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Preliminaries: Uniform Fermi Liquids   
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Neutron Matter and Nuclear Matter   

non-interacting gas
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The energy density of uniform matter with no net spin or angular momentum can calculated from Eq. 88
by setting Jq(r) = 0, rni = 0, and noting that the wavefunctions are eigenstates of momentum. The
single neutron and proton energies, not including their rest mass contributions, are given by

✏n(p) =
p2

2m⇤
n

+ Un(r) , (95)

✏p(p) =
p2

2m⇤
p

+ Up(r) , (96)

respectively. The total energy density is obtained by summing over the single particle states with momenta
in the range 0 to pFn for neutrons and from 0 to pFp for protons. In this case, using natural units,
nn = p3

Fn
/(3⇡2) , np = p3

Fp
/(3⇡2), ⌧n = 3nnp2

Fn
/5, and ⌧p = 3npp2

Fp
/5 The energy density has the form

given in Eq. 85 where the potential energy density is
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For the parameter set given by t0 = �5.93 fm2, t1 = 2.97 fm4, t2 = �0.137 fm4, t3 = 47.29 fm5, x0 =
0.34, mn = mp = m = 4.76 fm�1 potential energy of symmetric nuclear matter and neutron matter are
shown in Fig. 6. The kinetic and potential energies are shown separately in the left panel and the total
energy is shown in the right panel. The energy per particle in symmetric nuclear matter at saturation
density (in this model nuclear matter saturation density is under predicted by a few percent ' 0.15 fm�3)
is �16 MeV and the energy di↵erence between neutron matter and nuclear matter, which is called the
symmetry energy Esym = 34 MeV.
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A Model for the Interaction Energy
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to have the form
V =

X

i<j

v(2)
ij

+
X

i<j<k

v(3)
ijk

(24)

where v(2)
ij

and v(3)
ijk

are the two and three body e↵ective interactions, and the i, j, k are the
particle labels. The force is assumed to be of short-range and only the leading terms of
the expansion in momentum space is retained. Explicitly, the matrix element between two
nucleons with momentum k and k0 can be expanded as

hk|v(2)
12 |k0i = t0 (1 + x0 P�) +

1

2
t1 (1 + x1 P�) (k2 + k02) + t2 (1 + x3 P�) k k0 cos ✓

+ i W0 (�1 + �2) · ~k ⇥ ~k0 + · · · (25)

where cos ✓ is the angle between k̂ and k̂0, and P� = 1
2(1 + �1.�2) is the spin projection

operator. The first term corresponds to s-wave interaction, while the second and third
terms correspond to central p-wave interactions. The term in the second line is the spin-
orbit interaction that couples angular momentum and spin. The spin-orbit term vanishes
in uniform nuclear matter but will play a key role in nuclei. The three-body interaction is
approximated as a density dependent two-body interaction with a strength given by

v(3) ' v̄12 =
1

6
t3 (1 + x3P�) ⇢↵ �(r1 � r2) (26)

where ⇢ is average density evaluates at r = (r1 + r2)/2. This model contains nine param-
eters of the central interaction are t0, t1, t2, t3, x0, x1, x2, x3, ↵ and one for the spin-orbit
interaction. They need to be fit to empirical properties of nuclei. In a minimal model,
first suggested by Vautherin and Brink in 1972, the number of parameters is reduced by
setting x1 = x2 = x3 = 0 and ↵ = 1 ( a reasonable description of nuclear properties is still
obtained and its deficiencies will be discussed later). In nuclear matter this interaction is
solved in the mean field approximation to obtain
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Figure 6: The energy per nucleon in nuclear (black curve) and neutron (blue curve) matter. Individual
contributions from the kinetic (solid) and potential (dashed) are shown in the left panel. The total energy
per particle is shown in the right panel.
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system of nucleons with not net spin or angular momentum. In this case minimal model for the two
nucleon interaction can be constructed in which the central part of the two-body potential in coordinate
space is given by

v12 = t0 (1 + x0 P�)�(~r1 � ~r2) +
1

2
t1 (1 + x1 P�) (�(~r1 � ~r2) k2 + k02�(~r1 � ~r2))

+ t2 (1 + x3 P�) k · �(~r1 � ~r2) k0 (82)

where the first term is an interaction with zero-range and describes only s-wave scattering, and the second
term contains range e↵ects and e↵ects due to p-waves (the operators k = (r1 � r2)/2i and k0 = �(r1 �
r2)/2i act on the state to the right and left, respectively when calculating matrix elements). The matrix
element between nucleons with initial relative momentum k and final relative momentum k0 is then

hk|v(2)
12 |k0i = t0 (1 + x0 P�) +

1

2
t1 (1 + x1 P�) (k2 + k02) + t2 (1 + x2 P�) k k0 cos ✓

+ i W0 (�1 + �2) · ~k ⇥ ~k0 + · · · (83)

where cos ✓ is the angle between k̂ and k̂0, and P� = 1
2(1 + �1.�2) is the spin exchange operator. The first

term corresponds to s-wave interaction, while the second and third terms correspond to central p-wave
interactions. The term in the second line is the spin-orbit interaction that couples angular momentum
and spin. The spin-orbit term vanishes in uniform nuclear matter but will play a key role in nuclei. The
three-body interaction is approximated as a density dependent two-body interaction with a strength given
by

v(3) ' v̄12 =
1

6
t3 (1 + x3P�) ⇢↵ �(r1 � r2) (84)

where ⇢ is average density evaluates at r = (r1 + r2)/2.

This model contains nine parameters for the central interaction are t0, t1, t2, t3, x0, x1, x2, x3, ↵ and one for
the spin-orbit interaction. They are obtained by fitting empirical properties of nuclei and nuclear matter.
In a minimal model, first suggested by Vautherin and Brink in 1972, the number of parameters is reduced
by setting x1 = x2 = x3 = 0 and ↵ = 1 ( a reasonable description of nuclear properties is still obtained
and its deficiencies will be discussed later).

2.6 Nuclear Matter

The energy of a system consisting of neutrons and protons is the sum of the kinetic and potential energies.
The kinetic energy arises due to the Pauli principle as fermions fill up energy levels with increasing density.
The potential energy is due to strong interactions between nucleon at short-distances. This interaction
energy is comparable to the kinetic energy, and nuclear matter behaves like a liquid. The energy per
particle can be written as
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where nn = p3
Fn

/3⇡2 and np = p3
Fp

/3⇡2 are the neutron and proton densities, and nB = nn + np and ✏
is the energy density of the nuclear liquid. The potential energy density Vnp(nn, np) cannot be calculated
in perturbative theory as the interactions are strong. Attempts to solve the many-particle Schrödinger
equation with realistic interactions between neutrons and protons rely on large-scale computations. For
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non-relativistic few nucleon systems (10-40) numerical techniques (such as Quantum Monte Carlo and
No-Core Shell Model) exist and can provide a fairly reliable description of nuclei and nucleon matter.
A discussion of these techniques is beyond the scope of this course and is a subject of current research.
We shall approach this by studying a phenomenological model based on mean field theory and e↵ective
interactions.

Properties of the many particle system are calculated using the assumption that single particle motion is
only a↵ected by a self-consistent mean field generated by all the particles. In homogenous matter, this
potential is constant in both space and time and interaction energy of the nucleon in the mean field is
function of the particle density.
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Figure 5: The energy per nucleon in nuclear and neutron matter.

2.7 A model for Vnp

A simple form of the e↵ective interaction suitable for mean field calculation of the potential energy density
was introduced by Skyrme in 1959. This interaction, with minor refinements, is still used today and is able
reproduce the nuclear masses and charge radii of nuclei. The underlying assumption is that nuclei and
nuclear matter can be described as a collection of single particle states interacting with a self-consistent
mean field generated by all the other particles. In many-body theory this is called the Hartree-Fock (HF)
approximation.

The many-body wavefunction �(1, 2, ..., A) is constructed as a product of single particle wave-functions
 i(k) where i = 1, 2..A is the particle label and k is the state label. For Fermions, the many-body
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Empirical Properties of Nuclear and Neutron Matter at Saturation   

I. Bombaci and D. Logoteta: Equation of state of dense nucleon matter and neutron stars

Table 2. Properties of nuclear matter for the interaction models used in this work.

Model n0(fm�3) E/A (MeV) Esym (MeV) L (MeV) K1 (MeV)
N3LO�+N2LO�1 0.171 –15.23 35.39 76.0 190
N3LO�+N2LO�2 0.176 –15.09 36.00 79.8 176

Notes. Saturation density n0 (Col. 2) and corresponding energy per nucleon E/A (Col. 3) for symmetric nuclear matter; symmetry energy Esym
(Col. 4); its slope parameter L (Col. 5) and incompressibility K1 (Col. 6) at the calculated saturation density.

energy per particle (triangles in Fig. 1) for the two TNF models
coincide because, as discussed in the previous section, neutron
matter is not a↵ected by terms proportional to the LECs cE and
cD.

In Table 2 we list the calculated values of the saturation
points of SNM for the two interaction models considered in the
present work. As we can see, the empirical saturation point of
SNM, n0 = 0.16 ± 0.01 fm�3, E/A|n0 = �16.0 ± 1.0 MeV,
is fairly well reproduced by our microscopic calculations. In
Table 2 we also report the nuclear symmetry energy, calculated
as Esym(n) = eE(n, � = 1)� eE(n, � = 0), and the symmetry energy
slope parameter,

L = 3n0
@Esym(n)
@n

����
n0
, (9)

at the calculated saturation density n0 (Col. 2 in Table 2).
Our calculated Esym(n0) and L are in a satisfactory agreement
with the values obtained by other BHF calculations with two-
and three-body interactions (Li et al. 2006; Li & Schulze 2008;
Vidanã et al. 2009, 2011b) and with the values extracted from
various nuclear experimental data (Lattimer 2014).

The incompressibility of SNM

K1 = 9n2
0
@2E/A
@n2

����
n0
, (10)

at the calculated saturation point for the interaction models used
in the present work is given in the last column of Table 2.
Our calculated values for K1 underestimate the empirical value
K1 = 210 ± 30 MeV (Blaizot et al. 1976) or more recently
K1 = 240± 20 MeV (Shlomo et al. 2006) extracted from exper-
imental data of giant monopole resonance energies in medium-
mass and heavy nuclei. This is a common feature with many
other BHF nuclear matter calculations with two- and three-body
nuclear interactions (Li & Schulze 2008; Vidanã et al. 2009).

In addition to the empirical constraints at density around the
saturation density n0, the nuclear EOS can be tested using exper-
imental data from collisions between heavy nuclei at energies
ranging from a few tens of MeV up to several hundreds of MeV
per nucleon. These collisions can compress nuclear matter up to
⇠4n0, thus giving valuable empirical information on the nuclear
EOS at these supranuclear densities. Based on numerical sim-
ulations that reproduce the measured elliptic flow of matter in
collision experiments between heavy nuclei, Danielewicz et al.
(2002) have been able to obtain a region in the pressure–density
plane for SNM which is consistent with these elliptic flow ex-
perimental data. This region is represented by the red hatched
area in Fig. 2. These collision experiments between heavy nuclei
thus provide a selective test for constraining the nuclear EOS up
to ⇠4n0. In the same figure, we show the pressure for our two
EOS models for SNM obtained from the calculated energy per
nucleon and using the standard thermodynamical relation

P(n) = n2 @(E/A)
@n

����
A
· (11)
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Fig. 2. Pressure of symmetric nuclear matter for the two interaction
models used in this work. The red hatched area represents the region in
the pressure–density plane for SNM which is consistent with the mea-
sured elliptic flow of matter in collision experiments between heavy
atomic nuclei (Danielewicz et al. 2002).

As we can see our results are fully compatible with the empirical
constraints given by Danielewicz et al. (2002).

We want to emphasize that our BHF code, when used
in conjunction with the N3LO� NN interaction plus our two
parametrizations of the N2LO� TNF, reaches numerical conver-
gence in the self-consistent scheme within a reasonable number
of iterations (between ⇠7 and 14) and up to the largest densities
(n ⇠ 1.2 fm�3) typical of neutron star maximum mass config-
urations. Thus, the nuclear matter EOS can be calculated fully
microscopically up to these large densities. On the other hand,
our BHF code does not reach convergence, already at density
⇠0.5 fm�3, when used in conjunction with other interaction mod-
els derived at the same order of the �-less ChPT (Logoteta et al.
2016b). Thus, in order to use these other interaction models for
neutron star structure calculations, it is necessary to make a ques-
tionable extrapolation of the EOS to large densities.

This important di↵erence in the convergence of the BHF
scheme with chiral interactions is related to the inclusion of the �
isobar both in the two- and three-nucleon potentials used in our
present calculations. In fact, the �-full ChPT has an improved
convergence (Kaiser et al. 1998; Krebbs et al. 2007) with respect
to the �-less ChPT.

5. Symmetry energy and EOS for asymmetric

and �-stable nuclear matter

The EOS of asymmetric nuclear matter can be calculated solv-
ing numerically Eqs. (2)–(4) and (8) for various values of the
asymmetry parameter (0  �  1) and for various densities
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Table 2. Properties of nuclear matter for the interaction models used in this work.

Model n0(fm�3) E/A (MeV) Esym (MeV) L (MeV) K1 (MeV)
N3LO�+N2LO�1 0.171 –15.23 35.39 76.0 190
N3LO�+N2LO�2 0.176 –15.09 36.00 79.8 176

Notes. Saturation density n0 (Col. 2) and corresponding energy per nucleon E/A (Col. 3) for symmetric nuclear matter; symmetry energy Esym
(Col. 4); its slope parameter L (Col. 5) and incompressibility K1 (Col. 6) at the calculated saturation density.

energy per particle (triangles in Fig. 1) for the two TNF models
coincide because, as discussed in the previous section, neutron
matter is not a↵ected by terms proportional to the LECs cE and
cD.

In Table 2 we list the calculated values of the saturation
points of SNM for the two interaction models considered in the
present work. As we can see, the empirical saturation point of
SNM, n0 = 0.16 ± 0.01 fm�3, E/A|n0 = �16.0 ± 1.0 MeV,
is fairly well reproduced by our microscopic calculations. In
Table 2 we also report the nuclear symmetry energy, calculated
as Esym(n) = eE(n, � = 1)� eE(n, � = 0), and the symmetry energy
slope parameter,
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at the calculated saturation density n0 (Col. 2 in Table 2).
Our calculated Esym(n0) and L are in a satisfactory agreement
with the values obtained by other BHF calculations with two-
and three-body interactions (Li et al. 2006; Li & Schulze 2008;
Vidanã et al. 2009, 2011b) and with the values extracted from
various nuclear experimental data (Lattimer 2014).

The incompressibility of SNM
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at the calculated saturation point for the interaction models used
in the present work is given in the last column of Table 2.
Our calculated values for K1 underestimate the empirical value
K1 = 210 ± 30 MeV (Blaizot et al. 1976) or more recently
K1 = 240± 20 MeV (Shlomo et al. 2006) extracted from exper-
imental data of giant monopole resonance energies in medium-
mass and heavy nuclei. This is a common feature with many
other BHF nuclear matter calculations with two- and three-body
nuclear interactions (Li & Schulze 2008; Vidanã et al. 2009).

In addition to the empirical constraints at density around the
saturation density n0, the nuclear EOS can be tested using exper-
imental data from collisions between heavy nuclei at energies
ranging from a few tens of MeV up to several hundreds of MeV
per nucleon. These collisions can compress nuclear matter up to
⇠4n0, thus giving valuable empirical information on the nuclear
EOS at these supranuclear densities. Based on numerical sim-
ulations that reproduce the measured elliptic flow of matter in
collision experiments between heavy nuclei, Danielewicz et al.
(2002) have been able to obtain a region in the pressure–density
plane for SNM which is consistent with these elliptic flow ex-
perimental data. This region is represented by the red hatched
area in Fig. 2. These collision experiments between heavy nuclei
thus provide a selective test for constraining the nuclear EOS up
to ⇠4n0. In the same figure, we show the pressure for our two
EOS models for SNM obtained from the calculated energy per
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models used in this work. The red hatched area represents the region in
the pressure–density plane for SNM which is consistent with the mea-
sured elliptic flow of matter in collision experiments between heavy
atomic nuclei (Danielewicz et al. 2002).

As we can see our results are fully compatible with the empirical
constraints given by Danielewicz et al. (2002).

We want to emphasize that our BHF code, when used
in conjunction with the N3LO� NN interaction plus our two
parametrizations of the N2LO� TNF, reaches numerical conver-
gence in the self-consistent scheme within a reasonable number
of iterations (between ⇠7 and 14) and up to the largest densities
(n ⇠ 1.2 fm�3) typical of neutron star maximum mass config-
urations. Thus, the nuclear matter EOS can be calculated fully
microscopically up to these large densities. On the other hand,
our BHF code does not reach convergence, already at density
⇠0.5 fm�3, when used in conjunction with other interaction mod-
els derived at the same order of the �-less ChPT (Logoteta et al.
2016b). Thus, in order to use these other interaction models for
neutron star structure calculations, it is necessary to make a ques-
tionable extrapolation of the EOS to large densities.

This important di↵erence in the convergence of the BHF
scheme with chiral interactions is related to the inclusion of the �
isobar both in the two- and three-nucleon potentials used in our
present calculations. In fact, the �-full ChPT has an improved
convergence (Kaiser et al. 1998; Krebbs et al. 2007) with respect
to the �-less ChPT.

5. Symmetry energy and EOS for asymmetric

and �-stable nuclear matter

The EOS of asymmetric nuclear matter can be calculated solv-
ing numerically Eqs. (2)–(4) and (8) for various values of the
asymmetry parameter (0  �  1) and for various densities
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S =
ϵ(nB = n0, np = 0) − ϵ(nn = np = nB

2 )

nB

= 32 ± 2MeV

ϵ(nn = np =
n0

2 )

n0
= − 16 MeV

K = 9n2
0 ( ∂2(ϵ(nB)/nB)

∂n2
B )

nB=n0

L = 3n0 ( ∂S(nB)
∂nB )

nB=n0

≃ 65 ± 25 MeV



6First-order Phase Transition Due to Attractive Nuclear Interactions   

P (µ, T ) = −�+ µ n+ s T = −Ω
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The vacuum responds to a chemical potential by producing a finite density of particles with the lowest 
free energy.  Density is discountinuos at first-order phase transitions.  

At T=0 there is a first-order phase transition from the QCD vacuum to a state with a finite density of 
neutrons and protons (nB=n0).  

“cross-over”
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Charge Neutrality and Beta-Equilibrium 

•Stable matter is electrically neutral.

•All allowed reactions are in equilibrium.  

Np = Ne

μe + μp = μn
e− + p ↔ n + νe

In equilibrium chemical potentials are determined by the conserved charges.  

Conserved charges: Baryon number and electric charge. 
The associated chemical potentials are      and μB μQ

μi = biμB + qiμQ
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Neutron Star Crust:

Mass contained in the crust 
is small ~ few percent.  

Most of it is in the inner-
crust as either spherical or 
non-spherical nuclei 
immersed in a neutron fluid.  



Equation of State of the Outer Core



Nuclear Interactions 
QCD (Lagrangian) is simple is write down

its fundamental equations (figure 1). You should not nec-
essarily be too impressed by that. After all, Richard Feyn-
man showed that you could write down the Equation of
the Universe in a single line: U = 0, where U, the total
unworldliness,3 is a definite function. It’s the sum of con-
tributions from all the laws of physics:

U = UNewton + UGauss + . . . ,

where, for instance, UNewton = (F – ma)2 and UGauss =
(∇!E – r)2.

So we can capture all the laws of physics we know,
and all the laws yet to be discovered, in this one unified
equation. But it’s a complete cheat, of course, because
there is no useful algorithm for unpacking U, other than
to go back to its component parts. The equations of QCD,
displayed in figure 1, are very different from Feynman’s
satirical unification. Their complete content is out front,
and the algorithms that unpack them flow from the
unambiguous mathematics of symmetry.

A remarkable feature of QCD, which we see in figure 1,
is how few adjustable parameters the theory needs. There
is just one overall coupling constant g and six quark-mass
parameters mj for the six quark flavors. As we shall see,
the coupling strength is a relative concept; and there are
many circumstances in which the mass parameters are
not significant. For example, the heavier quarks play only
a tiny role in the structure of ordinary matter. Thus QCD
approximates the theoretical ideal: From a few purely
conceptual elements, it constructs a wealth of physical
consequences that describe nature faithfully.4

Describing reality
At first sight it appears outrageous to suggest that the
equations of figure 1 or, equivalently, the pictures in the
box, can describe the real world of the strongly interacting
particles. None of the particles that we’ve actually seen
appear in the box, and none of the particles that appear in
the box has ever been observed. In particular, we’ve never
seen particles carrying fractional electric charge, which
we nonetheless ascribe to the quarks. And certainly we
haven’t seen anything like gluons—massless particles
mediating long-range strong forces. So if QCD is to
describe the world, it must explain why quarks and glu-
ons cannot exist as isolated particles. That is the so-called
confinement problem.

Besides confinement, there is another qualitative dif-
ference between the observed reality and the fantasy
world of quarks and gluons. This difference is quite a bit
more subtle to describe, but equally fundamental. I will
not be able to do full justice to the phenomenological argu-
ments here, but I can state the essence of the problem in
its final, sanitized theoretical form. The phenomenology
indicates that if QCD is to describe the world, then the u
and d quarks must have very small masses. But if these
quarks do have very small masses, then the equations of
QCD possess some additional symmetries, called chiral
symmetries (after chiros, the Greek word for hand). These
symmetries allow separate transformations among the
right-handed quarks (spinning, in relation to their
motion, like ordinary right-handed screws) and the left-
handed quarks.

But there is no such symmetry among the observed
strongly interacting particles; they do not come in oppo-
site-parity pairs. So if QCD is to describe the real world,
the chiral symmetry must be spontaneously broken,
much as rotational symmetry is spontaneously broken in
a ferromagnet.

Clearly, it’s a big challenge to relate the beautifully

simple concepts that underlie QCD to the world of
observed phenomena. There have been three basic
approaches to meeting this challenge:
! The first approach is to take the bull by the horns and
just solve the equations. That’s not easy. It had better not
be too easy, because the solution must exhibit properties
(confinement, chiral-symmetry breaking) that are very
different from what the equations seem naively to sug-
gest, and it must describe a rich, complex phenomenology.
Fortunately, powerful modern computers have made it
possible to calculate a few of the key predictions of QCD
directly. Benchmark results are shown in figure 2, where
the calculated masses5 of an impressive range of hadrons
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QED and QCD in Pictures.

The physical content of
quantum electrodynam-

ics is summarized in the
algorithm that associates a
probability amplitude with
each of its Feynman graphs,
depicting a possible process
in spacetime. The Feynman
graphs are constructed by
linking together interaction
vertices of the type at left,
which represents a point

charged particle (lepton or quark) radiating a photon. To
get the amplitude, one multiplies together a kinematic
“propagator” factor for each line and an interaction factor
for each vertex. Reversing a line’s direction is equivalent to
replacing a particle by its antiparticle.

Quantum chromodynamics can be similarly summa-
rized, but with a more elaborate set of ingredients and ver-
tices, as shown below. Quarks (antiquarks) carry one pos-
itive (negative) unit of color charge. Linear superpositions
of the 9 possible combinations of gluon colors shown
below form an SU(3) octet of 8 physical gluon types.

A qualitatively new feature of QCD is that there are
vertices describing direct interactions of color gluons with
one another. Photons, by contrast, couple only to electric
charge, of which they carry none themselves.
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are compared with their measured values. The agreement
is encouraging.

Such calculations clearly demonstrate that confine-
ment and chiral-symmetry breaking are consequences of
solving the equations of QCD. The calculations show us no
massless gluons, nor any fractionally charged particles,
nor the enlarged multiplets that would indicate unbroken
chiral symmetry. Just the observed particles, with the
right properties—neither more nor less.

While these and other massive numerical calcula-
tions give impressive and useful results, they are not the
end of all desire. There are many physically interesting
questions about QCD for which the known numerical
techniques become impractical. Also, it is not entirely sat-
isfying to have our computers acting as oracles, delivering
answers without explanations.
! The second approach is to give up on solving QCD
itself, and to focus instead on models that are simpler to
deal with, but still bear some significant resemblance to
the real thing. Theorists have studied, for example, QCD-
like models in fewer dimensions, or models incorporating
supersymmetry or different gauge groups, and several
other simplified variants. Many edifying insights have
been obtained in this way. By their nature, however, such
modelistic insights are not suited to hard-nosed con-
frontation with physical reality.
! The third approach, which is the subject of the rest of
this article, is to consider physical circumstances in which
the equations somehow become simpler.

Extreme virtuality
The most fundamental simplification of QCD is illustrat-
ed in figure 3. There we see, on the left, the jet-like
appearance of  collision events in which strongly interact-
ing particles (hadrons) are produced in electron–positron
annihilations at high energy. One finds many particles in
the final state, but most of them are clearly organized into
a few collimated “jets” of particles that share a common

direction.6 In about 90% of these hardron-producing
events, there are just two jets, emerging in opposite direc-
tions. Occasionally—in about 9% of the hadronic final
states—one sees three jets.

Compare those multiparticle hadronic events to colli-
sions in which leptons, say muons, are produced. In that
case, about 99% of the time one observes simply a muon
and an antimuon, emerging in opposite directions. But
occasionally—in about 1% of the muonic final states—a
photon is emitted as well.

If history had happened in a different order, the
observation of jet-like hadronic final states would surely
have led physicists to propose that they manifest under-
lying phenomena like those displayed on the right-hand
side of figure 3. Their resemblance to leptonic scattering
and QED would be too striking to ignore.

Eventually, by studying the details of how energy was
apportioned among the jets, and the relative probabilities
of different angles between them, the physicists would
have deduced directly from experimental data that there
are light spin-1/2 and massless spin-1 objects lurking
beneath the appearances, and how these covert objects
couple to one another. By studying the rare 4-jet events,
they could even have learned about the coupling of the
spin-1 particles to each other. So all the basic couplings we
know in QCD might have been inferred, more or less
directly, from experiment. But there would still be one big
puzzle: Why are there jets, rather than simply particles?

The answer is profound, and rich in consequences. It
is that the strength with which gluons couple depends
radically on their energy and momentum. “Hard’’ gluons,
which carry a lot of energy and momentum, couple weak-
ly; whereas the less energetic “soft’’ gluons, couple strong-
ly. Thus, only rarely will a fast-moving colored quark or
gluon emit “radiation” (a gluon) that significantly redi-
rects the flow of energy and momentum. That explains the
collimated flows one sees in jets. On the other hand, there
can be a great deal of soft radiation, which explains the

.

FIGURE 1. THE QCD LAGRANGIAN ⇒ displayed here is, in principle, a complete description of the strong interaction. But, in
practice, it leads to equations that are notoriously hard to solve. Here m

j
and q

j
are the mass and quantum field of the quark of jth

flavor, and A is the gluon field, with spacetime indices m and n and color indices a, b, c. The numerical coefficients f and t guaran-
tee SU(3) color symmetry. Aside from the quark masses, the one coupling constant g is the only free parameter of the theory.
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but is difficult to solve at low energy. 
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mess, we invoke a procedure that is often useful in theo-
retical physics. I call it the Jesuit Stratagem, inspired by
what I’m told is a credal tenet of the Order: “It is more
blessed to ask forgiveness than permission.’’ The strata-
gem tells you to make clear-cut simplifying assumptions,
work out their consequences, and check to see that you
don’t run into contradictions.

In this spirit we tentatively assume that we can
describe high-temperature QCD starting with free quarks
and gluons. In an ideal (noninteracting) gas of quarks,
antiquarks, and gluons at high temperature, most of the
energy and pressure will be contributed by particles with
large energy and momentum. How do interactions affect
these particles? Well, significantly deflecting such a parti-
cle requires an interaction with large momentum transfer.
But such interactions are rare because, as asymptotic
freedom tells us, they are governed by rather weak cou-
pling. So interactions do not really invalidate the overall
picture. To put it another way, if we treat the hadron jets
generated by quarks, antiquarks, or gluons as quasiparti-
cles “dressed” in hadronic garb, then we have a nearly
ideal gas of quasiparticles. So it seems that ignoring the
interactions was a valid starting point. The stratagem has
succeeded.

Remarkably, the thermodynamic behavior of QCD as
a function of temperature is another one of those things
that can be calculated directly from the equations, using
powerful computers.10 Figure 6 shows the qualitative
expectations dramatically vindicated. At “low” tempera-
tures ( ! 150 MeV or 1.5 × 1012 K), the only important

particles are the spinless pi mesons: p+, p–, and p0. They
represent 3 degrees of freedom. But from a quark–gluon
description we come to expect many more degrees of free-
dom, because there are 3 flavors of light spin-1/2 quarks,
each of which comes in 3 colors. If you then include 2 spin
orientations, antiquarks, and 8 gluons, each with 2 polar-
ization states, you end up with 52 degrees of freedom in
place of the 3 for pions. So we predict a vast increase in
the energy density, at a given temperature, as you go from
a hadron gas to a quark–gluon plasma. And that is what
the calculations displayed in figure 6 show.

What about real experiments? Unfortunately our
only access to the quark–gluon plasma is through the pro-
duction of tiny, short-lived nuclear fireballs, of which we
detect only the debris. Interpreting the data requires com-
plicated modeling. In the quest for evidence of the
quark–gluon plasma, there are two levels to which one
might aspire. At the first level, one might hope to observe
phenomena that are very difficult to interpret from a
hadronic perspective but have a simple qualitative expla-
nation based on quarks and gluons. Several such effects
have been observed by the CERN heavy-ion program in
recent years.11 But there is a second, more rigorous level
that remains a challenge for the future. Using fundamen-
tal aspects of QCD theory, similar to those I discussed in
connection with jets, one can make quantitative predic-
tions for the emission of various kinds of “hard” radiation
from a quark–gluon plasma. We will not have done justice
to the concept of a weakly interacting plasma of quarks
and gluons until some of these predictions are confirmed
by experiment.

High density QCD
The behavior of QCD at large net baryon density (and low
temperature) is also of obvious interest. It answers yet
another childlike question: What will happen when you
keep squeezing things harder and harder? It is also inter-
esting for the description of neutron star interiors. But
perhaps the most interesting and surprising thing about
QCD at high density is that, by thinking about it, one dis-
covers a fruitful new perspective on the traditional prob-
lems of confinement and chiral-symmetry breaking.

Why might we hope that QCD simplifies in the limit
of large density? Again we use the Jesuit Stratagem.
Assume we can neglect interactions. Then, to start with,
we’ll have large Fermi surfaces for all the quarks. (The
Fermi surface bounds the smallest momentum-space vol-
ume into which you can pack all those fermions, even at
zero temperature.) This means that the active degrees of
freedom—the excitations of quarks near the Fermi sur-
face—have large energy and momentum. And so we might
be tempted to make essentially the same argument we
used for the high-temperature, low-density regime and
declare victory once again.

On further reflection, however, we find this argument
too facile. For one thing, it doesn’t touch the gluons, which
are, after all, spin-1 bosons. So they are in no way con-
strained by the Pauli exclusion principle, which blocks the
excitation of low-momentum quarks. The low-momentum
gluons interact strongly, and because they were the main
problem all along, it is not obvious that going to high den-
sity really simplifies things very much.

A second difficulty appears when we recall that the
Fermi surfaces of many condensed-matter systems at low
temperature are susceptible to a pairing instability that
drastically changes their physical properties. This phe-
nomenon underlies both superconductivity and the super-
fluidity of helium-3. It arises whenever there is an effec-
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FIGURE 4. THE RUNNING COUPLING “CONSTANT” as for the
strong interaction is predicted by QCD to decrease with
increasing energy and momentum. That’s asymptotic freedom.
The red curve is the predicted dependence of a

s
on Q, the mag-

nitude of the four-momentum transfer at a QCD vertex. An
empirical input is the measured coupling of a quark pair to a
virtual gluon at the Z boson mass; the orange swath reflects its
uncertainty. The theory yields excellent agreement with a
great variety of experiments,14 shown by the data points and
labels. The open points are results based on the general shapes
of many-particle final states in momentum space.

The low energy QCD vacuum is non-perturbative:  

•It confines quarks to color singlet states.  

•Spontaneously breaks chiral symmetry.   

It gets simpler at high energy (asymptotic freedom).



Nuclear Interactions 

•Baryons and mesons are the relevant low energy degrees of freedom at low 
energy. Interactions between them are strong, complex, and short-range.   

•Pions are special. They are the Goldstone bosons associated with chiral symmetry 
breaking and provide the longest range force between nucleons.   

•Other mesons are significantly heavier. It is not very useful to single them out as 
mediators of the strong interaction between composite color singlet states.  

•How then can we write down a theory of strong interactions between nucleons at 
low energy ? 

Potential Models Effective Field Theories (EFT) 



Nucleon-Nucleon Potentials 
One-pion 
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Nuclear Forces at Short Distances

They are essential even at low 
energy.  

Are constrained by nucleon-
nucleon scattering data (phase 
shifts).    

Models favor strong repulsion. 
(hard-core) 

Range of these forces is 
comparable to the intrinsic size 
of the nucleon.    
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Potential Models

Vij =
X

p

vp(rij) O
p
ij

Intricate spin, isospin and tensor structure.

Insert a model potential in Schrödinger equation 
and use scattering data to constrain the 
parameters:   



Potential is Neither Unique Nor Observable (in QM)
Potential Models: Relies on a set of (reasonable) assumptions about the short distance 
behavior to solve the Schrödinger equation and fit observables.  

Effective Field Theory: Relies on a separation of scales to Taylor expand potential in powers 
of momenta or inverse radial separation.   Coefficients of the expansion are determined  by 
fitting to observables.   

A simple (heuristic) EFT example: 

Exchange of heavy bosons at low energy 
cannot be resolved.    
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When several heavy particles may be exchanged, 
or when the underlying mechanism is unknown, the 
general expansion is    

Vshort(q) = C0 + C2
q2

⇤2
+ . . .
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Nucleons are composite with internal excitations
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Nuclear Forces from Effective Field Theory (EFT) 
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EFT Hamiltonians organizes operators in powers of the momentum:

Beane, Bedaque, Epelbaum, Kaplan, Machliedt, Meisner, Phillips, Savage, van Klock, Weinberg, Wise .. 
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Allows for error estimation*. Provides guidance for the structure of three and many-body forces.
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Ground State Energy

E(⇢n, ⇢p) : Energy per particle

two-body nucleon-
nucleon potential is well 
constrained by scattering 
data. 

three-neutron potential is 
constrained  by light 
nuclei. 

Quantum  Many-Body 

Theory: 

Quantum Monte Carlo

Diagrammatic Methods 


(perturbation theory) 



Hebeler and Schwenk (2009), Gandolfi, Carlson, Reddy (2010), Gezerlis et al. 
(2013), Tews, Kruger, Hebeler, Schwenk (2013), Holt Kaiser, Weise (2013), 
Hagen et al. (2013), Roggero, Mukherjee, Pederiva (2014), Wlazlowski, Holt, 
Moroz, Bulgac, Roche (2014), Tews et al. (2018), Drischler et al., (2020). 

Equation of State of Dense Nuclear Matter 
Quantum many-body calculations of neutron matter 
and nuclear matter using EFT potentials show 
convergence up to about twice nuclear saturation 
density.    

Drischler et al. used Bayesian methods to 
systematically estimate the EFT truncation errors in 
neutron and nuclear matter.
Drischler, Furnstahl, Melendez, Phillips, (2020).
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FIG. 6. Energy per particle in PNM with truncation errors
using the ⇤ = 500MeV interactions in Table I. From left
to right, top to bottom, the panels show the order-by-order
progression of EFT uncertainties as the �EFT order increases.
The bands indicate 68% credible intervals.

useful to leave c3(kF) (N2
LO) out of our inductive model

for higher-order terms.

Additionally, the diagnostics point to the possibility
that the NN-only coefficients c0(kF) (LO) and c2(kF)

(NLO) may have a different correlation structure than
higher orders. As noted above, this is suggested by a vi-
sual inspection of Figs. 2 and 3, where c0(kF) and c2(kF)

appear much flatter than c3(kF) (N2
LO) and c4(kF)

(N3
LO). An investigation in this direction is presented

in Appendix A. There we have attempted to isolate the
strongly repulsive 3N contributions that change the cor-
relation structure by splitting the coefficients into NN-
only and residual 3N coefficients with each having differ-
ent kF dependence in yref(x). This succeeds in making
the coefficients more uniform and improves the diagnos-
tics for PNM, but does not improve SNM significantly.
Crucially, the order-by-order uncertainty bands for PNM
and SNM presented in the next section are almost un-
changed when this alternative model is used; the sat-
uration ellipses do become slightly larger though. We
provide these details, along with annotated Jupyter note-
books [50] that generate them, to promote further inves-
tigation, possibly with other EFT implementations, into
the systematic convergence of infinite matter.

FIG. 7. Similar to Fig. 6 but for SNM. The gray box depicts
the empirical saturation point, n0 = 0.164± 0.007 fm�3 with
E/A(n0) = �15.86±0.57MeV, obtained from a set of energy-
density functionals [18, 51] (see the main text for details).

FIG. 8. Credible-interval diagnostics for the E/N(n) (left-
hand side) and E/A(n) uncertainty bands (right-hand side)
for the ⇤ = 500MeV interactions in Table I; for details see
Ref. [25]. At each order we construct an uncertainty band for
the upcoming correction (not the full truncation error) and
test whether the next order is contained within it at a specific
credible interval. The expected size of fluctuations due to the
finite effective sample size of the curves is depicted using dark
(light) gray bands for the 68% (95%) interval. Both bands are
quite large, which shows that correlations are crucial to assess
whether truncation errors have been properly assigned.

C. Quantified uncertainties for PNM and SNM

The GP truncation error model described in Sec. II
combined with the hyperparameter estimates now permit
the first statistically rigorous �EFT uncertainty bands
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Nuclear  
Saturation

Three-nucleon forces at N2LO play a key role. 
They provide the repuslion needed for saturation 
the pressure needed to hold up neutron stars. 



Equation of State of Neutron Star Matter 

Drischler, Han, Lattimer, Prakash, Reddy, Zhao (2020)
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¢P (nB) = PPNM(nB) ° PNSM(nB)
PNSM(nB = 0.34 fm−3) = 20.0 ± 5 MeV/fm3

In neutron stars, matter is in equilibrium with 
respect to weak interactions and contains a 
small fraction (about 5-10%) of protons, 
electrons and muons: 

PNSM(nB = 0.16 fm−3) = 3.0 ± 0.4 MeV/fm3

Many-body perturbation theory and 
Bayesian estimates of the EFT 
truncation errors predict: 

Christian Drischler Sophia Han Tianqi  Zhao 



Bounds on Neutron Star Radii 
EFT predictions for the EOS can be combined 
with extremal high-density EOS (with ) to 
derive robust bounds on the radius of a NS of 
any mass. 


The lower limit on the NS maximum mass 
obtained from observations strengthen these  
bounds:


• , 9.2 km <  R1.4 < 13.2 km 


• , 11.2 km <  R1.4 < 13.2 km


If R1.4 is small (<11.5 km) or large (>12.5 km), it 
would imply a very large speed of sound in the 
cores of massive neutron stars. 

c2
s = 1

Mmax > 2.0 M⊙

Mmax > 2.6 M⊙

Drischler, Han, Lattimer, Prakash, Reddy, Zhao (2020)
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Speed of Sound in Dense Matter 3
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Figure 1. Two possible scenarios for the evolution of the speed of sound in dense matter.

For QCD at finite baryon density, we are unaware of compelling reasons to expect that c2S <
1/3, and based on the preceding arguments, we will consider two minimal scenarios, which are
illustrated in Fig. 1. The scenario labeled (a) corresponds to the case when we assume that QCD
obeys the conformal limit c2S < 1/3 at all densities, and scenario (b) corresponds to QCD violating
this conformal bound. The behavior of cS at low and high density is constrained by theory, and
we shall show that NS observations, when combined with improved ab initio calculations of PNM,
can distinguish between these two scenarios, and provide useful insights about matter at densities
realized inside NSs.

This paper is structured as follows. In Section 2, we present constraints on the speed of sound from
nuclear physics. In Section 3, we extend the speed of sound to higher densities. In Section 3.1, we
study the EOS under the assumption that the conformal limit is obeyed and the speed of sound is
bounded by 1/

p
3. For this case, we find that cS needs to increase very rapidly above 1 � 2n0 to

stabilize a 2 M� NS. Such a rapid increase likely signals the appearance of a new form of strongly
coupled matter where the nucleon is no longer a useful degree of freedom. In Section 3.2, we release
this assumption but still find that models in which cS increases rapidly, reaching values close to c,
are favored. We study correlations in our parameterization in Section 3.3. In Section 4, we derive the
smallest possible radius for NSs consistent with nuclear physics and observations. We then investigate
the impact of possible additional observations in Section 5. Finally, we summarize our main findings
in Section 6.

2. EOS AND SPEED OF SOUND FROM NUCLEAR PHYSICS

2.1. The EOS of neutron matter

In this work, we use auxiliary-field di↵usion Monte Carlo (AFDMC) to find the many-body ground
state for a given nonrelativistic nuclear Hamiltonian (Carlson et al. 2014). In general, the nuclear
Hamiltonian contains two-body (NN), three-body (3N), and higher many-body (AN) forces,

H = T + VNN + V3N + VAN , (2)

Tews, Carlson, Gandolfi and Reddy (2018) 
Steiner & Bedaque (2016)

Large maximum mass and 
observed radii, combined with 
neutron matter calculations 
suggests a rapid increase in 
pressure in the neutron star 
core.   

This implies a large and non-
monotonic sound speed in 
dense QCD matter.  

Suggests the existence of a 
strongly interacting phase of 
relativistic matter. 

✔

✘

✔

✔

c2
s =

∂P
∂ϵ



Evidence for a solid and superfluid state of matter in the crust. 

Thermal Evolution of Accreting Neutron Stars 
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cool down to equilibrium on a much longer timescale of several
years (Rutledge et al. 2002). It is therefore possible to monitor
the cooling of such quasi-persistent transients with satellites
such as Chandra or XMM-Newton. The timescale of the cooling
is dependent on the properties of the material in the crust, such
as its thermal conductivity, and structures in the cooling curve
can give information about the nature and location of heating
sources in the crust (Brown & Cumming 2009).

Since the advent of Chandra and XMM-Newton, only a
handful of NS transients have entered quiescence after long-
duration (year or longer) outbursts. KS 1731–260 and MXB
1659–29 entered quiescence in 2001 after outbursts lasting
around 12.5 and 2.5 yr, respectively. Both sources were observed
to cool down to a constant level over a period of a few years
(Wijnands et al. 2001, 2002, 2003, 2004; Wijnands 2002, 2004;
Rutledge et al. 2002; Cackett et al. 2006, 2008), though a recent
observation of KS 1731–260 at more than 3000 days post-
outburst suggests it may still be cooling slowly (E. M. Cackett
et al. 2010, in preparation). The observed cooling timescales
were interpreted to imply a high thermal conductivity for the
crust, in agreement with more recent findings from the fitting
of theoretical models to the cooling curves (Shternin et al.
2007; Brown & Cumming 2009). In 2008, EXO 0748–676
entered quiescence after active accretion for over 24 yr. Swift
and Chandra observations of the source in the first half of the
year since the end of the outburst indicate very slow initial
cooling (Degenaar et al. 2009). In contrast to KS 1731–260
and MXB 1659–29, EXO 0748–676 has shown a significant
non-thermal component in its spectra in addition to the thermal
component. Such a non-thermal component has been seen for
many quiescent NS-LMXBs. It is usually well fitted with a
simple power law of photon index 1–2 and typically dominates
the spectrum above a few keV (Campana et al. 1998a). A number
of quiescent NS sources have spectra which are completely
dominated by the power-law component and do not require a
thermal component, e.g., the millisecond X-ray pulsar SAX
J1808.4–3658 (Heinke et al. 2007) and the globular cluster
source EXO 1745–248 (Wijnands et al. 2005). The power-law
component is common among millisecond X-ray pulsars (see,
e.g., Campana et al. 2005), but its origin is poorly understood.
Suggested explanations include residual accretion, either onto
the NS surface or onto the magnetosphere, and a shock from a
pulsar wind (see, e.g., Campana et al. 1998a). We note that it has
also been argued that low-level spherical accretion onto an NS
surface can produce a spectrum with a thermal shape (Zampieri
et al. 1995).

1.1. XTE J1701–462

XTE J1701–462 (hereafter J1701) was discovered with the
All-Sky Monitor (ASM; Levine et al. 1996) on board the Rossi
X-Ray Timing Explorer (RXTE) on 2006 January 18 (Remillard
& Lin 2006), shortly after entering an outburst (see Figure 1).
Re-analysis of earlier ASM data further constrained the start of
the outburst to a date between 2005 December 27 and 2006
January 4 (Homan et al. 2007). During the !1.6-year-long
outburst the source became one of the most luminous NS-
LMXBs ever seen in the Galaxy, reaching a peak luminosity
of !1.5 LEdd, and it accreted at near-Eddington luminosities
throughout most of the outburst (Lin et al. 2009b). The source
entered quiescence in early 2007 August (see Section 2.6 for
a discussion of our definition of quiescence for this source).
During the outburst the source was monitored on an almost daily
basis with RXTE. Spectral and timing analysis of the early phase
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Figure 1. RXTE ASM light curve of XTE J1701–462 showing the 2006–2007
outburst and the subsequent quiescent period. Data points represent 1 day
averages. The upper row of vertical bars indicates the times of the ten Chandra
observations made after the end of the outburst; the lower row indicates the
times of the three XMM-Newton observations. No other observations of XTE
J1701–462 sensitive enough to detect the source have been made since the
outburst ended.

of the outburst is presented in Homan et al. (2007), and Lin et al.
(2009b) give a detailed spectral analysis of the entire period of
active accretion. In the early and most luminous phase of its
outburst, J1701 exhibited all spectral and timing characteristics
typical of a Z source, and is the only transient NS-LMXB ever
observed to do so. During the outburst the behavior of the source
evolved through all spectral subclasses of low-magnetic-field
NS-LMXBs (Hasinger & van der Klis 1989), starting as a Cyg-
like Z source, then smoothly evolving into a Sco-like Z source
(Kuulkers et al. 1997), and finally into an atoll source (first a
bright GX-like one and subsequently a weaker bursting one).
This evolution will be discussed in detail in an upcoming paper
(J. Homan et al. 2010, in preparation). The unique behavior of
the source in conjunction with the dense coverage by RXTE has
made it possible to address long-standing questions regarding
the role of mass accretion rate in causing these subclasses and the
spectral states within each subclass (Lin et al. 2009b). Toward
the end of the outburst J1701 exhibited three type I X-ray
bursts, the latter two of which showed clear photospheric radius
expansion. From these Lin et al. (2009a) derive a best-estimate
distance to the source of 8.8 ± 1.3 kpc, using an empirically
determined Eddington luminosity for radius expansion bursts
(Kuulkers et al. 2003).

J1701 provides a special test case for NS cooling. It accreted
for a shorter time than the three cooling transients with long-
duration outbursts mentioned above, but for a longer time than
regular transients. Moreover, the level at which it accreted is
higher than for any other NS transient observed. This source
therefore allows new parameter space in NS cooling to be
probed. The close monitoring of the source with RXTE also
makes it possible to get a good estimate for the total fluence
of the outburst. This gives information about the total mass
accreted and hence about the heat generated from crustal
heating, a crucial input parameter for theoretical models of
the cooling. Flux values derived from spectral fits to RXTE
data (spectra from 32 s time bins, with linear interpolation
between data points; see Figure 3 in Lin et al. 2009b) imply a
total bolometric energy output (corrected for absorption) during
the outburst of !1.0 × 1046 erg for an assumed distance of
8.8 kpc and system inclination of 70◦ (D. Lin 2009, private
communication; see Lin et al. 2009b for details on the spectral
fitting). This value is likely to be uncertain by a factor of !2–4
due to uncertainties in the distance and inclination of the system,
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Figure 4. Total unabsorbed luminosity in the 0.5–10 keV band (top panel),
redshifted effective NS surface temperature (middle panel), and unabsorbed
power-law flux in the 0.5–10 keV band (bottom panel) during quiescence. The
solid curve in the temperature panel is the best-fit exponential decay cooling
curve (with the sixth and seventh data points excluded from the fit), and the
dashed line represents the best-fit constant offset to the decay.

2.6. Cooling Curves

Figure 2 shows the transition from the final stage of outburst
to quiescence. Plotted is the total unabsorbed luminosity in the
0.5–10 keV band for the 37 RXTE observations made in the
period 2007 July 17–August 7, and the three Swift observa-
tions discussed above, as well as the first three Chandra and
XMM-Newton observations. The luminosity decreased by a fac-
tor of ∼2000 in the final "13 days of the outburst before starting
a much slower decay. This period of low-level and slowly chang-
ing (compared to the outburst phase) emission, taking place
after the steep drop in luminosity, is what we refer to as the
quiescent phase (see also the top panel in Figure 4). Low-level
accretion may be occurring during quiescence, but this current
phase is clearly distinct from the much more luminous and vari-
able outburst phase, during which accretion took place at much
higher rates (and which we also refer to as the period of “ac-
tive” accretion). The end of the outburst is tightly constrained
to have occurred sometime in the "4.3 day interval between
the final Swift observation and the first Chandra observation.
To get a more precise estimate for the end time of the out-

burst, here denoted by t0, we fit simple exponential decay curves
through the three Swift data points and the three Chandra and
XMM-Newton points in Figure 2. From the intersection of those
two curves we define t0 as MJD 54322.13 (2007 August 10
03:06 UT), i.e., "2.8 days before the first Chandra observation.

Table 3 lists temperatures and fluxes derived from the main
fit to the Chandra and XMM-Newton spectra discussed in
Section 2.5.2. Figure 4 shows a plot using results from this
fit. The top two panels show the total unabsorbed 0.5–10 keV
luminosity and the inferred effective NS surface temperature (as
observed at infinity). The first five data points, taken in the first
"175 days of quiescence, show a fast drop in temperature. How-
ever, the sixth data point (XMM-3, at "226 days) shows a large
increase in both temperature and luminosity, and the following
Chandra observation (CXO-4) also has a higher inferred tem-
perature than before the increase. This is inconsistent with the
monotonic decrease in temperature expected for a cooling NS
crust. The last six Chandra observations all have temperatures
similar to or slightly lower than the one immediately preceding
XMM-3 (i.e., CXO-3). We assume that those are unaffected by
whatever caused the “flare-like” behavior in the sixth and sev-
enth observations, and when fitting cooling models to the data
we exclude both XMM-3 and CXO-4 but include the subsequent
observations (although some fits excluding only XMM-3 were
also made; see below). We defer further discussion of the flare
to the end of this section and Section 3.3.

We will now describe our fitting of the derived temperatures
with cooling curve models. All the fits were performed with
Sherpa, CIAO’s modeling and fitting package (Freeman et al.
2001); errors were estimated with the confidence method.12

We first fitted our temperature data with an exponential decay
cooling curve plus a constant offset, i.e., a function of the form
T ∞

eff (t) = T ′ exp[−(t−t0)/τ ]+Teq, with t0 kept fixed at the value
mentioned above. Shifts in the value of t0 do not affect derived
values for τ or Teq. The flare observations XMM-3 and CXO-4
were excluded from the fitting. We performed the temperature
fit for data from the main spectral fit (1 in Table 2), and also for
spectral parameter values corresponding to five other fits (2, 3,
7, 8, and 9), to gauge the effects on the cooling fit parameters.
The derived parameter values are shown in Table 4. The main
fit cooling curve is shown in Figure 4 along with the best-
fit constant offset (dashed line). The best-fit e-folding time is
τ = 117+26

−19 days with an offset of Teq = 125.0±0.9 eV. For the
other values of the NS parameters (mass, radius, and distance),
the temperature values are systematically shifted by typically
5–10 eV, but the derived decay timescale is not affected to a
significant extent. The effects of changing the value of the tied
power-law index will be discussed in Section 2.6.1. Including
CXO-4 in the fit (but still excluding XMM-3) gives a longer
timescale of τ = 187+49

−39 days; the equilibrium temperature is
not significantly affected.

As will be discussed in Section 3.2, a more physically
motivated cooling curve model is a broken power law leveling
off to a constant at late times. We therefore also fitted a broken
power-law model, excluding XMM-3 and CXO-4 as before, to
temperature data corresponding to the same six spectral fits as
before. The derived break times and power-law slopes are shown
in Table 4. The best-fit broken power-law curve to data from the
main spectral fit is shown in Figure 5 (solid curve). The data
indicate that a break in the model is needed; a simple power law
does not provide an adequate fit (χ2

ν = 2.45 for 9 dof, compared

12 See documentation at the Sherpa Web site: http://cxc.harvard.edu/sherpa/.
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Cooling Post Accretion  
•This relaxation was first discovered in 
2001 and 6 sources have been 
studied to date.


•All known Quasi-persistent sources 
show cooling after accretion


•Cools on a time scale of ~1000 days.


•The thermal and transport properties 
of the solid and superfluid inner crust 
plays a key role. 


Figure from Rudy Wijnands (2013)
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X-ray Binaries

Low-mass X-ray binary 
(LMXB):

donor ~ 1 M�

Credit: ESA/NASA
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Thermal Evolution of the Crust

Temperature profile in the crust depends 
on the duration of the accretion phase. 

When accretion ends heat flows into the 
core and is radiated away as neutrinos. 

Timescale for cooling is set by the heat 
diffusion time.  

Shternin & Yakovlev (2007) Cumming & Brown (2009) Page & Reddy (2011)
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FIG. 3. Left panel: an example of evolution of XTE’s crust temperature during an accretion phase at Ṁ ' 0.9ṀEdd with
initial uniform T = 4 ⇥ 106 K (labelled “0d”). Profiles after 1 day (“1d”), 1 week (“1w”), 1 and 6 months (“1m” and “6m”)
and 1.6 year (“1.6y”) are shown. The profiles at 5, 10 and 20 years (“5y”, “10y” and “20y”) show the times needed to approach
the steady state. Right panel: An example of the evolution of XTE’s crust temperature profile during the cooling phase. In
both panels the background color map is the local thermal time from Fig. 1. Notice that the core temperature is increasing
both during the accretion phase and the subsequent relaxation phase.

the observed T1
e . However, on a longer time scale beyond

presently published observations, further decrease of T1
e

is naturally expected.
To explore how much three years of observations con-

strain the properties of the neutron star crust and the fu-
ture evolution of XTE we performed an extensive search
of the parameter space. A comprehensive analysis of our
results will presented in a forthcoming paper but a syn-
opsis is displayed in Fig. 2 as four bands of cooling tra-
jectories labelled as “A” to “D”. The dominant uncon-
strained parameter is the core temperature and Fig. 2
separates all our models that give a fit to the data with
a �2 better than 12 in four classes according to their
value of T0. In the case T0 is smaller than 108 K, fitting
the model parameters to the 3 years of observed evolu-
tion provides strong constraints and all models in the
cases B, C, and D, have crust microphysics very similar
to the one depicted in Fig. 1. (The same microphysics is
also compatible with modeling of KS and MXB as shown
in Fig. 2.) The future evolution of XTE appears to be
mostly determined by its previous core temperature T0

and, for a given T0, uncertainty in future time is smaller
than a factor of two.
It is remarkable that the crust relaxation model is able

to describe vastly di↵erent temporal behavior observed
in the three sources XTE J1701-462, MXB 1659-29 and
KS 1731-260 with very similar input physics in the in-
ner crust. It provides a natural explanation for the rapid
early cooling observed in XTE and predicts future cooling
solely in terms of one unknown parameter - the core tem-

perature. A robust prediction of the crust cooling model
is the correlation between the final temperature and the
future cooling rate. Continued monitoring of XTE will be
able to test our prediction. If confirmed it would firmly
establish the crust relaxation as the underlying process,
and taken together fits to these three sources will provide
useful constraints for the thermal and transport proper-
ties of the neutron star crust. Finally, results displayed in
Fig. 3 show that even the core response is not negligible,
and these systems may open a new window for studying
matter at even larger densities. We hope that the results
presented here will motivate a long term program to dis-
cover and monitor accreting neutron stars with existing
and next generation instruments.

We thank Bob Rutledge for useful discussions at
an early stage of this work and Andrew Steiner and
Joel Fridriksson for comments on this manuscript.
D.P.’s work is partially supported by grants from the
UNAM-DGAPA (# IN113211) and Conacyt (CB-2009-
01, #132400). D.P. acknowledges the hospitality of the
Theoretical Division at the Los Alamos National Labo-
ratory, where part of this work was developed. The work
of S.R. was supported by the DOE Grant No. DE-FG02-
00ER41132 and by the Topical Collaboration to study
Neutrinos and nucleosynthesis in hot and dense matter.
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the observed T1
e . However, on a longer time scale beyond

presently published observations, further decrease of T1
e

is naturally expected.
To explore how much three years of observations con-

strain the properties of the neutron star crust and the fu-
ture evolution of XTE we performed an extensive search
of the parameter space. A comprehensive analysis of our
results will presented in a forthcoming paper but a syn-
opsis is displayed in Fig. 2 as four bands of cooling tra-
jectories labelled as “A” to “D”. The dominant uncon-
strained parameter is the core temperature and Fig. 2
separates all our models that give a fit to the data with
a �2 better than 12 in four classes according to their
value of T0. In the case T0 is smaller than 108 K, fitting
the model parameters to the 3 years of observed evolu-
tion provides strong constraints and all models in the
cases B, C, and D, have crust microphysics very similar
to the one depicted in Fig. 1. (The same microphysics is
also compatible with modeling of KS and MXB as shown
in Fig. 2.) The future evolution of XTE appears to be
mostly determined by its previous core temperature T0

and, for a given T0, uncertainty in future time is smaller
than a factor of two.
It is remarkable that the crust relaxation model is able

to describe vastly di↵erent temporal behavior observed
in the three sources XTE J1701-462, MXB 1659-29 and
KS 1731-260 with very similar input physics in the in-
ner crust. It provides a natural explanation for the rapid
early cooling observed in XTE and predicts future cooling
solely in terms of one unknown parameter - the core tem-

perature. A robust prediction of the crust cooling model
is the correlation between the final temperature and the
future cooling rate. Continued monitoring of XTE will be
able to test our prediction. If confirmed it would firmly
establish the crust relaxation as the underlying process,
and taken together fits to these three sources will provide
useful constraints for the thermal and transport proper-
ties of the neutron star crust. Finally, results displayed in
Fig. 3 show that even the core response is not negligible,
and these systems may open a new window for studying
matter at even larger densities. We hope that the results
presented here will motivate a long term program to dis-
cover and monitor accreting neutron stars with existing
and next generation instruments.

We thank Bob Rutledge for useful discussions at
an early stage of this work and Andrew Steiner and
Joel Fridriksson for comments on this manuscript.
D.P.’s work is partially supported by grants from the
UNAM-DGAPA (# IN113211) and Conacyt (CB-2009-
01, #132400). D.P. acknowledges the hospitality of the
Theoretical Division at the Los Alamos National Labo-
ratory, where part of this work was developed. The work
of S.R. was supported by the DOE Grant No. DE-FG02-
00ER41132 and by the Topical Collaboration to study
Neutrinos and nucleosynthesis in hot and dense matter.
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Excitations and Interactions in the Inner Crust

electrons lattice 

phonons

superfluid 

phonons

Cirigliano, Reddy & Sharma (2011), Page & Reddy (2012), Chamel, Page, & Reddy (2013) 

electron-phonon

electron-impurity

electron-electron

Thermal and transport properties of the 
solid and superfluid crust can be calculated 
using  effective field theory. 

Electrons and phonons are the relevant 
excitations. 

Phonons of the neutron superfluid mix with 
phonons of the lattice. 

In the crystalline-superfluid state electron conduction is high & heat capacity is low.    
(Gases and ordinary liquids have low conductivity and high heat capacity.) 



Connecting to Crust Microphysics
Crust ThicknessCrustal Specific Heat

Thermal Conductivity 

• Observed timescales are short. 

• Requires small specific heat and large thermal conductivity. 

Observations suggest inner curst is solid and superfluid! 

Shternin & Yakovlev (2007) Cumming & Brown (2009) Page & Reddy (2011)
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The Dark Side of Neuton stars 

Neutron stars are great places to look for dark matter: 

• They accrete and trap dark matter. 

•Produce dark matter due to its high density. 

•Produce dark matter due to high temperatures at 
birth or during mergers.  

Mχ < 10−14M⊙ ( ρχ

1 GeV/cm3 ) t
Gyr

Mχ ≲ M⊙ for mχ < 2 GeV

Mχ ≲ 10−1 M⊙ for mχ < 500 MeV



Black-Holes in the Neutron Star Mass-Range

MBosons ≈ 10−18 M⊙ ( GeV
mχ )

The maximum mass of weakly Interacting bosons 
is negligible: 

For a concise reviews see Kouvaris (2013) and Zurek (2013)

Idea:  Accretion of asymmetric bosonic dark matter can induce the collapse of an NS to a BH.    
Goldman & Nussinov (1989)
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FIG. 1: Exclusion regions of the asymmetric bosonic dark
matter as a function of the WIMP mass and the WIMP-
nucleon cross section for an isolated neutron star at local DM
density ρdm = 0.3GeV/cm3 (such as J0437-4715 and J0108-
1431) and for a neutron star in the core of a globular cluster
with ρdm = 103GeV/cm3.

m > 2 keV [6]. If the accreted dark matter mass within
a billion years Macc is larger than Mcrit of Eqs. (2), and
(7), (9), and (11) are satisfied, the WIMPs form a black
hole that can destroy the star. There are some subtle is-
sues regarding how fast the black hole consumes the star
that have been addressed to some extend in [6]. The con-
straints on asymmetric bosonic dark matter are depicted
in Fig. 1. As it can be seen, depending on the WIMP-
nucleon cross section, WIMP candidates from 100 keV up
to roughly 16 GeV are severely constrained by the exis-
tence of nearby old neutron stars. The constrained region
is bound at 100 keV due to the fact that below that mass
accretion is not sufficient to acquire Mcrit from Eq. (2).
These constraints can be enlarged down to 2 keV (the
limit from WIMP evaporation we mentioned before) as
long as we consider old neutron stars in globular clusters
with ρdm � 30 GeV/cm3.

Now we can consider the case where the WIMP mass
is larger than 10 TeV and therefore self-gravitation of
the WIMP sphere happens before BEC formation. As
we mentioned above, black holes of critical mass (2) with
WIMP masses roughly larger than ∼ 16 GeV, do not
survive due to Hawking radiation. Therefore one should
expect that black holes of Mcrit (of Eq. (2)) formed out
of 10 TeV WIMPs (or heavier) would evaporate quite
fast. However, since self-gravitation takes place before
BEC, and the self-gravitating mass of Eq. (6) for m > 10
TeV is much larger than the crucial mass for the survival
of the black hole of Eq. (11), there were speculations in
the literature [7, 9, 10] that constraints can be imposed
also for m > 10 TeV. The claim was that instead of
forming a black hole of Mcrit that is below the surviving
threshold for Hawking radiation, a much larger black hole
coming from the collapse of the self-gravitating WIMP
sphere Msg forms, that due to its larger mass can grow

and destroy the star, thus imposing constraints on this
part of the parameter space of asymmetric bosonic dark
matter. However we review here the argument that was
put forward in [23] that demonstrates that the formation
of smaller (non-surviving) black holes of mass Mcrit is
unavoidable and therefore the Msg instead of collapsing
to a single large black hole, it forms a series of black holes
of Mcrit that evaporate one after the other, thus resulting
to no constraint for WIMP masses with m > 10 TeV.

In order for the WIMP sphere to collapse,
the whole mass should be confined within the
Schwarzschild radius rs = 2GM of the black hole.
The density of WIMPs just before forming the
black hole would be nBH ∼ 3(32πG3M2

sgm)−1 ∼
1074 cm−3(GeV/m)(Msg/1040GeV)−2. It is easy to see
that this density is higher from the density required for
BEC formation of Eq. (7). This means that unless the
WIMP sphere collapses violently and rapidly, it should
pass from a density where BEC is formed. As the self-
gravitating WIMP sphere of mass Msg contracts, at some
point it will reach the density where BEC is formed. Any
further contraction of the WIMP sphere will not lead
to an increase in the density of the sphere. The density
remains that of BEC. The formation of BEC happens
on time scales of order [22] tBEC ∼ �/kBT ∼ 10−16s,
i.e. practically instantaneously. Further shrinking of
the WIMP sphere results in increasing the mass of the
condensate rather than the density of non-condensed
WIMPs. This process happens at a time scale which is
determined by the cooling time of the WIMP sphere as
discussed below. As we shall show, this cooling time
is the relevant time scale for the BEC formation. As
in the previous case, the ground state will start being
populated with WIMPs which at some point will become
self-gravitating themselves. This of course will happen
not when Eq. (9) is satisfied. Eq. (9) was derived
as the WIMP ground state becomes denser than the
surrounding nuclear matter (since the dark matter that
is not in the ground state of the BEC is less dense).
Here, the condition is that the density of the ground
state of the BEC should be larger than the density of the
surrounding dark matter (that is already denser than
the nuclear matter at this point). The condition reads

MBEC, sg =
4π

3
nBECmr3BEC = 9.6×1021GeV

� m

10TeV

�−7/8
.

(12)
Once the BEC ground state obtains this mass, the ground
state starts collapsing within the collapsing WIMP
sphere. Any contraction of the WIMP sphere does not
change the density of the sphere but only the density
of the ground state. MBEC, sg is smaller than Mcrit and
therefore the BEC ground state cannot form a black hole
yet. However as the ground state gets populated at some
point it reaches the point where its mass is Mcrit and this
leads to the formation of a black hole of mass Mcrit and
not Msg. The evaporation time for such a black hole of

The existence of old neutron stars in the 
Milkyway with estimated ages ~ 1010  years 
provides strong constraints on asymmetric DM.  

Kouvaris (2013)

Mχ ≈ 10−14M⊙ Min [ σ
2 × 10−45cm2

,1] ( ρχ

1 GeV/cm3 ) t
Gyr



Converting NSs into BHs 

For dark matter in the 1-106 GeV 
mass range, black hole formation 
is complex and involves several 
timescales. 


Capture time is typically the 
limiting step. But, thermalization 
can be slow in exotic superfluid 
phases and depends on 
processes in the inner core!  

C. Kouvaris and P. Tinyakov (2011)

S. D. McDermott, H.-B. Yu, and K. M. Zurek, 
(2012)

B. Bertoni, A. E. Nelson, and S. Reddy (2013)

+ many more more refined recent analyses. 

Divya Singh, Gupta, Berti, Reddy, Sathyaprakash (2023)



Inferring Conversion Timescales from Future GW Observations

• Measuring many binary masses and tidal 
deformability presents unique opportunities 
beyond discovering BHs in the NS mass range. 


• The conversion timescale can be inferred if it is 
comparable to the binary coalescence time 
scale (delay timescale) from the  fraction of 
BBH in the NS mass-range. 


• In simple scenarios, the conversion timescale 
can be inferred quite accurately with next-
generation detectors.  

BBH and BNS distributions for a hypothetical 
conversion timescale ~ 1 Gyr. 

Divya Singh, Gupta, Berti, Reddy, Sathyaprakash (2023)
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Exotic new particles carrying baryon number and with mass of order the nucleon mass have been
proposed for various reasons including baryogenesis, dark matter, mirror worlds, and the neutron
lifetime puzzle. We show that the existence of neutron stars with mass greater than 0.7 M� places
severe constraints on such particles, requiring them to be heavier than 1.2 GeV or to have strongly
repulsive self-interactions.

I. INTRODUCTION

Exotic states that carry baryon number and have mass-
es below a few GeV have been theorized in a number of
contexts, such as asymmetric dark matter [1, 2], mirror
worlds [3], neutron-antineutron oscillations [4] or in nu-
cleon decays [5]. In general, such states are highly con-
strained because they can drastically alter the proper-
ties of normal baryonic matter–in particular, if too light,
they can potentially render normal matter unstable. We
currently understand that matter is observationally sta-
ble because the standard model (accidentally) conserves
baryon number. This ensures that the proton, the light-
est baryon, does not decay (up to effects caused by higher
dimensional operators that violate baryon number).

Now, consider the simple case of a single new fermion
state, �, that is electrically neutral, carries unit baryon
number, and carries no other conserved charge. (Note
that a new boson carrying baryon number does not lead
to proton decay as long as lepton number is conserved.)
Assuming that its couplings to ordinary matter are not
highly suppressed, because of the conservation of baryon
number and electric charge, it must have a mass larg-
er than the difference between the proton and electron
masses, m� > mp � me = 937.76 MeV, in order to not
destabilize the proton. In fact, a slightly stronger low-
er bound on m� comes from the stability of the weakly
bound 9Be nucleus: m� > 937.90 MeV. If the � mass
is less than that of the neutron, mn = 939.57 MeV, a
new neutron decay channel can open up, n ! � + . . . ,
where the ellipsis includes other particles that allow the
reaction to conserve (linear and angular) momentum.

It is interesting to note that if m� < mp + me =
938.78 MeV, � is itself kept stable by the conservation of
baryon number and electric charge. It could therefore be
a potential candidate for the dark matter, which we know
to be electrically neutral and stable on the timescale of
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the age of the Universe. It is compelling that in such
a situation that the stability of normal matter and of
dark matter is ensured by the same symmetry: baryon
number.

The potential existence of a new decay channel for the
neutron has recently received attention as a solution to
the 4� discrepancy between values of the neutron life-
time measured using two different techniques, the “bot-
tle” and “beam” methods [3, 6, 7]. The “bottle” method,
which counts the number of neutrons that remain in a
trap as a function of time and is therefore sensitive to
the total neutron width gives ⌧bottlen = 879.6 ± 0.6 s [8].
The “beam” method counts the rate of protons emitted
in a fixed volume by a beam of neutrons, thus mea-
suring only the �-decay rate of the neutron, results in
⌧beamn = 888.0 ± 2.0 s [9]. These two measurements can
be reconciled by postulating a new decay mode for the
neutron, such as n ! �+ . . . , with a branching fraction

Brn!� = 1� ⌧bottlen

⌧beamn

= (0.9± 0.2)⇥ 10�2. (1)

However, a recent reevaluation of the prediction for the
neutron lifetime from post 2002 measurements of the neu-
tron gA concludes that any nonstandard branching for
the neutron is limited to less than 2.7 ⇥ 10�3 at 95%
CL [10].

In this work we note that a new state that carries bary-
on number and has a mass close to the neutron’s can
drastically affect the properties of nuclear matter at den-
sities seen in the interiors of neutron stars. In neutron
stars the neutron chemical potential can be significantly
larger than mn, reaching values ' 2 GeV in the heaviest
neutron stars [11]. Thus any exotic particle that carries
baryon number and has a mass . 2 GeV will have a large
abundance if in chemical equilibrium. Because they re-
place neutrons, their presence will soften the equation of
state of dense matter by reducing the neutron Fermi ener-
gy and pressure, while contributing to an increase in the
energy density. This will in turn reduce the maximum
mass of neutron stars from those obtained using stan-
dard equations of state for nuclear matter. As we shall
show below, even a modest reduction in the pressure at
high density can dramatically lower the maximum mass
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number.
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the 4� discrepancy between values of the neutron life-
time measured using two different techniques, the “bot-
tle” and “beam” methods [3, 6, 7]. The “bottle” method,
which counts the number of neutrons that remain in a
trap as a function of time and is therefore sensitive to
the total neutron width gives ⌧bottlen = 879.6 ± 0.6 s [8].
The “beam” method counts the rate of protons emitted
in a fixed volume by a beam of neutrons, thus mea-
suring only the �-decay rate of the neutron, results in
⌧beamn = 888.0 ± 2.0 s [9]. These two measurements can
be reconciled by postulating a new decay mode for the
neutron, such as n ! �+ . . . , with a branching fraction
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= (0.9± 0.2)⇥ 10�2. (1)

However, a recent reevaluation of the prediction for the
neutron lifetime from post 2002 measurements of the neu-
tron gA concludes that any nonstandard branching for
the neutron is limited to less than 2.7 ⇥ 10�3 at 95%
CL [10].

In this work we note that a new state that carries bary-
on number and has a mass close to the neutron’s can
drastically affect the properties of nuclear matter at den-
sities seen in the interiors of neutron stars. In neutron
stars the neutron chemical potential can be significantly
larger than mn, reaching values ' 2 GeV in the heaviest
neutron stars [11]. Thus any exotic particle that carries
baryon number and has a mass . 2 GeV will have a large
abundance if in chemical equilibrium. Because they re-
place neutrons, their presence will soften the equation of
state of dense matter by reducing the neutron Fermi ener-
gy and pressure, while contributing to an increase in the
energy density. This will in turn reduce the maximum
mass of neutron stars from those obtained using stan-
dard equations of state for nuclear matter. As we shall
show below, even a modest reduction in the pressure at
high density can dramatically lower the maximum mass
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the age of the Universe. It is compelling that in such
a situation that the stability of normal matter and of
dark matter is ensured by the same symmetry: baryon
number.

The potential existence of a new decay channel for the
neutron has recently received attention as a solution to
the 4� discrepancy between values of the neutron life-
time measured using two different techniques, the “bot-
tle” and “beam” methods [3, 6, 7]. The “bottle” method,
which counts the number of neutrons that remain in a
trap as a function of time and is therefore sensitive to
the total neutron width gives ⌧bottlen = 879.6 ± 0.6 s [8].
The “beam” method counts the rate of protons emitted
in a fixed volume by a beam of neutrons, thus mea-
suring only the �-decay rate of the neutron, results in
⌧beamn = 888.0 ± 2.0 s [9]. These two measurements can
be reconciled by postulating a new decay mode for the
neutron, such as n ! �+ . . . , with a branching fraction
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= (0.9± 0.2)⇥ 10�2. (1)

However, a recent reevaluation of the prediction for the
neutron lifetime from post 2002 measurements of the neu-
tron gA concludes that any nonstandard branching for
the neutron is limited to less than 2.7 ⇥ 10�3 at 95%
CL [10].

In this work we note that a new state that carries bary-
on number and has a mass close to the neutron’s can
drastically affect the properties of nuclear matter at den-
sities seen in the interiors of neutron stars. In neutron
stars the neutron chemical potential can be significantly
larger than mn, reaching values ' 2 GeV in the heaviest
neutron stars [11]. Thus any exotic particle that carries
baryon number and has a mass . 2 GeV will have a large
abundance if in chemical equilibrium. Because they re-
place neutrons, their presence will soften the equation of
state of dense matter by reducing the neutron Fermi ener-
gy and pressure, while contributing to an increase in the
energy density. This will in turn reduce the maximum
mass of neutron stars from those obtained using stan-
dard equations of state for nuclear matter. As we shall
show below, even a modest reduction in the pressure at
high density can dramatically lower the maximum mass
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the age of the Universe. It is compelling that in such
a situation that the stability of normal matter and of
dark matter is ensured by the same symmetry: baryon
number.

The potential existence of a new decay channel for the
neutron has recently received attention as a solution to
the 4� discrepancy between values of the neutron life-
time measured using two different techniques, the “bot-
tle” and “beam” methods [3, 6, 7]. The “bottle” method,
which counts the number of neutrons that remain in a
trap as a function of time and is therefore sensitive to
the total neutron width gives ⌧bottlen = 879.6 ± 0.6 s [8].
The “beam” method counts the rate of protons emitted
in a fixed volume by a beam of neutrons, thus mea-
suring only the �-decay rate of the neutron, results in
⌧beamn = 888.0 ± 2.0 s [9]. These two measurements can
be reconciled by postulating a new decay mode for the
neutron, such as n ! �+ . . . , with a branching fraction

Brn!� = 1� ⌧bottlen

⌧beamn

= (0.9± 0.2)⇥ 10�2. (1)

However, a recent reevaluation of the prediction for the
neutron lifetime from post 2002 measurements of the neu-
tron gA concludes that any nonstandard branching for
the neutron is limited to less than 2.7 ⇥ 10�3 at 95%
CL [10].

In this work we note that a new state that carries bary-
on number and has a mass close to the neutron’s can
drastically affect the properties of nuclear matter at den-
sities seen in the interiors of neutron stars. In neutron
stars the neutron chemical potential can be significantly
larger than mn, reaching values ' 2 GeV in the heaviest
neutron stars [11]. Thus any exotic particle that carries
baryon number and has a mass . 2 GeV will have a large
abundance if in chemical equilibrium. Because they re-
place neutrons, their presence will soften the equation of
state of dense matter by reducing the neutron Fermi ener-
gy and pressure, while contributing to an increase in the
energy density. This will in turn reduce the maximum
mass of neutron stars from those obtained using stan-
dard equations of state for nuclear matter. As we shall
show below, even a modest reduction in the pressure at
high density can dramatically lower the maximum mass

Fornal & Grinstein (2018)

Particles in the MeV-GeV mass range that mix with baryons very weakly are natural dark matter 
candidates. 
There was speculation that a dark baryon with mass m𝛘 
between 937.76 - 938.78 MeV might explain the neutron 
life-time discrepancy: 

A model for hidden baryons which mix with the neutron:

Mixing angle: θ =
δ

ΔM
An explanation of the anomaly requires θ ≃ 10−9

Neutron stars can probe smaller mixing angles   and masses up to 2 GeV.   θ ≃ 10−18
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FIG. 1. The mass-radius relationship for selected nuclear EOS
and resulting hybrid configurations. The standard nuclear
matter relationships are shown as dash-dotted curves. The
“Stiff” EOS makes a second order transition to a causal EOS
at nB = 1.5 ns. This is the stiffest possible EOS and pre-
dicts a maximum mass ' 3.3 M�. Adding a dark baryon
with m� = 938 MeV results in the solid curves, which dif-
fer by their nuclear EOS. Even for the extremely stiff EOS,
the maximum mass of hybrid stars containing non-interacting
dark neutrons does not exceed 0.8 M�. The measured mass-
es of the two most massive neutron stars J0348+0432 and
J1614-2230 are also shown.

which carries baryon number and has a mass in the range
937.90 MeV < m� < 938.78 MeV. In fact, we shall
find that any such weakly interacting particle with mass
m� . 1.2 GeV can be excluded.

In Fig. 1 we show the mass-radius curve for neutron
stars predicted by the standard nuclear EOS as dash-
dotted curves. The curve labelled APR was obtained
with a widely used nuclear EOS described in Ref. [18].
The curves labelled “Soft” and “Stiff” are the extreme
possibilities consistent with our current understanding
of uncertainties associated with the nuclear interactions
up to 1.5 ns. The curves terminate at the maximum
mass. The softest possible nuclear equation of state just
falls short of making a 2 M� neutron star. The curve
labelled “Stiff” is obtained by using the nuclear EOS that
produces that largest pressure up to 1.5ns, and at higher
density we use the maximally stiff EOS with P (✏) = P0+
(✏ � ✏0) where P0 and ✏0 are the pressure and energy
density predicted by the nuclear EOS at 1.5 ns. For
the maximally stiff EOS the speed of sound in the high
density region cs = c, and this construction produces the
largest maximum mass of neutron stars compatible with
nuclear physics.

Any exotic neutron decay channel n ! � + · · · which
makes even a small contribution to the neutron width,
of order the inverse lifetime of a neutron star, will be
fast enough to ensure that � is equilibrium inside the
star. The typical age tNS of old observed neutron stars is
tNS ⇡ 106� 108 years. In a dense medium, due to strong
interactions, the dispersion relation of the neutron can be

written as !n(p) =
p

p2 +m2
n+⌃r+i⌃i where ⌃r and ⌃i

are the real and imaginary parts of its self-energy. The
mixing angle is suppressed at finite density and is given
by

✓̃ =
�q

g�m
2
+ ⌃2

i

, (8)

where g�m = �m + ⌃r. Since ⌃r and ⌃i are expect-
ed to be of the order of 10 � 100 MeV at the densities
attained inside neutron stars [22], it is reasonable to ex-
pect the ratio ✓̃/✓ to be in the range 0.01 � 0.1. The
rate of production of �0s in the neutron star interior
due to neutron decay, defined in Eq. 6, is suppressed
by the factor (✓̃/✓)2 but enhanced by (g�m/�m)3 when
g�m > �m. For g�m ⇡ 10 MeV the neutron decay life-
time is < 108 yrs when � > 10�19 GeV, and it is safe to
assume that for the phenomenologically interesting val-
ues of � ' 10�14 � 10�12 GeV, � will come into equilib-
rium on a timescale t ⌧ tNS.2

Because � carries baryon number, in equilibrium it-
s chemical potential µ� = µB , where µB is the bary-
on chemical potential. Given a nuclear EOS the baryon
chemical potential is obtained using the thermodynamic
relation µB = (Pnuc + ✏nuc)/nB where nB is the baryon
number density. If � is a Dirac fermion with spin 1/2
and its interactions are weak, its Fermi momentum and
energy density are given by

kF� =
q
µ2
B �m2

� , (9)

✏� =
1

⇡2

Z kF�

0
dk k2

q
k2 +m2

� , (10)

respectively. The dark neutron number density n� =
k3F�/3⇡

2 and its pressure P� = �✏� + µBn�. The to-
tal pressure Ptot = Pnuc + P� and energy density ✏tot =
✏nuc+ ✏� are easily obtained, and the TOV equations are
solved again to determine the mass-radius relation for
hybrid stars containing an admixture of � particles. The
net result is a softer EOS where the pressure is lower
at a given a energy density, because, as we mentioned
earlier, � replaces neutrons and reduces their Fermi mo-
mentum and pressure. Results for m� = 938 MeV are
shown in Fig. 1 as solid curves which terminate at the
maximum mass. We allow the nuclear EOS to vary from
maximally stiff to soft, and also show the results for the
APR EOS. The striking feature is the large reduction in
the maximum mass. This reduction is quite insensitive
to the nuclear EOS. Even for the maximally stiff EOS,
the presence of non-interacting dark neutrons reduce the
maximum mass to values well below observed neutron s-
tar masses. Thus, a dark neutron with a m� ' 938 MeV

2 We delegate to future work a detailed calculation of the produc-
tion rate for such small values of � which may be interesting in
other contexts.

m𝛘 = mn

m𝛘 = 1.2 GeV

Weakly Interacting Dark Baryons Destabilize Neutron Stars 

n p e n p eχ
Neutron decay lowers the nucleon density 
at a given energy density. 

When dark baryons are weakly interacting 
the maximum mass of neutron stars is 
greatly reduced.  

Observed neutron stars exclude dark 
baryons with mass < 1.2 GeV. 

Mckeen, Nelson, Reddy, Zhou (2018) Baym, Beck, Geltenbort, Shelton (2018) Motto, Guichon, Thomas (2018)



Self-interacting Dark Matter

NS + dark-core 

NS + dark-halo 

Gravitational wave observations of binary 
compact objects whose masses and tidal 
deformability’s differ from those expected 
from neutron stars  and stellar black holes 
would provide conclusive evidence for a 
strongly self-interacting dark sector:

Nelson, Reddy, & Zhou (2018) Horowitz &  Reddy  (2018) Compact Dark Objects 

Mass < 0.1 Msolar
Tidal Deformability > 600

Self-interacting dark matter could form 
hybrid neutron stars and compact dark 
objects. 



Dark Halos Alter Tidal Interactions 

Trace amount of light dark 
matter ~ 10-4-10-2  Msolar is 
adequate to enhance the 
tidal deformability
Λ > 800 !
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FIG. 2. Dependence on nuclear EoS. Solid lines are ⇤ and
dashed lines represent radii. All configurations are approxi-
mately 1.4M� within 0.1%. ⇤1.4M� for selected realistic nu-
clear EoSs vary from 150 to 500. Hybrid stars based on these
nuclear EoSs all exhibit R5 growth for large R. Bosonic DM
with m� = 100 MeV and g�/m� = 0.1 MeV�1 is assumed.

strong coupling or light mediator masses can result in
large ⇤ even when only trace amounts of DM with total
mass M� ⌧ MNS is present. Inspiral dynamics can be

FIG. 3. ⇤ increases rapidly with increasing total DM mass
M�. For self-interacting DM with g�/m� > 1 MeV�1, M� >
10�4M� will increase ⇤ above the upper bound (' 800) set
by GW170817.

modeled by the simple approach described by Eq. 2 in
which all finite size e↵ects are incorporated through ⇤
only when the radius of halo is smaller than the orbital
separation

rorb ' 140

✓
M

M�

◆1/3 ✓ fGW

100 Hz

◆�2/3

km , (10)

at frequencies relevant to Ad. LIGO. For this reason
we restrict our study to dark halos whose radii R . 150
km. With this restriction we find that obtaining ⇤ > 800
requires M� & 5⇥ 10�6M�.

Fermion dark halos are larger and have larger ⇤ due
to the additional contribution from the Fermi degener-
acy pressure. For m� = 100 MeV, the di↵erence be-
tween fermions and bosons is modest but the di↵erence
increases rapidly with decreasing m�. We find that for
fermions with m� . 30 MeV, the dark halo and its
tidal polarizability is large even in the absence of self-
interactions. For example, we find that ⇤ = 800 is
reached for m� = 30 MeV at total dark matter mass
M� = 10�4M�, for m� = 10 MeV at M� = 3⇥10�6M�,
and for m� = 5 MeV at M� = 4⇥ 10�7M�. However in
these cases the radius of the dark halo is large: R ' 210
km for m� = 10 MeV, R ' 140 km for m� = 20 MeV,
and R ' 100 km for m� = 30 MeV. A more sophisti-
cated hydrodynamic treatment is needed to study these
situations when the dark halos overlap strongly and this
is beyond the scope of this work.

III. ACCUMULATING DARK MATTER

A key question that remains is how & 10�5 M� of DM
can be trapped by the neutron star. We noted earlier that
the mass of asymmetric DM that can accrete onto neu-
tron stars is much smaller when the ambient DM density
is of the order of GeV/cm3. In a strongly self-interacting
dark matter scenario DM-DM scattering could increase
the capture rate. In addition, the DM distribution may
not be uniform. If dense DM clumps exist, then nearby
neutron stars might accrete large amounts of DM. An-
other possibility is that DM dynamics resulted in small
structures which could seed star formation, thus massive
stars may already contain trace amounts of DM in their
cores, and the neutron stars born subsequent to the su-
pernova explosion would inherit it. Note that microlens-
ing constraints on small objects only rule out extremely
dense objects, and there is plenty of room for clumps of
DM that are much denser than the ambient density but
not dense enough to microlense. These scenarios for how
to get dark matter into neutron stars are complicated and
speculative, and imply that di↵erent neutron stars would
have vastly di↵erent amounts of DM. In contrast, be-
low we shall estimate that light DM with mass less than
a few hundred MeV can be produced copiously during
the first few seconds subsequent to core-collapse super-
nova events, and, if their coupling to baryons is not too
weak, asymmetric capture of dark particles (�’s) versus
anti-dark particles (�̄’s) would result in an ADM-neutron
star hybrid. In this case all neutron stars would contain
a similar amount of DM.

Inside the hot newly born neutron star with a tem-
perature TNS ' 30 � 50 MeV bremsstrahlung reactions
nn ! nn� and np ! np� produce � particles when
m� is not much larger than about 3TNS. In fact, the
most stringent constraint on gB , their coupling strength
to baryons, is obtained by requiring that the total energy
radiated away as � particles does not exceed ⇡ 1053 ergs
[32–34]. Since � can couple strongly to dark fermions, the
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