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• Equation of state: tidal polarizability.   
• Neutron star seismology. 
• New particles: axions in mergers.    
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Tidal Love Number 
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Equation of State & Quadrupole Polarizability   
The dense matter EOS   
determines:
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EQUATIONS OF STATE

Symbol Reference Approach Comp.
FP Friedman & Pandharipande Variational np
WFF(1-3) Wiringa, Fiks & Fabrocine Variational np
AP(1-4) Akmal & Pandharipande Variational np
MS(0-3) Müller & Serot Field Theoretical np
MPA(1-2) Muẗher, Prakash & Ainsworth Dirac-Brueckner HF np
ENG Engvik et al. Dirac-Brueckner HF np
PAL(1-6) Prakash, Ainsworth & Lattimer Schematic Potential np
GM(1-3) Glendenning & Moszkowski Field Theoretical npH
GS(1-2) Glendenning & Schaffner-Bielich Field Theoretical npK
PCL(1-2) Prakash, Cooke & Lattimer [25] Field Theoretical npHQ
SLY4 Douchin & Haensel [26] Field Theoretical npe
SQM(1-3) Prakash, Cooke & Lattimer [25] Quark Matter Q (u, d, s)
STE Steiner, Fig. 11 Quark Matter Q (u, d, s)
PAG Page, Fig. 11 Quark Matter Q (u, d, s)
ALF Alford, Fig. 11 Quark Matter Q (u, d, s)
HS Haensel, Salgado & Bonazzola [27] Crust Z,e,n
BPS Baym, Pethick & Sutherland [28] Crust Z,e,n

TABLE I: Approach refers to the underlying theoretical technique. Composition (Comp.) refers to strongly interacting
components (n=neutron, p=proton, Z=nucleus, H=hyperon, K=kaon, Q=quark); all models include leptonic contributions.
This table is slightly expanded from the version found in [29] which contains references not noted here.

The hadronic EOS’s were taken from a compilation by Lattimer and Prakash [6] that describes their origins. There
are three generic families of equations of state: (i) normal nucleonic equations of state, (ii) equations of state with
considerable softening above the nuclear saturation density, due to Bose condensation, hyperons or a mixed quark-
hadronic phase, and iii) strange quark matter stars. We have used a selection in an attempt to span the extreme
range of models of each type. The mass-radius curves for hadronic EOS’s are shown in Fig. 6.

FIG. 7: The dimensionless tidal Love number k2 as a function of compactness β = M/R for hadronic EOSs. Filled (open)
circles indicate configurations with M = 1.4 M⊙ (1.0 M⊙). The EOS notation follows Lattimer and Prakash [6] and Table I.

Love numbers as a function of compactness are shown in Fig. 7 for hadronic models. There is a relatively narrow
spread of values of k2 for a given compactness, and for each EOS, the value of k2 appears to be a maximum for masses
near 1 M⊙. In contrast to the analytic Tolman VII and Buchdahl solutions, for which k2(β → 0) ≃ 0.3, k2 tends
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Figure 1

Phases of a neutron star merger as a function of time, showing the associated observational signatures and underlying
physical phenomena. Coalescence inset courtesy of D. Price and S. Rosswog [see also (15)].

forms. Obtaining an accurate source position is multiplicative, as it enables a much larger
range of electromagnetic facilities (often more sensitive, but with narrower fields of view,

e.g. the Hubble Space Telescope) to obtain complementary observations.
Due to their transient nature, discovering the EM counterparts of NSNS/NSBH merg-

ers requires follow-up observations with time-sensitive facilities. NASA’s Swift and Fermi

satellites provide nearly continuous coverage of the sky at hard X-ray and gamma-ray wave-
lengths. Several optical/IR transient surveys have been in operation over the last several

years, with more coming online in the next several years, culminating in the Large Syn-

optic Survey Telescope (9). Wide-field radio arrays, such as LOFAR (10), provide nearly
continuous coverage of the northern hemisphere sky in the hundreds of MHz radio band.

NSNS/NSBH mergers also represent an important topic in Nuclear Astrophysics. The
neutron star equation of state (EOS) plays an important role in the GW signal, both

during the late inspiral phase and in the fate of the post-merger remnant. The ejecta

from NS mergers are an astrophysical source of rapid neutron-capture (r-process) nuclei,
the origin of which has remained a mystery for almost 70 years (11, 12). The short-lived,

neutron-rich nuclei produced during the r-process serve as probes of the nuclear force in

asymmetric conditions and of the limits of nuclear stability (13). Significant efforts are
underway to improve experimental capabilities to measure the masses and lifetimes of these

nuclei, including the Facility for Rare Isotope Beams (14).
This review summarizes the state-of-the art in the predicted EM emission from NSNS

and NSBH mergers. The structure of the paper follows the time evolution of the merger
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Combining the GW &  EM Signatures  

Figure from Fernandez & Metzger (2015) 

Short-gamma ray bursts argued to be NS-NS or NS-BH mergers.  
SGRBs show interesting temporal features.  



Pre-merger Neutron Star Dynamics 
• What are the fundamental modes of excitation of cold 

neutron stars? 

• Which of these are strongly excited during the merger ?  

• Can internal excitations couple to the (EM) emitting region 
to produce observable QPOs ?   

SGR 0525-66 : (1979) 
SGR 1806-20   (1979/1986/2004)*  
SGR 1900+14 (1979/1986/1998) 
SGR 1627-41  (1998)

QPOs in SGR Giant Flares



Phases of Dense Matter in Neutron Stars  
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Low Energy Theory of Phonons 

Neutron superfluid: Goldstone excitations are associated with the 
fluctuations of the phase of the neutron condensate. 

Proton (clusters) move collectively on lattice sites. 
Displacement is a good coordinate. 
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Collective coordinates: 
Vector Field: 

Scalar Field:
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Symmetries & Derivative Expansion

1 Introduction

The low energy dynamics of strongly interacting solids and superfluids can be systematically studied
through an effective theory formulation in terms of weakly interacting phonons - the collective degrees
of freedom in these systems. In the familiar case of solids, one longitudinal phonon and two transverse
phonons arise as Goldstone modes due to the breaking of translation symmetry. In the case of a
superfluid, one mode called the superfluid phonon arises due to the breaking of the global U(1) symmetry
associated with phase rotations of a field operator 1. In special cases the ground state of the system
can spontaneously break both these symmetries. A particularly simple but non-trivial realization is a
solid immersed in a superfluid with strong interactions between the particles that form the solid and the
superfluid respectively. It is likely that a substantial region in the crust of a neutron star is occupied by
such a phase [1] and its presence may affect neutron star phenomenology. From general considerations
we can argue that the inner crust of neutron stars features a lattice of neutron rich nuclei in a bath
of unbound superfluid neutrons. The lattice sites can be viewed as clusters of protons, with a fraction
of neutrons “entrained” on the clusters [2, 3]. Other intrinsically more complex phases where a single
component exhibits both superfluid and solid characteristics have also been proposed. They include the
supersolid phase of 4He [4] and the Larkin Ovchinnikov Fulde Ferrell (LOFF) phases [5, 6] in polarized
fermion superfluids. Although these systems can in principle be realized terrestrially, they have proven
to be challenging to explore in experiments [7]. Nonetheless in all these cases the low energy dynamics
is described by an effective theory of four Goldstone modes [8]. The associated fields for the lattice
phonons are ξa=1..3(r, t) and are related to space-time dependent deformations of the lattice. Similarly,
the field associated with the superfluid mode φ(r, t) is related to the space-time dependent phase of the
condensate. Because of interactions, such as those between the neutrons and the protons in the neutron
star crust, one can not in general treat the two sectors separately and a unified treatment is required.
It is the aim of this paper to provide such a framework.

The low energy theory is described in terms of the fields φ and ξa. The symmetries associated
with translation and number conservation require that the low energy theory be invariant under the
transformation ξa=1..3(r, t) → ξa=1..3(r, t) + aa=1..3 and φ(r, t) → φ(r, t) + θ where aa=1..3 and θ are
constant shifts. This naturally implies that the low energy lagrangian can contain only spatial and
temporal gradients of these fields. Further, by requiring cubic symmetry for the crystalline state, the
quadratic part of the effective lagrangian is given by,

L =
f2
φ

2
(∂0φ)

2 −
v2φf

2
φ

2
(∂iφ)

2 +
ρ

2
∂0ξ

a∂0ξ
a −

1

4
µ(ξabξab)−

K

2
(∂aξ

a)(∂bξ
b)

−
α

2

∑

a=1..3

(∂aξ
a∂aξ

a) + gmixfφ
√
ρ ∂0φ∂aξ

a + · · · ,
(1)

where higher order terms involve higher powers of the gradients of these fields, and ξab = (∂aξb+∂bξa)−
2
3∂cξ

cδab. In the uncoupled case, the low energy coefficients (LECs) appearing above, such as ρ, µ,K
are related to the mass density, the shear modulus, and the compressibility of the solid respectively.
They determine the velocities of the phonons in the solid phase. Similarly, the velocity of the phonon
in the pure superfluid case is given by vφ. In the presence of strong coupling between the solid and
superfluid these coefficients are modified. For example, the coefficient ρ in Eq. 1 differs from the usual
mass density of the pure lattice component due interactions that entrain the superfluid, and the mixing
coefficient gmix couples superfluid and lattice dynamics. As we will show Galilean invariance relates
gmix to the modifications of ρ and vφ due to entrainment [9]. An analysis of these modifications in
the context of the neutron star crust due to the underlying interaction between neutrons and protons
was the original motivation for this study. In this case, the mixing coefficient gmix is relevant for heat
transport properties in the inner crust [10], and the eigenmodes of the coupled superfluid-solid system
could play a role in explaining the observed quasi-periodic oscillations in magnetars flares [11].

We will present a general proof that the functional form of the lowest-order Lagrangian is completely
specified by the thermodynamic pressure in the presence of constant external fields that couple to the

1The U(1) symmetry is related to particle number conservation and we will refer to this as a phase symmetry. Its
breaking simply refers to the choice of a ground state: total number is conserved and the continuity equation remains
valid.
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The low energy theory 
must respect 
symmetries of the 
underlying Hamiltonian{
Only derivative terms are allowed. Lagrangian density for the 
phonon system with cubic symmetry:

Cirigliano, Reddy, Sharma 2011
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Low Energy Constants
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Entrainment 
Chamel (2005)
Carter, Chamel & Haensel (2006) 

Bragg scattering off the lattice is important.   
A

Acell

A=N+Z

number of “bound” neutrons.  

Complex interplay of nuclear and band structure effects. 

The nuclear surface and disorder are likely to play a role.    
Longitudinal lattice phonons and superfluid phonons are strongly 
coupled by entrainment. 
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Waves in the Crust
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FIG. 2: (Color online) Speeds (in units of the speed of light c) of the longitudinal (left panel) and

transverse (right panel) collective excitations in the inner crust of a neutron star. Dotted curves

show results with neither mixing nor entrainment, dashed curves include effects due to entrainment

only and solid curves include in addition the effects due to mixing.

of the crust. In these regions, the two longitudinal modes will merge and give rise to ordinary

sound as discussed at the end of Sec. III. Note, however, that the values for the speeds of

collective excitations indicated in Table II are expected to remain essentially the same for

temperatures T <∼ 1010 K. Indeed, as shown in Ref. [3], thermal effects have a minor impact

on the equilibrium composition of neutron-star crusts in this temperature range. However,

the crust of a real neutron star may not necessarily be in full thermodynamic equilibrium,

as discussed, e.g., in Sec. 3.4 of Ref. [1]. This could affect the spectrum of collective modes.

V. DISSIPATION

Lattice phonons couple strongly to electrons and easily excite electron-hole pairs in the

dense electron gas. This Landau damping of lattice phonons has been studied in Ref. [40]

and an approximate result of the lattice phonon mean free path was obtained. The mean

free path of a thermal phonon that contributes to thermal conductivity was found to be

λlph =
6π

Ze2 γ v̄

1
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Λph−e
≃ 72.5

(
40

Z

)2/3 (
F (Tp/T )

v̄ Λph−e

)
rcell , (38)

where

F (Tp/T ) = 0.014 +
0.03

exp (Tp/(5T )) + 1
, (39)
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Z

)2/3 (
F (Tp/T )

v̄ Λph−e

)
rcell , (38)

where

F (Tp/T ) = 0.014 +
0.03

exp (Tp/(5T )) + 1
, (39)
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Longitudinal modes: 
Oscillations of the neutron 
superfluid and ion solid 
become strongly mixed   

Transverse (shear) modes:  
Entrainment of neutrons lowers 
the velocity of shear waves in 
the solid.  

entrainment

Chamel, Page, Reddy (2013)



• Proton pair due to s-wave interaction.
• For neutrons attraction is due to p-wave interaction in the spin-1 

channel.  
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I derive the leading terms of the e↵ective field theory that describes low energy excitations in
superfluid and superconducting nuclear matter. The elementary excitations included are the two
massless scalar Nambu-Goldstone modes associated with the spontaneous breaking of the U(1)
symmetries associated with neutron and proton number, and relativistic degenerate electrons.

Dense matter in the neutron star core is expected to be superfluid and superconducting. At the high density realized in the
core, s-wave interactions between neutrons are repulsive and neutrons are expected to form Cooper pairs due to attractive
p-wave interactions at low temperature. This pairing produces a spin-2 condensate

h T

n

�

2

�

i

 !r j

 

n

i = �ij

n

e

i2✓n
, (1)

where �ij

n

is a symmetric traceless tensor and �
n
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condensate also breaks the U(1) symmetry associated with neutron number and the resulting Goldstone boson is described
by fluctuations of the overall phase ✓
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⇠ diag(1, 1,�2) also breaks rotational symmetry, except about the z-axis. The
Nambu Goldstone bosons (NGBs) called angulons, corresponding to rotations of the condensate around the x and y axis
[1, 3].

The proton density is relatively small because the proton fraction is ⇡ 5� 10% and protons are expected to form Cooper
pairs due to attractive s-wave interactions. In the this case the condensate
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correspond to the Goldstone boson excitations of the condensate. One
might expect that this NGB would acquire a mass set by the plasma frequency by the Andresson-Higgs mechanism, however,
because the Coulomb interaction between protons is screened by electrons, this mode mode remains massless [2]. In the
following I formulate the low energy theory of the two U(1) NGBs and will neglect the angulons under the assumption that
these modes are decoupled at leading order.
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where P is the pressure of the equilibrium ground state.
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Figure 9: Left panel: possible spin-angular momentum combinations for Cooper-pairs. Right panel: phase
shifts for N-N scattering as a function of the laboratory energy (middle axis) or the neutron Fermi energy
and density for a neutron star interior (lower axis). Adapted from [47].

clearly require a finite minimal energy for excitation. This energy was interpreted as being the
binding energy of the Cooper pair which must break to produce an excitation. In contrast, odd
nuclei do not show such a gap, and this is due to the fact that they have one nucleon, neutron or
proton, which is not paired and can be easily excited. The right panel of Fig. 8 shows that pairing
also manifests itself in the binding energies, even-even nuclei being slightly more bound than odd
nuclei6.

As a two-particle bound state, the Cooper pair can appear in many spin-orbital angular mo-
mentum states (see left panel of Fig. 9). In terrestrial superconducting metals, the Cooper pairs are
generally in the 1S0 channel, i.e., spin-singlets with L = 0 orbital angular momentum, whereas in
liquid 3He they are in spin-triplet states. What can we expect in a neutron star ? In the right panel
of Fig. 9, we adapt a figure from one of the first works to study neutron pairing in the neutron star
core [47] showing laboratory measured phase-shifts from N-N scattering. A positive phase-shift
implies an attractive interaction. From this figure, one can expect that nucleons could pair in a
spin-singlet state, 1S0, at low densities, whereas a spin-triplet, 3P2, pairing should appear at higher
densities. We emphasize that this is only a presumption as medium effects can strongly affect
particle interactions.

A simple model can illustrate the difficulty in calculating pairing gaps. Consider a dilute Fermi
gas with a weak, attractive, interaction potential U . The interaction is then entirely described by
the corresponding scattering length, a, 7 which is negative for an attractive potential. In this case,

6Notice that, as a result of pairing, the only stable odd-odd nuclei are 2H(1,1), 6Li(3,3), 10B(5,5), and 14N(7,7). All
heavier odd-odd nuclei are beta-unstable and decay into an even-even nucleus.

7The scattering length a is related toU by a= (m/4π h̄)U0 withUk =
∫

d3r exp(ik · r)U(r).
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µ

, B̄

µ

) = �V
4

P (µ
p

, µ

n

) , (7)

where P is the pressure of the equilibrium ground state.

Superfluidity in Cas A Dany Page

L = 0 L > 0

Spin−singlet pairs

S = 1
Spin−triplet pairs

L = 0 L > 0

S = 0

Phase shift (in degrees)
o

20o

10o

0o

−10o

−20o

−30o

E      (MeV)lab
N−N

E  (MeV)F

(10   g cm    )ρ 14 −3

100 200 300 400 500 600

25 50

1 2

75

4

100

6 8

125

10 12

150

30

1
0

P3
0

G1
4

D1
2

P3
1

S0
1

P3
2

S

Figure 9: Left panel: possible spin-angular momentum combinations for Cooper-pairs. Right panel: phase
shifts for N-N scattering as a function of the laboratory energy (middle axis) or the neutron Fermi energy
and density for a neutron star interior (lower axis). Adapted from [47].

clearly require a finite minimal energy for excitation. This energy was interpreted as being the
binding energy of the Cooper pair which must break to produce an excitation. In contrast, odd
nuclei do not show such a gap, and this is due to the fact that they have one nucleon, neutron or
proton, which is not paired and can be easily excited. The right panel of Fig. 8 shows that pairing
also manifests itself in the binding energies, even-even nuclei being slightly more bound than odd
nuclei6.

As a two-particle bound state, the Cooper pair can appear in many spin-orbital angular mo-
mentum states (see left panel of Fig. 9). In terrestrial superconducting metals, the Cooper pairs are
generally in the 1S0 channel, i.e., spin-singlets with L = 0 orbital angular momentum, whereas in
liquid 3He they are in spin-triplet states. What can we expect in a neutron star ? In the right panel
of Fig. 9, we adapt a figure from one of the first works to study neutron pairing in the neutron star
core [47] showing laboratory measured phase-shifts from N-N scattering. A positive phase-shift
implies an attractive interaction. From this figure, one can expect that nucleons could pair in a
spin-singlet state, 1S0, at low densities, whereas a spin-triplet, 3P2, pairing should appear at higher
densities. We emphasize that this is only a presumption as medium effects can strongly affect
particle interactions.

A simple model can illustrate the difficulty in calculating pairing gaps. Consider a dilute Fermi
gas with a weak, attractive, interaction potential U . The interaction is then entirely described by
the corresponding scattering length, a, 7 which is negative for an attractive potential. In this case,

6Notice that, as a result of pairing, the only stable odd-odd nuclei are 2H(1,1), 6Li(3,3), 10B(5,5), and 14N(7,7). All
heavier odd-odd nuclei are beta-unstable and decay into an even-even nucleus.

7The scattering length a is related toU by a= (m/4π h̄)U0 withUk =
∫

d3r exp(ik · r)U(r).
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Neutrons:



Low energy modes in the core

Neutrons are superfluid (T<Tnc):  Electrons + 4 Goldstone modes (3 
neutron modes and 1 electron-proton mode).  Bedaque, Rupak, Savage, 
(2003), Bedaque, Nicholson (2013), Bedaque and Reddy (2013).


Neutrons are normal (T>Tnc): Electrons, neutrons + 1 Goldstone 
boson (electron-proton mode). Baldo, Ducoin (2011), Bedaque and Reddy (2013).
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scalar. Di↵erent symmetric traceless tensors break the ro-
tation group in di↵erent ways so there are several possible
3
P2 phases. Around the critical temperature one can rely on
BCS and strong coupling estimates of the parameters of the
Ginsburg-Landau free energy to conclude that the ground
state is of the form �0

ij

⇠ diag(1, 1,�2) (or, of course, any
rotation of this matrix)[3, 4]. The structure of the gap equa-
tions are such that, at least within the BCS framework, the
relative order of the di↵erent states is not changes as temper-
ature, density or microscopic interactions change [5] so it is
reasonable to assume that the ground state of neutron mat-
ter is in a phase characterized by the �0

ij

⇠ diag(1, 1,�2)
form of the condensate. This will be an assumption underly-
ing our analysis although many of our qualitative conclusions
are independent of it.

The presence of the condensate�0
ij

⇠ diag(1, 1,�2) breaks
spontaneously the symmetry of the system under rotations,
except for those around the z-axis. Thus, as first realized in
[1] we expect the presence of two gapless excitations above
the ground state, named “angulons”, corresponding to rota-
tions of the condensate around the x and y axis. Angulons
were then studied in more detail in [6] where, with mild as-
sumptions, their properties were quantitatively estimated.

These properties are succinctly encapsulated is the la-
grangian given by
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g

n

⇡ �1.91 is the neutron magnetic moment in units of the
nuclear Bohr magneton, B is the magnetic field, k

Fn

the neu-
tron Fermi momentum, M the nucleon mass, v

F

= k

Fn

/M is
the neutron fermi velocity, and e =

p
↵

em

/4⇡2 the electron
charge. The values in eq. (3) receive Fermi liquid corrections
not yet computed. The fields �1,2 are linear combinations of
the fields describing rotations of the condensate around the
x and y axis which mix among themselves; in terms of the
original fields the lagrangian is analytic at small momenta.

We now discuss the two remaining massless modes, these
now being associated with density fluctuations. The first
mode is one that would exist in a pure 3P2 ( and also a 1S0)

n

n

(fm�3) 0.08 0.16 0.20 0.24 0.32

x

p

0.024 0.043 0.050 0.057 0.070

v

2
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0.029 0.049 0.060 0.072 0.104

v

2
n

0.015 0.070 0.128 0.210 0.430

v

2
np -0.034 -0.016 0.024 0.086 0.268

v1 0.12 0.21 0.23 0.25 0.28

v2 0.17 0.26 0.36 0.46 0.71

TABLE I. Ambient conditions, low energy constants and eigen-
mode velocities v1 and v2 in units of the velocity of light for the
equation of state from [11]

neutron superfluid and it corresponds to the fluctuations of
� - the overall isotropic phase of the condensate. The other
mode is related to density fluctuations of proton condensate
+ the electron gas and is denoted by the scalar field ⇠. The
general low energy e↵ective field theory of these scalar modes
is well studied [7–9] and the low energy Largrangian density
is given by
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where we have also included the coupling to the electron
field  

e

. The coe�cients of the leading order terms in the
derivative expansion are related to simple thermodynamic
derivates and can be obtained from the equation of state.
They are given by
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) is the en-
ergy density of the neutron-proton system. The e↵ective
coupling between phonons in the ep system and electron-
hole states is calculated as in the jellium model and is given
by fep =

p
m

p

kFp/⇡
2 [10]. Enp arises solely due to nucleon-

nucleon interactions and its value depends on the density, the
equilibrium proton fraction and the equation of state model
chosen. The low energy constants calculated using a rep-
resentative microscopic equation of state from [11] and the
eigenmode velocities in units of the speed of light are shown
in Table I.

The propagation of angulons and superfluid phonons can
be damped by several processes. In the the following we es-
timate the mean free paths of phonons and angulons at low
temperature k

B

T ⌧ � to find that dominant decay mecha-
nism is due to the excitation of electron-hole states. First,
we analyze the mean free paths of the two longitudinal super-

Superfluid Phonons: 

Angulons: 

Bedaque and Reddy (2013),
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and currents, respectively. These interactions lead to mixing between the NGBs. Using the relations above, and retaining
only terms up to quadratic order in the derivatives, I find that
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To obtain a Lagrangian in which the fields are canonically normalized I rescale the fields �
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The equations of motion are

@

2

t

�

p

� v

2

p

r2

�

p

+ g

pn

@

2

t

�

n

� v

2

pn

r2

�

n

= 0 (21)

@

2

t

�

n

� v

2

n

r2

�

n

+ g

pn

@

2

t

�

p

� v

2

pn

r2

�

p

= 0 (22)

The velocities of the eigenmodes are obtained by solving
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To compare with the results obtained by Chris and Mitya I will need the following relations between thermodynamic
derivatives:
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fluid phonons. In the absence of any mixing between these
modes the e � p mode couples strongly to the electron-hole
excitations and its damping rate and the mean free paths are
given by
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vnp mixes the the proton-electron mode with the neutron

superfluid phonon mode. We find that both eigenmodes de-
cay predominantly by coupling to electron-hole excitations
(Landau damping). This mixing is similar to the mixing
between the longitudinal phonons of the nuclear lattice and
the neutron superfluid phonons in the inner crust of the neu-
tron star [9]. The velocity and damping rates of the two
longitudinal eigenmodes can be obtained as solutions to the
equation
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In the limit of weak mixing the scattering rate of the pre-
dominantly ep-mode is ⇡ �ep(! = v

p

q) given in eq. (7), and
the scattering rate of the predominantly neutron superfluid
mode is
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and when v
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p

and v

p

⌧ 1, �
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(! = v q) ⇡ v

4
np�ep(!).

Since typical values of v

4
np are in the range 10�4 � 10�1,

we can conclude that the mean free path of the predom-
inantly neutron superfluid mode will be in the range �

�

⇡
10�5(0.3/v) T�1

8 cm to �

�

⇡ 10�8(0.3/v) T�1
8 cm. Although

they are typically much larger than those corresponding to
ep mode, as we shall see later, these are still too small to
contribute significantly to any transport phenomena.

We now turn to the calculation of the angulon mean free
path.The angulon-angulon scattering amplitude is / p

2
/f

2
�

since the powers of p are fixed by dimensional analysis. Its
contribution to the mean free path can then be easily esti-
mated and we find �ang�ang ⇡ v

3
�

f

4
�

/T

5. For T . 109 K,
�ang�ang � R where R ' 10 km is the radius of the neutron
star, and implies that angulon-angulon processes are irrele-
vant.

Angulons mix with the magnetic photons due to two pro-
cesses. One mixing mechanism is due to the magnetic mo-
ment of the neutron and is described by the lagrangian in
eq. (2) the other is mediated by protons which, as charged

n p

FIG. 1. The top line shows the magnetic moment and proton me-
diated mixing processes, respectively. Angulon, photon, electron,
neutron and proton propagators are shown as a dotted, wavy and
solid black, solid red and solid blue lines lines, respectively and
nucleon loops include both normal and anomalous diagrams. The
lower graphs contribute to the imaginary part of the self-energy of
the angulon-magnetic photon mixed mode (left) and the electron-
proton-neutron phonon mode (right).

particles, couple to photons. These two processes are de-
picted in Fig. 1. The latter indirect coupling necessarily in-
volves a spin flip of both neutrons (on account of form the
angulon-neutron coupling) and protons. Thus, only the mag-

netic photon mixes with the angulon and this mixing is sup-
pressed by a power of the proton velocity change ⇠ p/M , the
same suppression appearing in the magnetic moment process.
We find that the proton mediated mixing is smaller than the
mixing generated by the neutron magnetic moment. For the
estimates we present here, we will neglect the proton medi-
ated mixing.

Since magnetic photons are damped by electron-hole exci-
tations, mixing ensures that angulons are also damped. The
angulon scattering rate o↵ electrons is given by
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From the angulon width estimated above we can determine
the angulon mean free path
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kFe

100 MeV

�2 10 keV
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�3
cm , (12)

where � = v

�

/v

F

and v

�

is the mean velocity of the angulon.

Mixing and Damping of Goldstone Bosons 
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Modes decay due to the coupling to the large density of electron-
hole states. At long-wavelength the damping timescales is related 
to the electron shear viscosity. 

Bedaque and Reddy (2013)
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Low energy modes and EOS  
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and currents, respectively. These interactions lead to mixing between the NGBs. Using the relations above, and retaining
only terms up to quadratic order in the derivatives, I find that
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To obtain a Lagrangian in which the fields are canonically normalized I rescale the fields �
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With this rescaling and dropping terms with only one derivative since they do not contribute to the equations of motion I
find that
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The equations of motion are
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The velocities of the eigenmodes are obtained by solving
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To compare with the results obtained by Chris and Mitya I will need the following relations between thermodynamic
derivatives:
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The low energy constants are: 

2

The gap in the fermionic excitation spectrum provides a separation between and low and high energy excitations. At low
energy the dynamics is encoded in the NGB fields and it is useful to write the partition function in the form
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is organized using the power counting scheme developed in [5] where the power of an operator is defined by the di↵erence
between the number of powers of derivatives acting on the fields and the powers of the field that they act on. For example
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To obtain the lowest order Lagrangian I Taylor expand W̄ = W/V

4

in the fluctuations �X

µ

= X

µ

� Ā
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here the partial derivates are evaluated at equilibrium: A
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To simply Eq. 13 we note that the derivatives of the generating functional in the long-wave length limit are related to the
static correlation functions. The latter in turn can be related to thermodynamic functions:
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arise due to interactions between neutron and proton densities,
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and currents, respectively. These interactions lead to mixing between the NGBs. Using the relations above, and retaining
only terms up to quadratic order in the derivatives, I find that
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To obtain a Lagrangian in which the fields are canonically normalized I rescale the fields �
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With this rescaling and dropping terms with only one derivative since they do not contribute to the equations of motion I
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The equations of motion are

@

2

t

�

p

� v

2

p

r2

�

p

+ g

pn

@

2

t

�

n

� v

2

pn

r2

�

n

= 0 (21)

@

2

t

�

n

� v

2

n

r2

�

n

+ g

pn

@

2

t

�

p

� v

2

pn

r2

�

p

= 0 (22)

The velocities of the eigenmodes are obtained by solving

(v2 � v

2

p

)(v2 � v

2

n

)� (g
pn

v

2 � v

2

pn

)2 = 0 , (23)

and I find that

v

2

± =
1

2

⇣
V

2 ±
p

V

4 � ⇠

⌘
, (24)

where

V

2 = (v2
p

+ v

2

n

� 2g
pn

v

2

pn

)/(1� g

2

pn

) , (25)

and

⇠ = 4(v2
n

v

2

p

� v

4

pn

)/(1� g

2

pn

) . (26)

To compare with the results obtained by Chris and Mitya I will need the following relations between thermodynamic
derivatives:
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and currents, respectively. These interactions lead to mixing between the NGBs. Using the relations above, and retaining
only terms up to quadratic order in the derivatives, I find that
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To obtain a Lagrangian in which the fields are canonically normalized I rescale the fields �
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The equations of motion are
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To compare with the results obtained by Chris and Mitya I will need the following relations between thermodynamic
derivatives:
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and currents, respectively. These interactions lead to mixing between the NGBs. Using the relations above, and retaining
only terms up to quadratic order in the derivatives, I find that
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To obtain a Lagrangian in which the fields are canonically normalized I rescale the fields �
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The equations of motion are
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To compare with the results obtained by Chris and Mitya I will need the following relations between thermodynamic
derivatives:
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and currents, respectively. These interactions lead to mixing between the NGBs. Using the relations above, and retaining
only terms up to quadratic order in the derivatives, I find that
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where

2

The gap in the fermionic excitation spectrum provides a separation between and low and high energy excitations. At low
energy the dynamics is encoded in the NGB fields and it is useful to write the partition function in the form
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is organized using the power counting scheme developed in [5] where the power of an operator is defined by the di↵erence
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To obtain the lowest order Lagrangian I Taylor expand W̄ = W/V
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here the partial derivates are evaluated at equilibrium: A
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To simply Eq. 13 we note that the derivatives of the generating functional in the long-wave length limit are related to the
static correlation functions. The latter in turn can be related to thermodynamic functions:
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arise due to interactions between neutron and proton densities,

and

Bedaque, Reddy (2015),  Kobyakov, Pethick, Reddy & Schwenk (2017 in prep.) 

For a given EOS the LECs are specified and  the velocity and damping 
timescales  of the eigen-modes are easily calculated. 
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At nB=0.16 fm-3 
vn/c vp/c v+/c v-/c

0.21 0.23 0.28 0.20

“bare” “mixed”



New Particles in Mergers  

• The merged object is very hot and very dense. Copious 
production of any weakly particles with masses less than about 
200 MeV. Axions and other dark matter candidates.  

• The vicinity is optically thin and may contain large magnetic fields. 
Some features of the EM emission suggest the existence of a 
magnetar.    

A novel
heating

mechanism
in

supernovae

E. Rrapaj

Axion constraints
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Reddy & Rrapaj (2017 in prep)

• Resonant conversion 
• Pair production
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• Resonant conversion 
• Pair production



Summary 

The SGRB-NS merger association has implications for 
nuclear and particle physics.  

Combining the EM and GW signals can help identify EM 
precursors. Potentially sensitive to the seismology of cold 
neutron stars.  

Seismology of superfluid and superconducting neutron stars 
is quite distinct.  

Post merger emission can be sensitive to new particle 
physics. Axions in the window are especially of interest.   


