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Abstract

In this dissertation, we investigate the properties of matter, denser than nuclei,
that exists inside compact stars. First, we examine a mixed superfluid /superconductor
system, which likely occurs in neutron star cores. We derive an effective theory of
Cooper pair quasiparticles from a microscopic theory of nucleons, and calculate the
coupling strengths between quasiparticles. We then calculate the structure of mag-
netic flux tubes, taking into consideration interactions between neutron and proton
Cooper pairs. We find that interactions between the condensates can lead to interest-
ing phenomena and new phases at the border between type-I and type-II behavior.
Next, we examine the response of nuclear matter to vibrational modes by calculating
the bulk viscosity from purely leptonic processes. We find that for hot neutron stars,
the bulk viscosity due to leptons is very small compared to the bulk viscosity due to
nucleons, but for cold neutron stars, the leptonic component is dominant. Finally,
we derive the reflection and transmission properties of light at boundaries between
phases of matter that have two independent U(1) generators, which may exist at the
surface of “strange stars” or at boundaries between different phases of matter in a

neutron star.
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Chapter 1

Introduction

1.1 Theoretical Phases of Matter at High Density

Determining the phase diagram of very hot or very dense matter is a challenging
theoretical problem on the forefront of today’s nuclear and particle physics research.
The primary challenge is a lack of experimental data about how matter in these
regimes behaves. At high temperature and low density (7" 2 150 MeV, ftparyon S 500
MeV), it is predicted that matter consists of a Quark-Gluon Plasma (QGP), while
at low temperature and high density (7" < 50 MeV, fiparyon 2 1000 MeV) | theory
predicts a number of different phases consisting of color-superconducting quark matter
(Fig 1.1 [1]).

Recently, the Relativistic Heavy Ion Collider at Brookhaven has begun exploring
the high temperature, low density regime of the phase diagram, but it is unlikely that

a terrestrial experiment will be able to explore the low temperature, high density
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n

heavy ion
collider

QcF
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nuclear. compact star
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Figure 1.1: Notional phase diagram for nuclear and quark matter at high density and temperature
[1].

regime. To collect data that can verify the theoretical predictions in this regime, we
must turn to our friends the astronomers and astrophysicists. Based on measurements
of mass and radii, the predicted quark matter phases may exist inside compact stars.
Pulsars and X-ray bursters are compact objects that are likely neutron stars, but

some could possibly be “strange stars” that are purely composed of quark matter [2].
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1.2 Internal structure of neutron stars

The nuclear matter in the neutron star core ranges from a few times the normal
nuclear density, po = 0.15 nucleons/fm”, to an order of magnitude higher [2]. This
dense matter is also very cold compared to the nuclear temperature scale; the typical
temperature of a neutron star is less than about 10® K [2]. (In comparison, the quark-
gluon plasma created at RHIC has a temperature on the order of 10'? K.) . Therefore,
it is likely that quark matter can exist inside of neutron stars. Neutron stars likely
have an “onion” structure, where the phase of matter depends on the depth from the
star’s surface. The crust layers are thought to be a crystalline arrangement of nuclei
and electrons. As the depth increases, the density becomes larger than the “drip
density”, where neutrons begin to drip out of nuclei, so nuclei and a nucleon fluid
coexist. Increasing the depth further, the nuclei dissolve into pure nucleon fluid. In
the neutron star core, the nucleons may become deconfined, resulting in quark matter
(Fig 1.2).

However, there is no way to directly observe these properties. Pulsars have been
identified as rotating neutron stars; the observable properties are the spin rate (pulsar
frequency), spin-down rate due to energy losses, glitches (sudden changes in spin-down
rate), and thermal emission from neutrinos and photons. More generally, neutron
stars that accrete matter from a binary partner may be the source of X-ray bursts.
To make a connection between neutron star observations and dense matter theories,

star models must be constructed based on a theory of the constituent matter, and
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nucleon star

R~ 10 km
Figure 1.2: Tlustration of a number of possible models for the internal structure of a neutron
star [3].
the model results compared to neutron star properties.

One of the interesting predictions about the neutron star core is that the neutrons
should form a superfluid and the protons should form a superconductor. Since the
strong nuclear force has a long-range attractive part, the Bardeen-Cooper-Schreiffer
(BCS) mechanism induces pairing between nucleons [4]. The neutron superfluid ro-
tates by forming a triangular array of vortices, called an Abrikosov lattice. This
model of a neutron superfluid has been invoked to explain the phenomena of neutron
star glitches [2]. Over time, the neutron star’s rotation frequency decreases as it loses
energy. Occasionally, the rotation frequency of the star will increase suddenly, then

return to its normal trend of decreasing again - this sudden increase in frequency is
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called a glitch. In order for the rotation frequency of the star to decrease, vortices
need to move toward the outside of the star, but this causes stress on the neutron
star crust, because the ends of the vortices are pinned to the crust. It is thought that
a glitch occurs when the buildup of stress cause a massive realignment of the crust
(“starquake”) so that the vortices can move outward [2].

Based on the predicted properties of the neutron star core matter, the proton
superconductivity should be of type II [5]. In a type II superconductor, magnetic flux
is allowed to penetrate the superconductor in quantized flux tubes. These flux tubes
also form an Abrikosov lattice. It has also been shown that neutron vortices become
pinned to proton flux tubes, because the neutrons drag protons around with them

(“entrainment”) and magnetize the vortices [6].

1.3 Isospin asymmetry and Cooper pair

interactions

Recently, it has been suggested that nuclear matter in neutron stars might be a type-I
superconductor. The astrophysical evidence is that certain neutron stars have long
precession periods, and it has been suggested that this means the proton supercon-
ductivity cannot be type-1I [7], although that inference has been contested [8, 9].
A theoretical argument for type-I superconductivity in neutron star cores was then
presented by Buckley et. al. in Ref. [10]. These authors assumed that the effective

potential for the Cooper pair fields has a U(2) symmetry under rotation of proton
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and neutron Cooper pairs into each other. Specifically, the effective potential for the

Cooper pair fields was assumed to take the form

V(|App|2a ‘AnnP) ~ U(‘App|2 + ‘Ann|2) )
1.1

= _,UC(|App‘2 + |Ann‘2) + a(‘AppP + |Ann‘2)2 +

The assumption that the potential is approximately a function of |A,,[2+|A,,|? leads
to |Ap,|?|A,n|? cross terms, which provide a strong repulsive interaction between the
neutron and proton Cooper pair condensates. It is argued in Ref. [10] that this leads
to a long-range attraction between proton flux tubes, i.e. type-I superconductivity.

The assumed U(2) symmetry was justified by invoking the isospin symmetry of
the underlying nuclear interaction. The authors of Ref. [10] admit that isospin is
severely broken by the constraint of electrical neutrality, which, combined with beta-
equilibration, greatly suppresses the proton Fermi momentum relative to the neutron
Fermi momentum, but they claim that this does not affect the interaction between
the p-p and n-n Cooper pairs. This seems implausible, since it is well known in
the theory of superconductivity that the coefficients of the terms in the Landau-
Ginzburg effective theory, including the quartic coupling a, depend strongly on the
Fermi momenta of the underlying fermions [11]. For example, for a one component
Fermi gas, just below the BCS critical point, the effective Landau-Ginzburg potential
is

V(IAP) = —plAP +alAl* + - (1.2)

where =~ Np(T. — T)/T., and N is the density of states at the Fermi surface, so



Chapter 1 Introduction

for non-relativistic fermions Nrp o< mpr where m is the mass and pp is the Fermi
momentum. The minimum of the potential occurs at Ay = \/W, so the quartic
coefficient is @ = p/(2A3). The binding energy of the condensate is then V(4Ag) =
—3NpAf, a well-known result in the superconductivity literature [12]. We see that p,
a, and V' (Ay) are all very sensitive to the Fermi momenta of the underlying fermions.
Clearly for protons and neutrons in a neutron star, which have very different Fermi
momenta but similar pairing condensates A, this will not give an effective potential
of the form (1.1).

In chapter 2 (based on [13]), we back up our reasoning with a concrete calculation.
Starting from a four-fermion interaction model (known as the NJL model) of protons
and neutrons with U(2) symmetry, an effective Lagrangian for pair quasiparticles is
derived. The NJL couplings are treated as variables, and are determined using gap
equations and the predicted values of the neutron and proton gaps. The couplings
between the pair quasiparticles are then determined at both 7" = 0 and at finite
temperature. It was found that the coupling between neutron pairs and a proton pairs
was smaller than the coupling between two neutron pairs or the coupling between two
proton pairs by about two orders of magnitude. This finding seems to rule out the

assumption of a U(2) symmetry for the effective theory of Cooper pairs.
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1.4 Flux tubes and the type-I/type-II transition

in a superconductor coupled to a superfluid

In chapter 3 (based on [14]) we investigate a system that has both a charged conden-
sate, leading to superconductivity, and a neutral condensate, leading to superfluidity.
We focus on the magnetic flux tubes that are associated with the superconducting
condensate, and study how they are modified by the presence of the superfluid, as-
suming that the two condensates can interact with each other via density and gradient
(“entrainment” ) interactions. Nuclear matter is an example of this type of system,
which at sufficiently high density undergoes Cooper pairing of both neutrons and
protons. We will present our calculations in this context, referring to the charged
condensate as the “proton condensate” and the neutral one as the “neutron conden-
sate”, and choosing values appropriate to nuclear matter for our parameters when
presenting numerical results.

We study the type I versus type II nature of a (proton) superconductor coupled
to a (neutron) superfluid, using an effective theory for the protons and neutrons
that contains four-fermion interaction terms which lead to s-wave pairing. We do not
include higher-angular-momentum pairing, although that would be needed for a more
realistic analysis of high-density nuclear matter. Our analysis extends that of Ref. [10]
in the following ways: (a) Our model, like that of Ref. [10], contains a coupling ay,
between the magnitudes of the neutron and proton condensates, and self-couplings

Apy, and a,,, but we survey the whole range of values of a,,,, from zero to of order a,,;

9
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(b) we also include “entrainment” interactions between the gradients of the proton
and neutron condensates; (c¢) we use a simpler and more direct method to study the
type-1/type-II phase boundary, using the energetics of flux tube coalescence/fission:
we calculate the energy of flux tubes with a wide range of magnetic fluxes, from one
quantum to several hundred quanta, and find which one has the lowest energy per
unit flux. As we will see, this has the additional benefit of allowing us to find exotic
stable multi-quantum flux tubes, such as have been found in systems of two coupled
superconductors [15]. However, as we discuss below, our analysis is not sensitive to
minima in the interaction energy at finite separation between flux tubes.

Our analysis is entirely at zero temperature. This is a good approximation for
neutron star matter near nuclear saturation density, where the critical temperatures
for the superfluid and superconductor are of order MeV [16, 17, 18]. The tempera-
ture of a compact star drops below this value within minutes of its formation in a
supernova, and is at or below the keV range after the first 1000 years [19]. When we
discuss type-I versus type-II behavior we are referring to the response of the system
to a magnetic field at the lower critical value, at T' = 0.

As far as we know, there has been no previous work on how a flux tube in a
superconductor is affected by a gradient coupling to a co-existing superfluid. How-
ever, there has been work on possible knot solitons [20], vortices in the SO(5) model
of high-temperature superconductivity [21], and on the complementary situation, a
superfluid vortex with gradient coupling to a co-existing superconductor. There the

coupling leads to the “entrainment” or Andreev-Bashkin effect [22] whereby the pro-

10
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ton condensate is dragged along with the neutron condensate, producing a non-zero
proton current around the vortex, dressing it with some magnetic flux [23]. It is
interesting to note that this flux is not a multiple of the flux quantum for proton flux
tubes. This is possible because of the difference between the energetics of a neutron
vortex and a proton flux tube. The flux tube has energy density localized to the
vicinity of its core. Far from the core the energy density must vanish, which means
the proton field must change in phase by a multiple of 27, and the the vector potential
must cancel the resultant gradient, leading to a quantized magnetic flux. A neutron
vortex, by contrast, has gradient energy that is not localized to the vicinity of the
vortex, and the total energy per unit length diverges in the infinite volume limit.
The vector potential is therefore not constrained to cancel any gradient in the proton
field, and takes on a value that minimizes the overall energy, with no quantization
condition on the resulting magnetic flux.

Returning to the situation that we study, a proton flux tube in a neutron super-
fluid background, we do not expect a similar behavior. This is because the proton
flux tube’s energy density is localized around its core, giving it (unlike the neutron
vortex) a finite energy per unit length. If the neutron condensate were entrained, and
developed non-zero circulation around the flux tube, it would acquire a non-localized
energy density, leading to an infinite energy per unit length for the flux tube, which
is clearly energetically disfavored. We will see in chapter 3 that the effect of gradient
couplings on the proton superconductor is more subtle: it leads to metastable regions

near the type-I/type-11 boundary.

11
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1.5 Leptonic contribution to the bulk viscosity of

nuclear matter

The bulk viscosity of nuclear matter plays an important role in the damping of oscil-
lations in neutron stars. One well-known example is r-modes, which, if the interior of
the star is a perfect (dissipationless) fluid, become unstable with respect to the emis-
sion of gravitational waves [24, 25, 26]. This emission acts as a brake on the rotation
of the star. However, r-mode spindown will not occur if the r-mode is sufficiently
strongly damped, for example by shear or bulk viscosity of the matter in the interior
of the star. It is therefore important to calculate of the bulk viscosity of the various
candidate phases in a neutron star. Several calculations exist in the literature, for
nuclear [27, 28, 29, 30, 31, 32| and hyperonic [33, 34, 35| as well as for unpaired quark
matter [36, 37, 38] and various color-superconducting phases [39, 40, 41, 42, 43, 44].

In chapter 4 (based on [45]) we will study S-equilibrated nuclear matter. We will
assume that the density is high enough that the negative-charge chemical potential
( is greater than the mass of the muon, so the matter consists of neutrons, protons,
electrons and muons. Such matter is expected to exist in the core of the star. In
previous calculations of bulk viscosity of npeu nuclear matter the focus has been on
the contribution from interconversion of neutrons and protons via weak interactions.
But nuclear matter at neutron-star densities is expected to show Cooper pairing of
protons (superconductivity) or neutrons (superfluidity) [16, 17, 46] either of which will

suppress interconversion by a factor of order exp(—A/T), where A is the energy gap at
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the Fermi surface. This opens up the possibility that, in superfluid or superconducting
phases, the dominant contribution to the bulk viscosity might come from purely
leptonic processes. The relevant process is conversion of electrons to muons (and vice
versa) via either the direct Urca process or the modified Urca process. The direct
Urca leptonic conversion process is forbidden by energy and momentum conservation:
in converting an electron near its Fermi surface to a muon near its Fermi surface,
the change in free energy is very small (of order T'), so the emitted neutrinos carry
momentum and energy of this order. But the change of momentum of the charged
lepton is large, at least p; — (/p? — mi, and the low-energy neutrino cannot carry
this much momentum. However, the modified Urca process can occur; for example,
two electrons with energy slightly above the Fermi energy can scatter to an electron
and a muon with energies near the Fermi energy, or an electron and muon can scatter
to two muons. The strongest interaction between leptons is electromagnetism, so
this process proceeds via exchange of a photon, whose propagator should include the
effects of screening by the nuclear medium. As the temperature decreases, the process
will become suppressed as the Fermi distributions assume their zero-temperature step
function profiles, but at finite temperature the modified Urca process will result in a
non-zero contribution to the bulk viscosity.

We calculate the leptonic bulk viscosity arising from the processes e + ¢ = u +
{4+ v+ v, where ¢ = e or u. We conclude that, if the protons and neutrons are both
ungapped, i.e if there is neither superfluidity nor superconductivity, then the bulk

viscosity from these purely leptonic processes is several orders of magnitude smaller
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than that from the nucleonic processes. However, once the temperature drops below
the critical value for Cooper pairing of the protons or neutrons, the nucleonic bulk
viscosity at frequencies = 10 Hz is strongly suppressed, and leptonic processes become
the dominant source of bulk viscosity at those frequencies.

In chapter 4, we lay out the process for calculating the bulk viscosity of a two-
component leptonic system under application of a periodic volume and pressure per-
turbation. A crucial component of this calculation is the conversion rate between
electrons and muons, which is discussed in great detail. We show the numerical re-
sults of our calculations and how they compare to the bulk viscosity resulting from

modified Urca equilibration of the nucleon population.

1.6 Strange stars: an example interface between

phases of a U(1)xU(1) gauge theory

It is possible that 3-flavor strange quark matter is absolutely stable, resulting in
“strange stars” where the entire star may consist of quark matter instead of nucleonic
matter [2]. In the vaccum outside the star, hadrons are confined, and inside the star,
quarks are deconfined. In chapter 5 (based on [47]), the reflection and transmission
properties of light at the boundary between these two phases is investigated, as well
as the properties at boundaries between other possible phases.

We study boundaries between phases in which different linear combinations of

gauge generators are free. Mixing of gauge generators is familiar from the standard
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model of particle physics, and the possibility of creating neighboring domains in which
different linear combinations of gauge generators are free is now receiving serious
attention. To set the stage for this work we first briefly review a concrete example.

In the standard model, the propagating U(1) gauge boson (the photon) is asso-
ciated with a particular Abelian U(1) subgroup of the full standard model gauge
group. This subgroup emerged unbroken from the electroweak Higgs symmetry break-
ing SU(2) @ U(1)y — U(1)q at the TeV scale, and is generated by some linear com-
bination of the “W3” generator of the SU(2) weak interaction and the “Y” generator
of the U(1) hypercharge interaction.

We now know that in quark matter the gauge group for the propagating U(1)
gauge boson will be rotated into a different direction by a further layer of symmetry
breaking at the MeV scale. At sufficiently high density, quark matter will develop
a condensate of quark Cooper pairs that plays the role of a Higgs field [48, 49].
(For reviews of this phenomenon of “color superconductivity” see Ref. [50]). In the
real world, quark matter is expected to contain the three lightest flavors, and in
this case the condensate forms a “color-flavor-locked” (CFL) phase [51], in which a
linear combination of the photon and one of the gluons remains massless, while the
orthogonal linear combination and the remainder of the gluons become massive by
the Higgs mechanism. The gauge symmetry breaking is SU(3)color @ U(1)g — U(1)g.
Thus a “rotated” electromagnetism is present in the CFL color superconducting phase
of quark matter. This raises the interesting possibility of having an interface between

a vacuum region in which the propagating gauge boson is the usual Q-photon, and
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a quark matter region in which it is a different particle, the Q-photon, which is a
mixture of the photon and a gluon. What will happen to electromagnetic fields,
including light beams, that encounter such an interface?

The U(1) ® U(1) gauge system arises in various other physical contexts. Elec-
troweak symmetry breaking can be simplified to a U(1) ® U(1) system by focussing
on the hypercharge and W; bosons, which mix to form the photon and Z°. The
U(1l) ® U(1) gauge system also arises in extensions of the standard model, where an
extra U(1) gauge symmetry with a corresponding Z’ gauge boson is added. Natural
contexts for this include Grand Unified Theories with gauge groups such as SO(10)
and Fjg, and some string models [52, 53].

In chapter 5 we study the light reflection and transmission properties of a boundary
between phases in a U(1) ® U(1) gauge theory. There have been previous studies of
the behavior of magnetic fields [54] and light beams [55] in the specific case of the
interface between the vacuum and CFL quark matter. However, we consider the
most general realization of the gauge symmetries that supports propagating gauge
bosons. On one side of the boundary both U(1) gauge symmetries may be free, or
some linear combination may be Higgsed or confined. On the other side, both U(1)
gauge symmetries may be free, or a different linear combination may be Higgsed
or confined, where the difference is parameterized by a “mismatch angle” a. We
calculate the nature and intensity of the reflected and transmitted gauge bosons in
each case.

We introduce the U(1) ® U(1) model and show how Higgsing or confinement of
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a gauge field can be implemented by appropriate boundary conditions at the inter-
face and describe the calculation of the reflection and transmission coefficients for
the various types of boundary. We then discuss how they compare with previous
calculations, explain some mysterious features, and analyze their compatibility with
expectations based on the complementarity principle. We also analyze subleties of

the low-frequency limit and a detailed example of complementarity.
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Chapter 2

Isospin asymmetry and Cooper

pair interactions

Recently, it has been suggested that nuclear matter in neutron stars might be a type-I
superconductor. The astrophysical evidence is that certain neutron stars have long
precession periods, and it has been suggested that this means the proton supercon-
ductivity cannot be type-II [7], although that inference has been contested [8, 9.
A theoretical argument for type-I superconductivity in neutron star cores was then
presented by Buckley et. al. in Ref. [10]. These authors assumed that the effective
potential for the Cooper pair fields has a U(2) symmetry under rotation of proton
and neutron Cooper pairs into each other. Specifically, the effective potential for the

Cooper pair fields was assumed to take the form
V(A2 [Annl?) = U(|Ap 7 + [Ann]?)

= _,Uc(|App‘2 + |Ann‘2) + a(‘AppP + |Ann‘2)2 + e
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The assumption that the potential is approximately a function of |A,,[2+|A,,|? leads
to |Ap,|*|Ayn|? cross terms, which provide a strong repulsive interaction between the
neutron and proton Cooper pair condensates. It is argued in Ref. [10] that this leads
to a long-range attraction between proton flux tubes, i.e. type-I superconductivity.

The assumed U(2) symmetry was justified by invoking the isospin symmetry of
the underlying nuclear interaction. The authors of Ref. [10] admit that isospin is
severely broken by the constraint of electrical neutrality, which, combined with beta-
equilibration, greatly suppresses the proton Fermi momentum relative to the neutron
Fermi momentum, but they claim that this does not affect the interaction between
the p-p and n-n Cooper pairs. This seems implausible, since it is well known in
the theory of superconductivity that the coefficients of the terms in the Landau-
Ginzburg effective theory, including the quartic coupling a, depend strongly on the
Fermi momenta of the underlying fermions [11]. For example, for a one component
Fermi gas, just below the BCS critical point, the effective Landau-Ginzburg potential
is

V(IAF) = —plAP +alAl* + - (2.2)

where p ~ Np(T. — T)/T., and Np is the density of states at the Fermi surface, so
for non-relativistic fermions Nr o< mpr where m is the mass and pp is the Fermi
momentum. The minimum of the potential occurs at Ay = \/W, so the quartic
coefficient is @ = p/(2A3). The binding energy of the condensate is then V(4Ag) =

—2NpA3, a well-known result in the superconductivity literature [12]. We see that p,
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a, and V' (Ay) are all very sensitive to the Fermi momenta of the underlying fermions.
Clearly for protons and neutrons in a neutron star, which have very different Fermi
momenta but similar pairing condensates A, this will not give an effective potential
of the form (2.1).

In this chapter, we back up our reasoning with a concrete calculation. We work
with a very simple microscopic model for nucleon-nucleon interactions, and analyze
the pairing using the mean-field approximation. We take into account the require-
ments of electrical neutrality and equilibration under the weak interactions, which
disfavor neutron-proton pairing. At zero temperature the potential is not accurately
described by an low-order polynomial like (2.1), but we can expand around the mean

field and obtain the quartic coupling between small fluctuations ¢y, ¢pp,

Q(¢ppa ¢nn) =+ app¢;4op + O‘nn¢in + aan%p in + e (23)

By explicitly calculating these couplings we find that they do not obey the U(2)
symmetry assumed in Ref. [10]. In fact, in the mean field approximation our result
(2.14) shows no interaction at all between the proton and neutron Cooper pairs: o, =
0. This appears to be a generic mean-field result, and does not depend on any specific
features of the pairing interaction. Further, and as expected from the preceding
discussion, we find that oy, < ay,,. We then discuss the lowest-order corrections
beyond the mean-field approximation by calculating the effective interaction between
neutron and proton Cooper pairs diagrammatically. We show that this interaction is

sub-leading in the coupling and is negligible in weak coupling. At temperatures close
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to the critical temperature, where Landau-Ginzburg theory can be used to analyze
vortex structure, we find that the interaction between the pp condensate and the nn
is weak and repulsive, not strong and attractive as Eq. (2.1) would imply.

Our simple model of neutrons and protons is based on the isospin-symmetric

Lagrangian

L = Ekinetic + Eint )

0 \%&
Ekinetic = Nla <E - % - ,U/a) Naa 5 (24)
‘Cint = _g (N;réaNaa)Q .

The nucleon field N,, has isospin index a = n,p and spin index o =T, |. Repeated
indices are summed. We immediately generalize the interaction to allow different
couplings for protons and neutrons, and Fierz-transform it into the pairing form. We
assume that all pairing is in the rotationally invariant s-wave channel, so keeping only

those terms we obtain

Eint = _Gpp ]ﬁpiplm — Gnn nJT[TLITLlTLT
(2.5)

— LG, (pInl +nlp))(nypy +pimy)
The isospin-symmetric case corresponds to Gy, = Gy, = Gpp. This interaction will
lead to pairing of the fermions at their Fermi surfaces, by the usual BCS mechanism.
We can calculate the thermodynamic potential of the paired state by a standard
Hubbard-Stratonovich transformation that introduces complex bosonic Cooper-pair

fields Ay, App, and A, (for a review, see [56]). The Lagrangian then has three parts:
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the kinetic term is as before, and the others contain the Cooper pair fields:
L = Ekinetic + EA + EFu

LA = ‘Ann|2/Gnn+|App‘2/Gpp+‘Apn|2/an7

(2.6)
Lp = —A,nny — A pp
1
——=A" (pyny +nypp) + hec
N (piny +nypy)

By adjusting the phases of the n and p fields we can choose A,,, and A, to be real,
leaving A, complex. As is well known [57], in neutron star matter the mismatch
between the proton and neutron Fermi surfaces completely suppresses n-p pairing,
so Ay, = 0 even at small isospin asymmetry, but for now we keep the A,, term.
In the mean-field approximation, we neglect any space-time variation in the A fields
and set them equal to their vacuum expectation values. We can then integrate out
the fermions, giving us the volume density of the thermodynamic potential or grand
canonical potential ) = E/V — uN/V = —p. In the rest of this paper we will loosely

refer to this as the “thermodynamic potential”. We find

dw (M &Pk

where we have introduced an ultraviolet cutoff A on the three-dimensional momentum
integral. To obtain this expression, we wrote the inverse propagator in the Nambu-

Gork’ov basis (pr, ny, pI, nI, Dy, N, pL nD, and observed that it block-diagonalizes
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into two identical 4 x 4 blocks,

—iw + €, 0 —A, — \/pg
Apn
0 —iw+e€, ——2 AV,
M= . V2 . (2.8)
A, - —iw-—e 0
NG P

Ar .

— AV 0 —iw — €,

V2

Note that when A,, = 0, M further decomposes into 2 x 2 blocks, for (py, pD,
(n1, nD etc, which describe the s-wave pairing of protons and neutrons respectively.
In Eq. (2.8), ¢, = k*/2m — p, and €, = k*/2m — p,,. The determinant is straightfor-

ward to compute and we obtain
DetM = (w’+e)(w’+6)+ AL (W +e)
+ A2 (WP H )+ A [F (WP + epen)
+ (Al = A5,/2)(Annly — A57/2) (2.9)

The requirement that the vacuum expectation values A,,, A,,,, and A, minimize the

thermodynamic potential is expressed in the three gap equations,

A /dwd3/€ Ann(w2+fg)+App(AppAnn_ReAz2m/2)

Gnn (271')4 det M

By _ / duwdk Dpp(+€2)+ Dun(BypBun—ReA?, /2) (2.10)
Gy J (2m)* det M ’
Apn _/dwd3k Apn (W2+€p€n) _A;n(APPA”n T Ag"/z)

Gnp J (2m)4 det M

When A, = 0, as in neutron star matter [57] these equations decouple into indepen-

dent gap equations for A,, and A,,,.
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Because our model interaction is so simple, it predicts pairing gaps that rise with
the density of states near the Fermi surface, so A rises with pr. This means that it
does not produce realistic neutral nuclear matter, in which the interaction is isospin-
symmetric, and pp, < pp, (from electrical neutrality) but nevertheless A,, =~ A,,,.
In the real world, this happens because the nuclear interaction at short distance is
repulsive, so even though pg,, > pp,, the neutrons end up with a similar pairing gap
to the protons. In our simple model, which is strictly valid only at low density, the
four-Fermion coupling only encodes the attractive part of the interaction through the
s-wave scattering length. We will choose G, to be larger than G, so that in the
neutral system the protons and neutrons have the same pairing gap, as in real nuclear
matter. It will turn out that our essential conclusion, that there is no U(2) symmetry
of the effective potential for the Cooper pair fields, holds irrespective of whether or
not the the couplings G, and G,,, are equal. It is then reasonable to guess that G,
should have a value somewhere between G,,,, and G,. To be specific, we shall employ
typical values y,, ~ 60 MeV (kp, ~ 335 MeV) and p, ~ 8 MeV (kp, ~ 123 MeV)
and a momentum cut-off A = 750 MeV. For these parameters the four-fermion
couplings that gives A, ~ 1 MeV and A,, ~ 1 MeV are G, ~ 1 X 107°> MeV? and

Gpp ~ 2 x 107 MeV?, respectively.
Since A, = 0 in beta-equilibrated neutral nuclear matter, we can write the mean-

field thermodynamic potential

nn dBk
€ = nn a / / ln CU * 6 + Ann) T ln(WZ + 612’ + Af’p)) (211)
A

Bk A2 A A3k
_ nn 2 2 —_pp 2 2 _
a.. Ve + A2 — ) + G / o) (1 2+ A2, ep) (2.12)
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hn 1 (1

Nn N

Ghn A D([Zhn

Figure 2.1: The lowest-order mean-field contribution to c,,, the coefficient of the ¢}, term in the
effective potential, which describes scattering between low-momentum fluctuations ¢, in the nn
condensate. The thick lines are Nambu-Gork’ov neutron propagators. Each double-square vertex is

an insertion of the ¢, operator. There is a similar diagram for a,,.

We see that this is equal to the sum of the thermodynamic potentials for two species
of Cooper pair bosons that do not interact with each other. There are no cross-
terms between A,, and A,,. The effective potential does not take the form (2.1).
This result did not depend on the specific form of the interaction. It simply arises
from the fact that beta-equilibrium and electrical neutrality require pr, < pp,, and
Cooper pairing is suppressed between species with very different Fermi momenta.
We may use Eq. (2.12) to investigate the nature of the quartic terms that describe
the coupling between fluctuations in the Cooper-pair densities. Fluctuations in the
pairing field ¢, ¢,, are defined through the following substitutions in Eq. (2.12):

Apn — Ay + Onn and Ay, — App + ¢pp Where A, and App are the ground state
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expectation values that satisfy the gap equations. For small fluctuations an expansion
of the thermodynamic potential about the mean field ground state is well motivated.

Retaining only the quartic terms

Q(¢ppa ¢nn) =+ appgbfop + O‘nnqbin + aan%p in + - (213)

From the preceding discussion it is clear that in the mean field approximation there
are no cross-terms. The coefficients «,,, and o, are non zero and depend in general
on the chemical potentials, A, and App. Explicitly, by Taylor expanding Eq. (2.12)

we find

any, = 0,

1 / Pk 1 6A2,  BAY,
Onpn = 3 5
8J) (2n)? E3 E> E?

1 [ & 1 6A2 5A!
Ay = — [ —— — — + 2
woTg / (2r)® B3 E» | ET

where B, = (/&2 + A2 and E, = \ e+ Agp. These contributions can also be

calculated in a diagrammatic approach using the Nambu-Gorkov Greens functions

(2.14)

[4]. The diagram for o, is shown in Fig. 2.1, and there is an analogous one for a,,.

We find

3
o = i / (%3 k:Tzs: T Gy (k, i0s)7Go (b, i03) TG (027G (ks s ) 7], (2.15)

where the finite temperature Nambu-Gorkov Green’s function for the neutron super-

fluid, expressed in the (nT,nI) basis (see text after Eq. (2.8)), is

1 —iWs + €, _Ann

wg)?2 — B2 '
CI-BO |, .

Gk, iw,) = (2.16)
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and insertions of the fluctuating pairing field are

T = . (2.17)

The Matsubara frequency is ws = (25 + 1)mkT. In evaluating these diagrams we
ignore any momentum transfer since we are interested only in the low momentum
fluctuations. We have explicitly checked that the diagrammatic approach gives the
same result as Eq. (2.14). At zero temperature and when A/ is small we obtain the

following analytic expressions

Mkp, A2
M A2

Ay = —L@ 1+O[—2] | - (2.19)
247r2Agp sy

We see that the couplings are proportional to the corresponding Fermi momenta,
Qppn, X kpy and gy, o< kpp, so the scattering of proton condensate fluctuations is much
weaker than that of neutron condensate fluctuations, indicating a strong breaking of
any symmetry that rotates proton Cooper pairs into neutron Cooper pairs. Further,
the sign of a,, and o, is negative. However, since we are Taylor expanding about
the global minimum of the thermodynamic potential, there are lower and higher order
terms (not explicitly written in Eq. (2.13)) that ensure that the system is stable with
respect to both small and large fluctuations. This is in contrast to the usual Landau-
Ginzburg analysis just below 7., where a Taylor expansion about the normal state is
characterized by a negative quadratic coefficient and a positive quartic term.

We now discuss corrections to Eq. (2.12) beyond the mean field approximation.
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Figure 2.2: The lowest-order contributions beyond mean field to av,,, the coefficient of the ¢2,,¢2,
term in the effective potential, which describes scattering between low-momentum fluctuations ¢,,,
and ¢p, in the nn and pp condensates.  The thick lines are Nambu-Gork’ov neutron or proton
propagators. The double square vertices are insertions of the ¢,, and ¢,, operators. The hatched

vertex is the fundamental nfnp'p interaction in the Lagrangian.

The leading order diagram that contributes to the scattering between neutron and
proton fluctuations is shown in Fig. 2.2. The important point is that this diagram
involves the fundamental four-fermion neutron-proton interaction G,,. Evaluating
the diagram, we find that the leading-order beyond-mean-field contribution to the ef-
fective four-point interaction between the proton and neutron condensate fluctuations

18

1 d*k . , -
= L / O (G (K, iw) TG (K, iw) TG (K, i) 5]

4 (2m)4
« / %Tr G, (k1) TG, (k, iw)7G, (k, iw) 73] (2.20)
G,y e By Sy (221)

eAmtpZuz Ty, 1
where G, (k,iw) and G,(k,iw) are the Nambu-Gorkov Green’s functions for the neu-

trons and protons respectively, and 73 = diag(1, —1) is the diagonal Pauli matrix [4].
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The dimensionless function f is defined by the integral

£(6) = /_Oo do o T T 2 (2.22)

) (02 + x2)5/2 "

For § < 1 we obtain the following analytic relation

f(6)=—1+log E} +O[6%. (2.23)

To see whether beyond-mean-field corrections can raise o, to a value comparable

t0 Quuy, OF @y, we follow Ref. [10] in defining an asymmetry parameter

€ = (QnnQpp — O‘?zp)/(annapp) . (2.24)

(Ref. [10] expresses € in terms of the quartic couplings a,,, @ny, @, for the expansion
around A = 0, but it should be equally valid to expand around the mean field,
which is the minimum of the thermodynamic potential.) Ref. [10] concluded that
type-I superconductivity requires e < 1/20. As we have seen, in the mean-field
approximation € = 1. From Eq. (2.21) we find that the beyond-mean-field corrections
to € are negligible by several orders of magnitude. ¢ is always within 10~ of unity.
All our calculations so far have been at zero temperature, in which case the ex-
pansion of the potential around the mean-field ground state is only valid for small
deviations from that state. This makes it impossible to discuss the expected structure
of the vortices, in which the pairing fields vary from zero to their vacuum values. In
order to be able to say anything about the vortices, we have to work at temperatures
close to the critical temperature T,, where a traditional Landau-Ginzburg analysis is

possible, using an expansion around the zero-mean-field state with only the quadratic
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and quartic terms,

Q(TNTC; ¢nna¢pp) = _MZn in_u;p 127p+a';gcap §p+a2n in_‘_az;p o +oe (225)

pprnn

This analysis was performed by S. Reddy and presented in [13], so it will not be
included here. However, we will state the results of the analysis. For our choice
of parameters we find that T, ~ 0.6 MeV. For T" = 0.4 MeV the coefficients of the

effective potential are p&,, = 5520 MeV?, ¢, = 2010 MeV?, a5, = 2627, a5, = 968 and

n

C

anp

= —3(G,p/Gnn). As before, the asymmetry parameter € >~ 1 since a,, < a,, and
anp < apy. The fact that a;,, is negative implies that the neutron(proton) superfluid
density will decrease in the inner core of the proton(neutron) vortex.

Our conclusion is that in neutral nuclear matter, the disparity between the neutron
and proton Fermi momenta provides a strong explicit breaking of the U(2) symmetry
posited in Ref. [10]. This breaking is far too strong to allow the proposed mechanism
for type-I superconductivity to operate. A calculation of the vortex structure is
presented in chapter 4, where due to the non-perturbative nature of the interaction
between nucleons, we do not exclude the possibility of a strong coupling between
the neutron and proton superfluids. In our simple model the attractive interaction
between neutrons and protons directly leads to a negative ay,, leading to a depletion
of the neutron superfluid in the core of the proton vortex. This result is robust as long
as the effective interaction between neutrons and protons is attractive and contradicts

the predictions in Ref. [10] where the neutron superfluid density increased inside the

proton vortex.
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Flux tubes and the type-1/type-II
transition in a superconductor

coupled to a superfluid

In this chapter we investigate a system that has both a charged condensate, leading
to superconductivity, and a neutral condensate, leading to superfluidity. We focus on
the magnetic flux tubes that are associated with the superconducting condensate, and
study how they are modified by the presence of the superfluid, assuming that the two
condensates can interact with each other via density and gradient (“entrainment”)
interactions. Nuclear matter is an example of this type of system, which at sufficiently
high density undergoes Cooper pairing of both neutrons and protons. We will present
our calculations in this context, referring to the charged condensate as the “proton

condensate” and the neutral one as the “neutron condensate”, and choosing values
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appropriate to nuclear matter for our parameters when presenting numerical results.

We study the type I versus type II nature of a (proton) superconductor coupled
to a (neutron) superfluid, using an effective theory for the protons and neutrons
that contains four-fermion interaction terms which lead to s-wave pairing. We do not
include higher-angular-momentum pairing, although that would be needed for a more
realistic analysis of high-density nuclear matter. Our analysis extends that of Ref. [10]
in the following ways: (a) Our model, like that of Ref. [10], contains a coupling a,,,
between the magnitudes of the neutron and proton condensates, and self-couplings
Apy, and ay,, but we survey the whole range of values of a,,,, from zero to of order a,,;
(b) we also include “entrainment” interactions between the gradients of the proton
and neutron condensates; (¢) we use a simpler and more direct method to study the
type-1/type-1I phase boundary, using the energetics of flux tube coalescence/fission:
we calculate the energy of flux tubes with a wide range of magnetic fluxes, from one
quantum to several hundred quanta, and find which one has the lowest energy per
unit flux. As we will see, this has the additional benefit of allowing us to find exotic
stable multi-quantum flux tubes, such as have been found in systems of two coupled
superconductors [15]. However, as we discuss below, our analysis is not sensitive to
minima in the interaction energy at finite separation between flux tubes.

Our analysis is entirely at zero temperature. This is a good approximation for
neutron star matter near nuclear saturation density, where the critical temperatures
for the superfluid and superconductor are of order MeV [16, 17, 18]. The tempera-

ture of a compact star drops below this value within minutes of its formation in a
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supernova, and is at or below the keV range after the first 1000 years [19]. When we
discuss type-I versus type-II behavior we are referring to the response of the system
to a magnetic field at the lower critical value, at T' = 0.

As far as we know, there has been no previous work on how a flux tube in a
superconductor is affected by a gradient coupling to a co-existing superfluid. How-
ever, there has been work on possible knot solitons [20], vortices in the SO(5) model
of high-temperature superconductivity [21], and on the complementary situation, a
superfluid vortex with gradient coupling to a co-existing superconductor. There the
coupling leads to the “entrainment” or Andreev-Bashkin effect [22] whereby the pro-
ton condensate is dragged along with the neutron condensate, producing a non-zero
proton current around the vortex, dressing it with some magnetic flux [23]. It is
interesting to note that this flux is not a multiple of the flux quantum for proton flux
tubes. This is possible because of the difference between the energetics of a neutron
vortex and a proton flux tube. The flux tube has energy density localized to the
vicinity of its core. Far from the core the energy density must vanish, which means
the proton field must change in phase by a multiple of 27, and the the vector potential
must cancel the resultant gradient, leading to a quantized magnetic flux. A neutron
vortex, by contrast, has gradient energy that is not localized to the vicinity of the
vortex, and the total energy per unit length diverges in the infinite volume limit.
The vector potential is therefore not constrained to cancel any gradient in the proton
field, and takes on a value that minimizes the overall energy, with no quantization

condition on the resulting magnetic flux.
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Returning to the situation that we study, a proton flux tube in a neutron super-
fluid background, we do not expect a similar behavior. This is because the proton
flux tube’s energy density is localized around its core, giving it (unlike the neutron
vortex) a finite energy per unit length. If the neutron condensate were entrained, and
developed non-zero circulation around the flux tube, it would acquire a non-localized
energy density, leading to an infinite energy per unit length for the flux tube, which
is clearly energetically disfavored. We will see that the effect of gradient couplings
on the proton superconductor is more subtle: it leads to metastable regions near the

type-1/type-II boundary.

3.1 Stability of flux tubes

Our aim is to explore the response of the proton superconductor to an applied critical
magnetic field at zero temperature. We will therefore construct a phase diagram in
the space of the coupling constants of the Ginzburg-Landau effective theory. We
would like to be able to specify when it is of type II (at the lower critical magnetic
field, flux tubes appear, and remain separate, i.e they repel) and when it is of type I
(at the critical magnetic field, macroscopic normal regions appear, i.e. the flux tubes
attract and coalesce). The simplest way to do this is to calculate the energy per unit
length E,, of a flux tube containing n flux quanta. The same approach has been used

for vortices in the SO(5) model [58]. It is convenient to work in terms of the energy
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per flux quantum,
E,
B,=——FE. (3.1)
n

When B, is negative the n-quantum flux tube is stable against fission into many
single quantum flux tubes, and it is energetically favorable for n single quantum flux
tubes to coalesce into one n-quantum flux tube. When B,, is positive the n-quantum
flux tube is unstable against fission, and coalescence is energetically disfavored. If
one calculates B,, for all n then the energetically favored value of n is the one that
minimizes B,

In a traditional type I superconductor, small flux tubes attract each other and
amalgamate into large ones and ultimately into macroscopic normal regions, so we
would expect to find B, < 0 with its value dropping monotonically as n rises. In a
type II superconductor we would expect B,, > 0, with its value rising monotonically
with n. Our calculations confirm these results for a single superconductor, but we
will see that B, shows more complicated behavior when the superconductor feels
interaction with a co-existing superfluid.

Calculations of B,, are straightforward because they always occur in a cylindrically
symmetric geometry, so the problem is one-dimensional. For a more detailed under-
standing of flux tube interactions, one would have to consider two single-quantum
flux tubes a distance d apart. Their total energy is U(d), where U(0) = E, and
U(oo) = 2E4, so By = 5(U(0) — U(00)). As expected, By < 0 means that the flux
tubes have lower energy when they amalgamate, and B, > 0 means that the flux

tubes have lower energy when they separate. If U(d) is monotonic, we can conclude
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that flux tubes either coalesce (By < 0) or repel to infinite separation (By > 0), cor-
responding to type-I or type-II behavior respectively. However, if there is a minimum
in U(d) at some favored intermediate separation d = d* then irrespective of the sign
of B, one has a new variety of type II superconductor with some favored Abrikosov
lattice spacing d*. Such behavior has been found to arise from a ¢° term [59] and in
the case of two charged condensates [15]. Calculating U(d) in the current context is
an interesting but demanding problem which we leave for future work. In this paper
we assume that U(d) is monotonic, so to analyze the attractiveness/repulsiveness of

the flux tube interactions it is sufficient to calculate B,,, or equivalently E,, /n.

3.2 Flux tubes in the Ginzburg-Landau model

3.2.1 Ginzburg-Landau model

We start by writing down the zero-temperature Ginzburg-Landau effective theory
of proton and neutron condensates in the presence of a magnetic field [6, 10]. We
denote the proton condensate field by ¢, the neutron condensate field by ¢,,, and the

magnetic vector potential by A. The free energy density is

h2
2m,

|V x A|?

7= 81

+ Uent($p, &n) + V(I6p°, 16nl?)  (3.2)

iq 2 2
(I(V = 2 8)0, I + [Ven[) +
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where m, is twice the nucleon mass, ¢ is twice the proton charge, U,,; is the entrainment

free energy density (see [6])

R o . s iq . iq .
Uent = _Q—WW |:¢p¢n <(V - %A)Cbp ’ qun) + ¢p¢n <(V - %A)pr ’ v¢n>
and

a Qnn
V180l 160) = —tplpl? = inlnl? + “Z10y]* + 22001 + a6y Plonl  (3.4)

o is a parameter characterizing the strength of the gradient coupling, p, and pu, are
the chemical potentials of the proton and neutron condensate excitations, and a,,,
Qpn, and a,, are the GL quartic couplings.

In zero magnetic field, the condensates would have position-independent bulk
densities (¢,)? and (¢,)? obtained by minimizing the free energy. This allows us to

eliminate the chemical potentials i, pt, by writing

Hp = app<¢p>2+apn<¢n>2

Hn = ann<¢n>2+apn<¢p>2 (3.5)

so up to constants involving (¢,) and (¢,), the potential V can be expressed in terms

of the deviations of the condensate fields from their bulk values:

V(Iopl% [6al2) = 222 (16,2 — (6p)%)" + %= (|6n]? — (9n)?)*
Fapn (162 = (6p)2) (|9n]? — (90)?)

(3.6)

In a neutron star, electrical neutrality keeps the proton fraction small, in the 5%

to 10% range [60, 61]; we will take (¢,)*/(dn)* ~ 0.05. As we now argue, a typical
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value for the entrainment coupling is o ~ 107!, We first relate our formalism to
the hydrodynamic limit of the free energy, following [6]. We focus on the phases of
the fields, ¢, = (¢,) exp(ix,) and ¢, = (¢,)exp(ix,), and assume the fields have

constant magnitude, and their phases have gradients

h 2e h
— —v — —A_ s n fry
Ve 2m,, Xe e v 2my,

Vxn - (3.7)

The free energy density (3.2) then reduces to the hydrodynamic form

2

1 I .. o B
Fzépppvf,—i-ép V?ﬁ—ppvp-vn%—\/—l—g, (3.8)

where the symmetric matrix p of superfluid densities has elements
PP = 2mp<¢p>2 ~ m6<¢p>2 , P = 2mn<¢n>2 ~ m6<¢n>2 ; PP = =2my o (dp) (b)) - (3.9)

Our entrainment parameter o is therefore related to the parameter € of Ref. [62, 63,
64] by 0 = €(¢,)/{®,). Since € is of order 0.03, and (¢,)?*/(¢,)* ~ 20, we expect
o ~ 107! This is consistent with the estimate pP" &~ —3p? used by [6]. In terms of
the Andreev-Bashkin parametrization [22], p1o = —pP", p1 = pPP+ pP", po = p"" + pP™,
so p1/p12 ~ 1, pa/p12 ~ 40. All the interactions in (3.8), including the entrainment,
have their ultimate origin in the strong interaction between the nucleons, which is

isospin symmetric, and hence does not distinguish protons from neutrons.

3.2.2 Flux tube solutions

To study a flux tube containing n flux quanta, we assume a cylindrically symmet-

ric field configuration in which the proton condensate field winds (in a covariantly
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constant way) around the z-axis with a net phase 27n,

¢p = (dp) f(r)e™ (3.10)

Gn = (D) 9(r) (3.11)
_ nhea),

A = PR 0 (3.12)

We have defined ¢,, as a real field, because, as noted in chapter 1, any net phase
change in the neutron condensate when it circles the flux tube would cost an infinite

energy per unit length. Inserting the ansatz in (3.2) we obtain

F - g [Wz ((f')”nf(r%a))* (D026 = 20(8)6a)f 9 - o
n2h2c2 (a’)Q app<¢P>4 2 2 a’nn<¢n>4 2 2
St 12 T2 (=17 + == (" - 1)

+ apn(0p)*(00)” (2 = 1) (9° = 1) (3.13)

Generating the Euler-Lagrange equations using the standard procedure, we obtain

a set of coupled differential equations for f, g and a:

52 f”+%—M B U<¢"> [f.g<g”+g7/)+f(gl)2}]

2meapp(@p)? r? ()
_ 2 Apn ($n)? ., _
SRR O]
h? " g/ <¢P> " ' 2
a0 e [ (1) +eu]
- Ll =)+ ()
747:;2?2@2 (a" - a?/) = —(1—a)f? (3.14)

At this point we recall the definition of the Ginzburg-Landau parameter k = \/¢,

where the London penetration depth A and superconducting coherence length £ are
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(see [65])

\ = MeC? e
o 47Tq <¢p> 167ThCOéE'M<¢p>
B2

£ = e (6))2 (3.15)

To further simplify the equations, we then change variables to a dimensionless radial

coordinate 7 = r /&, obtaining

! TL2 —CL2 " / .
T f;‘ (17:2 - Z {f g( g;)Jrf(g)Q]
flg®

_ 2 _ pn <¢n>2
_ f(f< >1)+ o (o2 7Y
" g, ¢p " f/ "2
g+ == <¢n>{f g<f+ ) g(f)}
= B - )+ (-
a’ - %:—%(1—@]@ (3.16)

The free energy per unit length of the flux tube, in terms of the variable 7, is

oo n212(1 — a)2 2
Bu = 2ralon)'e? [ {02+ PEETE 1 g -0 )

22@ 1on 2 laﬂ<¢n>4 2 )2 aﬂ(¢n>2 2 2
e 72 +2(f 1) +2app (dp)* (g 1) +app (p)? (f 1) (g 1)

f9-fd

(3.17)
In addition to the system of equations, we require boundary conditions on the fields
at the origin and at oo. Far from the flux tube core, the fields will go to their
uniform condensate value, so f(o0) = g(o0) = a(oco) = 1. Near the origin, f(r)
r™, a(r) o< r* and g(r) is a constant. Therefore we have the conditions f(0) = 0,
a(0) =0 and ¢’(0) = 0. To obtain the energy of a flux tube we numerically solve the

ODE system for the neutron and proton condensate and magnetic potential profile
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functions, then calculate the free energy of the system by inserting the results into

(3.17) and integrating.
The system has five independent parameters: @, nn/App, pn/App, 0, and (¢y,) /(P)-

In neutral nuclear matter, the density of protons (neutrons) is proportional to (¢,)?
({(¢n)?), and the proton density is approximately 5% of the total baryon number
density [6], so we set (¢,)?/(¢,)? = .05 in most of our analysis. Following [10, 13]
we set Gny, = app, and use (3.15) to exchange the parameter a,, for x, which is the
conventional parameter used in condensed matter studies of superconductivity. Our
reduced set of parameters is therefore x, the proton-neutron gradient coupling o,

and the proton-neutron density coupling § = a,,/a,,. We also study some effects of

varying (6,)*/{én)*.

3.3 Numerical Results

3.3.1 Flux tube solutions

For given values of (¢,)?/(¢n)?, K, the proton-neutron gradient coupling o, and the
proton-neutron amplitude coupling 5 = a,,/a,, we numerically solved the equations
of motion (3.16) giving the field profiles for flux tubes with various numbers n of flux
quanta. We obtained the solutions using a finite-element relaxation method, which
is much less sensitive to initial conditions than the traditional “shooting” method,
and better suited to repeatedly solving the equations for different sets of parameters.

Next, we insert the solution for each profile into our expression for the free energy
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Profiles with nonzero density coupling

Single flux quantum 100 flux quanta
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Figure 3.1: (Color online) Profile of flux tube with n = 1 units of flux (left) and n = 100 units of
flux (right) showing the effect of density coupling 5 between neutron and proton condensates. The
plot shows the deviation dp of the condensates from their vacuum values (3.18). With no coupling
between the condensates (8 = o = 0), the neutrons are undisturbed (dp, = 0). With a non-zero
density coupling 3, the neutron condensate (broken lines) is significantly perturbed by the flux tube.
Note that the neutron dp,,’s are multiplied by 10 (not by 100 as in Fig. 3.2) to make them visible.

The other parameters are £ = 3.0, o = 0.0, and {¢,)?/ (¢, )*>=.05.

(3.17) and numerically integrate it to obtain a value for E,.

To estimate the numerical errors in our results, we varied the convergence criterion
in the finite-element relaxation calculation, the spacing of the radial grid of points,
and the radius out to which the grid extended. We found that the resultant variation
in E, /n was of order 1075, so numerical errors are invisible on the scale of the plots
shown in Fig. 3.3.

Having obtained E,, we then plot the series B,, to determine whether the system

is type I or type II for the chosen point in parameter space. In this way we find the
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Profiles with nonzero gradient coupling

Single flux quantum 100 flux quanta
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Figure 3.2: Profile of flux tube with n = 1 units of flux (left) and n = 100 units of flux (right)
showing the effect of gradient coupling o between neutrons and protons. The plot shows the deviation
dp of the condensates from their vacuum values (3.18). With no coupling between the condensates
(8 = o0 = 0), the neutrons are undisturbed (dp, = 0). With a non-zero gradient coupling o, the
neutron condensate (broken lines) is slightly perturbed by the flux tube. Note that the neutron

dpn’s are multiplied by 100 to make them visible. The other parameters are kK = 3.0, § = 0.0, and

(6p)?/(¢n)?=.05.
points in parameter space where the system changes from a type I state to a type
IT state. Taking various slices through the parameter space, we can generate phase
diagrams that show the boundary curves between the various phases.

Figs. 3.1 and 3.2 each show a profile for a flux tube with a single flux quantum
n = 1 on the left, and a profile for a flux tube with 100 flux quanta on the right.
Fig. 3.1 shows the effect of non-zero density coupling # and Fig. 3.2 shows the effect

of non-zero gradient coupling . We have plotted the normalized difference in density

43



Fluz tubes and the type-1/type-1I transition in a superconductor coupled to a
Chapter 3 superfluid

of the pair fields from their condensate values,

sontr) = PO~ -
Spn(F) = i(f)_ggb”)z:g?(f)—l (3.18)

No coupling to neutrons

We do not show a plot of the flux tube profile for a simple superconductor, since
this is well known: in a core region whose area rises as the number of flux quanta n,
the proton condensate is suppressed; in a wall region the condensate returns to its
vacuum value. At the Bogomolnyi point [66], x = 1/4/2, the energy per flux quantum
is independent of n [67], but on either side of this value there are area and perimeter
contributions to the energy [68], so for  close to 1/v/2 we expect the energy of a flux

tube in a simple superconductor to have the following dependence on n,
Er(fc)(/i):nEBOg+5/<aM<n—c%\/ﬁ+cl+--~> . (3.19)

This is an expansion around n = oo, but our numerical results will show that it
works down to n = 1. We define 6k = k — 1/v/2. Epog is the energy per unit flux at
0r = 0. By convention we take the parameter M, which has dimensions of energy,
to be positive. The value of c1 is then positive, ensuring that for éx > 0, n = oo
is disfavored (type-1I), and for éx < 0, n = oo is favored (type-I). We will see this

behavior in our numerical results (Sec. 3.3.2 and upper left plot of Fig. 3.3).
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Density coupling to neutrons

For positive 3, which corresponds to positive a,,, equations (3.2) and (3.4) indicate
that there is a repulsion between the neutron and proton condensates, so in the center
of the flux tube, where the proton condensate is suppressed, the neutron condensate
will be enhanced. That is exactly what we see in Fig. 3.1, where the dashed curve,
showing the perturbation to the neutron density p,, rises inside the flux tube. For
negative (3 there is attraction between the two condensates, and the neutron conden-
sate is suppressed inside the flux tube (dash-dotted line). We therefore expect that
the leading correction due to the interaction will be proportional to the core area, i.e

proportional to n. The energy of an n-quantum flux tube is then
En(r, ) = B9 (k) + Mg(=n +biv/n+ by +---) (3.20)

where EY(LSC)(R) is the energy for an n-quantum flux tube in a pure superconductor,
with no coupling to a superfluid (3.19). The leading correction is —Mpgn, which should
be negative and quadratic in § for small 3 (see Sec. 3.3.1), so the interaction energy
parameter My is positive and proportional to 32. The sub-leading term proportional
to y/n arises from the energy cost of the gradient in p,, at the edge of the flux tube,
where it must return to its vacuum value, so we expect this term to be positive:
b% > 0. We do not have an a priori expectation for the sign of the sub-sub-leading

term b;.
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Gradient coupling to neutrons

For positive o, we expect from (3.2) and (3.3) that the positive gradient in p, at the
wall of the flux tube will induce a positive gradient in p, in the same range of radii,
which lowers the energy of the system. This is exactly what we see in Fig. 3.2, where
the dashed curve showing the perturbation to p, has a positive slope in the range of
radii where the solid curve (p,) has the largest positive slope. On either side of that
region it has a negative slope, as it returns to its unperturbed value. For negative o
the effect is reversed: the dash-dotted curve shows p,, having a negative slope where
pp has the largest positive slope.

We therefore expect that in the presence of a gradient coupling, the correction to

the energy of a flux tube has a dominant core-perimeter term proportional to /n,
E,(k,0) =~ B (k) + M(,(—s%\/ﬁjL S14-1). (3.21)

The energy correction is negative and quadratic in ¢ for small o (see Sec. 3.3.1), so
the interaction energy parameter M, is proportional to o?; choosing it to be positive
by convention requires 51 to be positive. We do not have an a priori expectation for

the sign of s;.

Symmetry under change of sign of couplings

It is clear from Figs. 3.1 and 3.2 that for couplings 3 and o of order 0.5 the modification
of the field configuration due to the interaction between the condensates is extremely

small, so it is reasonable to treat its effects perturbatively. (At the end of Sec. 3.3.3 we
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will discuss the limit of small neutron condensate, where the perturbative approach
becomes questionable.)

When we evaluate the perturbative correction to the energy of the flux tube,
there is no linear term in § and o. Such a term would arise from evaluating the 5 and
o terms from the Hamiltonian in the unperturbed field configuration. But in that
configuration the neutron condensate sits at its vacuum value, so both terms evaluate
to zero (g =1, ¢ = 0in (3.17)).

We therefore expect the change in the energy of the flux tube to be quadratic in
the couplings 3 and o. Firstly, this correction must be negative. This is a well-known
result from perturbation theory: the second-order correction arises from the change
in the configuration in response to the perturbation, which only occurs because it is
driven by a resultant lowering of the energy. Secondly, the change in the energy will
in general contain 32, 02, and (o terms. This means it will be even in 3 when o = 0
and even in o when 3 = 0, so we expect Mz o< % and M, x o* in Egs. (3.20) and
(3.21).

However, if both § and ¢ are nonzero, then the fo terms spoil the symmetry of
the energy under negation of the couplings. This is clear from Figs. 3.1 and 3.2. For
example, suppose that as well as non-zero  we have a very small non-zero 0. Now
consider sending  — —(. From Fig. 3.1 we see that this changes the sign of the
slope of p,, in the wall region where p, has positive slope. If ¢ is nonzero then these
two configurations will have different energies, since the gradient of p,, is then coupled

to the gradient of p,.
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Figure 3.3: (Color online) The energy per flux quantum E,, /n, in units of Eg., (see Eq. (3.19)), as
a function of the number n of units of flux in the flux tube. Top left, simple proton superconductor
with neutrons completely decoupled (8 = o = 0); top right, density coupling between condensates
(8 = .5,0 = 0); bottom left, gradient coupling between condensates (5 = 0,0 = .5); bottom right,

both couplings (6 = o = .5).

3.3.2 Energetic stability of flux tubes

In Fig. 3.3, the energy per flux unit (£, /n) is plotted against n for various values of
the Ginzburg-Landau parameters, namely k, the density coupling 3, and the gradient

coupling 0. We fixed (¢,)?/(¢n)?* = 0.05 (Sec. 3.2.1).
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No coupling to neutrons

The upper left plot of Fig. 3.3 shows E,(fc)(m) /n, the energy per flux quantum when
there are no interactions between the neutron and proton pairs. We see that the
only possible phases are the standard type I and type II, with a transition at the
Bogomolnyi point, £ = 1/4/2, where the favored value of n jumps from 1 to infinity.
The lower line (x just below 1/+/2) corresponds to type-I, where the lowest energy /flux
is at n = oo, so flux tubes attract. The upper line (s just above 1/4/2) corresponds
to type-I1I, where the lowest energy/flux is at n = 1, so flux tubes always repel each
other. The middle line corresponds to the transition point (x = 1/4/2), where there is
no interaction between flux tubes [66]. Our numerical results are consistent with the
expected form (3.19): when dx > 0 the asymptotic value of E,/n is increased, and
E,,/n rises monotonically towards that asymptotic value, and conversely when dx < 0
the asymptotic value of E,, /n is decreased, and E,, /n falls monotonically towards that
asymptotic value. It is clear that c1 in (3.19) must be positive to obtain this behavior
at large n. From fits to our numerical calculations we find that ¢; is always positive,
so it “fights against” the leading ¢ 1 /+/n term, but for all n > 1 it is overwhelmed. In
fact, we find that (3.19) gives an excellent fit to our results down to n = 1, without
any higher order terms.

In the remaining panels of Fig. 3.3, we explore the effect of density and gradient

couplings between the proton superconductor and the neutron superfluid.
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Density coupling to neutrons

The upper right panel of Fig. 3.3 shows the effect of a density coupling between the

condensates. From (3.19) and (3.20) we expect

Mﬁb% —(SHMC% n Mﬁbl + 0k Mcy n

En/n:EBog+(M5/€—Mﬁ)+ \/ﬁ n

(3.22)

The first point to notice is that the density coupling shifts the critical x to a larger
value. The transition between type-I and type-II occurs when the asymptotic behavior
at large n changes from rising to falling, i.e. when the coefficient of the 1/y/n term
changes sign. This occurs for some positive value of 0k

Mgbs

2
2
Ve = (323)

6/<chit (ﬂ) -

which rises as 3% because M, Mj, b1, and cy are all positive, and Mj o (3? when
o = 0 (Sec. 3.3.1). Thus in the upper right panel of Fig. 3.3 we had to increase s
from around 0.707 to around 0.818 in order to find the transition.

The other important point is the presence of a minimum in E, /n when & is just
above the new type-1/type-1I boundary, indicating that the favored value of n may be
neither 1 (standard type-II) nor infinity (type-I) but some intermediate value. This
is consistent with (3.22), as long as we assume that the coefficient b; from (3.20) is
either positive, or negative and of sufficiently small magnitude, so that the 1/n term
in (3.22) has a positive coefficient (recall that Mg, M, and ¢, are all positive, and 0k is
also positive in this region). The minimum will then arise from competition between

the positive 1/n term, which dominates at smaller n, giving a negative slope, and
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the 1/4/n term which has a negative coefficient (because dx is just above the new
critical value) and dominates at larger n giving a positive slope. However, as dx
is reduced the negative coefficient of 1//n becomes smaller and smaller, and the
minimum moves out to arbitrarily large n, so the energetically favored value of n
does not jump suddenly from 1 to co as in the standard case, but increases in steps
from 1 to infinity as we lower x through a range of values down to the new critical
value. This creates an infinite number of “type-II(n)” phases, each with a different
flux in the favored flux tube, and when that flux becomes infinite the superconductor

becomes type-I. This behavior is seen in our numerical results (Fig. 3.4).

Gradient coupling to neutrons

The lower left panel of Fig. 3.3 shows the effect of a gradient interaction with the

superfluid. From (3.19) and (3.20) we expect

_Mgs% —5;-@Mc% N —M,s; + okMcy n

E,/n = Epos + Mk + Tn -

(3.24)

Here we see that the gradient coupling shifts the critical x to a smaller value. The
transition between type-I and type-II occurs when the coefficient of the 1/y/n term

changes sign, which in this case happens for small negative dx,

M, s1
2 x —o? (3.25)

6Kcrit(0-> - - Mecs
2

which is proportional to —o? because M, M., s1, and c1 are all positive, and M, o o?
2 2

when 5 =0 (Sec. 3.3.1).
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The other important feature of this plot is the presence of a maximum in E,/n
when « is close to the type-1/type-11 boundary. This is consistent with (3.24), as long
as we assume that the coefficient s; from (3.21) is either positive, or negative and of
sufficiently small magnitude, so that the 1/n term in (3.24) has a negative coefficient.
The maximum will then arise from competition between the negative 1/n term, which
dominates at smaller n, giving a positive slope, and the 1/4/n term, which dominates
at larger n giving a negative slope.

The presence of this maximum allows for the possibility of metastable flux con-
figurations. If we scan down in k, we start in a type-II region where E, /n has its
minimum at n = 1 and rises monotonically with n. But at some point a metastable
minimum at n = oo appears, which drops to become degenerate with the minimum
at m = 1. At this point there is a first-order transition: at the critical field, n = 1 flux
tubes would co-exist with macroscopic normal regions (i.e. flux tubes with n = 00)
but not with flux tubes of intermediate size. Reducing x further, the n = 1 flux tube

becomes energetically metastable, and finally unstable.

Density and gradient coupling to neutrons

The lower right panel of Fig. 3.3 shows the effect of a combination of gradient and
density interactions. As k is decreased, a metastable energy minimum emerges at
finite n; it drops and becomes a new global minimum at n = n*, yielding a sharp
transition from n = 1 type-I1I to n = n* type-II. As k is reduced further the favored

number of flux quanta in a flux tube rises in integer steps from n* to infinity, at which
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point the superconductor becomes type-I.
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Figure 3.4: (Color online) Effect on the superconductor of density coupling 3 to a superfluid,
displayed as a phase diagram in the s~/ plane, with no gradient coupling (o = 0) and (¢,)?/(¢n)? =
0.05. The left panel shows how non-zero § causes an increase in Keritical- In the right panel we
magnify the transition region near § = 0.5, illustrating that on the type-II side there is a sequence
of “type-II(n)” bands in which the number of flux quanta in the favored flux tube rises, reaching

infinity when the superconductor becomes type I.

3.3.3 Phase diagrams

Figures 3.4-3.7 illustrate the additional structure in the phase diagram of the su-
perconductor induced by the couplings to a superfluid. Each diagram is a two-
dimensional slice through the parameter space.

Figure 3.4 shows the consequences of a density coupling § between the superfluid
and superconductor. We see that the density coupling, irrespective of its sign, favors
type-1 superconductivity, pushing the the critical x for the type-I/type-II transition

up to higher values, forming a parabolic phase boundary in the 8-« plane, as expected
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Gradient coupling to neutrons

i T i T i I
Type-l Type-l (meta-l)

0r7F /{,

0.706[
w 0,705
<
1l
o704 N
S Typel N
/ \
0703 / .
L / \ 4
/ \
0.702/ y
| L | | | L |
070157 202 0 0.2 0.4

Figure 3.5: (Color online) Effect on the superconductor of gradient coupling o to a superfluid,
displayed as a phase diagram in the -0 plane, with no density coupling (8 = 0) and (¢,)%/(¢n)? =
0.05. The gradient coupling causes a decrease in Kcritical, and creates metastable states on either

side of the transition, with spinodal lines as shown.

from (3.23). This can be thought of as arising from the fact that nonzero [ lowers
the energy per flux of the core of large flux tubes (see (3.22)), which favors type-I
superconductivity.

In the right panel we zoom in on the transition line near 3 = 0.5 to show the
substructure in the phase transition region that is invisibly small in the left panel. As
one would expect from our discussion of Figure 3.3 (upper right panel), on the type-II
side of the transition there is a series of bands distinguished by the number of flux
quanta n in the energetically favored flux tube. “Type-II (n = 1)” is the standard
type-1I superconductor. With decreasing x we find transitions to Type-II (n = 2),
Type-1I (n = 3), and on up to n = oo which is a type-I superconductor.

In Figure 3.5 we show the consequences of a gradient coupling ¢ between the

superfluid and superconductor. We see that the gradient coupling, irrespective of its
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Density and gradient coupling (o = 0.5)
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Figure 3.6: (Color online) Phase diagram for combined density and gradient interactions: the -3
plane for o = 0.5 and (¢,)?/{¢,)* = 0.05. The type-I/type-II boundary is no longer symmetric
under  — —f. In the right panel we magnify the transition region near § = 0.5, illustrating that
on the type-II side as k decreases the number of flux quanta in the favored flux tube jumps from
1 to a finite value (in this case n = 5) and then there is a sequence of bands in which n rises to

infinity, at which point the superconductor becomes type I.

sign, favors type-II superconductivity, pushing the critical & for the type-I/type-11
transition down to lower values, forming an inverted parabolic phase boundary in the
o-k plane, as expected from (3.25). It also makes the phase transition first order, with
spinodal lines where the unfavored phase becomes metastable. Both these effects arise
from the lowering of the energy of the wall of the vortex, as explained in Sec. 3.3.2.
In Figure 3.6 we show phase diagrams for the combination of both density and
gradient couplings, fixing ¢ = 0.5 and varying (3. As discussed in Sec. 3.3.1, we
expect that when o # 0 the § — —f3 symmetry is now broken. In the right panel we
magnify the transition region near 3 = 0.5, illustrating that on the type-II side as &

decreases the number of flux quanta in the favored flux tube jumps from 1 to a finite
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Figure 3.7: (Color online) Phase diagrams in the k vs. (¢,,)?/(¢,)? plane. Vertical dashed lines
show (¢n)%/(¢p)? = 20, the value used for other figures in this paper. The left panel is for density
coupling # = —0.1, but no gradient coupling (¢ = 0). The right panel is for gradient coupling
o = 0.1, but no density coupling (5 = 0). In both cases, we see that the type-I/type-II transition
converges to k = 1/4/2 as the neutron condensate disappears. For the case of a density coupling, as
the neutron condensate decreases, the type-I/type-I1I boundary changes at (¢,,)?/($,)? ~ 10 from a

narrow region of type-II(n) phase bands (thick line) to wider metastable regions.

value n = 5, and then there is a sequence of bands in which n rises, reaching infinity
when the superconductor becomes type I. This is the expected behavior, based on
our discussion in Sec. 3.3.2.

Finally, in Figure 3.7, we anticipate one direction in which this work could be
extended, by exploring the consequences of varying the ratio of the superfluid density
to the superconductor density, which up to now was fixed to (¢,)?/(¢,)? = 20, an
appropriate value for neutral beta-equilibrated nuclear matter, of the type we expect
to find inside neutron stars. Figure 3.7 shows phase diagrams in the plane of £ and
(dn)?/{¢p)? for a system with a density coupling (left panel) and with a gradient
coupling (right panel).
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For the case of a density coupling we use a negative value of the coupling, because

this corresponds to an attractive interaction, which gives smooth behavior in the
limit where the neutron condensate disappears, (¢,)?/(¢,)*> — 0. As is clear from the
plot, the type-I/type-II transition then converges to the standard value for a single-
component superconductor, £ = 1/4/2. For a repulsive interaction, the (¢,)2/(¢,)? —
0 limit is singular: we discuss this in more detail below. It is interesting to note that
the effects of the density coupling change dramatically with the relative densities of
the neutrons and protons. At (¢,)?/(¢,)? 2 10 the density coupling produces a thin
region of multi-flux-quantum “type-II(n)” phases, as was illustrated in Fig. 3.4. But
for lower values, it has a similar effect to a gradient coupling, inducing metastable
regions on either side of the type-I/type-II boundary. This should be understandable
in terms of the dependence of the coefficients by and b, (Eqn. (3.20)) on (¢,)?/{d,)%
In Sec. 3.3.2 we argued that if b; is large enough then the E, /n curve has a minimum
at finite n, yielding a type-II(n) phase. We conjecture that as (¢,,)%/{¢,)? gets smaller,
b1 becomes sufficiently negative that this is no longer the case, and instead there is a
maximum, leading to metastability of the n = 0 and n = oo states in spinodal regions
around the type-1/type-11 boundary. This is a topic for future investigation.

For the case of a gradient coupling (right panel of Fig. 3.7) the effects of varying
(n)?/{¢pp)? are less dramatic. It is interesting that, as for a density coupling, the
variation is non-monotonic. Again, we conjecture that this could be understood in
terms of variation of the coefficients s1 and s; (Eqn. (3.21)) with (¢,)?/(¢)*. As the

superfluid density drops to zero, its effects become negligible, and the critical value
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of k converges towards 1/ V/2 as one would expect.

Finally, we discuss the singularity of the (¢,)%/{¢,)* — 0 limit for a positive 3,
i.e. a repulsive density coupling between the neutron and proton condensates. From
(3.6) we sece that the expectation value of the neutron condensate is (¢,) + 35((¢,) —
®p), so far from the flux tube, where ¢, is (¢,), it is (¢,). But in the core of the
condensate it is larger (there is less proton condensate to repel it). In fact, even if
the parameter (¢,)? were zero or slightly negative, there would be a positive neutron
condensate in the core of the flux tube. This shows that for positive 3 the neutrons do
not decouple and become irrelevant in the limit (¢,) — 0. We note two consequences
of this. Firstly, for small (¢,) the § — —f symmetry discussed in Sec. 3.3.1 is no
longer present, because the effect of the flux tube on the neutron condensate is no
longer a small perturbation. Secondly, in a system where (¢,)? is small and negative
(i.e. the neutrons just barely fail to condense in the presence of the proton condensate)
flux tubes could have superfluid cores, which is another topic that we leave for future

investigation.

3.4 Conclusion

We conclude that coupling a superconductor to a co-existing superfluid causes sig-
nificant modification of the energetics of the flux tubes. On the basis of calculations
restricted to the cylindrical geometry of n-quantum flux tubes, we conclude that a

coupling between the densities of the condensates shifts the type-I/type-11 boundary
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to larger k, and, if the superfluid density is high enough, appears to create an infinite
number of new “type-II(n)” phases whose most stable flux tubes contain multiples
of the basic flux quantum. A gradient coupling between the condensates leads to
metastable regions surrounding the transition between type-I and type-II supercon-
ductivity.

As discussed in Section 3.1, our calculation corresponds to comparing the energy
at zero and infinite separation of flux tubes with varying numbers of flux quanta.
This leaves open the possibility that there might be additional minima at finite sep-
aration. It is therefore possible that in parts of the phase diagram there might be a
different phase from the ones we identify, namely an alternative type of type-II super-
conductor in which the spacing between flux tubes is fixed by the microscopic physics
rather than by the strength of the applied field. To resolve this question will require
calculation of the free energy of a pair of flux tubes at arbitrary separation. Such
calculations have been performed for large separation [69, 70, 71], and by perturbing
about the Bogomolnyi point [59] and by numerical computation [72]. In particular,
the numerical methods that have been used recently to follow the interaction and
annihilation or vortex-antivortex pairs [73] would be readily applicable to the simpler
time-independent calculation of the interaction potential of flux tubes. Another nat-
ural generalization of our calculation would be to allow for non-s-wave pairing, such
as the 3P, pairing that is believed to occur in the neutron superfluid in the core of a
neutron star.

Our results add another example to the class of two-component Ginzburg-Landau
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models with non-standard superconducting behavior. Previous work in this area

includes the SO(5) model of high-temperature superconductivity, which has flux tubes
described by a two-component GL model, where each component carries a different
U(1) charge, and only one of them condenses in the vacuum [21]. Another example is
the case of a two-component GL model where both components have electric charge,
very different mass, and nearly the same Fermi energy. This system was found to
have non-monotonic E(n)/n and intermediate minima in the interaction potential
[15].

The exotic phenomena that we predict are localized to the region around the
type-1/type-1I transition, so they may not turn out to be relevant for the inner core
of a neutron star, which is believed to be well inside the type-II regime [5]. However,
given the extremely impressive recent progress in creating exotic systems such as
multi-component superfluids of trapped cold atoms, it seems quite conceivable that
a material that is both a superconductor and a superfluid might be created in the
laboratory, and could be studied under controlled conditions. Our results would be

directly relevant to such a material.
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Chapter 4

Leptonic contribution to the bulk

viscosity of nuclear matter

The bulk viscosity of nuclear matter plays an important role in the damping of oscil-
lations in neutron stars. One well-known example is r-modes, which, if the interior of
the star is a perfect (dissipationless) fluid, become unstable with respect to the emis-
sion of gravitational waves [24, 25, 26]. This emission acts as a brake on the rotation
of the star. However, r-mode spindown will not occur if the r-mode is sufficiently
strongly damped, for example by shear or bulk viscosity of the matter in the interior
of the star. It is therefore important to calculate of the bulk viscosity of the various
candidate phases in a neutron star. Several calculations exist in the literature, for
nuclear [27, 28, 29, 30, 31, 32| and hyperonic [33, 34, 35| as well as for unpaired quark
matter [36, 37, 38] and various color-superconducting phases [39, 40, 41, 42, 43, 44].

In this chapter we will study [(-equilibrated nuclear matter. We will assume
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that the density is high enough that the negative-charge chemical potential gy is
greater than the mass of the muon, so the matter consists of neutrons, protons,
electrons and muons. Such matter is expected to exist in the core of the star. In
previous calculations of bulk viscosity of npeu nuclear matter the focus has been on
the contribution from interconversion of neutrons and protons via weak interactions.
But nuclear matter at neutron-star densities is expected to show Cooper pairing of
protons (superconductivity) or neutrons (superfluidity) [16, 17, 46] either of which will
suppress interconversion by a factor of order exp(—A/T), where A is the energy gap at
the Fermi surface. This opens up the possibility that, in superfluid or superconducting
phases, the dominant contribution to the bulk viscosity might come from purely
leptonic processes. The relevant process is conversion of electrons to muons (and vice
versa) via either the direct Urca process or the modified Urca process. The direct
Urca leptonic conversion process is forbidden by energy and momentum conservation:
in converting an electron near its Fermi surface to a muon near its Fermi surface,
the change in free energy is very small (of order T'), so the emitted neutrinos carry
momentum and energy of this order. But the change of momentum of the charged
lepton is large, at least p; — (/ui — mi, and the low-energy neutrino cannot carry
this much momentum. However, the modified Urca process can occur; for example,
two electrons with energy slightly above the Fermi energy can scatter to an electron
and a muon with energies near the Fermi energy, or an electron and muon can scatter
to two muons. The strongest interaction between leptons is electromagnetism, so

this process proceeds via exchange of a photon, whose propagator should include the
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effects of screening by the nuclear medium. As the temperature decreases, the process
will become suppressed as the Fermi distributions assume their zero-temperature step
function profiles, but at finite temperature the modified Urca process will result in a
non-zero contribution to the bulk viscosity.

We calculate the leptonic bulk viscosity arising from the processes e + ¢ = u +
{4+ v+ v, where £ = e or u. We conclude that, if the protons and neutrons are both
ungapped, i.e if there is neither superfluidity nor superconductivity, then the bulk
viscosity from these purely leptonic processes is several orders of magnitude smaller
than that from the nucleonic processes. However, once the temperature drops below
the critical value for Cooper pairing of the protons or neutrons, the nucleonic bulk
viscosity at frequencies = 10 Hz is strongly suppressed, and leptonic processes become
the dominant source of bulk viscosity at those frequencies.

In this chapter, we lay out the process for calculating the bulk viscosity of a
two-component leptonic system under application of a periodic volume and pressure
perturbation. A crucial component of this calculation is the conversion rate between
electrons and muons, which is discussed in great detail. We show the numerical
results of our calculations and how they compare to the bulk viscosity resulting from

modified Urca equilibration of the nucleon population.
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4.1 Bulk viscosity of leptons

First we write down a general expression for bulk viscosity in a two-species system,
arising from interconversion of the two species. Then we specialize to the case of

electrons and muons in nuclear matter.

4.1.1 Bulk viscosity of a two-species system

We assume that the system experiences a small-amplitude driving oscillation

V(t) = V +Re(dV e™t)
(4.1)

p(t) = p+Re(dpe™)
where the volume amplitude 6V < V is real by convention, and the resultant pressure

oscillation p(t) is complex. The average power dissipated per unit volume is

dE 1 [T aV 1 sV

g i p(t)%dt = —§w1m(5p) 2R (4.2)

where 7 = 27 /w, so the bulk viscosity is [37]

= 212 dE _Im(5p)2
Cw(eV)2 dt ovVoow

(4.3)

We will determine Im(dp), which will be negative. We will assume that heat arising
from dissipation is conducted away quickly, so the whole calculation is performed at
constant temperature 7. We assume that our system contains two particle species
e and p, and the state of the system is determined by the corresponding chemical

potentials p. and p,. The total number of electrons and muons is conserved, and
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equilibrium is established via the conversion process e <+ p. For simplicity of pre-
sentation and of the final expressions, it is better to work in terms of charged lepton

number [ and electron-muon asymmetry a, so pressure is a function of y; and p,,

where
1 dp
Hr = §(Me+,u,u> n = ne+np: a—
I’Ll Ha
(4.4)
Ha = %(Me—ﬂu) Ng = ne_nu:@
Opta i

From now on all partial derivatives with respect to p; will be assumed to be at constant
la, and vice versa. In beta-equilibrium, pu, is zero. The variations in the chemical

potentials are expressed in terms of complex amplitudes oy, and dug,

u(t) = fu+Re(ome™),

(4.5)
pa(t) = Re(duq.e™") .
The pressure amplitude is then
0 0
op = o oy + P Opba = Mgy + ngdtg (4.6)
6ul la aﬂa Iz
From (4.6) and (4.3) we find
1V /- _
¢ = == (Alm(Om) + n,Im(3p,)) - (4.7)

To obtain the imaginary parts of the chemical potential amplitudes, we write down

the rate of change of the corresponding conserved quantities,

@ ~ Ongdpy N ong dp, n dV
dt — Ow dt Op, dt V dt’
i H (4.8)
dn,, _ Ong Opy | Ong dpg _ T av [total
dt O, dt — Op, dt Vv odt e
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All the partial derivatives are evaluated at equilibrium, p; = f; and p, = 0. The
right hand term on the first line expresses the fact that charge is conserved, so when
a volume is compressed, the density of charged leptons rises. On the second line,

there is such a term from the compression of the existing population of particles,

total

but there is also a rate of conversion I'%)

of electrons to muons, which reflects the
fact that weak interactions will push the lepton densities towards their equilibrium
value. For small deviations from equilibrium we expect F‘ﬁfﬂ to be linear in p,, so it

is convenient to write the rate in terms of an average width ~,, which is defined in

terms of the total rate by writing

total __ ana

=y, L, 4.9
e = Va g M (4.9)

We now substitute the assumed oscillations (4.1) and (4.5) in to (4.8), and solve
to obtain the amplitudes dy; and dp, in terms of the amplitude dV and frequency w
of the driving oscillation. Inserting their imaginary parts in (4.7) we obtain the bulk

viscosity, which is conveniently expressed in terms of the susceptibilities

_ om
X = Em )
8nl 8n
— — a 4.10
Xla a,Ua 3#1 ) ( )
_ Ong
Xaa - aua7

all evaluated at equilibrium, p; = p;, o, = 0. Note that x, is the same as x;, from
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(4.4). Defining

XU Xaa X argﬁﬁ
Vet = 5 Ya = 2 ) )
XitXaa = Xig XitXaa = Xia Ha  'pa=0
(4.11)
2
Ng — XiaM
C = (xu X1 12) ’
Xll(XllXaa - Xla)
we obtain the final result for the bulk viscosity in a two-species system,
(=0Tt (4.12)

w4
From (4.12) we can already see how the bulk viscosity of a two-species system
depends on the frequency w of the oscillation and the effective equilibration rate veg.
At fixed equilibration rate, the bulk viscosity decreases monotonically as the os-
cillation frequency rises; it is roughly constant for w < 7., and then drops off quickly
as 1/w? for w > 7.
At fixed oscillation frequency w, the bulk viscosity is a non-monotonic function of

the rate veg. It is peaked at v.g = w, with a value

Cmax = %C/w . (413)

For veg € w or e > w the bulk viscosity tends to zero. Thus very fast and very
slow processes are not an important source of bulk viscosity. As we will see below,
for leptons in nuclear matter the equilibration rate is sensitive to temperature but
the coefficient C' is not, so we expect ((T') to be peaked at ves(7) = w, where the

oscillation frequency w is of order kHz for typical oscillation modes of neutron stars.
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4.1.2 Leptons in nuclear matter

In nuclear matter the leptonic chemical potential j; = pe = i, is much greater than
the temperature and the electron mass, so we can evaluate the susceptibilities (4.10)
at m, =T = 0. Temperature dependence will come in only via the equilibration rate

4. Treating the electrons and muons as free fermions, we find

(u +pr)®
Vet = Va7
4pupr
(4.14)
Lo
¢ = ﬁmupF(ﬂl_pF)'

where the muon Fermi momentum is given by p3 = puf —mZ. Note that the bulk
viscosity goes to zero as m, — 0 (m, — m,, really). This is because if the muons
and electrons have equal mass then under compression their relative densities do not
change, and there is no need for any equilibrating process, so the pressure is always
in phase with the volume and no dissipation occurs.

Even without calculating the rate of lepton number equilibration, we can now
estimate the amount of bulk viscosity that could possibly arise from leptons. If the
equilibrating weak interaction at some temperature happened to have a rate that
matched the typical oscillation frequency of the star, w ~ 27 x 1000 Hz, and the
lepton chemical potential had a relatively moderate value of about 120 MeV, we
would obtain from (4.13), (pax = 5.5 x 1022 MeV?® = 7.5 x 10*" gs~'em™'. This is
at the upper end of typical nuclear bulk viscosities which range up to 10®¥gs !ecm™!

[27]. This motivates us to proceed with the calculation of the rate of conversion of

muons to and from electrons via the weak interaction.
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4.2 Muon-electron conversion rate

The muon-electron conversion rate 't} consists of two partial rates,

The partial rates are
Bp1d3pad®p3d®padkid3k:
i, = / 621(27:))214w]z125; 491192 264 (p1+p2—p3—pa—k1—k2)Wap—ca(prp2 — pspakiks)

X [fa(wi) fo(wa) (1= fe(ws)) (1= fa(ws)) = fe(wr) fa(wa) (1= fa(ws)) (1= fo(wa))] (4.16)

where a,b,c,d are either e or pu, Wy ¢ is the spin-summed and averaged matrix

element. The charged lepton of flavor j has energy w; = ,/p? + m?, the neutrino of

flavor j has energy Q; = |k;|, and f,(w;) is the Fermi distribution function

folw;) = [1 Fexp (“’j - “b)} B (4.17)

Using the previous definitions for y; and p,, we have

fle = [ flay iy = Hi—fla (4.18)
and since p, is small, to first order in p, we have

fe(wi)fe(wa) (1= fe(ws)) (1= fu(wa)) = fe(wr) fulw2) (1= fe(ws)) (1= fe(ws)) = F(wlawzawaaw)%

(4.19)

and

Ju(wi) fe(wa) (1= fu(ws)) (1= fu(wa)) = fu(wr) fu(w2) (1= fu(ws)) (1= fe(ws)) = F(wl,wg,W3,W4)%

(4.20)

2exp [(ws+wa—2u) /T) [14+2 exp [(wa—pu) /T)+exp [(watws —2pu) /T)]
(1 expl(wi — )/ T1) (1+expl(wa— )/ T) (1+expl(wa —pu) /T)) (1-+expl(wa—u)/T)
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Figure 4.1: Feynman diagrams for the process e +e — e+ p + v, + v.. There are an

additional two diagrams which are obtained from these by exchanging p; < p-.

Figure 4.2: Feynman diagrams for the process e + 1 — p 4y + v, + v.. There are an

additional two diagrams which are obtained from these by exchanging ps < py.
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To determine the content of the matrix elements, we draw the Feynman diagrams
for each possible way the reaction can occur. We can draw two different diagrams for
each process, depending on the whether the weak conversion of the electron to muon
occurs before the electromagnetic scattering, or in the reverse order (Fig. 4.1, Fig.
4.2). However, because there are identical particles involved, and we are integrating
over all initial and final momenta, we need to add two additional diagrams for each
process. For the process e + e = pu+ e + v + v, we must add two diagrams where
the labels on the initial state electron momenta are reversed; and for the process
e+ pu=p+p+rv+rv, we must add two diagrams where the labels on the final state
muon momenta are reversed. These diagrams get an additional negative sign for the
interchange of fermions [74]. For similar calculations, see [75, 76].

Since we have four diagrams for each process, the spin summed-and-averaged
matrix elements are

1
Weewen = 5D B+ B — B — Eif*

spins

1
Wy = 3 Z | My + My — My — My)? (4.22)

spins

Here E1, Fs, E5, E, are the amplitudes corresponding to the diagrams of Fig. 4.1, and
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My, My, M3, M, are the amplitudes corresponding to the diagrams of Fig. 4.2 [77]:

B = %e(mw%(m)ye(h)y\ (1-9°) %we(pﬁﬂ(m)% (1=7°) vu(k2)
By = —2S8 epyielpn)p ki) (1=%) elpn)apnm L (1208 1 (k)
Vi —a?) e im0 !
62 Me _

Fo = ﬁe(pﬂw”e(m)ve(kl)“ﬂ (1—”/5) wﬁ%e(pl)ﬂ(m)w (1—”/5) Vpu(kz2)
B = 297 gt (kv (1-7%) elp)ips) M (1 0%) v, (k)
b VA (s —w)? = ’

(4.23)
62 Me _

M, = ﬁu(pgwuu(pl)%(kl)y\ (1—75) ﬂ%%e(m)#(pd% (1—75) Vu(ka)
62 — m

My = ﬁu(m)v“u(pﬂ%(h)% (1) elpn)pa) e B 0 (1-9%) )

My = %M(?zx)“f”ﬂ(Pl)%(lﬁh/\ (1-9°) @%ﬁ%we(m)u(m)% (1=7°) vu(k2)
62 — m

My = ﬁu(m)w“u(pl)Ve(/ﬁ)’yA (1—"/5)€(p2)M(P3)"m7(;;3_$_2|—_7:2%(1_"/5)Vu(k2)

(4.24)

where w = py — p3, and s = p; — p4.

The only parameter in our calculation that depends on details of the baryonic
matter in the neutron star is the plasma screening momentum ¢s. In a full treatment
one would have to use the appropriate in-medium propagator which is a complicated
function of the photon momentum involving Debye screening of longitudinal photons,
and Landau damping and possible Meissner screening of transverse photons [78, 79|
In this paper we greatly simplify the calculation by assuming that the longitudinal

and transverse photons have a common screening mass

Q¢ = bau . (4.25)
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For the longitudinal photons, this is a reasonable estimate of the square of the Debye
mass M3, for y; > m,,. The electron contribution to M3, is dapui/m ~ aui [80]; the
muon contribution is smaller when y; ~ m, and equal when p; > m,, and there is
also a proton contribution that is enhanced by my /. If we treat the system as a
gas of free nucleons and leptons then (4.25) differs from M3 by less than a factor of
2 for py > my,.

For the transverse photons, (4.25) is an overestimate of their screening. In the
low-momentum (London) limit, proton superconductivity would give a Meissner mass
M3, = 4/ (37r)ap?jp7p/mp (see, e.g., Ref. [12]), and overall charge neutrality requires
that pr, ~  (assuming that electrons are the main source of negative charge), so
M3, =~ ap?(w/my); (4.25) would then overestimate M3, by a factor of between 10
and 50 depending on ;. Moreover, in modified Urca processes the photon momentum
is well above the proton inverse coherence length, so the magnetic screening is reduced
below the London value [81, 80].

However, the sensitivity of our results to the precise screening of the photons
is limited by the fact that the photon always carries enough momentum to move a
lepton between the muon and electron Fermi surfaces, and its energy is negligible in
comparison to its momentum. So in the transverse photon propagator M3, is added to
x? where the minimum value of & is pp. — pryu Which varies from about 80 MeV at p; =
110 MeV to 20 MeV at p; = 300 MeV. There is therefore no singularity at very small
values of M),: the photon propagator becomes independent of M;; when M, < k.

Our approximation (4.25) corresponds to assuming a value of M), that, in the range
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m,, < py < 300 MeV, is unphysically large but of the same order of magnitude as the
minimum momentum transfer x. So using (4.25) is a conservative approximation that
should give a reasonable order-of-magnitude estimate of the leptonic equilibration
rate, with a tendency to underestimate it because the contribution of transverse
photons is overly suppressed.

To obtain the equilibration rates, we first multiply out the right hand sides of

(4.22) and define partial matrix elements by

— E ] — E ]
Wee—>e,u - Wee—>6u7 We,u—wu - WEM_WU

4,J<0 1,5 <t
1 1
Welel—mp = g Z ‘E1‘27 Wele2—>ep = g Z(EIEE + E;rEl)>
spins spins
1
Wele3—>e“ — _g Z (EIE?, + E§E1>, etC. (426)
spins

The traces resulting from the spin sums are easily evaluated with a computer algebra
package; we used the FeynCalc package for Mathematica [82]. The traces are listed
in section 4.5. In the next few paragraphs, we will describe the steps used to analyt-
ically integrate 10 of the 18 integrals, and list the expressions that we subsequently
integrated numerically in section 4.4.

We make use of the fact that the neutrino energies are ~ T < i, p,, by approxi-

mating the momentum and energy conserving delta functions as
5 (pr+p2—ps—pa—k1—k2) ~ 0(wi+wo—ws—ws— 1 — Q)8 (P1+P2—P3—Pa) (4.27)

We then note that k; and ks occur exactly once in each term, dotted into one of the
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other 4-momenta p;. Writing
kj = Q; (1,sin¢; cosn;,siné; sinn;, cos&;) (4.28)
then any dot product with another 4-momentum p; is

pi - ki = Q (wi— (i) sin g; cos nj— (pi)y sin & sinn; — (p;) - cos §;) (4.29)

The result of this operation is that the integrals over the k; and ks angular variables

become trivial:

31.. . o
J

because all of the integrations over one of the angles &; or 7; are zero.

The energy-momentum conserving delta function allows us to use relations like
P1 — P3 = ps — P2 to rewrite some of the denominators of the matrix elements. For
example, in We._¢, we can substitute variables so that p;3 does not appear in the
denominators of any of the terms; then we can integrate out the p3 3-momentum
variables easily. Similarly, in W,,_,, we can substitute variables so that p, does
not appear in the denominators and integrate out the p, 3-momentum variables.
However, our matrix elements have many terms containing the four-momentum p;
(p2), so it would be easier if we could integrate over d*ps (d*p,). This is accomplished

by replacing

/dz3 - / (CZQ)?;(; <(p3>0 B \/p?:,Tmi) ~ /%5(@3)0 — ) (4.31)

in Wee—e, and similarly for py in We,—,,,, . In the last approximation we are using
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the fact that the Fermi distribution function is sharply peaked at low temperatures.
Then we integrate over d*ps (d*py) using four of the delta functions.

We can further approximate that the medium is isotropic, by taking one of the
remaining momentum variables to be in a fixed direction (the z-axis for convenience).
The electrons are relativistic, so w; = |p;| and d®p; = w?dw;d cos 0;d¢p; when particle
i is an electron. The muons may not be relativistic, so w; = ,/p? + mﬁ and d3p;, =
Wiy /w?—mzdwid cos 6;d¢; when particle 7 is a muon. We then use the remaining delta
function to integrate over the magnitude of this isotropic momentum variable.

The remainder of the integrations are performed numerically. The only further
approximation made was to again take advantage of the sharply peaked Fermi distri-
bution function, and set w; = u; everywhere inside the integral, except for inside the
Fermi function itself. This allows a separation of the eight-dimensional integral into
a four-dimensional energy integral and a four-dimensional integral over the angular
variables. The integration variables are also changed to dimensionless variables by
scaling them with respect to p.

The final expression for each term in the rate has the form

1] o F Il a 14 lij
eont = 198 It <T> XA X g (4.32)

where £ is the species of the spectator lepton, and I¢, and Iﬁg are dimensionless energy

and angular integrals, respectively. These integrals are listed in section 4.4.
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4.3 Numerical results and conclusions

The remaining part of the rate calculation is performed numerically. The dimension-

less energy integrals are nearly the same; a power-law fit of the results yields

T\® T\®
I° ~ 78.86 <—) . 1M A 78.62 <—) (4.33)
225 i

In our approximation, the angular integrals only have dependence on p;. We
determined an analytical fit for the p;-dependence of I;g and [ é?)j (accurate within
5%) over the range 120 MeV < p; < 300 MeV by curve-fitting the numerical data
with sixth-order polynomials:

2\ 1/2 6 i
> m i

i () 5 (2

o= ) e

co = —1.7363 x 10%, ¢; = 5.0189 x 10%, ¢y = —4.7644 x 10*, ¢3 = 1.3224 x 10%,

Q

ey = 4.4203 x 10% ¢5 = —2.7199 x 10% ¢ = 3.5119 x 10? (4.34)

m2 3/2 6 y i
!
Hi i=0 Kz

co = 1.2433 x 10°,¢; = —3.6329 x 10%, ¢y = 4.4365 x 105, ¢5 = —2.8702 x 105,

Q

>l

]

cy = 1.0354 x 10°% ¢5 = —1.9728 x 10°, ¢g = 1.5507 x 10* (4.35)

Fig. 4.3 shows the u; dependence of the effective rate 7. defined in (4.11). As
; approaches m,,, the rate quickly drops to zero as the muon population disappears.
The overall T7 dependence is also illustrated in the sizable difference in order of
magnitude of the rate for the three different temperatures.

Fig. 4.4 shows the temperature dependence of the bulk viscosity ¢ as defined in

(4.12), for a neutron star with oscillation frequency w = 27 x 1kHz. The straight
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Figure 4.3: (Color online) Dependence of the effective rate of electron/muon conver-

sion e (see (4.11)) on the charged-lepton chemical potential p; at three different

temperatures. As yy; drops towards m,, the muon population decreases and the con-

version rate drops to zero. The temperature dependence is 77, hence 7.4 is much

larger at higher temperatures.
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dashed, dotted and dot-dashed lines on the log-log plot illustrate the power-law depen-
dence on T for three different values of j;. Also plotted is the nucleonic bulk viscosity
using the results of [28]. These results are for a model where neutrons are superfluid,
pairing in the spin triplet state, and the protons are superconducting, pairing in the
spin singlet state; also, it is assumed that only modified Urca processes are available
for damping of pulsations (although direct Urca processes would become possible at
higher densities) and the critical temperature for both the neutron superfluidity and
proton superconductivity was chosen to be 10K ~ 0.86 MeV. Above the critical
temperature for proton superfluidity, the bulk viscosity for 1 kHz oscillations due to
leptons is several orders of magnitude less than the bulk viscosity due to nucleons;
below the critical temperature, the nucleonic bulk viscosity quickly decreases and at a
low enough temperature, the leptonic contribution becomes dominant. Based on our
calculations, this crossover temperature appears to be of order 0.01 to 0.1 MeV (108
to 10° K) for an oscillation frequency in the kHz range. Such a suppression of the
nucleonic contribution can arise either from superfluidity of neutrons or superconduc-
tivity of protons. It is therefore quite possible that for many cold neutron stars, the
bulk viscosity of the superconducting or superfluid region comes mainly from leptonic
processes.

The viscosity curves in Fig. 4.4 all slope upwards because the equilibration rate

Vet (T') is well below the oscillation frequency w, so we are in the slow-equilibration
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Figure 4.4: (Color online) Dependence of the leptonic bulk viscosity ¢ on temperature
for three different values of the lepton chemical potential, and an oscillation frequency
of 1kHz; for frequency dependence, see the discussion after (4.36). The solid line is
the nucleonic bulk viscosity [28] due to modified-Urca processes. The protons are

superconducting at 7' < 0.86 MeV (10'° K).
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(high frequency) regime of (4.12), where

'Veff(T)
w2

(~C (4.36)

This is true for both leptonic and nuclear viscosities. In this regime one can simply
add the two bulk viscosities to get the total bulk viscosity (see, for example, appendix
A of Ref. [40]). As the temperature rises, the equilibration rate and hence the bulk
viscosity rise. When ~.g(7) comes close to w, (4.36) becomes a poor approximation
to (4.12): ¢ reaches a maximum when 7.g(7) = w. Those maxima, for both leptonic
and nuclear bulk viscosities, are beyond the right hand limit of Fig. 4.4; for p; = 200
MeV, the peak occurs at T' ~ 40 MeV.

We can now see how our results depend on the frequency of the oscillations.
Decreasing w moves each ((7") curve to the left, shifting the viscosity curves in Fig. 4.4
upwards. The largest value we find for the leptonic effective rate o (at 7= 10 MeV,
for py = 300 MeV) is yer ~ 2 rad/s, so for the leptonic bulk viscosity (4.36) is valid
for oscillation frequencies well above this value. For example, if we reduced the
oscillation frequency from 1000 Hz to 100 Hz then all the viscosity curves in Fig. 4.4
would be shifted upwards by a factor of 100. Decreasing the frequency still further
would bring us to the regime where, in the temperature range of interest, either the
nuclear and leptonic rate was comparable to the oscillation frequency (so one or both
bulk viscosity curves would show a resonant peak in our plot). Then one may not
be able to simply add the bulk viscosities. At extremely low oscillation frequencies,

both peaks would shift to very low temperatures, the bulk viscosity curves in our
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plot would all slope downwards, the nucleonic contribution dominates, and the bulk
viscosities could again be added.

It will be interesting to see whether the leptonic contribution that we have cal-
culated here has any impact on oscillations of neutron stars. In the case of r-modes,
shear viscosity becomes the dominant source of damping in the low temperature
regime, so the leptonic contributions to the bulk viscosity at low temperature are
not likely to be an important source of r-mode damping. However, for other modes
such as radial pulsations [83] they might be the main source of damping. We argued
(after (4.25)) that our approximations lead to a result that is of the correct order of
magnitude, tending to err on the conservative side of underestimating the leptonic
equilibration rate. If a more precise estimate of the bulk viscosity were required, one
could improve on our treatment by replacing the approximation (4.25) with separate
propagators for the transverse and longitudinal photons, incorporating their separate
screening mechanisms [81]. It should be noted that our calculation is limited to the
small-amplitude regime (u, < T'). If the leptonic bulk viscosity is insufficient to
damp an unstable oscillation such as an r-mode then the amplitude will rise and it
will be necessary to repeat our calculation in the large-amplitude (“supra-thermal”)
regime [84] to see whether leptonic bulk viscosity can stop the growth of the mode

once it reaches a large enough amplitude.
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4.4 Partial Rate Integrals

The following abbreviations are used throughout this appendix:

Cia = 1—cosb,, 014:1—MC0894

Cy = 1-— m (sin By sin B4 (sin ¢ Sin 4408 Go €OS Pg) +c0s By cos By

Cis3 = 1—(1—12) (sinf sin f3(sin ¢, sin ¢5+cos ¢1 cos ¢3)-+cos b cos fs)

Cuy = 1—(1—22)cosb, Cy=1—(1—22)cosbs (4.37)
2 exp (e +a—2) /1] [L+2 exp [(w5—1) /8] +exp [(zp+za—2) /1]

(1+exp[(za—1)/t]) (1+exp|(z,—1)/1])* (1+exp|(zc—1)/1]) (1+exp[(za—1) /1))
(4.38)

F (.Ta, xba xca xd) =

I = /dx2dx4dy1dy2 Ui 3 F(zatyityp—aa+1m,1,24)

Ik = /dxldxgdyldyg y% y% F(x1,1, 23,21 —23—y1 —y2+1) (4.39)

e 4C12C14+2C12054 —2C14Co4 — 422, Cra+ 12, Coy
N vy / 09250 s (4.40)
—2C1203,+2014,C3,+8C12014+4C15C4 —4C12014Co4 —4C14C24
el12 24 24
Ijes = —/1 —x%l/dﬂzdﬂle (22 —2Chs—122)?
xfn (40122—8012+4C14+012024—014024) — xfn
+ 5 3 (4.41)
(xm_2024_xs)
—4C15014—4C15024+622,C12
Is$ = —/1—2x2 /dQ Q) m 4.42
a0 Tm | s G 42) (22, — 2014 —a2) (4.42)
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20120%, — 4015014 — 4012024 +2C12C14C24
(27, —2C2—a3) (27, —2C14—a3)

19 = \/l_xgn/dQQdQAL

I 22,(-C46C15—2C15C1442C14—2C54) 25, /2 (4.43)
(27, —2C0s —3) (27, —2C14 — 23) '

4C19C14+2C19Co4 —2C14Cou —Ax? Cio+422 C 2 Coy —at
15322 _ mfd92d94 1201420712024 14Co4 — 4y, Cro+4x,, Cratx,,Cos — T,
(22, —2C24—172)?

(4.44)

201203, —4C15C14—4C12C24 +2C12C14Cay
(27, —2C2—a3)(27, —2C14—a3)

I = \/1—a:,2n/ngdQ4

" 22 (0% 4+6C12—2C13C24 —2C14+2C2) + a4 C12/2
(22, =202 —a2)(x2, —2C14—22)

(4.45)

207,014 —4C15C14+2CF,C24 —4C15Co4
(27, —2C2—a3) (27, —2C14—a3)

IE = —/1—2a2 / dQodQy

x?n(—40122+5012+Clgc14+012024+014+024)
(x5, =202 —a3) (23, —2C1—x3)

(4.46)

w = via [ 062,062, 201201+ 401200 201 Court 2, (AC+Cua) - 4

I =
@ (x2,—2C14—22)?

s = —m/dﬂgcﬁh —2C12C3+4C12C1442C%,Cr4+8C12C24 — 4C12C14C24 — 4C14C4
(22, —2C14—a2)?
27, (2C7, —8C12+ C19C14 = CraCay +4C54) — 7, (4.48)
(3, —2C14—23)? '
2C12014+4C12C4 —2C14C24 + 22, (4C12+ C14+4C34) — ),
1560 = V1—a2, [ dQdQ - =
a0 xm/d 2l (x2,—2C14—122)?
(4.49)
—2C3C +2613C34+4014é34+$2 (3(3’14—5(734)—954
it = (1- a2 3/2/deQ 1 Sl ] m™ (4,
i = (o) Al (20,2012 )
—2015C%,+4C? —261362 —4C?2 +8€13C34+8614C34
M2 (g2 B/Q/dQ a0 13471y 14 34— =034
= (men) T A (2%, ~201y— 1)

n 22 (4C3,+4C3,—8C13+2C135C14 _,8014_2613634 —4C14C34—8C34)
(2$$n - 2013 —$2)2
x (3C13—2C14+2C54+10) — 328,
(2$$n - 2613 —$2)2

(4.51)
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2C,5C2 +2014CQ —4613634—4014034
1#13 - —(1-— 2 B/Q/dQ dQ 1334 = 34 *
do (1) T (222, 2015 —22) (222, — 2C1a —2?)
x?n(—4(73?4+5613:F5614+613C34—t614634+5634)
(23}%1—2013—33?)(2337271—2014—332)
x#(—3613/2—3614/2—C34—6)+2$?n
(Zx%I—2013—%%)(233%1—2014—%%)

(4.52)

2C,5C2 +402 —8013034—8014034
e 1_23/2/deQ 13034 ™03y B
aQ (1=2m) B (202, —2C 5 —a2) (202, —2C14—22)
i 33,271(—0124—3O§4+6613+8014+2613034+2014034+8634)
(2x,2n—26’13—x§)(2x,2n—26'14—x§)
xﬁl(—3013/2—26’34—9)—|—3xg1/2
(2%7271—2613—!%%)(2!%%1—2614—:%%)

(4.53)

202, —20C2 +4C’13034+4C'14C'34—|—x2 (—4013—4034)4—4334
JH22 (] _ .2 3/2/dQ A 2214 34 ¢ m m
s ( $m) ! 3 (2%%—2013—%@)2
(4.54)
2C14C2,+4C3,—8C13034 —8C14C34
IP'23 — 1— 2 B/Q/dQ dQ 14V34 _ 34 _
@ (1= ) U (202, —2C 5 —22) (222, —2C14—22)

xfn (—6123 —3(73?4-1— 10613+613614+6€14+2613é34+2014é34 +8634)
(2%%1 — 2013 —x?)(2x%l — 2014—%%)

:E?n (—613 — 2614 —2(;'34 — 10)+25C?n

(2$%1 - 2613 —$§)(2{E72n - 2614 —$§)

+

(4.55)

4C2,—8C13C5,—8C14C. +332 (86’13+8C'14+86’34)—8x4
A (]2 3/2/dQ 10 2034 13C34 140zt a7, 7 "
a0 (1 =) e (223, —2C13—23) (223, —2C14 —a3)
(4.56)
33 3/2 —2624+2614C34+$2n(613+6€14—3C34)—3$;1n
M~ (1-a2) / 00, d0; 21 ot oGt 001 (4.57)
20%,—2C150%,+2C15C14—2C15C54+2C15C14Cl4
IR (] g2 B/Q/dQ a0 13 13014 4
do. = ~(-wn)7 [ dhdds (22,200, 22)?
3372,,1(—0123—O§4+2013+4613614+2014)
(2x$n—2C'14—x§)2
ﬂifn (—2013 —2014—2)4—233%1 (4 58)

(2%72,“ —2614 —!E%)g
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2(7123 —26§4+4613C34 +4C14Csy +CC%1 (—4614 —46‘34)-1-45Ci1
(2'7;%71 - 2014_3:?)2

[ha — (1—x;)3/2/d91d93

(4.59)

4.5 Partial Matrix Elements

64G% "
16 (¢2—q2)* (p1+p2—p3)*
—4096 (k1 - pa) (k2 - p3)(p1 - p2)*+4096(ky - pa) (ko - p1)(p1 - p2)(p1 - p3)

Wil _

ee—ell

+4096(k1 - pa) (k2 - p2)(p1 - p2)(p1 - p3) +4096(k1 - pa) (k2 - p1)(p1 - p2) (P2 - p3)
+8192(k1 - pa)(k2 - p2)(p1 - p2) (P2 - p3) —4096(k1 - pa) (k2 - p3)(p1 - p2) (P2 - P3)
—4096(k1 - pa)(k2 - p2)(p1 - p3)(p2 - p3) +4096(k1 - pa) (k2 - p3)(p1 - p3)(p2 - p3)

+4096(k1 - pa) (k2 - p1)(p2 - ps)? (4.60)
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W12 —

442
Gt

ee—efll

X

16 (¢ —q2)* (pr+p2—p3)” |(ps+pa—p1)* — mﬁ]

4096(k1 - p3) (k2 - pa)(p1 - p2)(p1 - p3)+4096(k1 - pa) (k2 - pa)(p1 - p2)(P1 - P3)

+4096(k1 - p3)(k2 - p2)(p1 - p2)(p1

—4096(k1 - pa) (k2
+4096 (k1 - p2) (k2
—4096(k1 - pa) (k2
+4096 (k1 - pg) (k2
+8192(kq - pg) (k2
—4096(k1 - p3) (k2
+4096 (k1 - p1) (k2
—8192(ky - pa) (k2
+4096 (k1 - pa) (k2
+8192(kq - pg) (k2
—4096(k1 - pa) (k2
+4096(k1 - p2) (k2
—8192(ky - p1) (k2

—4096 (k1 - p1) (k2

-p3)(p1
-p3)(p1
-pa)(p1
-p1)(p1
-p2)(p1
-p1)(p1
-p2)(p1
-p2)(p1
-p3)(p1
-p2)(p1
-p3)(p1
-p2)(p1
-p1)(p2

- p2) (P2

-p2)(p1
-p3)(p1
-p3) (P2
-pa)(p2
- pa) (P2
-p3) (P2
-p3)(p2
-p3) (P2
-p3) (P2
-p2)(p3
-p2)(p3
~p3)(p3
-p3)(p3

- p3)(p3
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- p4) —8192(ky - p3) (k2 - p3)(p1 - p2)(P1 - P4)

- p4) —4096(k1 -
- p4)+4096 (k1 -
- p3)+8192(k; -
- p3)+4096 (k1 -
- p3) —4096(k1 -
- p4) —4096(k1 -
- pg)—4096(ky -
- p4) —4096(k1 -
- 4) —4096(k1 -
- pa)+8192(k; -
- p4)+4096(k; -
- p4) —4096(k1 -
- pa)+4096(k; -

'p4)]

p2)(k2
p1) (k2
p3)(k2
p3) (k2
ka)(p1
pa)(k2
p3) (k2
p1)(k2
p1)(k2
p1) (k2
p2)(k2
ka)(p1

pa) (k2

-p2)(p1
-pa)(p1
p1)(p1
-p2)(p1
-p3)(p1
-p1)(p1
-p2)(P1
-p3)(p1
-p2)(p1
-p3)(p1
-p1)(p1
-p2)(p1

- p1)(p2

-p3) (P
-p3)(p2
- pa) (P2
- pa) (P2
- pa) (P2
-p3) (P2
- p3)(p2
-p3) (P2
-p2)(P3
-p2)(p3
-p3)(p3
-p3)(p3

- p3)(p3

*p4)
*p3)
*p3)
*p3)
+p3)
*P4)
*P4)
*P4)
" p4)
*P4)
" P4)
" p4)

" p4)
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13 640%
Wee—»eu - 1 X
16 (¢2—q2) (w? —q2) (p1+p2—p3)
8192(ky - pa) (k2 - p3)(p1 - p2)> —8192(k1 - pa) (k2 - p1)(p1 - p2)(p1 - p3)
—8192(k1 - pa) (k2 - p2)(p1 - p2)(p1 - p3) —8192(k1 - pa) (k2 - p1)(p1 - p2) (P2 - P3)
—8192(k1 - pa)(k2 - p2)(p1 - p2) (P2 'ps)] (4.62)
Wele4—>ey, = - 64G%‘ X

16 (42— q2) (w2 =) (p1-+p2—ps)? [ (pa+ps—p2)* — 2

—4096(k1 - p3) (k1 - pa)(p1 - p2) (P2 - p3) —4096(k1 - pa) (k1 - pa)(p1 - p2)(p2 - p3)
+4096(k1 - p3) (k1 - p1)(p1 - pa)(p2 - p3) +4096(k1 - pa)(k1 - p1)(p1 - pa)(p2 - p3)
+4096(k1 - p3) (k1 - p2)(p1 - pa)(p2 - p3)+4096(k1 - pa) (k1 - p2)(p1 - pa)(p2 - p3)
+4096(k1 - p3) (k1 - p3)(p1 - p2)(p2 - 4) +4096(k1 - pa)(k1 - p3)(p1 - p2)(p2 - pa)
—4096(k1 - p3)(k1 - p1)(p1 - p3)(p2 - pa) —4096(k1 - pa) (k1 - p1)(p1 - p3)(p2 - pa)
—4096(k1 - p3)(k1 - p2)(p1 - p3)(p2 - pa) —4096(k1 - pa) (k1 - p2)(p1 - p3)(p2 - pa)
—4096 (k1 - pa) (k1 - p1)(p1 - p2)(ps - pa) —4096(k1 - p2)(k1 - p3)(p1 - p2)(p3 - pa)
+4096(k1 - p2) (k1 - p1)(p1 - p3)(p3 - pa)+4096(k1 - p2) (k1 - p2)(p1 - p3)(p3 - pa)
—4096(k1 - p1)(k1 - p1)(p2 - p3)(p3 - pa) —4096(k1 - p1) (k1 - p2)(p2 - p3)(p3 - pa)
+4096(k1 - k2)(p1 - p2)(p2 - p3)(p3 - pa)

(4.63)
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W2, = Ok 7 x
16 (42— a2)? [(pa+ps—p1)* = m2
[4096(k:1 -p1)(k2 - p2)(p1 - p3)(p1 - pa) —4096(k1 - pa) (k2 - p2)(p1 - p3)(p1 - pa)
+4096(k1 - p3) (k2 - p2)(p1 - pa)* +4096 (k1 - p3) (k2 - p2)(p1 - p3)(ps - pa)
+4096(k1 - pa) (k2 - p2)(p1 - p3)(p3 - pa) —4096(k1 - p1) (k2 - p2)(p1 - pa)(p3 - Pa)
+4096(k1 - p3) (k2 - p2)(p1 - pa)(ps - pa)+8192(ky1 - pa) (k2 - p2)(p1 - p4)(p3 - pa)
—4096(k1 - p1) (k2 - p2)(p3 - p1)*+4096(k1 - p1) (k2 - p2) (p1 - p3)m,
—4096(k1 - ps) (ks - p2)(p1 - pa)m? —4096(ky - pa) (kz - p2) (b1 - po)m2|  (4.64)
W, - a9, »

+4096 (k1 - p3) (k2 -
—4096 (k1 - p3) (k2 -
—4096 (k1 - p3) (k2 -
+4096 (k1 - p3) (k2 -
+4096 (k1 - p3) (kg -
—4096 (k1 - pa) (k2 -
—4096 (k1 - p2) (k2 -
+4096 (kq - k2) (p1 -

+4096 (k1 - p1) (k2 -
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16 (42— q2) (w2 —q?) | (ps+pa—p1)® — mﬁ] (p1+p2—p3)°

—4096 (k1 - p3) (k2 - pa) (p1 - p2) (1 - p3) —4096 (k1 - pa) (k2 -

- p4) +4096 (ky
- p3) —4096 (K
- p3) —4096 (ki
- p4) +4096 (ky
- p4)+4096 (k1
- pa) —4096 (K
- 4) —4096 (K,
- p4)+4096 (k1

" p4)

~pa) (k2 -
~pa) (k2 -
~pa) (k2 -
~pa) (k2 -
~pa) (k2 -
-p1) (ka -
“p2) (k2 -

-p1) (k2 -

-p2) (p1 - p3)
-p2) (P1 - pa)
-p4) (P2 - p3)
-p4) (P2 - p3)
-p3) (P2 - pa)
+p3) (P2 - pa)
+p2) (p3 - pa)
+p3) (p3 - pa)

“p3) (P3 - pa)

(4.65)
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W24

ee—efll

4,42
e Gy

16 (42— q2) (w2 —q?) | (ps+pa—p1)* — mﬁ] {(p3+p4—p2)2

—4096 (k1 - p3) (ks - - p2)(p3 - pa) —4096 (K

— 4096 (ky
+4096 (ky

+4096 (k

+4096 (k1 -
+4096 (k1 -
— 4096 (k1 -
+4096 (k1 -

+2048 (k; -

—2048 (k;

—2048 (ky - pa) (k2 -

- p3) (k2
- p3) (k2

- p3) (k2

- pa) (ko

442
e G

p3)(p1

-pa)(P1
“p2) (P
-p2) (P
“p1)(p2
p1)(p2
-p1)(p3
-p2)(P3
-p3) (P

“p2)(p1

p1)(p2

2 9\2 1
16 (w2 —q2)" (p1+p2—p3)
—4096 (k1 - p4) (k2 - p3) (p1 -

+4096 (ky
+4096 (ky
+4096 (ky

+4096 (ky

- p4) (k2 - p2) (p1
- p4) (k2 - p2) (p1
- p4) (k2 - p2) (1

- p4) (k2 - p3) (1

- p3)my,

- p2)(ps - pa) —4096 (k1
- p3)(ps - pa)+4096 (k1
- pa)(p3 - pa) +4096 (kq
- p3)(ps - pa)+4096 (ky

- pa)(p3 - Pa)+4096 (k1

2

- pa) (2
- pa)(F2
- pa) (2
- pa) (k2
- pa)(F2

- pa) (k2

2
g,

-p3) (P
-p4)(P1
-p2)(p1
-p2)(p1
-p1)(p2
-p1)(p2
- pa)? =4096 (k1 - p1) (ks - p2) (ps - pa)?

- pa)* 44096 (k1 - p3) (k2 - ps)(p1 - p2)m,

X

-p2)(p3
-p2)(P3
-p3)(P3
-pa)(p3
-p3)(P3

- p4)(p3

- p2)m, —4096 (k1 - p3) (ks - p2)(p1 - p3)m;,

- p3)m;, —4096 (ky - p3)(kz - p1)(p2 - ps)m.,

*P4)
*P4)
*p4)
*P4)
*p4)

- pa)

(4.66)

p2)?+8192 (k1 - pa) (k2 - p1) (p1 - p2) (P1 - p3)

-p2) (p1 - p3)—4096 (k1 - pa) (k2 - p3) (p1 - p2) (p1 - P3)

- p3)?+4096 (k1 - pa) (k2 - p1) (p1 - p2) (D2 - p3)

-p2) (P2 - p3)—4096 (k1 - pa) (k2 - p1) (p1 - p3) (P2 - P3)

-p3) (P2 - p3)
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W34 — 640%' %
ee—el
16 (w? = g2)° (p1-+p2—p3)” |(ps-+pa—p2)” — 2]

4096 (k1 - p3) (k2 - pa) (p1 - p2) (P2 - p3)+4096 (k1 - ps) (k2 - pa) (p1 - p2) (P2 - P3)

+4096 (k1 - p2) (k2 - pa) (1 - p3) (p2 - p3) —4096 (k1 - pa) (k2 - pa) (p1 - p3) (p2 - p3)
+4096 (k1 - p2) (k2 - p1) (p1 - p4) (p2 - p3) —4096 (k1 - p3) (k2 - p1) (p1 - pa) (p2 - p3)
—8192 (k1 - pa) (k2 - p1) (p1 - pa) (p2 - p3) —4096 (k1 - p3) (k2 - p2) (p1 - pa) (p2 - p3)
—4096 (k1 - pa) (k2 - p2) (1 - pa) (p2 - p3) —4096 (k1 - p2) (k2 - ps) (p1 - pa) (p2 - p3)
+4096 (k1 - pa) (k2 - p3) (1 - pa) (p2 - p3)+4096 (k1 - p3) (k2 - p1) (p1 - p2) (p2 - pa)
—8192 (k1 - p3) (k2 - p3) (p1 - p2) (p2 - pa) —4096 (k1 - pa) (k2 - p3) (p1 - p2) (p2 - pa)
+4096 (k1 - p3) (k2 - p1) (p1 - p3) (p2 - pa)+8192 (k1 - pa) (k2 - p1) (p1 - p3) (p2 - pa)
+8192 (ky - p3) (k2 - p2) (1 - p3) (p2 - pa)+4096 (k1 - pa) (k2 - p2) (p1 - p3) (2 - pa)
—4096 (k1 - p1) (k2 - p1) (p2 - p3) (p2 - pa)+4096 (k1 - p1) (k2 - ps) (p2 - p3) (p2 - pa)
—4096 (k1 - k2) (p1 - p3) (p2 - p3) (p2 - p4) —=4096 (k1 - p2) (k2 - p1) (p1 - p2) (p3 - pa)
+8192 (k1 - pa) (k2 - p1) (1 - p2) (p3 - a)+8192 (k1 - p2) (k2 - p3) (1 - p2) (p3 - pa)
—4096 (k1 - pa) (k2 - p3) (p1 - p2) (ps - p4) —4096 (k1 - p2) (k2 - p1) (p1 - p3) (ps - pa)
—8192 (k1 - p2) (k2 - p2) (1 - p3) (ps - pa)+4096 (k1 - pa) (k2 - p2) (1 - p3) (ps - pa)
+4096 (k1 - p1) (k2 - p1) (p2 - p3) (p3 - pa)+4096 (k1 - p1) (k2 - p2) (p2 - p3) (p3 - pa)

—4096 (k1 - k2) (p1 - p2) (p2 - p3) (p3 - pa) (4.68)
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X

{4096 (k1 - p2) (k2 - p1) (P2 - p3) (P2 - P4) —4096 (k1 - pa) (k2 - p1) (P2 - P3) (P2 - P4)

p1) (P2 - pa)*+4096 (k1 - p3) (ka2 - p1) (p2 - p3) (s - pa)

p1) (P2 - p3) (p3 - pa) —4096 (k1 - p2) (k2 - p1) (p2 - pa) (p3 - pa)
p1) (2 pa) (p3 - pa) +8192 (k1 - pa) (k2 - p1) (p2 - p4) (p3 - pa)
p1) (p3 - pa)*+4096 (k1 - pa) (k2 - p1) (p2 - ps) m,

p1) (p2 - p3) mi, —4096 (k1 - pa) (k2 - p1) (p2 - p3) mi] (4.69)

i 646%
o 2_2)2 2 2 2
16 (w2~ g2)? [(ps+p1—p1)* = m
+4096 (k1 - ps) (k2 -
+4096 (k‘l . p4) (k‘Q .
+4096 (k1 - p3) (k2 -
—4096 (k1 - p2) (k2 -
—4096 (k1 - p3) (k2 -
4,42
11 _ e Gr
Wep—up

[-4096 (k1 - pa) (k2
+4096 (k1 - pg) (ko
+8192 (k1 - pa) (ko
—4096 (k1 - pa) (k2
+4096 (k1 - pg) (ko
—4096 (k1 - pa) (k2
—4096 (k1 - pa) (k2
+4096 (k1 - pg) (ko

+4096 (k1 - pa) (k2

X
16 (¢2—¢2)* (p1+p2—p3)*
-p3) (p1 - p2)* +4096 (ky - pa) (k2 - p1) (p1 - p2) (p1 - p3)

-p2) (p1 - p2) (p1 - p3)+4096 (k1 - pa) (k2 - p1) (p1 - p2) (p2 - p3)
-p2) (P1 - p2) (p2 - p3) —4096 (K1 - pa) (k2 - p3) (p1 - p2) (p2 - p3)
-p2) (p1 - p3) (p2 - p3)+4096 (k1 - pa) (k2 - p3) (p1 - p3) (p2 - p3)
+p1) (p2 - p3)® —8192 (k1 - ps) (k2 - p1) (p1 - p2) m,

- pa) (p1 - p2) M, +4096 (k1 - pa) (k2 - p3) (p1 - p2) ms,

- p2) (p1 - ps) m,+4096 (k1 - pa) (k2 - p1) (p2 - ps) m,

- p2) (p2 - p3) my, —8192 (k1 - pa) (k2 - p3) (p2 - p3) m},

- p2) mﬁ] (4.70)
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G2
Weliﬂuu - 2 zF x
16 (¢ —q2)" (p1+p2—p3)° [(p3+pa—p1)? — m?]

[4096 (k1 - p3) (k2 - pa) (p1 - p2) (p1 - p3) +4096 (k1 - pa) (k2 - pa) (p1 - p2) (p1 - p3)

+4096 (k1 - p3) (k2 - p2) (p1 - p2) (1 - pa) —=8192 (k1 - p3) (k2 - p3) (p1 - p2) (p1 - pa)
—4096 (k1 - pa) (k2 - p3) (p1 - p2) (p1 - pa) —4096 (k1 - p2) (K2 - p2) (p1 - p3) (p1 - pa)
+4096 (k1 - p2) (k2 - p3) (p1 - p3) (p1 - pa) +4096 (k1 - p1) (k2 - pa) (p1 - p3) (P2 - p3)
—4096 (k1 - pa) (k2 - pa) (1 - p3) (p2 - p3)+8192 (k1 - p3) (k2 - p1) (1 - pa) (p2 - p3)
+4096 (k1 - pa) (k2 - p1) (p1 - pa) (2 - p3)+4096 (k1 - p3) (k2 - p2) (p1 - pa) (P2 - p3)
+8192 (k1 - pa) (k2 - p2) (1 pa) (P2 - p3) —4096 (k1 - k2) (p1 - p3) (p1 - pa) (P2 - p3)
—4096 (k1 - p3) (k2 - p1) (p1 - p3) (p2 - pa) —4096 (k1 - pa) (k2 - p1) (p1 - p3) (p2 - pa)
+4096 (k1 - p1) (k2 - p2) (p1 - p3) (p2 - pa) —4096 (k1 - p3) (k2 - p2) (p1 - p3) (p2 - pa)
—8192 (k1 - pa) (k2 - p2) (1 - p3) (p2 - pa) —4096 (k1 - p1) (k2 - p3) (p1 - p3) (p2 - pa)
+4096 (k1 - pa) (k2 - p3) (p1 - p3) (p2 - pa) —4096 (k1 - p1) (k2 - p2) (p1 - p2) (3 - pa)
+8192 (k1 - pa) (k2 - p2) (p1 - p2) (3 - pa) +8192 (k1 - p1) (k2 - ps) (p1 - p2) (3 - pa)
—4096 (k1 - pa) (k2 - p3) (1 - p2) (p3 - pa)+4096 (k1 - p2) (k2 - p1) (1 - p3) (p3 - pa)
+4096 (k1 - p2) (k2 - p2) (p1 - p3) (s - pa) —4096 (k1 - k2) (p1 - p2) (p1 - p3) (s - pa)
—8192 (k1 - p1) (k2 - p1) (p2 - p3) (p3 - pa)+4096 (k1 - pa) (k2 - p1) (p2 - p3) (p3 - pa)
—4096 (k1 - p1) (k2 - p2) (p2 - p3) (p3 - pa) —4096 (k1 - p3) (ka - pa) (p1 - pa) ms,
+2048 (k1 - p1) (k2 - p3) (p1 - p2) m7; +2048 (k1 - p3) (ks - p3) (p1 - p2) m,

—4096 (k1 - p1) (k2 - pa) (p1 - pa) m7,—4096 (k1 - pa) (ko - pa) (p1 - pa) m,

+2048 (k1 - pa) (k2 - pr) (p1 - p3) mj, +4096 (k1 - p2) (k2 - p2) (p1 - p3) m,

—2048 (k1 - p2) (k2 - p3) (p1 - p3) mi—8192 (k1 - pa) (k2 - pa) (p1 - p3) m,
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+6144 (k1 - p3) (k2 - p1) (p1 - p3) (p2 - pa) +4096 (K1 - pa) (k2 - p1) (p1 - p3) (p2 - pa)
+8192 (k1 - p3) (k2 - p2) (p1 - p3) (p2 - a) +4096 (K1 - pa) (k2 - p2) (p1 - p3) (p2 - pa)
+2048 (k1 - p1) (k2 - p3) (p1 - p3) (p2 - pa) —4096 (k1 - p3) (k2 - p3) (p1 - p3) (p2 - pa)
—2048 (k1 - k2) (p1 - p3)° (p2 - a) —4096 (k1 - p1) (k2 - p2) (p1 - p2) (p3 - pa)
+8192 (k1 - p3) (k2 - p2) (p1 - p2) (3 - pa) —4096 (K1 - p3) (k2 - p3) (p1 - p2) (3 - pa)
—2048 (k1 - pa) (k2 - p3) (1 - p2) (p3 - pa)+4096 (k1 - p1) (k2 - pa) (1 - p2) (p3 - pa)
—2048 (k1 - p3) (k2 - pa) (p1 - p2) (ps - pa) —2048 (k1 - p2) (k2 - p1) (p1 - p3) (ps - pa)
+2048 (k1 - p1) (k2 - p2) (p1 - p3) (3 - pa) —8192 (k1 - p3) (k2 - p2) (p1 - p3) (3 - pa)
—2048 (k1 - pa) (k2 - p2) (1 - p3) (p3 - pa)+2048 (ky - p2) (k2 - pa) (1 - p3) (p3 - pa)

+2048 (k1 - k2) (p1 - p2) (p1 - p3) (p3 - pa) +4096 (k1 - p2) (k2 - p1) (1 - pa) (P3 - P4)
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+4096 (k1 - p2) (k2 - p2) (p1 - pa) (p3 - pa) —2048 (k1 - p3) (k2 - p2) (p1 - pa) (ps - p4)
—2048 (k1 - p2) (k2 - p3) (p1 - pa) (ps - pa) —4096 (k1 - k2) (p1 - p2) (p1 - p4) (p3 - P4)
+4096 (k1 - p3) (k2 - p1) (p2 - p3) (p3 - pa)+2048 (k1 - pa) (k2 - p1) (p2 - p3) (3 - pa)
—2048 (k1 - p1) (k2 - pa) (p2 - p3) (ps - pa)+2048 (k1 - ko) (p1 - pa) (P2 - p3) (ps - p4)
—4096 (k1 - p1) (k2 - p1) (p2 - pa) (p3 - pa)+2048 (k1 - p3) (k2 - p1) (p2 - pa) (3 - Pa)
—4096 (k1 - p1) (k2 - p2) (p2 - pa) (p3 - pa)+2048 (k1 - p1) (2 - p3) (p2 - pa) (3 - Pa)
—2048 (k1 - ko) (p1 - p3) (2 - a) (P3 - pa) —2048 (k1 - pa) (ka - p1) (p3 - pa)’?
+2048 (k1 - p1) (k2 - p2) (p3 - pa)°+2048 (1 - ko) (p1 - p2) (p3 - pa)’

—2048 (k1 - p1) (ko - p3) (p1 - p2) my, —2048 (k1 - pa) (k2 - p3) (p1 - pa) m,

+2048 (k1 - p1) (k2 - pa) (p1 - p2) mi+2048 (k1 - pa) (k2 - pa) (p1 - po) m,

—2048 (1 - p2) (k2 - p1) (p1 - p3) m,+4096 (k1 - p2) (k2 - p2) (p1 - ps) m,

+2048 (k1 - p3) (k2 - p2) (p1 - p3) m7; +4096 (k1 - pa) (k2 - p2) (p1 - p3) m,

—6144 (k1 - p2) (k2 - p3) (p1 - ps) mip+2048 (ki - pa) (k2 - pa) (p1 - p3) m,

+2048 (k1 - ko) (p1 - p2) (p1 - p3) mj, —2048 (k1 - p1) (k2 - p2) (p1 - pa) m,

+4096 (k1 - p3) (k2 - p2) (p1 - pa) m7; +2048 (k1 - pa) (k2 - p2) (1 - pa) m,

—4096 (k1 - p2) (k2 - p3) (p1 - pa) my,+2048 (k1 - p1) (k2 - p1) (2 - ps) m,

+2048 (k1 - pa) (k2 - p1) (p2 - p3) my, —4096 (k1 - p1) (k2 - p2) (p2 - p3) m,

+8192 (k1 - p3) (k2 - p2) (p2 - p3) m7; +4096 (k1 - pa) (ks - p2) (p2 - p3) m,

—2048 (k1 - p1) (k2 - pa) (p2 - p3) mj,+4096 (k1 - p3) (k2 - pa) (pa - p3) ms,

+2048 (k1 - pa) (k2 - pa) (p2 - p3) m,+6144 (ky - ko) (p1 - p3) (p2 - p3) m,
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+4096 (k1 - k2) (p1 - pa) (p2 - p3) mi, —2048 (k1 - p1) (ka - p1) (p2 - pa) ms,
—2048 (k1 - pa) (k2 - 1) (p2 - pa) m,+2048 (k1 - p1) (k2 - p3) (p2 - pa) m,
—4096 (1 - p3) (ka - p3) (p2 - pa) m7, —2048 (k1 - pa) (ko - p3) (p2 - pa) m,
—2048 (k1 - k2) (p1 - p3) (p2 - pa) m7,—2048 (k1 - p2) (ko - p1) (ps - pa) ms,
—4096 (k1 - p1) (k2 - p2) (ps - pa) m7,—4096 (k1 - p2) (k2 - p2) (ps - pa) m.,
+6144 (k1 - p3) (k2 - p2) (p3 - pa) mj, +6144 (k1 - p2) (k2 - p3) (p3 - pa) M,
—2048 (k1 - pa) (k2 - pa) (p3 - pa) m,+2048 (k1 - ka) (p1 - p2) (p3 - pa) m,
—6144 (k1 - k2) (p2 - p3) (p3 - pa) m,+2048 (k1 - ko) (p2 - pa) (p3 - pa) m,
+4096 (k1 - p2) (k2 - p1) m),+2048 (k1 - p1) (k2 - p2) my, —4096 (k1 - ps) (ka - p2) my,
—2048 (ky - py) (kg - p2) m, +4096 (k1 - p2) (k2 - ps) my, —4096 (k1 - p2) (k2 - pa) my,
—4096 (k1 - k2) (p1 - pa) my, —4096 (k1 - k) (pa - ps) my,+4096 (k1 - k2) (p2 - pa) m,

(4.78)
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€4G%
16 (52— q2)° [(ps+pa—p1)2—m2)’
[4096 (k1 - pa) (k2 - p2) (p1 - p3)*+4096 (k1 - p1) (k2 - p2) (p1 - p3) (p1 - pa)

44 _
Wepopu =

—4096 (k1 - p3) (k2 - p2) (p1 - p3) (p1 - p4) —4096 (k1 - p1) (k2 - p2) (p1 - 3) (p3 - pa)
+8192 (k1 - p3) (k2 - p2) (p1 - p3) (p3 - pa)+4096 (k1 - pa) (k2 - p2) (p1 - p3) (P3 - p4)
+4096 (k1 - p3) (k2 - p2) (p1 - pa) (P3 - pa)+4096 (k1 - pa) (k2 - p2) (1 - pa) (3 - Pa)
—4096 (k1 - p1) (k2 - p2) (p3 - pa)° =8192 (k1 - p1) (k2 - pa) (p1 - p3) m},

+4096 (k1 - p3) (k2 - p2) (p1 - p3) m7; +4096 (k1 - pa) (ks - p2) (p1 - p3) m],

+4096 (k1 - p1) (k2 - p2) (p1 - pa) m7, —8192 (k1 - p3) (k2 - p2) (p1 - pa) 0,

—4096 (k1 - pa) (k2 - p2) (p1 - pa) m7,+4096 (k1 - p1) (k2 - p2) (ps - pa) m’,

—4096 (k1 - p3) (k2 - pa) (p3 - pa) m, —8192 (k1 - pa) (k2 - p2) (p3 - pa) m,

—4096 (1 - p1) (ko - p2) m,+8192 (k1 - p3) (k2 - p2) m), +4096 (k1 - pa) (k2 - p2) mﬁ]

(4.79)
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Chapter 5

Illuminating interfaces between
phases of a U(1)xU(1) gauge

theory

We study boundaries between phases in which different linear combinations of gauge
generators are free. Mixing of gauge generators is familiar from the standard model of
particle physics, and the possibility of creating neighboring domains in which different
linear combinations of gauge generators are free is now receiving serious attention.
To set the stage for this work we first briefly review a concrete example.

In the standard model, the propagating U(1) gauge boson (the photon) is asso-
ciated with a particular Abelian U(1)q subgroup of the full standard model gauge
group. This subgroup emerged unbroken from the electroweak Higgs symmetry break-

ing SU(2) @ U(1)y — U(1)g at the TeV scale, and is generated by some linear com-
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bination of the “W3” generator of the SU(2) weak interaction and the “Y” generator
of the U(1) hypercharge interaction.

We now know that in quark matter the gauge group for the propagating U(1)
gauge boson will be rotated into a different direction by a further layer of symmetry
breaking at the MeV scale. At sufficiently high density, quark matter will develop
a condensate of quark Cooper pairs that plays the role of a Higgs field [48, 49].
(For reviews of this phenomenon of “color superconductivity” see Ref. [50]). In the
real world, quark matter is expected to contain the three lightest flavors, and in
this case the condensate forms a “color-flavor-locked” (CFL) phase [51], in which a
linear combination of the photon and one of the gluons remains massless, while the
orthogonal linear combination and the remainder of the gluons become massive by
the Higgs mechanism. The gauge symmetry breaking is SU(3)color @ U(1)q — U(1)g-
Thus a “rotated” electromagnetism is present in the CFL color superconducting phase
of quark matter. This raises the interesting possibility of having an interface between
a vacuum region in which the propagating gauge boson is the usual @-photon, and
a quark matter region in which it is a different particle, the Q-photon, which is a
mixture of the photon and a gluon. What will happen to electromagnetic fields,
including light beams, that encounter such an interface?

The U(1) ® U(1) gauge system arises in various other physical contexts. Elec-
troweak symmetry breaking can be simplified to a U(1) ® U(1) system by focussing
on the hypercharge and W; bosons, which mix to form the photon and Z° The

U(1) ® U(1) gauge system also arises in extensions of the standard model, where an
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extra U(1) gauge symmetry with a corresponding Z’ gauge boson is added. Natural
contexts for this include Grand Unified Theories with gauge groups such as SO(10)
and Fjg, and some string models [52, 53].

In chapter 5 we study the light reflection and transmission properties of a boundary
between phases in a U(1) ® U(1) gauge theory. There have been previous studies of
the behavior of magnetic fields [54] and light beams [55] in the specific case of the
interface between the vacuum and CFL quark matter. However, we consider the
most general realization of the gauge symmetries that supports propagating gauge
bosons. On one side of the boundary both U(1) gauge symmetries may be free, or
some linear combination may be Higgsed or confined. On the other side, both U(1)
gauge symmetries may be free, or a different linear combination may be Higgsed
or confined, where the difference is parameterized by a “mismatch angle” a. We
calculate the nature and intensity of the reflected and transmitted gauge bosons in
each case.

We introduce the U(1) ® U(1) model and show how Higgsing or confinement of
a gauge field can be implemented by appropriate boundary conditions at the inter-
face and describe the calculation of the reflection and transmission coefficients for
the various types of boundary. We then discuss how they compare with previous
calculations, explain some mysterious features, and analyze their compatibility with
expectations based on the complementarity principle. We also analyze subleties of

the low-frequency limit and a detailed example of complementarity.
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5.1 Confinement and Higgsing via Boundary Con-

ditions in the U(1) ® U(1) model

We place the interface at the z = 0 plane. On the z > 0 side of the interface we work
in the U(1)o®U(1)g, basis. U(1)g is free, so that photons can propagate, and U(1)r,
may be confined, Higgsed, or free. On the z < 0 side of the interface we work in the
U(l)g ® U(1)x basis. U(1)g is free, so that Q-photons can propagate, and U(1)y

may be confined, Higgsed, or free *. The Q-photon
AS = cos @A, + sinaG), (5.1)
remains free, while the orthogonal “X” gauge boson

Aff = —sinaA, + cos oG, (5.2)

may be free, Higgsed, or confined. In the case of CFL matter, electromagnetism (Q))
is much more weakly coupled than the strong interaction (73) at the relevant energy
scale, so the mixing angle a (analogous to the Weinberg angle in the standard model)
is small, and the Q photon is mostly the ordinary Q)-photon, with a small admixture
of the Ty gluon. However, in our general treatment, we will keep « as an arbitrary

parameter.

IThese names for the generators are taken over from earlier treatments of the interface between
a vacuum and CFL quark matter [54, 55], where one only considers the electromagnetic generator )
and the color generator Ty with which it mixes. In the CFL quark matter, a quark-quark condensate

acts as a Higgs field, breaking a linear combination X and leaving the orthogonal linear combination

Q unbroken.
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z<0 z>0
Q free s Q free
X screening ﬁ@ Tgscreening
charges/currents o charges/currents

%&J

zZ= —E +E

Figure 5.1: The phase boundary that we study. In the z > 0 region, the Q gauge boson is free, and
the orthogonal Ty gauge boson may be free, or it may be Higgsed or confined. In the z < 0 region,
the Q gauge boson is free, and the orthogonal X gauge boson may be free, or it may be Higgsed
or confined. Higgsing and confinement are implemented by currents or charges in the boundary
region of thickness {. The condensates that cause Higgsing/confinement are assumed to change over

a much shorter distance.

We study the behavior of @)-photons coming in from z = 400, and reflecting off
or transmitting through the interface. As in Ref. [54], we use free Maxwell equa-
tions to describe all the gauge fields, with confinement and Higgsing implemented via
boundary conditions at the interface (Fig. 5.1), as we now describe.

At the boundary of a free phase, there are no limitations on the electric and
magnetic fields of both U(1) generators: both types of gauge boson can propagate,
and there are no charges or currents present.

At the boundary of a Higgsed phase, there is a layer of thickness £ in which there
are electric charges and super-currents associated with the Higgsed generator. This

corresponds to the real physics of a Higgs phase, in which a condensate of a charged
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field supplies mobile electric charges that screen out electric flux and repel magnetic
flux (the Meissner effect). For a confined phase, there is a boundary layer of thickness
¢ in which there are magnetic charges and super-currents associated with the confined
generator. This corresponds to the dual superconductor picture of confinement [85],
in which there are mobile magnetic charges that screen out magnetic flux and repel
electric flux.

Note that we assume the “sharp interface” scenario of Ref. [54], in which the
wavelength A of the light shining on the boundary is much larger than the penetration
depth £ for the gauge fields. This assumption seems straightforward but actually
under some circumstances there are subtle order-of-limits issues. We will discuss
them in section 5.3 when we address the paradoxical nature of the a — 0 limit for
certain interfaces.

To proceed, we write all fields as two-component objects in the two-dimensional
space of gauge symmetry generators spanned by () and Tg. The (Q, X) basis is rotated

by the angle a:

1 0
Q = ’ T8 = ’
0 1
(5.3)
B cos (v —sin o
Q = L X =
sin «v COS (v
so a general magnetic field takes the form
- B@ cos aB? — sinaBX
B = = (5.4)
BTs sin B9 + cos a BX
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and similarly for E. The generalized Maxwell equations are

OB

V-D=p , VxE= jM_E’ (5.5)
_ . - 9D
V-B=py , VxH:J+aa—t (5.6)

where pp; and Jy, are magnetic charge and current densities, and we assume the usual

linear relationship between E and 5, and between B and H ,

Q-photons: Q-photons:
De = ¢EQ DO = zEQ, (5.7)
e = Lge  ge - lga

u ji

We assume that the wavelength of the gauge bosons incident on the surface is much
greater than the penetration depth £ so we can integrate the Maxwell equations over
—¢ < z < &, and obtain boundary conditions that relate the fields at z = —¢ to
those at z = +¢ (Ref. [86], sect. 1.5). For the fields with divergence equations (D and
B) the boundary conditions relate the components perpendicular to the surface; for
the fields with curl equations (F and H) boundary conditions relate the components

parallel to the surface.
o 1 T 0 8 Ccos « < —sina T 0 < |~ sin «
D7 (§) +D1%(§) - DT (=€) - Dy (=) = o8 +o (5.8)
0 1 sin « cos a 1 cos «
1 0 ~ Ccos « —sina —sina
BY(¢) ( ) +B© | | -Bf(-9 — BY (=€) = ( ) +ohy ( ) (5.10)
0 1 sin «v cos « cos «
0 ~ cos & —sina —sina
HE? (©) () HI[* () ( ) — H (=€) )—HX (=€) = () ( )(au)
0 1 sin cos av cos «

The o’s and K'’s are the effective surface charge and current densities, and their

1 0 ~ cos & —sina
EP () ) +EFE@ || B9 ~ B (=8 =
0

1 sin «v cos «

presence varies depending on the physical situation being addressed. For Higgsed
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generators there are electric surface current and charge densities, for confined gener-
ators there are magnetic surface current and charge densities, and for free generators

there are no surface current or charge densities.

Polarization 1:
E parald to interface

Polarization 2:
B pardllel to interface

Figure 5.2: Polarizations of the incident photon beam

5.2 Reflection and Transmission at the Interface

In our analysis we treated both possible polarizations, as illustrated in Fig. 5.2. With-
out loss of generality, we assume that the waves incident from z = +o00 will be purely
() gauge bosons. For free phases, two different types of gauge boson may be reflected
and/or transmitted. It is also assumed that in a phase where both types of gauge
boson are massless, the index of refraction (and hence the € and p) is the same for
both.

In addition, the usual rules of optics apply, since they are purely kinematic in

nature [86]. Therefore the angle of reflection equals the angle of incidence, and Snell’s
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Law applies to the transmitted waves.

To find the transmission and reflection coefficients, we applied the boundary con-
ditions of section 5.1 to the kinematic situations shown in Fig. 5.2. Tables 5.1 and 5.2
show the results of these calculations for the eight non-trivial phase combinations.
(Some intermediate results, the transmission/reflection amplitudes, are shown and
discussed in 5.5).

The shorthand parameters used throughout the calculations are defined as follows:

o= B0 _ S (5.12)
fin efl

¢ = cosb;,s; =sindb;, (5.13)

¢ = cosby, s, = sinb;. (5.14)

We can eliminate cos 6; from the amplitudes by making use of Snell’s Law,

nsing; = nsinb, (5.15)

— cosf, = 1 — — sin?f;. (5.16)

Reflection and transmission coefficients are defined by

]_ —

R = 1= 5:’,1 (5.17)
1; Si1

ro= I Su (5.18)
1; il

where I;, I, I, refer to the incident, reflected, and transmitted intensities, respectively,

and 53, 577«, S, refer to the incident, reflected, and transmitted Poynting vectors; specif-
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ically, B B
po _ L ESxHP o
2 E? x H? &9
R 3. ETs x T N o &R
P’y E.'ZQ 9 ﬁZQ Cz‘giT827 (5.19)
o DB AR \/Zg@
2. E? x H? €fl cigiQT

For clarity, we will illustrate how the calculations leading to tables 5.1 and 5.2 are
done by looking at two of the cases in detail. The amplitudes & give the electric fields

associated with the incident, reflected, and transmitted photons,

E? = &% exp(i(k; - T — wt)) ,
EST = gl@g exp(i(k, - T — wt)) (5.20)

EQ = &% exp(illy - 7 — wt)) |

where 77 is the unit polarization vector for each wave.
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5.2.1 15 Free, X Confined

For this combination of phases, the boundary condition equations (5.8), (5.9), (5.10),

(5.11) become

o 1 . 0 o COS (v
D7 (§) + D°(¢) — DT (%) = 0 (5.21)
0 1 sin o
1 0 - COS (v —sin
EP(€) +E[(€) — B’ (=¢) = Kiy (5.22)
0 1 sin «v COS «v
9 1 . 0 G COS «v e sin «v
BY(€) + B*(§) — BY(=¢) = oy (5.23)
0 1 sin «v CoS (v
1 0 - COS (v
HEYE | [ +HFO [ | - HI(=9) = 0 (5.24)
0 1 sin o
COS & 1 0
Dotting the equations with either , , or as appropriate yields
—sina 0 1

equations that do not depend on the charge or current densities. In this case, we

obtain

HP(€) = cosaH(-€) (5.25)
HEE) = sinaHP(—¢) (5.26)
cos aB2(€) +sinaEl (&) = EP(—¢) (5.27)
cosaBY(€) +sinaBP(E) = BE(-¢) (5.28)
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For polarization 1 of Fig. 5.2, equations (5.25), (5.26) and (5.28) lead to

re;(E9 —E9) = cosac,ER (5.29)
—re; € = sin ozctEtQ (5.30)
cosa(EX 4 E9) +sinaEl = 59 (5.31)

which can be solved for the amplitudes in Table 5.4, row 5. Using (5.17) and (5.19)
we obtain the reflection/transmission coefficients of Table 5.1, row 5.

For polarization 2 of Fig. 5.2, equations (5.25), (5.26) and (5.27) lead to

r(EX +E9) = cos aé’t@ (5.32)
r€% = sin ozé’f’? (5.33)
¢i(cos(EQ — E9) —sinaElF) = cté’f} (5.34)

which can similarly be solved for the amplitudes in Table 5.5, row 5, and reflec-

tion/transmission coefficients in Table 5.2, row 5.
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5.2.2 5 Higgsed, X Higgsed

When there is Higgsing in both regions, the boundary condition equations (5.8)-(5.11)

become

HE(€)

0

— HP (=€)

In this case, we find

COS «v

sin o

COS «v

sin o

COs

sin «v

COS «v

sin o

0 —sin «
= o + o (5.35)
1 CoSs &
=0 (5.36)
=0 (5.37)
0 —sin «
= K7 + K~ (5.38)
1 COoS &
EP(~€) =0 (5.39)
BY(—€) =0 (5.40)

For polarization 1 of Fig. 5.2, either equation (5.39) or (5.40) leads to the simple

equations

EC =0 (5.41)

2 = 0 (5.42)

which shows that waves of this polarization are completely reflected with a 180 degree

phase shift.
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Table 5.1: Reflection and Transmission Coefficients for Polarization 1. For definitions
see (5.12): ¢; and ¢; are the cosines of the incident and transmitted beams; « is the
mismatch between the generators of the free U(1)’s in the outside region (@) and the

inside region (Q); 7 is a function of the permittivities and permeabilities of the two

regions.
Outer region (T3)  Inner region (X) R® RTs TR T
Higgsed Higgsed 1 0 0 0
Confined Confined 1 0 0 0
Free Higgsed (cZ cos 2a0 — ret ) 2 (ci sin 2a ) 2 4re;cq cos?a 0
ci +reg ci+ree (ci +7ce)?
Higgsed Free ( ; — TCt ) 4re;eq cos?a 4re;er sina
ci +reg (ci +7ce)? (c; +ree)?
- Confined ( ; — rce cos 2a ) 2 (rct sin 2a) 4re;eq cos?a 0
ree onfine
ci + TCt ci +reg (ci +7ce)?
i —reg 4re;ce cos?a 4re;ce sin?a
Confined Free 0 - TR
ci —|— rct (ci +ret) (ci +rer)
Hi d Confined ( ; — rCt COS a)2 0 4re;eq cos?a 0
iggse onfine —
88 ci + rct cos2a (ci + ret cos2a)?
Confined Higgsed (CZ cos®a — rey ) ’ 0 —4rcict cos’a 0
c;cos2a + 1oy (c; cos?a + reg)?

For polarization 2 of Fig. 5.2, either equation (5.39) or (5.40) leads to the equally

simple equations

R (5.43)
g0 = 0 (5.44)

which shows that waves of this polarization are completely reflected with no phase

shift.
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Table 5.2: Reflection and Transmission Coefficients for Polarization 2

Outer region (Tg)  Inner region (X) R® RTs TR T
Higgsed Higgsed 1 0 0 0
Confined Confined 1 0 0 0
. ; — Ct COS 2xx ¢t sin 2a 2 dre;ct cos?a
Free Higgsed _— 0
rc; + ct re; 4 ct (rei + ct)?
. TCi — Ct dre;ct cos?a drc;cy sinZa
Higgsed Free _— _—
re; + ct (rei + ct)? (rei + ct)?
Free Confined (rcz cos 2a0 — ¢t ) (rcz sin 2a) dre;ct cosa 0
rc; + ¢t re; + et (rei + ct)?
Confined Free ( i — Ct ) 0 dre;ct cosa dre;es sina
re; + et (rei + ct)? (rei + ct)?
Higgsed Confined (rcz cos?a — ¢ ) 0 dreict cos?a 0
rc; cos?a + ¢t (rc; cos?a + c¢t)?
A Are; 2
Confined Higgsed ( Ct cos a) 0 _ ATeictcos 0
rc; + ¢ cos2a (rei + ct cos2a)?

5.3 Summary and Discussion

We have studied reflection and transmission of gauge bosons at the interface between
differently realized phases of a U(1) ® U(1) gauge theory. In order to allow gauge
bosons to propagate, at least one linear combination of the gauge generators must be
free on each side of the interface: this is taken to be @ in the outer region (z > 0) and
Q in the inner region (z < 0). The other generator is Ty in the outer region and X
in the inner region. The possibilities for this other generator are that it can be also
free, Higgsed, or confined. The (Q,7%) basis may in general be rotated by an angle
o relative to the (Q, X) basis. Since the Free/Free boundary (T free outside, X free
inside) is trivial for any «, this means that there are 8 possible types of boundary.
The transmission and reflection coefficients for light arriving at these different types
of boundary are given in Tables 5.1 and 5.2. These are complicated so we give a

qualitative summary in table 5.3, and we will now discuss the entries in that table.
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Table 5.3: Behavior of gauge bosons at an interface in U(1) ® U(1) gauge theory
for various realizations of the gauge symmetries on each side. The gauge bosons are

assumed to arrive as (Q-photons from the “outer” phase.

Inner (z < 0), Q free
X Free X Higgsed X Confined
Q, Ty reflection Q, Ty reflection
Ts Free transmission
Q) transmission () transmission
Outer
@ reflection @ reflection
(z>0) 1 Higgsed total reflection
Q, X transmission Q transmission
Q free
Q reflection Q reflection
Tz Confined total reflection
Q, X transmission Q transmission

5.3.1 How the different boundaries behave

If all generators everywhere are free (Tg and X both free, row 1 column 1 of table
5.3), then there is no distinction between the inner and outer regions other than a
possible difference in refractive index, so there will be transmission and reflection as
at a dielectric boundary like a glass-air boundary.

If both generators in the outer region are free (T3 free) but in the inner region X
is Higgsed or confined (row 1 columns 2 and 3 of table 5.3), then the gauge bosons
are partially reflected and partially transmitted, depending on the angle between Q

and ). However, even though the incident wave is pure () gauge bosons, there will
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be some additional Ts bosons created and reflected back. The transmitted wave will
be pure Q gauge bosons. Similarly, if both generators in the inner region are free (X
is free) and in the outer region Ty is Higgsed or confined (column 1 rows 2 and 3 of
table 5.3) then there will be transmission of both @ and X, adding up to make a
Q-photon.

If there is only one free generator in each region, Q on the outside and @ on the
inside, then the reflected wave must be pure (Q-photons and the transmitted wave
must be pure Q) photons. If the broken generator is Higgsed on one side and confined
on the other then there is partial reflection and partial transmission (row 2 column 3
and column 3 row 2 of table 5.3). This was the case studied in [55].

If the broken generators on the inside and outside are both Higgsed, or both
confined then the behavior is very different. Electromagnetic waves are completely
reflected at an interface between two Higgsed phases with different values of a (row
2 column 2 of table 5.3) or between two confined phases where the confined gauge
fields are different linear combinations of @) and Ty (row 3 column 3 of table 5.3). In
addition, since one polarization is flipped in each case while the other stays the same,
left circularly polarized waves are reflected as right circularly polarized waves, and
vice versa. This raises an interesting puzzle: the Higgs/Higgs and confined/confined
boundaries both show total reflection independent of the value of a. But when o =
0 both phases have identical unbroken gauge generators, so the interface is just a
boundary between two media with different dielectric constants, and there should be

some transmission. In fact, in the limit (€, i) — (¢, 1) there is no boundary, and there
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must be total transmission. This paradox is analyzed below.

5.3.2 Compatibility with previous results

In Ref. [55], Manuel and Rajagopal studied the case where X is Higgsed on the inside
and Ty is confined on the outside, and our results for that case agree with theirs. One
of their main conclusions was that it is possible to use light reflection calculations to
show that there are magnetic monopoles in the QCD vacuum. Their argument was
that the situation they studied corresponds to the boundary between the confining
QCD vacuum and color-superconducting quark matter, and for that situation they
derived the confining boundary condition for Ty color-magnetic flux, which tells us
there are Ty magnetic monopoles in the boundary region, from a few basic assump-
tions, namely: (1) color is not Higgsed, so there are no color (Tg) supercurrents in the
boundary layer; (2) no gluons (ie Ty gauge bosons) propagate in the confined phase;
(3) conservation of energy; (4) Snell’s law for the angles of reflection and transmission.

This result can be obtained more directly, without using light reflection calcu-
lations, from considerations of static electromagnetic fields at an interface using as-
sumptions (1) and (2) alone. Consider what must happen to Q magnetic flux lines
that arrive at the boundary from the quark matter side. Their Ty component cannot
penetrate into the QCD vacuum region, since color is confined there (assumption (2)),
and they cannot be turned back into the quark matter region by the Meissner effect
because there are no Ty supercurrents in the boundary layer (assumption (1)). So the

flux lines have to end. This means that at the edge of a color-confined phase there
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must be a boundary layer of color magnetic monopoles that eat up any unwanted

color magnetic flux that might try to enter the confined region.

5.3.3 The singular a — 0 limit

We now turn to the paradoxical behavior of the Higgsed /Higgsed and confined /confined
interfaces, which seem to always reflect all light even in the limit a — 0, where the
interface becomes a typical dielectric boundary which ought to transmit at least some
light. To understand this we have to be careful about specifying the wavelength of
the light that is incident on the boundary.

As mentioned in section 5.1, throughout our calculations we have worked in the
limit of long wavelength relative to the penetration depth, A > £. This corresponds
to the low frequency limit, w < ¢/€. It turns out that, for the Higgsed /Higgsed and
confined/confined interfaces, the limit of low frequency does not commute with the
limit &« — 0 in which the unbroken U(1)’s on either side of the boundary become the
same. An explicit calculation for the Higgs-Higgs boundary at finite o and w is given
in section 5.4.

We can summarize the result as follows. For polarization 1 (the argument for
polarization 2 is analogous) the transmission amplitude at low frequency (wé < c)

and small « is of the form

w§
5.45
wé + ia?c (5.45)
where ¢ is the penetration depth, and dimensionless factors of order one (cosines of

angles, etc) have been omitted. In the limit where w — 0 first, wé < o’c < ¢,
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the transmission amplitude is zero: this is the total reflection expressed in the first
two rows of tables 5.1 and 5.2. In the limit where o — 0 first, a’c < wé < ¢, the
transmission amplitude is of order 1: this is what we expect when there is no mismatch
between the unbroken U(1)’s at the boundary. We conclude that the paradox is
resolved in this way: at small « there is total reflection for frequencies below a?c/€,
but higher frequencies are transmitted. As a — 0 the range of reflected frequencies
becomes smaller and smaller, and finally disappears.

For most of the boundaries we studied, the two limits commute, and we can, with-
out ambiguity, work at arbitrarily low frequency, and discuss how the reflection and
transmission depend on a.. But for the Higgs/Higgs and confined /confined boundaries

the order of the limits must be specified.

5.3.4 Complementarity

The complementarity principle [87] states that for any Higgsed description of a gauge
theory there should be a corresponding confined description, so that there is no way to
distinguish a confined phase from a Higgs phase. Since the Higgs phase involves con-
densation of electrically charged fields, while the confined phase involves condensation
of magnetically charged fields, we expect that the confined = Higgs mapping will in-
volve a magnetic = electric duality transformation. Exchanging magnetic and electric
fields converts polarization 1 into polarization 2 (see Fig. 5.2), so the confined = Higgs

mapping will be
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E — H, H— —E,
D — B, B — —D,
e — Qm, dm — —(e,
L - jma jm - _‘]_;a
(5.46)
€= [,
r=1/r

polarization 1 = polarization 2

Higgsed = Confined

Since the reflection and transmission coefficients are related to the energy and
momentum flow in the scattering process, they are directly observable, and should
be invariant under the duality transformation (5.46). Inspecting tables 5.1 and 5.2
we see that this is indeed the case. For example, the reflection and transmission
coefficients for the Higgsed-Free boundary (third line of table 5.1) are transformed
into those for the Confined-Free boundary (fifth line in table 5.2). In other words, if
we shine light on a boundary and obtain the results of table 5.1 line 3, then we could
not distinguish whether the outside phase is Higgsed or confined.

This means that by measuring only the reflected and transmitted indensities, we
can only distinguish 4 of the 8 types of non-trivial boundary. What is clear from
tables 5.1 and 5.2 is that this ambiguity only exists as a single global choice. There is
not a separate confined vs. Higgs choice for each phase independently. This is exactly
what we expect from the principle of complementarity.

One might naively think that it should be possible to overcome this ambiguity
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by measuring the electric and magnetic fields (which are also gauge-invariant and
physically measureable) directly. Carefully constructing the corresponding thought-
experiment shows that this does not in fact overcome the ambiguity: we discuss this

in section 5.5.

5.3.5 Future directions

As mentioned in the introduction, the U(1) ® U(1) system arises in various contexts
within particle physics, and the results of this paper may be applied to domain walls
or phase boundaries in those contexts. The same formalism can also be used for
more general gauge groups, as in the work of Manuel and Rajagopal [55]. Quark
matter provides a possible area of application, since it has a rich phase diagram,
including a variety of patterns of confinement or Higgsing of various subgroups of the
SU(3)cotor ® U(1)q gauge group [50].

Finally, in our analysis we only concerned ourselves with the gauge symmetries,
not with any global symmetries. If massless fermionic fields are included in the theory
then chiral symmetry complicates the complementarity principle [88]. It would be
interesting to see how this affects the distinguishability of our U(1) ® U(1) interfaces.
One immediate question is the contradiction between Ref. [88], which predicts that
chiral symmetries will not not be broken in weakly-coupled Higgsed phases, and
the accepted picture of high-density quark matter, according to which CFL pairing
produces Higgs breaking of the color gauge symmetry and simultaneously breaks
chiral symmetry. This is crucial to the concept of quark-hadron continuity, which
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identifies the CFL phase as a controlled continuation of the confined phase.

5.4 Non-zero-frequency effects

The macroscopic calculations of section 5.1 are performed under the simplifying as-
sumption that the frequencies are very small, and therefore the time-derivative terms
in the Maxwell equations are neglected. It is also assumed that the Higgsed or confined
fields are quickly screened, so the field amplitudes are set to zero from the beginning.
The advantage of this approach is that the spatial behavior of the screened fields and
the screening currents does not have to be determined, so the solution is straightfor-
ward. However, any finite frequency effects are thrown away, and as mentioned in
section 5.3.3, Higgsed /Higgsed and confined/confined interfaces have singular behav-
ior in the @ — 0 limit. To rectify this problem, we performed the calculation again
for the Higgsed /Higgsed combination, keeping the contributions of screened fields and
finite frequency.

First, we briefly review the behavior of electromagnetic fields in a superconduc-
tor. In addition to the Maxwell equations (5.5), we have the London equations (see

Ref. [89], chapter 34)

d.J .
-~ — ~F
o VE,
VxJ = —B (5.47)

that describe how the supercurrents respond to applied fields. The parameter

depends on microscopic details such as the density and charge of Cooper pairs that
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make up the supercurrents, but the details are not important for this discussion.
Inserting equations (5.47) into the “curl” equation for B , we obtain the wave equation
for the magnetic field in the superconductor,

~ ~ 10°B
V2B = uyB + Ty (5.48)

£= — (5.49)
and the solutions of the wave equation have the form
B = Byexp[R- 1 —iwt] . (5.50)

Plugging this solution back into the wave equation obtains the magnitude of the
wavevector,
1 w?

For frequencies less than ¢/¢, the waves are completely damped, while for frequencies
greater than ¢/, the waves propagate without any damping. For w = ¢/¢, the
wave has no spatial variation and only oscillates in time. The choice of the positive
or negative solution for the wavevector depends on the boundary conditions of the
superconducting phase. We can obtain identical wave equations for Jand E ; since we
are still interested in the low-frequency limit, we can use the limiting value |x| = +£71

to obtain the magnitudes of the current and the electric field as

|J0\ = ?fﬂBoL

|By| = iw€| By| (5.52)
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For the Higgsed/Higgsed phase combination, the Higgsed fields on either side of

the boundary will satisfy the equations above. Explicitly, we have

E? = &9 exp(i(k;- T —wt)) ,

7

—

EQ = &9, exp(i(k, - T —wt)) |

T T

ET = EBF exp(—R, - T —iwt) |
E'? - Etéﬁtexp(i(lgt-f—wt)),
EX = &¥F,exp(+R, - T —iwt)) , (5.53)

The “&€” amplitudes are the magnitudes of the electric field at the boundary itself
(z = 0); all screening is due to the spatial terms.
Now we will rewrite the boundary condition equations keeping everything that

was thrown away previously. The “curl” equations are sufficient to solve for the field
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amplitudes. We obtain

o 1 . 0 o COS (v I sin «v
8
By +E) — By — Ej
0 1 sin o CoS «v
; 0 : —sin «
= Y pmh + 2pX (5.54)
Kk, | i, I
CcoS (v

1 1 0 _ | cosa
Bﬁ + <1 - 5—) Bﬁs — B¢

0 1 sin o

1 —sin
- (1 + = ) Bjf
Rz
Ccos «
B iw 5 0 . X —sin «
— _—CQRZ | — —52/@ i (5.55)
CoS (v

For polarization 1 of Figure 5.2, the solutions for the amplitudes are

£ wé(e —cosale) +ic(l 4 ¢) sin’a

£ wé(c; + cos?ale) —ic(l + ¢;) sina

g sin 2awéc; (1 + ¢;)

EQ w€(c; + cos2aley) —ic(l + ¢;) sin’a

) ) (5.56)

ER B 2 cos awéc;

g9 wé(c; + cos?ale) —ic(l + ¢;) sina

&Y 2 sin awéce;

£9 w€(c; + cos2aley) —ic(l + ¢;) sin®a’

Taking the w — 0 limit, we recover the amplitudes of the first row of Table 5.4

presented below in section 5.5. However, more importantly, taking the a — 0 limit

132



Chapter 5 Illuminating interfaces between phases of a U(1)x U(1) gauge theory

first, we obtain

9 _ g9 {Ci—%ct]

ol %ct
Ex — 0
Ci—f—gct
EX = 0, (5.57)

which are the normal reflection and refraction amplitudes from electrodynamics. Sim-

ilarly, for polarization 2 of Figure 5.2, the solutions for the amplitudes are

Q@ 2w [5(1 +c)(1+ ct)(%ci —cos2acy) —E(1+¢)(1 + c%)(cosza%ci — ct)] + 2isin?accict (1 + ¢;) (1 + ct)

EZ-Q 2w [5(1—1—012)(1+ct)(%ci+CosQact)—§~(1+ci)(1+c%)(0052a%ci+ct)] + 2isin®aceier (1 + ¢;) (1 4 ¢t)

S,Ts B —2wé sin2o¢c12ct(l +ct)

EiQ 2w [5(1+c?)(l+ct)(%ci + cos2act) —é(l—i—ci)(l—l—c%)(coszoz%ci —i—ct)] + 2isin®aceier (1 + ¢;) (1 + ct)

th_ 4w cos ac; [5(1+c?)(l+ct) —é(l—i—ci)(l—i-cf)]

51-Q 2w [5(1+c?)(l+ct)(%ci + cos2act) —é(l—i—ci)(l—l—c%)(coszoz%ci —i—ct)] + 2isin?accict (1 + ¢;) (1 + ct)

&& 4w sinaci (1 4 ¢;)c?

5? o [5(1+c?)(l+ct)(%ci + cos2act) —é(l—i—ci)(l—l—c%)(coszoz%ci —i—ct)] +2isin20¢ccict(1+ci)(l+ct).
(5.58)

Once again, taking the w — 0 limit, we recover the amplitudes of the first row of

Table 5.5 presented below in section 5.5. Taking the v — 0 limit first, we obtain

£ = &9 {L" - Ct}
Ex — 0
5@ _ gQ |i~ QCZ :|
! LR+
EX = 0, (5.59)

the normal reflection and refraction amplitudes for perpedicularly polarized light.
This shows that our “singular” limit problem is actually an order-of-limits prob-

lem. For most of the possible phase combinations, we could take the w — 0 limit
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at the beginning and not encounter any problems, but for the Higgsed /Higgsed or
confined/confined phases, that is incorrect. Although the frequency drops out in
the a — 0 limit, we need to keep a nonzero frequency value to obtain the correct

expression.

5.5 Field strengths and complementarity

In tables 5.4 and 5.5 we show the reflection and transmission amplitudes, i.e. the ra-
tios between electric field strengths in the incident, reflected, and transmitted beams.
It is clear that the transmission amplitudes do not show invariance under the duality
transformation (5.46). Does this mean that measurements of electric and magnetic
fields can overcome the complementarity ambiguity and distinguish a Higgsed phase
from a confined phase? In this section, we show that although electric and mag-
netic fields are gauge-invariant quantities, what can actually be measured is the force
exerted on a charge, so that even experiments that seem to directly measure field
strengths suffer from the Higgsed/confined ambiguity.

For illustrative purposes, we calculate the Lorentz force on a test charge in the
inner phase due to electromagnetic waves transmitted from the outer phase. First,
we will calculate the force in the case where the outer phase is confined and the
inner phase is Higgsed; then we will calculate the force in the dual picture, where the
outer phase is Higgsed and the inner phase is confined. We will see that although

the transmission amplitudes are not invariant under the duality transformation, the
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Table 5.4: Reflected and Transmitted Amplitudes for Polarization 1

Outer region (7g) Inner region (X) STQ/giQ ETs /5ZQ EtQ/EZ‘Q StX/EZ‘Q
Higgsed Higgsed -1 0 0 0
Confined Confined 1 0 0 0
Free Higgsed ¢icos2a— e ¢sin2a 2¢; cos a 0
Ci +7¢ ci Fre ci +re
Higgsed Free G—ra 0 M —2¢; sin «
Ci tre ci +rey ¢ +re
Free Confined c; —repcos2a —repsin2a 2¢; cosa 0
Ci +1ey ¢ +ree ci +rey
Confined Free Gore 0 2¢; cos o —2¢;sina
Cit e ¢i + reg ci + re
o 2 20: 0o8
Higgsed Confined Ci — e CosT 0 _ 2cicosa
¢ + re cos?a c; + rc; cos2a
2 e
Confined Higgsed Geosa—re Ci COS Qv

c; cos?a + rey

physically measureable quantity, force, is invariant.

c; cos2a 4 reg

A linearly polarized electromagnetic wave is sent from the outside, through the

interface, to the inside, where its effect on a test charge is measured. On the outside,

we calibrate the wave by measuring how it causes an electric () charge to move, and

from the induced motion we measure the electric field strength &;. On the inside, the

transmitted wave causes an electric Q charge to move, and the resulting motion allows

calculation of the force. For our example, we assume the wave to be in polarization

1 of figure 5.2. As we have calculated in this paper, the transmitted Q-fields and the
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Table 5.5: Reflected and Transmitted Amplitudes for Polarization 2

Outer region (Tx) Inner region (X) EQ/EC ETs /€9 ER/EQ EX)ER
Higgsed Higgsed 1 0 0 0
Confined Confined -1 0 0 0
Free Higgsed rc; —cpcos2a —cpsin2a 2¢; cos« 0
re; + ¢t re; + ¢ rc; + Ct

rC; — C 2¢; cos « —2¢; sin «
Higgsed Free L 0 - —

re; + ¢ re; + ¢t re; + ¢
Free Confined 7rC; COS200 — ¢ 1re; sin 2 2¢; cos « 0

re; + ¢t re; + ¢ rc; + Ct

Confined Free rC; — Ct 0 2¢; cos « —2¢; sin «

re; + ¢ re; + ¢t re; + ¢

2

rc; cos“a— ¢ 2¢; cos
Higgsed Confined =t —

rc; cos2o + ¢ rc; cos?a + ¢

2

rC; — Cp COS“(x 2¢; cos «
Confined Higgsed — TP —

re; + cp cosa rc; + ¢p cos2a

force are
Et = _égb

R 1
By = (—c+ Sty)ggt,

Fo— g€ (2@- cosQa) "

ci +re
. VeS¢ + UyC LU, U8
<z<1+#)+y i f) (5.60)
c c c

Now transform to the dual picture, where the outer phase is Higgsed and the inner

phase is confined, using the transformation (5.46). Our calibration experiment now

appears to have involved a magnetic charge, feeling a “Lorentz” force

F = q,(H — 7 x D). (5.61)
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The transmitted wave is in polarization state 2, with

ﬁ - —ZA’ gg,t,

n
[j = (Cti" - St@)gglu
F =

, \/E (QCiCOSQCM)
= _ngi | X
[ rC; + G
(2 (1 y LBt T O :: Uyct) + @jvft + :ﬁvft) (5.62)

However, &£’; and &; are not equal; because of the switch between electric and magnetic

fields, the amplitude of the waves at their source will be calibrated so that

Finally, we find that, in terms of the original incident amplitude &;, the force measured

in the inner phase is

Fo— g & <20i cOS 2a) "
TC; + ¢t

(2 (1 4 YaSt Tt UG Uyct) FgZt :e“ist) (5.64)
C

C C

By taking the force calculated in the first picture (equation (5.60)), applying the
duality transformation » — 1/r and then replacing g. by ¢,, (which were assumed to
have equal magnitudes), we end up with the expression of the force measured in the
second picture (equation (5.64)). Since the two pictures are equivalent, the ambiguity

remains and cannot be resolved by an attempt to measure the field amplitudes.
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