — Ea(k — Q)}

- - ~—1 [4 — f(Ei(k)) 1
B B[K’(k)_ Y(k)H 2/Y_(k) iqn + E1(k) + Ea(k — q)
1 — f(Ex(k)) 1
2/Y_(k) iqn + E2(k) + Ez2(k — q)
f(Ea(k—a)) - 3 ( L - 1 )]
2,/Y_(k) ign + Ea(k) + Ea(k—q) gy + Ei(k) + Ex(k—q)/ |’

- [f(_

T (k)} 3 1 1 1
Y_(k)
k

_ g0 - VY& [1—f(E1<k>—f<E2(k—q>_1—f<E2<k>>—f(E2(k—q>>] (@.10)
2/Y_ (k) ign + E1(k) + Ea(k — q) ign + Ea(k) + Ex(k—q) | "
The third component of term 1 is
term 13 = [f(_(k—q)—i- Y_(k—q)}
XZ 1 1 1
- iwn, + Fa(k) iw, —ig, — E1(k — q) tw,, — i, — Fa(k — q)’
= K (k—a)+ VYV (k—q)
XZ{ 1 1 1
—~ Lign + E>(k) + Er(k — q) ign + Ea(k) + Ea(k — q) iwn + E>(k)
1 1 1
+E1(k—(1)—E2(k—Q)iQn—FEz(k)—l-El(k—Q)iwn—iQn—El(k—Q)
1 1 1
_El(k_q)_EQ(k_q)iQn+E2(k)+E2(k_q)iwn_iQn_EQ(k_q):|

= BlE-(k-a)+ VY (k-q)

[%—f(Ez(k)) < 1 3 1 )
2\/Y_(k — q) \iGn + E2(k) + E2(k—q)  ig, + E2(k) + E1(k — q)
f(Bi(k—q) - 3 1
2/Y_(k—q) ign+ E2(k) + Ei(k —q)
f(By(k—q)) - 3 1 ]
2V/Y_(k—q) iqn+ E2(k) + E2(k —q) ]’
K (k-q)+Y-(k—q) {_ 1— f(Es(k) — f(Ei(k - q))
2/Y_(k — q) ign + Ez(k) + E1(k — q)
+1—f(E2(k))—f(E2(k—Q))]
iy + Ea(k) + Ea(k —q) |

= p

(G.11)
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The fourth component of term 1 is

term 1y = [K-(k) = VY-(K)] [K-(k —a) + V- (k—q)|

XZ 1 1 1 1
& iwn + El(k) Z'Wn + EQ(k) Z'Wn - iQn - El(k - q) Z'Wn - iQn - E2(k - q)

= B[R0~ VY09 [K(k—a) + vV (k- a)|

X{ 13— f(Eak) ( 1 B 1 )
2/Y_(k) 2¢/Y_(k — q) \iGn + Ea(k) + E2(k —q)  ign + Ea(k) + E1(k —q)
f(Ei(k—q) -5 1 ( 1 - 1 )
2V/Y_(k—q) 2/Y_(k) \ign + E2(k) + Er(k —aq) ig, + Ei(k) + E1(k — q)

3 f(B(K) 1 ( 1 B 1 )
2/Y_(k) 2\/Y_(k—q) \ign +Ei(k) + E2(k —q) ign + Er(k) + Er(k — q)
f(Ba(k—aq)) -5 1 ( 1 B 1 ”
2/Y_(k—q) 2/Y_(k) \ign + E2(k) + Ea(k —aq) ig, + E1(k) + E2(k—q)/ |’

K_(k) = /Y_(k) K_(k—q) +/Y_(k — q)

P 2/Y_ (k) 2./Y_(k — q)
o {1 — f(Bi(k) — f(Ei(k—q) 11— f(Ei(k) - f(Ba(k —q))
ign + E1(k) + E1(k — q) iqn + E1(k) + E2(k — q)
1 f(Ea(k) — f(E1(k —q)) 1= f(Ea(k)) — f(Ez(k—Q))} (G.12)
ign + E2(k) + Ei(k — q) ign + Ba(k) + Ea(k —q) | '

Next, in order to simplify our notation we define the quantities

(K9 oLy, K
ui_2<1 Y(k)>, ,3_2<1+ Y(k)>' (G.13)

along with the quantities

1 J(B(9) — (B~ )

ij - G.14
’ ign + Ei(k) + Ej(k — q) (©14)
In terms of these quantities, combining the four components of term 1, we obtain
term 1 = —fWa — Bui (Wia — Waa) + ﬂvi_q (Wag — W) = —ﬂuzvi_q (Wi — Wi — Way + Wag),
— —fued Wi 21— Wi+ (L= D)k W+ (1= )1~ o)W
= - [uzvi_un + uzuz_un + vzvz_qu + uz_qU]%WQQ . (G15)

G.3 Term 2

Looking at Eq.N(A.19)7 we note that the second term may be obtained from the first by simply taking 1</,
which implies K — —K_ and therefore ui ~ v,%. Thus, we have

term 2 = — uz_quwu + v,iv,%_qwu + uiui_qu + uzvz_qu . (G.16)
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G.4 Terms 3 and 4
The third and fourth terms in Eq. (A.19) are

terms 3&4 = — [ (K)h (k —q) + b7 (k — )h (&) > a(k)alg — k). (G.17)
k

This sum is precisely the sum evaluated in term 14 (Eq. (G.12)), so we obtain

hi(k)hi(k —q)+ k7 (k—aq)hi(k)
4/ Y_(k)Y-(k - q)

term 3&4 = - (W11 — Wig — Wo1 + WQQ) . (G18)

From the definition of u; and v, we see that

Y () - K_(k) \/Y(k)+ff(k>_\/Y—(k)—f<—(k)2_ [ ()| (G.19)

4,/Y_(K) 2/Y_(k)

uklvkl = =

2/Y_ (k) 2,/Y_ (k)

Thus, writing b (k) = |k, (k)|e?*, we can rewrite terms 3&4 as

terms 3&4 = —2BupVKUE—qUk—q €OS (O — Or—q) (W11 — Wiz — Wa1 + Was). (G.20)

G.5 Constructing I'"'(g)
Substituting the expressions for terms 1-4 into Eq. (A.19), the full expression for I'"(q) becomes

I''(q) = —=-= { {Uivi—q + Uj_ Uk + 2V Uk—qUk—g cOS(Of — ek—q):| (Wi1 + Waz)
k

+ {uiui_q + vzvi_q — 2URVRUR— qUk—q cOS(OF — qu)} (Wia + ng)} } (G.21)

We can simplify this expression slightly by noting that the two bracketed terms sum to one (a fact which
follows from the condition |ug|? + |vk|? = 1) so that by defining the function

g(k,q) = uiv,%fq + uifqv,% + 2Up VKU —qUk—q cOS(Ok — O—q), (G.22)

we can express ['"!(g) in the form
1 1 1
r (q) = - = W Z Wio + Wo1 + g(k, q) (W11 — Wig — Wo1 + WQQ) . (G23)
k

Finally, replacing the coupling strength g with the s-wave scattering length via Eq. (6.56) we obtain the
renormalized expression

m n 1
dras 2V

F_I(Q) = - ; {é - |:W12 + W21 + g(k, q) (Wll — ng — W21 + sz)} } (G.24)
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Green’s Functions for Spin-Orbit
Coupled Fermions

In this appendix we construct the Green’s functions relevant to Chapter 6 and Appendix A, whose Hamil-
tonian is H = Hy + Hs, + H;pnt, where

Hy = stkwka, (H.1)

H,, = _Zh 0a51/111a1/)k57 (H2)
kag
g

Hine = Dk, Ve it O e ks ks (H.3)
k1"'k4

where a, 8 are spin indices, h is a spin-orbit field, &xa = k*/2mqa — f1a, g < 0 corresponds to an attractive
two-body contact interaction, and V is the volume of the system. In order to obtain the Green’s functions,
we will first compute the equations of motion for the operators 1k, from which the equations of motion for
the Green’s functions will be derived.

H.1 Equation of motion for vy, (t)

The equation of motion for the operator ¥y, (t) is given by the standard expression

200 ), HO)L (1.)

For simplicity, in the following calculations we suppress the explicit time dependence of the operators when
no confusion will arise. Unless otherwise noted, all operators are evaluated at the same time ¢. Taking the
commutator of 1y , with the free-particle Hamiltonian, we obtain

[Uros Hol = Y &waltio: Uatual:
k/«
= Z S (ka 1/)11@]1/)1{’04 + %La[?/)ka, 1/kaa]) ,
k/«
= > bwa K{wka, Vot — 2wlt/awka>¢k/a + g ({wkg, Yat — m«%ﬂ :
k/«

= Z gk/a |:6kk/5a'0c1/}k’a - 2¢£/a{¢ka’7 U)k/a}:| ’
k'a

= é.kcrd}ka' . (H5)

Similarly, taking the commutator with the spin-orbit Hamiltonian yields

ka Hso] = - Z h 01 ,af wkaawk/ djk’ﬁ]
k’af
= - Z h 01 B ( ’L/Jkg, 1/12‘(/0(]1/11(’,8 + wlt/a[wkaa wk’,@]) )
k’af

153
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— Z h 01 B [(51(1(/ oo 21/11(/ 1bko) 1bk/,ﬂ + 21#1« wkawk/ﬂ}

K af

= = h(k) Toptis (H.6)
B

Finally, the commutator with the two-body interaction gives

[Vkos Hint] = % Z Wka1/)111¢1/)112¢7/1k3¢1/1k4'r]5k1+k27k37k4,

ki---ky

= % > ([¢kaawll¢¢1tz¢]¢ksiwk4¢+¢L1T¢L2¢[¢kaawk3¢¢kn]) Ok +ka—ka—ka>

ki--ky

Z ([wkau wl“;lj\]wl2i + wllT[wkau 2/1112¢]) ¢k3¢¢k4T5k1+k2—k3—k47

ki---ka

Z |:(5kk1 ot — 2¢k1¢¢ko> wkw + wkﬁ (6kk2 ol — 2"/1k ﬂ/’ka)]

ki---ky

g
14

<l=

X e | kst Ok ko — ks —ka s

g
= Z (5kk1 5UT1/11T(2¢ + Okk, 50\[,1/)ltlT — 21/11T(1T{1/Jkg, 1/1112&) Wies | Pkt Ok +ko—ks—ka s

ki---ky
g
= v Z (5kk15aﬂ/1112¢—5kk25au/);il¢) Wiy | Pkt Ok +ko—ks—ka s
ki---ky
g
= Yoy D TN A (H.7)
ko --ky

where we have introduced the quantity v4+,; = £1 in the last line. Combining the three commutators, after
a trivial relabeling of indices we obtain the equation of motion

awka

= &koVko — Zh COsalka + Yo v Z ¢k1 o Vko L Va1 Ok f 1y — ko — ks - (H.8)

k1

In order to proceed we next group the first two terms of Eq. (H.8) and rewrite the third term so that
we obtain

Mo
7 1;: = Z [Ekodoa — h(K) - 05a] Yka + Vo % Z 1/)1117_0 Z Uk L Pk 4k, —ko 1 (H.9)

o ki ko

Next, we introduce the momentum-space pairing amplitude
g
Aq = % > (Writgk) (H.10)
k

and approximate the interaction term in Eq. (H.8) by replacing the sum over ko by its thermal expectation
value. Thus, after making the trivial replacement k; — —k’ in the final sum we obtain

i 82/11((7
ot

= Z [gka(saa - h(k) ) a'aa] Yka + Vo Z Ak—k’wikg,g- (H.ll)
(o7 k/

We see that the spin-orbit field couples particles of different species, allowing for transitions between the
two, while the two-body interaction couples particles of momentum and spin (k, o) and holes with (-k, —o).
In order to obtain a closed set of equations we must therefore obtain the equations of motion for the hole
operators (z/Jle as well. Taking the Hermitian conjugate of Eq. (H.11), taking (k,o) — (=k,—0o), and
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making the replacement k/ — —k’ in the last sum yields

9Ly, . )
(3 atk = — Z [gfka'(scra —h (_k) . Uga] wT_ka — Yo Z Ak’—kq/}k’.,fa’- (H12)
« k/

T
Defining the Nambu-Gor’kov spinor Uy = (’(/JkT () wik? z/ﬂ:ki) , by combining Egs. (H.11) and

(H.12) we can write the equation of motion of WUy (¢) in the matrix form

aq’a“( ;Mkk/\ﬂk/() (H.13)
where we define the matrix My :
(&t - h:)owe  —hi (k) 0 Ay x
My — —h% ((1;)51(1(' (§k¢_ Z gi)fkk’ —(5_;TAE_hi)6kk/ h*l(—(l)()ékk/ 7 (H.14)
Ak 0 b (k) —(§xy + hz)dw

and where h; = h, — th,. Having obtained the equations of motion for the single particle operators ¥y,
and 1/1110, we now move on to consider the single-particle Green’s functions.

H.2 Equation of motion for G,s(k;t1,12)
The momentum-space single-particle Green’s functions are defined by
Gap(kity, ts) = —i <T (wka(tl)wlﬁ(tg)» , (H.15)

where T is the fermionic time-ordering operator, which we define as

T(AB) . AB iftA >tp (H 16)
| —BA ifta<tp '

In terms of the Nambu-Gor’kov spinor defined in the prior section, we also define the matrix Green’s function

Gis (it t2) = =i (T (Waa(t1) ¥, (12)) ). (H.17)

where i, j = 1...4 are Nambu-Gor’kov indices. In matrix form, this Green’s function can be written as

¢k¢(t1)¢1}¢(t2) wm(fl)%}i(m Ut (t)V-kr(t2)  Yrr(t)-ki(t2)

, _ Uy (t) Vg (t2) ()Y (F2) Y ()it (t2) Yy (1) Y-k (t2)
Gkt tz) <T Ol ()0l (t2)  oh (b)) (t2) wiH(tl)w,kT(tz) U (#1101 (t2)  (H18)

Ol YL (k) Oy ()] (k) Ty ()i (t2) @ ki(fl)w—u(fz)

In order to obtain the equation of motion for G(k;t1,t2) we write out the action of the time-ordering operator
explicitly and differentiate Eq. (H.17) with respect to t;:

0

i a% Gl 1) = i |01 — 1) (Waa(12) W (2) ) — Bt — 1) (W (02)Waa(1) )|

= 8t — 1) {{Wa(), W (1)} ) — i <T ( 6@5;ft1) WLj(t2)>>,

= 6ty —ty) — i <T (z 8‘1’57;“1) \IJLj(tg))> : (H.19)
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Substituting Eq. (H.13) into this expression gives

ia% Gij(kjti,t2) = 6(t1 —t2) — i <T <Z Mkk@ilwk,l(tl)w[‘j(tQ)) > ,
k'l
= O(t;1 —ta) + Z Mkk',il(—i) <T (\Ijk’l(tl)\PLj (t2))> . (H.20)

k'l
If we work in the mean field level, assuming a spatially homogeneous pairing gap, then My = Mgy and

Eq. (H.20) simplifies to
.0
U5 Go.ii (Kst1,t) = 0(tr — t2) + > MicurGouj(kit, ta), (H.21)
! I
or, in matrix form:

0
Za—tl go(k; tl,tg) = 6(t1 - tg)I + ngo(k; tl, tg), (H22)

where I is the identity matrix in Nambu-Gor’kov space. Having obtained the equation of motion for
Go(k;t1,t2), we are now in a position to evaluate the single-particle Green’s functions.

H.3 Single-Particle Green’s Functions
In order to solve Eq. (H.22) we define the frequency space matrix Green’s function G(w, k), where

G(kit1, 1) = / ;l—we’“““%(w,k). (H.23)

s

Thus, Fourier transforming Eq. (H.22), we obtain
Go(w, k) = (wI — M) " (H.24)

Before writing out this expression explicitly, we define the quantities ékT = &kt — h, and {k 1 =& +h
and note that for the Rashba-Dresselhaus coupling with which we are concerned, h, (—k) = —h (k). Thus,
combining Eqgs. (H.14) and (H.24) we find

w — &kt h (k) 0 AN
_ hi(k)  w—&ky Ay 0
Gollwk) =] "+ > H.25
e R ST (12
—A} 0 hi(k) w+&ky
This expression can be inverted by applying the Banachiewic identity, Eq. (D.12):!
(A B) ' [(A-BD'C)"' (C—DB!A)"’ (H.26)
C D (B—AC'D)"' (D-CA'B)')’ '

where A, B, C, and D are the 2 x 2 constituent blocks of Q’al(w, k). Using the notation k = (w, k) we can
express these blocks as

A(k) = —D'(~k) = (“;L:(i“; fj%i) ., B=C'- (AOO ‘OA0> . (H.27)

INote that the form of the Banachiewic identity used here is slightly different than that of Eq. (D.12). This is due to the
fact that the latter form is valid as long as D is invertible, while the simpler form used here requires all of the constituent
blocks be invertible. It is straightforward to verify, however, that our results will be independent of this requirement.
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In order to write the elements of Go(w,k) explicitly we define the quantities &t = (Eip + &) /2, Y =
Cy 1A% and Y_ = & +|h1(k)|*. Inverting Eq. (H.25) then yields

det[Gy " (@, 1100 (w. k)11 = [(@+8e)? = Yo = |Aof?| = [(w+ &es)? = Y-+ |20f?] i,
det[Gy " (w, K)IG0(w, Khz = —hi (k) [(w+ ) = Vo — 2],
det[Gy ! (w,K)IG0(w, k)13 = 28051 (k)i

det]gg (@ K)Go(w, k) = Ao [(w+&)? =Yy = b (K)?]

det[G; ! (@, K)]Go(w ka1 = =1 (K) [(@+&er)? = Yo = |22
det]gy (@, K)Go(w,K)2s = @ [(w+&es)? = Yo = 80| = [(w+&kr)? = Y- + [Aof?] it
det]g (@, K)Go(w,K)2s = —Ao [(w =& )? = Vs — [hu(K)P],

det[Gy ! (w, K)IGo(w, K)2a = —280hT (K)t,

det[Gy ! (w, K)IGo(w, k)31 = 2A5A7 (k).

det[G; ! (@, K)]Go(w Kz = —Af [(w—&)? = Vi = ()2,
det]G5! (@, K)]Go(w Kz = (@ = &) = Y= = 1A0f] + |(w = &es)? = Y- + 180 i
det[Gy " (@, 1100 (w. K)as = =1 () |(w— Ges)? = Y- = A2,

det]gy (@, K Go(w, k) = Af[(w+&)? = Vi = )]

det[Gy ! (w,K)IG0(w, K)az = —2A5h1 (K)éut,

det[Gy ! (w,K)]Go(w Kz = —ho(K) [(w—&e)? = V- = |22,
det[Gy ! (@, 1100 (. )as = @ [(@ = &) = Yo = o] + [(w = Gies)? = Y-+ |20[?] i
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