
Dark Matter in Neutron Stars

• Dark sectors 
• A few things we know about neutron stars. 
• Recent constraints from cooling: axions, light dark 

gauge bosons.   
• A new idea: Using gravitational waves to constrain 

or discover a strongly interacting dark sector.    

Sanjay Reddy
Institute for Nuclear Theory,  Seattle.
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Neutron Stars 101

• Nuclear physics describes a large 
fraction of the neutron star.  

• Complex phase structure at low 
temperature. 

• The equation of state is fairly well 
known up to a few times 1014 g/cm3.

• Neutrino cooling processes are also 
known (up to a factor of a few) but 
are very sensitive to phase structure 
at low temperature. 

For a review see: Page & Reddy, Ann. Rev. Nucl. Part. Sci. (2006)
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Some Observed Properties of NS

Temperature evolution roughly consistent with neutrino cooling. 
This applies both to the very early proto-neutron star phase t < 1 min and 
the late neuton star cooling phase t ~ 106 yrs.  

 Using x-rays and gravitational waves: 9 km(?) < RNS < 14 km

 Pulsar timing and relativistic effects in binaries: MNS : 1.2 M� � 2.0 M�

 Maximum mass:  2.0 M� < MMax < 2.4 M�(?) (GW170817)  



Radii and Maximum Masses 
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Figure 8. Histograms for c2S(n), the mass-radius relation, and the EOS for all the accepted parameter sets
for the local chiral N2LO interactions of Figure 3 and ntr,1 (upper panels) and ntr,2 (lower panels). For the
c2S(n) histogram we terminate each parametrization at its maximal central density. The orange lines are the
corresponding contours for the polytropic expansion of Hebeler et al. (2013). For the mass-radius curve, we
also show the average radius for each mass (solid line) as well as 68% confidence intervals (dashed lines).

We find that the speed of sound increases rapidly in a small density range above ntr. This increase
is more drastic for softer nuclear interactions. For sti↵er interactions, cS increases slowly and peaks at
higher densities. In all cases, for a large fraction of parametrizations, the speed of sound increases to
values around cS ⇡ 0.9. For the smaller transition density, there exist parametrizations that observe
the conformal limit at all densities, while for the higher transition density all parametrizations violate
this bound, consistent with our previous findings.

For the mass-radius relation, we find a rather broad radius distribution at lower transition densities,
that narrows with increasing transition density. This highlights the fact that PNM calculations at
densities ⇠ 2n0 provide valuable information despite sizable uncertainties. We highlight this fact in
Figure 10 where we show the radius of a typical 1.4 M� NS as a function of ntr for the chiral EFT
interactions. At ntr,1, we find a radius range of 9.4� 14.0 km (10.0� 14.1 km) with a 68% confidence
interval of 12.0 ± 1.0 km (12.3 ± 0.9 km) for the TPE-only (TPE+VE, ) interaction. This range
reduces to 9.4 � 11.8 km (10.2 � 12.3 km) with a 68% confidence interval of 10.7 ± 0.5 km (11.5+0.3

�0.4

km) for ntr,2.
For the phenomenological interaction the mass-radius relation is much narrower than for the chiral

interactions because the EOS is much sti↵er and uncertainties associated with the interaction are
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•Modern EOS based on EFT inspired nuclear 
forces and Quantum Monte Carlo  calculations 
provide useful predictions despite uncertainties 
at high density. 

•Nuclear description viable up to 5 x 1014  g/cm3 : 
•  Radius = 10 - 12 kms 
•  Maximum mass = 2 - 2.5 solar masses

Tews, Carlson, Gandolfi and Reddy (2018)

•Nuclear description viable up to 2.5 x 1014  g/cm3 :

•  Radius = 9.5 - 14 kms 
•  Maximum mass = 2 - 3 solar masses
Hebeler, Lattimer, Pethick, Schwenk (2010)



Early Neutron Star Cooling: Supernova Neutrinos

1500 km

3X107 km

10 km

Core collapse
tcollapse ~100 ms Shock wave

Eshock~1051ergs

100 km

3 x 1053 ergs = 1058 × 20 MeV Neutrinos

neutrinos diffuse in the core.

SN 1987a: ~ 20 neutrinos over ~10 s. 

• The time structure of the neutrino signal 
depends on how heat is transported in the 
neutron star core. 


• The spectrum is set by scattering in a hot 
(T=3-6 MeV) and not so dense (1012-1013 g/
cm3 ) neutrino-sphere. 



Late Neutron Star Cooling
Crust cools by conduction

Isothermal core cools by 
neutrino emission

Surface photon emission dominates at 
late time t > 106 yrsBasic neutrino reactions:

• URCA reactions dominate when both proton and 
neutron T > Tc

• Direct URCA requires > 11 % protons. 

• In the vicinity of Tc critical fluctuations form and 
destroy Cooper pairs and enhance neutrino 
emission.  

• For T << Tc all neutrino processes are 
exponentially suppressed. 

• When protons are superconducting and neutrons 
are normal, neutron Bremsstrahlung dominates. 

n � e� + p + ν̄e

n + n �< nn > +ν + ν̄
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Dany Page                                           Neutron Star Cooling                                             INT TALENT 2015,  July 3rd, 2015

Minimal Cooling and “Cas A”
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HESS J1731-347

Models are still rudimentary but can accommodate the observed variability 

By varying the NS mass and surface 
composition one can obtain a fit to 
the data with URCA reactions. 

One exception is HESS J1731-34. 
Too hot. Yakovlev et al (2016, 2017)

HESS requires very slow cooling 
and is only compatible with neutron 
Bremsstrahlung. Implies a low mass 
neutron star. 

Yakovlev et al (2015) Page et al. (2016)



Supernova 1987a bound on energy loss to exotic particles

Raffelt’s “local” bound: E(ρ = 3× 1014 g/cm3, T = 30 MeV) < ERaffelt = 1019
ergs

g s

This bound was found empirically by comparing to a suite of proto-neutron star simulations.   

The corresponding bound on the luminosity is Lexotic < ERaffelt ×MNS ≃ 2× 1052
M

M⊙

ergs

s

Early cooling of the newly born neutron star is set by neutrino diffusion and emission 
and shapes the supernova neutrino signal.   Exotic particles that can escape faster 
would shorten the SN neutrino signal. 



Dark Photons 

Figure 7. Systematic uncertainties (green region) encompassing our “robustly excluded zone” (blue).
The true boundary likely lies somewhere in the green region; we show our fiducial profile as the dotted
black line. The blue area is excluded regardless of the perturbations we make to the physical inputs. We
compare to bounds from other stars [17], decays to three photons on cosmological timescales [51, 52],
and beam dumps, meson decays, and other terrestrial experiments [4]. The comparison of the electron
anomalous magnetic moment in two di↵erent systems is shown in the hatched region, which has not
previously been shown in this mass range.

this model and rescale by the abundance from resonant production in the early Universe [51],

we obtain the lower bound of this region. Requiring ⌧  1 sec so that decays do not inter-

rupt nucleosynthesis gives the upper line of this gray region [51]. We caution that threshold

– 19 –

Chang, Essig, McDermott (2017,2018)
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Nucleon-nucleon bremsstrahlung of dark gauge bosons and revised supernova constraints.

Ermal Rrapaj1, 2, ú and Sanjay Reddy1, 2, †

1Institute for Nuclear Theory, University of Washington, Seattle, WA
2Department of Physics, University of Washington, Seattle, WA

We calculate the rate of production of hypothetical light vector bosons (LVBs) from nucleon-
nucleon bremsstrahlung reactions in the soft radiation limit directly in terms of the measured
nucleon-nucleon elastic cross sections. We use these results and the observation of neutrinos from
supernova SN1987a to deduce constraints on the couplings of vector bosons with masses . 200 MeV
to either electric charge (dark photons) or to baryon number. We establish for the first time strong
constraints on LVB that couple only to baryon number, and revise earlier constraints on the dark
photon. For the latter, we find that the excluded region of parameter space is diminished by about
a factor of 10.

I. INTRODUCTION

The detection of about 20 neutrinos over about 10 seconds from supernova SN87a confirmed in broad-brush the paradigm
for core-collapse supernova in which the neutrinos carry away the bulk of the gravitational binding energy ƒ 3 ≠ 5 ◊ 1053

ergs of the neutron star. The time scale associated with this intense neutrino emission is determined by neutrino di�usion in
the hot and dense core of the newly born neutron star called the proto-neutron star[1]. During this phase, the emission of
other weakly interacting particles, were they to exist, could sap energy from the core and reduce the number and time scale
over which neutrinos would be detectable. This allows one to extract useful constraints on the coupling of these hypothetical
particles for masses up to about 200 MeV from the neutrino signal observed from SN87a. Now widely referred to as the
supernova cooling constraint [2], it has provided stringent constraints on the properties of QCD axions [3], the size of large
gravity-only extra-dimensions into which light Kaluza-Klein gravitons could be radiated [4, 5], light supersymmetric particles
such as neutralinos [6], and more recently on the properties of dark photons [7–9].

Observations of galaxy rotation curves, the motion of galaxies in clusters, gravitational lensing, and the remarkable success
of the �CDM model of the early universe (see Ref. [10] for a pedagogic review), combined with the direct empirical evidence
from the bullet cluster [11] indicates the existence of dark matter (DM) which interacts with ordinary matter through
gravitational interactions. This has spurred much recent research in particle physics and a plethora of DM models have been
proposed that also naturally predict non-gravitational interactions. In a class of these models, DM is part of neutral hidden
sector which interacts with standard model (SM) particles through the exchange of light vector bosons (LVBs) that couple
to SM conserved currents [12–15]. Here, DM is charged under a local U(1) and from a phenomenological perspective, it is
convenient to consider two possibilities. One in which the mediator couples to the SM electric charge Q, called the dark
photon “Q and is described by the spin-one field AÕ

µ. The other in which the mediator couples only to baryon number, which
is sometimes referred to as the leptophobic gauge boson “B and is described by the field Bµ.

At low energy it su�ces to consider minimal coupling of the LVBs to charge and baryon number described by the lagrangian

L ∏ gQAÕ
µJEM

µ + gBBµJB
µ ≠

1
2m2

“Q
AÕ

µAÕµ
≠

1
2m2

“B
BµBµ , (1)

which also includes mass terms for the gauge bosons. Of the two LVBs, the dark photon has been studied extensively and is
usually discussed as arising from kinetic mixing of a dark sector gauge boson with the photon [16]. This mixing is described
by the term ‘QF Õ

µ‹F µ‹ in the low energy lagrangian where F µ‹ and F Õ
µ‹ are the field tensors associated with the ordinary

photon field and dark photon field, respectively. The Yukawa coupling in Eq. 1 gQ = ‘Qe where e =
Ô

4fi–em is the electric
charge. To simplify notation, and for later convenience, we shall also introduce the parameter ‘B and write the Yukawa
coupling of leptophobic gauge boson as gB = ‘Be.

ú ermalrrapaj@gmail.com
† sareddy@uw.edu
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When the mass of the LVBs is less than or comparable to few times TSN ƒ 30 MeV, the temperature encountered
in the supernova core, they can be produced copiously through nucleon-nucleon bremsstrahlung and electron-position pair-
annihilation reactions. For both types of LVB, the bremsstrahlung production rate is expected to be the dominant contribution
given the abundance of nucleons and the strong nature of nuclear interactions. In this article we calculate this production rate
using the soft-radiation theorem and obtain a model independent estimate, related directly to the nucleon-nucleon elastic
scattering data. A similar method was used in earlier work in [4] to estimate low energy neutrino and axion production
and in [17] to estimate the rate of production of Kaluza-Kelin gravitons and dilatons from nucleon-nucleon bremsstrahlung.
Here we present for the first time a calculation of the rate of emission of the LVB “B which couples to baryon number from
nucleon-nucleon bremsstrahlung. Our calculation of the bremsstrahlung production of dark photons predicts a rate that is
about a factor 10 smaller than that predicted in Ref. [7]. We trace this di�erence to an overly simplified treatment of the
nucleon-nucleon interaction based on one-pion-exchange, and the use of the Born approximation for strong interactions.

In section II we review the well known result for soft bremsstrahlung radiation and outline the calculation for the emissivity
of LVBs from the supernova core in this limit. We discuss the elastic neutron-neutron, proton-proton and neutron-proton
cross-sections and use experimental data to compute the emissivities in section III. In section IV we derive constraints on ‘B

and revise earlier constraints on ‘Q. Here we also discuss sources of opacity for LVBs that can suppress cooling arising from
inverse bremsstrahlung process, Compton scattering, and decay into electron–positron pairs.

II. NUCLEON-NUCLEON BREMSSTRAHLUNG IN THE SOFT LIMIT

We begin by briefly reviewing nucleon-nucleon bremsstrahlung in the soft limit where the energy radiated is small compared
to the energy associated with nucleon-nucleon interaction. It is well known that the amplitude for bremsstrahlung production
of particles can be related to the elastic scattering cross-section when expanded in powers of the energy Ê, carried away by
the radiated particles[18]. The amplitude for a generic bremsstrahlung process XY æ XY “ can be written as

MXY æXY “ = A(Ecm)
Ê

+ B(Ecm) + O(Ê) , (2)

where A(Ecm) and B(Ecm) are related directly to the elastic XY æ XY cross-section without radiation in the final state.
This result, called Low’s soft-photon theorem for bremsstrahlung was first derived by F. E. Low [19] and has been used to
study neutron-proton and proton-proton bremsstrahlung reactions since the pioneering work of [20, 21]. Calculations of the
bremsstrahlung rate in which only terms arising from on-shell elastic amplitudes A(Ecm) and B(Ecm) is generally referred
to as the soft-photon approximation or the soft radiation approximation (SRA).

The Feynman diagrams that contribute in the SRA are shown in Fig. 1. Here nucleons are represented by solid lines,
the LVB as the wavy-photon lines and the shaded circle represents the nucleon-nucleon interaction which contains both the
long-distance component arising from pion-exchanges and all of the e�ects of the short-distance components that contribute
to nucleon-nucleon scattering. The amplitude for the reaction pp æ pp“ is obtained by summing diagrams (a), (b), (c) and

K
P3

P4P2

P1 P3
K

P1

P4P2
K

P2

P1 P3

P4
P4

P3

K
P2

P1

(a) (b) (c) (d)

FIG. 1. Diagrams in which radiation denoted by the wavy-line attaches to the external nucleon legs (solid lines) dominates in the
low energy limit. The grey blob represents the anti-symmetrized nucleon-nucleon potential and contains both the direct and exchange
contributions.

(d), while for the reaction np æ np“ only two of these diagrams contribute in which the photon couples only to the proton at
leading order in this expansion. The four momenta of the initial state nucleons is denoted P1 and P2, and by P3 and P4 in the
final state. K = (Ê, k̨) is the four momentum of the radiated quanta and ‘µ is its polarization. These diagrams dominate at
small Ê because the intermediate nucleon is close to being on-shell and makes a contribution to the bremsstrahlung amplitude
at order Ê≠1. In this limit, when the energy radiated is small compared to Ecm of the nucleon pair, the unpolarized di�erential

Nucleon-nucleon Bremsstrahlung
dominant production mechanism: 

Soft radiation or Low’s theorem for photon Bremsstrahlung 
can be used to estimate these rates in hot and dense matter. 

Rrapaj and Reddy  (2016)

Effective coupling in the plasma is resonantly enhanced 
when dark photon mass ~ plasma frequency. 
An, Pospelov, Pradler (2013)
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First, we determine the SN87a constraints on “B , which is the leptophobic LVB that couples to baryon number. The total
energy loss rate per gram due to “B radiation is

ĖB(fl, T, Yp) = (‘̇npænp“B + ‘̇nnænn“B + ‘̇ppæpp“B )/fl , (21)

where fl is the matter mass density, T is the temperature and Yp = np/(nn + np) is the fraction of protons. As already noted
we choose fl = 3 ◊ 1014 g/cm3, T = TSN = 30 MeV and we set the proton fraction Yp = 0.3 to reflect typical conditions
encountered in proto-neutron star simulations[26, 27].

In Fig. 5 we show the constraint on the coupling strength defined as –B = ‘2
B–em where –em = 1/137 is the fine structure

constant. We have opted to work with –B rather ‘B because this is widely used in the context of discussing LVBs that couple
to baryon number. The solid blue curve is obtained by setting ĖB(fl = 3◊1014 g/cm3, T = 30 MeV, Yp = 0.3) = 1019 erg/g/s
and solving for ‘B for a range of LVB masses mB = 1 eV ≠ 200 MeV. For value of –B larger than those defined by the blue
curve the supernova would cool too rapidly to produce the neutrino events detected from SN87a. For lighter masses when
mB π 1 eV the exchange of the LVB leads to macroscopic forces, collectively referred as fifth forces, and have been probed
by a host experiments (for a review see Ref. [28]). These have strongly constrained –B to values that are several orders of
magnitude smaller than can be accessed by the SN cooling constraint. At intermediate values in the range mB ƒ few eV≠MeV
neutron scattering and neutron optics provide the strongest experimental constraints [29, 30] and these are also shown in
Fig. 5.

10�6 10�5 10�4 10�3 10�2 10�1 100 101 102 103

m�B [MeV]
10�28

10�26

10�24

10�22

10�20

10�18

10�16

10�14

10�12

10�10

�
B

SRA: Cooling
SRA: Trapping
Neutron Optics [Leeb et al. 1992]
Neutron Scattering [Barbieri & Ericson, 1975]

SN87a Excluded Region

FIG. 5. Cooling and trapping constraints in the parameter space of the LVB that couples to baryon number. The solid blue line is the
lower limit set by cooling, and the dashed blue line is the upper limit set by trapping. Experimental constraints derived from neutron
scattering from Ref. [29] (black dot-dashed curve) and from neutron optics from Ref. [30] (red dashed curve) are also shown.

While it is remarkable that the SN cooling constraint in Fig. 5 is several orders of magnitude more stringent than the
experimental constraints it relies on the assumption that once produced the LVBs can free stream out of the proto-neutron
star. Clearly this will not be true for large values of the coupling –B . At these larger values of –B LVBs will be trapped in

Dark Baryon Number Gauge Boson  

INT-PUB-15-065

Nucleon-nucleon bremsstrahlung of dark gauge bosons and revised supernova constraints.

Ermal Rrapaj1, 2, ú and Sanjay Reddy1, 2, †

1Institute for Nuclear Theory, University of Washington, Seattle, WA
2Department of Physics, University of Washington, Seattle, WA

We calculate the rate of production of hypothetical light vector bosons (LVBs) from nucleon-
nucleon bremsstrahlung reactions in the soft radiation limit directly in terms of the measured
nucleon-nucleon elastic cross sections. We use these results and the observation of neutrinos from
supernova SN1987a to deduce constraints on the couplings of vector bosons with masses . 200 MeV
to either electric charge (dark photons) or to baryon number. We establish for the first time strong
constraints on LVB that couple only to baryon number, and revise earlier constraints on the dark
photon. For the latter, we find that the excluded region of parameter space is diminished by about
a factor of 10.

I. INTRODUCTION

The detection of about 20 neutrinos over about 10 seconds from supernova SN87a confirmed in broad-brush the paradigm
for core-collapse supernova in which the neutrinos carry away the bulk of the gravitational binding energy ƒ 3 ≠ 5 ◊ 1053

ergs of the neutron star. The time scale associated with this intense neutrino emission is determined by neutrino di�usion in
the hot and dense core of the newly born neutron star called the proto-neutron star[1]. During this phase, the emission of
other weakly interacting particles, were they to exist, could sap energy from the core and reduce the number and time scale
over which neutrinos would be detectable. This allows one to extract useful constraints on the coupling of these hypothetical
particles for masses up to about 200 MeV from the neutrino signal observed from SN87a. Now widely referred to as the
supernova cooling constraint [2], it has provided stringent constraints on the properties of QCD axions [3], the size of large
gravity-only extra-dimensions into which light Kaluza-Klein gravitons could be radiated [4, 5], light supersymmetric particles
such as neutralinos [6], and more recently on the properties of dark photons [7–9].

Observations of galaxy rotation curves, the motion of galaxies in clusters, gravitational lensing, and the remarkable success
of the �CDM model of the early universe (see Ref. [10] for a pedagogic review), combined with the direct empirical evidence
from the bullet cluster [11] indicates the existence of dark matter (DM) which interacts with ordinary matter through
gravitational interactions. This has spurred much recent research in particle physics and a plethora of DM models have been
proposed that also naturally predict non-gravitational interactions. In a class of these models, DM is part of neutral hidden
sector which interacts with standard model (SM) particles through the exchange of light vector bosons (LVBs) that couple
to SM conserved currents [12–15]. Here, DM is charged under a local U(1) and from a phenomenological perspective, it is
convenient to consider two possibilities. One in which the mediator couples to the SM electric charge Q, called the dark
photon “Q and is described by the spin-one field AÕ

µ. The other in which the mediator couples only to baryon number, which
is sometimes referred to as the leptophobic gauge boson “B and is described by the field Bµ.

At low energy it su�ces to consider minimal coupling of the LVBs to charge and baryon number described by the lagrangian

L ∏ gQAÕ
µJEM

µ + gBBµJB
µ ≠

1
2m2

“Q
AÕ

µAÕµ
≠

1
2m2

“B
BµBµ , (1)

which also includes mass terms for the gauge bosons. Of the two LVBs, the dark photon has been studied extensively and is
usually discussed as arising from kinetic mixing of a dark sector gauge boson with the photon [16]. This mixing is described
by the term ‘QF Õ

µ‹F µ‹ in the low energy lagrangian where F µ‹ and F Õ
µ‹ are the field tensors associated with the ordinary

photon field and dark photon field, respectively. The Yukawa coupling in Eq. 1 gQ = ‘Qe where e =
Ô

4fi–em is the electric
charge. To simplify notation, and for later convenience, we shall also introduce the parameter ‘B and write the Yukawa
coupling of leptophobic gauge boson as gB = ‘Be.

ú ermalrrapaj@gmail.com
† sareddy@uw.edu
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↵B =
g2B
4⇡

= ✏2B ↵em

Rrapaj and Reddy (2016)

• Nucleon-nucleon bremsstrahlung is 
the dominant  production channel.  

• Quadrupolar radiation is modestly 
suppressed (v4 )

gB < 10�10 m� < 100 MeVRequires for  
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Figure 2: Exclusion ranges as described in the text.
The dark intervals are the approximate CAST and
ADMX search ranges, with green regions indicating the
planned reach of future upgrades. Limits on coupling
strengths are translated into limits on mA and fA us-
ing z = 0.56 and the KSVZ values for the coupling
strengths. The “Beam Dump” bar is a rough represen-
tation of the exclusion range for standard or variant
axions. The “Globular Clusters” and “White Dwarfs”
ranges uses the DFSZ model with an axion-electron
coupling corresponding to cos2 β = 1/2. The Cold Dark
Matter exclusion range is particularly uncertain; ranges
for pre-inflation and post-inflation Peccei-Quinn transi-
tions are shown. Figure adapted from [49].

[55]. At the moment we prefer to interpret these results as an

upper limit αAee <∼ 10−27 shown in Figure 2.

Similar constraints derive from the measured duration of

the neutrino signal of the supernova SN 1987A. Numerical simu-

lations for a variety of cases, including axions and Kaluza-Klein

August 21, 2014 13:17

QCD Axions
PDG (2016) Ringwald, Rosenberg, RybkaQCD Axions couple to nucleons and 

can be produced by nucleon-nucleon 
bremsstrahlung reactions. 

SN1987a was used to constrain the 
coupling gaNN = CN mN / fa. 

Recent work suggests SN1987a 
requires fa > 108 GeV. 
(Chang, Essig, McDermott (2018))

Beznogov, Page, Rrapaj and Reddy (2018)   

HESS J1731 (Cn =0.27):
fa > 4 x 108 GeV  [at 99%] 
fa > 3 x 109 GeV  [at 90%]

Revised Analysis  SN1987a 

HESS J1731 (90%)

n+ n→ n+ n+ a

Analysis of HESS J1731 suggests a slightly stronger bound 
on the DFSZ axion. 

Since both neutrinos and axions are produced by the same 
reaction the analysis is less sensitive to the reaction 
mechanism.     

SN 1987A
Supernova



Self-Interacting Dark Matter (SIDM)
Cold (non-interacting) dark matter 
(CDM) fails to explain fine structure in 
some galaxy rotation curves.  

Strong self-interactions are needed to 
redistribute dark matter (through 
collisions and thermalization)   to 
reproduce observations. 
  
The cross-section needed is large 

3

***
***
****

*****
*********

***********************

NGC 6503, c200:median, M200:2.5×1011M⊙

Stars
Gas

Halo

0 5 10 15 20
0

50

100

150

200

250

Radius (kpc)

V
ci
r
(k
m
/s
)

***

UGC 128,

0

FIG. 2: Left two panels show the SIDM fits to the rotation curves of NGC 6503 and UGC 128. They asymptote to Vf ⇡ 130 km/s in the
outer parts, but their inner rotation curves are very different. The right panel show the SIDM fit to a highly luminous galaxy, NGC 2903. The
total fit is displayed in red and it includes contributions from the SIDM halo (blue solid), stars (magenta dashed), gas (magenta dot-dashed),
and bulge (magenta long-dashed). The predictions of the corresponding CDM halo (dotted) and the SIDM halo neglecting the influence of the
baryons (asterisk) are also shown.

obtained excellent fits overall, with �2/dof < 1 for 23 galax-
ies (DDO 52, 154, 87 126; UGC 128, 5005, 11707, 4483,
3371, 5721, 12506, 1281; UGCA 442; NGC 2366, 7331,
2403, 3109, 1560, 2903, 3198; F583-1, F579-V1, M33), and
�2/dof < 2 for the rest (UGC 2841, 5750; NGC 6503, F571-
8, F563-V2, DDO 133, IC 2574). In Figs. 2 and 3, we show
the fits to some of the most extreme examples highlighted
in [15]1. For each galaxy, we compute the thin disk param-
eters (⌃0, Rd) that best match the rotation curves of the stellar
disk in the literature, given a value of the mass-to-light ratio
(⌥⇤). In computing ⇢iso, we have neglected the potential of
the gaseous disk and stellar bulge, which is a good approxi-
mation for the fits shown here. In our fits, the outer halo Vmax

is essentially set by the measured Vf and the freedom in the
fits is primarily due to ⌥⇤ and the scatter allowed in the con-
centration of the outer halo.

NGC 6503 [42] and UGC 128 [43] clearly illustrate the di-
verse features in the rotation curves caused by the baryon dis-
tribution in Fig. 2. Both galaxies have Vf ⇡ 130 km/s, but
their inner rotation curves are very different. For NGC 6503,
the circular velocity increases sharply in the inner regions and
reaches its asymptotic value around 5 kpc; in UGC 128, it
increases very mildly and reaches Vf at 20 kpc. Despite the
dramatic differences, the SIDM halo with median concentra-
tion provides a remarkable fit to both galaxies. NGC 6503
is a high surface brightness galaxy and its inner gravitational
potential is dominated by the stellar disk, which contributes
significantly to the observed Vcir. Moreover, the inner SIDM
(isothermal) halo density in the presence of the disk is al-
most an order of magnitude larger than when neglecting the
influence of the disk, which boosts the halo contribution at
Vcir(2 kpc) from 20 to 60 km/s. In contrast, the stellar disk

1 In the Appendix, we show the fits for the 24 other galaxies.

has a negligible effect on the SIDM halo of UGC 128.
It is interesting to note that in NGC 6503 the rotation curve

becomes flat at r ⇡ 3 kpc, which implies that the total den-
sity profile scales as a power-law in radius, with index close
to �2, from inner regions dominated by the disk to outer re-
gions dominated by dark matter. Thus, the thermalization of
dark matter in SIDM models provides a natural mechanism for
understanding the long-standing puzzle of the disk-halo con-
spiracy [35]. This power-law behavior of the total mass den-
sity is prevalent in large spiral and elliptical galaxies [44, 45].
We show the SIDM fit to the rotation curve of massive spiral
galaxy NGC 2903 [11] in right panel of Fig. 2 as an example.

In Fig. 3, we show SIDM fits for UGC 5721 [46, 47], NGC
1560 [48], and UGC 5750 [8, 43, 49, 50]. All have similar
Vf ⇡ 80 km/s, but the shapes of the rotation curves are very
different in the inner regions. UGC 5721 and UGC 5750 are
at opposite extremes for the rotation curve diversity in this
mass range. Despite the diversity, the SIDM halo model pro-
vides an impressive fit to the rotation curves. We find that
NGC 1560 has a median halo, UGC 5721 has a denser halo,
and UGC 5750 has an underdense halo, but all within 2� of
the median expectation. The observed Vcir(2 kpc) is close to
20 km/s for UGC 5750, while the corresponding CDM halo
has Vcir(2 kpc) ⇡ 30 km/s even with a concentration 2�
lower than the median value. The effect of the disk is most
significant in UGC 5721, resulting in a SIDM halo similar
to the CDM one and a flat Vcir even at 2 kpc. The effect
becomes mild in NGC 1560 and negligible in UGC 5750,
consistent with their luminosities. We have further checked
that UGC 5721 can also be fit with a 1.5� higher c200 value
and M200 = 6 ⇥ 1010M�, and UGC 5720 with a 1.5� lower
c200 value and M200 = 8 ⇥ 1010M�. This is due to a mild
c200–M200 degeneracy.

V. Diversity from uniformity. The diversity problem is
solved by a combination of features in ⇤SIDM that are not
separate pieces to be tuned but instead arise from the require-
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Orbital Period Masses (solar) Time to Merger
B1913+16 0.323 days 1.441 + 1.387 3 x 108 yrs
B1534+12 0.421 days 1.333 + 1.347 27 x 108 yrs

B2127+11C 0.335 days 1.35 + 1.36 2.2 x 108 yrs
J0737-3039 0.102 days 1.34 + 1.25 0.86 x 108 yrs
J1756-2251 0.32 days 1.34 + 1.23 17 x 108 yrs
J1906+746 0.166 days 1.29 + 1.32 3.1 x 108 yrs

J1913+1102 0.201 days 1.65 + 1.24 5 x 108 yrs 
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Late Inspiral: Rorbit . 10 RNS

Tidal forces deform neutron stars.  
Induces a quadrupole moment. 
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Tidal interactions advance the orbit and change the rotational phase. 
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Tidal Effects at Late Times 

• Both NSs contribute to tidal effect
• Leads to phase shift of 5–15 radians

400Hz up to merger

Matter effects
• Both NSs contribute to tidal effect
• Leads to phase shift of 5–15 radians

400Hz up to merger

Matter effects

t (s)

Measuring the EOS directly
• The tidal deformability is calculated from the EOS
• This can be inverted to find EOS parameters from observations of the tidal 

parameters and masses
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Parameters from GW data analysis 

to the one observed at the LIGO-Livingston detector during
GW170817. After applying the glitch subtraction tech-
nique, we found that the bias in recovered parameters
relative to their known values was well within their
uncertainties. This can be understood by noting that a
small time cut out of the coherent integration of the phase
evolution has little impact on the recovered parameters. To
corroborate these results, the test was also repeated with a
window function applied, as shown in Fig. 2 [73].
The source was localized to a region of the sky 28 deg2

in area, and 380 Mpc3 in volume, near the southern end of
the constellation Hydra, by using a combination of the
timing, phase, and amplitude of the source as observed in
the three detectors [138,139]. The third detector, Virgo, was
essential in localizing the source to a single region of the
sky, as shown in Fig. 3. The small sky area triggered a
successful follow-up campaign that identified an electro-
magnetic counterpart [50].
The luminosity distance to the source is 40þ8

−14 Mpc, the
closest ever observed gravitational-wave source and, by
association, the closest short γ-ray burst with a distance
measurement [45]. The distance measurement is correlated
with the inclination angle cos θJN ¼ Ĵ · N̂, where Ĵ is the
unit vector in the direction of the total angular momentum
of the system and N̂ is that from the source towards the
observer [140]. We find that the data are consistent with an
antialigned source: cos θJN ≤ −0.54, and the viewing angle
Θ≡minðθJN; 180° − θJNÞ is Θ ≤ 56°. Since the luminos-
ity distance of this source can be determined independently
of the gravitational wave data alone, we can use the
association with NGC 4993 to break the distance degen-
eracy with cos θJN . The estimated Hubble flow velocity
near NGC 4993 of 3017 % 166 km s−1 [141] provides a
redshift, which in a flat cosmology with H0 ¼ 67.90 %
0.55 km s−1 Mpc−1 [90], constrains cos θJN < −0.88 and
Θ < 28°. The constraint varies with the assumptions made
about H0 [141].

From the gravitational-wave phase and the ∼3000 cycles
in the frequency range considered, we constrain the chirp
mass in the detector frame to be Mdet ¼ 1.1977þ0.0008

−0.0003M⊙
[51]. The mass parameters in the detector frame are related
to the rest-frame masses of the source by its redshift z as
mdet ¼ mð1þ zÞ [142]. Assuming the above cosmology
[90], and correcting for the motion of the Solar System
Barycenter with respect to the Cosmic Microwave
Background [143], the gravitational-wave distance meas-
urement alone implies a cosmological redshift of
0.008þ0.002

−0.003 , which is consistent with that of NGC 4993
[50,141,144,145]. Without the host galaxy, the uncertainty
in the source’s chirp mass M is dominated by the
uncertainty in its luminosity distance. Independent of the
waveform model or the choice of priors, described below,
the source-frame chirp mass is M ¼ 1.188þ0.004

−0.002M⊙.
While the chirp mass is well constrained, our estimates

of the component masses are affected by the degeneracy
between mass ratio q and the aligned spin components χ1z
and χ2z [38,146–150]. Therefore, the estimates of q and
the component masses depend on assumptions made
about the admissible values of the spins. While χ < 1
for black holes, and quark stars allow even larger spin
values, realistic NS equations of state typically imply
more stringent limits. For the set of EOS studied in [151]
χ < 0.7, although other EOS can exceed this bound. We
began by assuming jχj ≤ 0.89, a limit imposed by
available rapid waveform models, with an isotropic prior
on the spin direction. With these priors we recover q ∈
ð0.4; 1.0Þ and a constraint on the effective aligned spin of
the system [127,152] of χeff ∈ ð−0.01; 0.17Þ. The aligned
spin components are consistent with zero, with stricter
bounds than in previous BBH observations [26,28,29].
Analysis using the effective precessing phenomenological
waveforms of [128], which do not contain tidal effects,
demonstrates that spin components in the orbital plane are
not constrained.

TABLE I. Source properties for GW170817: we give ranges encompassing the 90% credible intervals for different assumptions of the
waveform model to bound systematic uncertainty. The mass values are quoted in the frame of the source, accounting for uncertainty in
the source redshift.

Low-spin priors ðjχj ≤ 0.05Þ High-spin priors ðjχj ≤ 0.89Þ
Primary mass m1 1.36–1.60 M⊙ 1.36–2.26 M⊙
Secondary mass m2 1.17–1.36 M⊙ 0.86–1.36 M⊙
Chirp mass M 1.188þ0.004

−0.002M⊙ 1.188þ0.004
−0.002M⊙

Mass ratio m2=m1 0.7–1.0 0.4–1.0
Total mass mtot 2.74þ0.04

−0.01M⊙ 2.82þ0.47
−0.09M⊙

Radiated energy Erad > 0.025M⊙c2 > 0.025M⊙c2
Luminosity distance DL 40þ8

−14 Mpc 40þ8
−14 Mpc

Viewing angle Θ ≤ 55° ≤ 56°
Using NGC 4993 location ≤ 28° ≤ 28°
Combined dimensionless tidal deformability ~Λ ≤ 800 ≤ 700
Dimensionless tidal deformability Λð1.4M⊙Þ ≤ 800 ≤ 1400
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nique, we found that the bias in recovered parameters
relative to their known values was well within their
uncertainties. This can be understood by noting that a
small time cut out of the coherent integration of the phase
evolution has little impact on the recovered parameters. To
corroborate these results, the test was also repeated with a
window function applied, as shown in Fig. 2 [73].
The source was localized to a region of the sky 28 deg2

in area, and 380 Mpc3 in volume, near the southern end of
the constellation Hydra, by using a combination of the
timing, phase, and amplitude of the source as observed in
the three detectors [138,139]. The third detector, Virgo, was
essential in localizing the source to a single region of the
sky, as shown in Fig. 3. The small sky area triggered a
successful follow-up campaign that identified an electro-
magnetic counterpart [50].
The luminosity distance to the source is 40þ8

−14 Mpc, the
closest ever observed gravitational-wave source and, by
association, the closest short γ-ray burst with a distance
measurement [45]. The distance measurement is correlated
with the inclination angle cos θJN ¼ Ĵ · N̂, where Ĵ is the
unit vector in the direction of the total angular momentum
of the system and N̂ is that from the source towards the
observer [140]. We find that the data are consistent with an
antialigned source: cos θJN ≤ −0.54, and the viewing angle
Θ≡minðθJN; 180° − θJNÞ is Θ ≤ 56°. Since the luminos-
ity distance of this source can be determined independently
of the gravitational wave data alone, we can use the
association with NGC 4993 to break the distance degen-
eracy with cos θJN . The estimated Hubble flow velocity
near NGC 4993 of 3017 % 166 km s−1 [141] provides a
redshift, which in a flat cosmology with H0 ¼ 67.90 %
0.55 km s−1 Mpc−1 [90], constrains cos θJN < −0.88 and
Θ < 28°. The constraint varies with the assumptions made
about H0 [141].

From the gravitational-wave phase and the ∼3000 cycles
in the frequency range considered, we constrain the chirp
mass in the detector frame to be Mdet ¼ 1.1977þ0.0008

−0.0003M⊙
[51]. The mass parameters in the detector frame are related
to the rest-frame masses of the source by its redshift z as
mdet ¼ mð1þ zÞ [142]. Assuming the above cosmology
[90], and correcting for the motion of the Solar System
Barycenter with respect to the Cosmic Microwave
Background [143], the gravitational-wave distance meas-
urement alone implies a cosmological redshift of
0.008þ0.002

−0.003 , which is consistent with that of NGC 4993
[50,141,144,145]. Without the host galaxy, the uncertainty
in the source’s chirp mass M is dominated by the
uncertainty in its luminosity distance. Independent of the
waveform model or the choice of priors, described below,
the source-frame chirp mass is M ¼ 1.188þ0.004

−0.002M⊙.
While the chirp mass is well constrained, our estimates

of the component masses are affected by the degeneracy
between mass ratio q and the aligned spin components χ1z
and χ2z [38,146–150]. Therefore, the estimates of q and
the component masses depend on assumptions made
about the admissible values of the spins. While χ < 1
for black holes, and quark stars allow even larger spin
values, realistic NS equations of state typically imply
more stringent limits. For the set of EOS studied in [151]
χ < 0.7, although other EOS can exceed this bound. We
began by assuming jχj ≤ 0.89, a limit imposed by
available rapid waveform models, with an isotropic prior
on the spin direction. With these priors we recover q ∈
ð0.4; 1.0Þ and a constraint on the effective aligned spin of
the system [127,152] of χeff ∈ ð−0.01; 0.17Þ. The aligned
spin components are consistent with zero, with stricter
bounds than in previous BBH observations [26,28,29].
Analysis using the effective precessing phenomenological
waveforms of [128], which do not contain tidal effects,
demonstrates that spin components in the orbital plane are
not constrained.

TABLE I. Source properties for GW170817: we give ranges encompassing the 90% credible intervals for different assumptions of the
waveform model to bound systematic uncertainty. The mass values are quoted in the frame of the source, accounting for uncertainty in
the source redshift.

Low-spin priors ðjχj ≤ 0.05Þ High-spin priors ðjχj ≤ 0.89Þ
Primary mass m1 1.36–1.60 M⊙ 1.36–2.26 M⊙
Secondary mass m2 1.17–1.36 M⊙ 0.86–1.36 M⊙
Chirp mass M 1.188þ0.004
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Total mass mtot 2.74þ0.04
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−0.09M⊙

Radiated energy Erad > 0.025M⊙c2 > 0.025M⊙c2
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Dark Matter and Neutron Star Structure 

Trace amounts of dark matter can influence the structure of neutron stars.  

dark-core 

dark-halo dark-halo +   
anti-dark core 

Ann Nelson, Sanjay Reddy, Dake Zhou, ArXiV:1803.03266
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matter which is called the APR EoS from Ref. [30]. We
will also employ a more general parameterization of the
neutron matter EoS based on realistic nucleon-nucleon
interactions discussed in [31] to explore important un-
certainties associated with poorly known three-nucleon
forces, and to account for associated uncertainties in the
neutron star structure. For a 1.4 M� neutron star it pre-
dicts radii in the range 11 � 13 km and the dimension-
less tidal polarizability ⇤ is approximately in the range
150� 500.

We will only consider scenarios in which trace amounts
of DM are trapped in the neutron stars’ gravitational field
and restrict the total DM mass M� . 10�2 M� where
MNS is the mass of the neutron star. For M� ⌧ MNS

we can neglect the back-reaction of DM onto the neu-
tron star spacetime geometry as long as the local energy-
momentum of DM is also negligible compared to that of
baryons in equilibrium. Incorporating DM is now fairly
simple. In hydrostatic equilibrium the chemical poten-
tial associated with the conserved charge carried by DM,
denoted as µ� should be a constant. In the presence of
neutron star’s gravitational field we require

µ� = µ̃�(r) exp (⌫(r)/2) = constant , (7)

where µ̃�(r) is the local chemical potential of DM in the
absence of the gravitational field. We obtain the number
density of DM n� by noting that the µ̃�(r) = (@✏�/@n�)
where ✏� is the energy density of DM. Neglecting finite
temperature e↵ects, since thermal energies in neutron
stars are small, the energy density of DM

✏� = ✏kin +m�n� +
g2�
2m2

�

n2
� , (8)

where ✏kin is the kinetic energy of DM particles. For spin
1
2 fermionic DM

✏kin =
1

⇡2

Z pF�

0
p2 (

q
p2 +m2

� �m�) , (9)

where the Fermi momentum pF� = (3⇡2n�)1/3. For
bosonic DM, since bosons occupy the lowest momentum
state, the kinetic energy ✏kin ⇡ 0. As already noted,
repulsive interactions are necessary to stabilize bosonic
DM, while for fermions the degeneracy energy provides
additional stabilization. For light gauge mediators with
mass m� in the eV-MeV range, their Compton wave-
length become larger than the inter-particle distance and
interactions between DM will be greatly enhanced since
each DM particle can interact with a large number of
neighboring particles coherently. If the dark sector is
strongly coupled with g� ' 1, mediator masses up to
about 10 MeV will be relevant to our study of the tidal
polarizability as we show below.

To determine the density profile of DM inside a neu-
tron star of a given mass we begin by choosing a cen-
tral number density for DM particles denoted by n�(0)
and calculate the corresponding local chemical potential

FIG. 1. Density profile for a hybrid star with M� = 1.7 ⇥
10�4 M�. The dimensionless tidal polarizability ⇤ = 800
for this 1.4M� hybrid star is enhanced from ⇤APR

1.4M� = 260.

m� = 100 MeV and g�/m� = 5⇥ 10�1 MeV�1.

µ̃�(r = 0). Using the metric function for the unper-
turbed neutron star, Eq. 7 allows us to calculate the
dark mater density profile in the local density approx-
imation. The energy density and pressure contributions
due to DM particles at any r can then be found using
the DM EoS specified in Eq. 8. The back-reaction of DM
particles onto background geometry can be incorporated
by using this hybrid EoS and solve TOV equations it-
eratively for fixed nB(0) and n�(0). Since we entertain
only trace amounts of DM a high degree of convergence is
achieved with a few iterations, and corrections due DM to
the baryon profile and gravitational field is indeed negli-
gible. The energy density and pressure profile of baryonic
matter and DM for a 1.4 M� neutron star with baryonic
radius RB = 11.5 km is shown in Fig. 1.

The tidal polarizability of the hybrid star containing
DM is calculated as described earlier using Eqns. 4, 5,
and 6. The dimensionless tidal polarizability for hybrid
neutron stars obtained using representative nuclear EoSs
as a function of the total DM mass M� is shown in Fig. 2.
The results shown are obtained using a bosonic dark mat-
ter model with m� = 100 MeV and g�/m� = 0.1 MeV�1.
The enhancement of ⇤ for the hybrid stars with increas-
ing amount of total DM mass is quite remarkable. The
radius of the dark halo is also shown in the figure. With
the dark halos extending to large radii, hybrid stars re-
spond di↵erently to an external tidal field. Deformations
of the halo dominate and greatly amplify the tidal re-
sponse. This is the main new finding of this study, and it
provides a novel probe of the strongly interacting bosonic
and fermionic light dark sectors.

For reasonable ranges of DM model parameters we find
large changes to ⇤ are possible for M� > 10�5 solar
masses with radii less than 150 km and resulting hy-
brid stars are stable. Results for DM mass m� = 100
MeV and for di↵erent strengths of the self-interactions
are shown in Fig. 3. Results for both fermionic and
bosonic DM are shown, and demonstrate that either

Equation of State of Dark Matter

Energy density:

Large coherent enhancement of interactions when Compton wavelength 
of mediator is larger than the inter-particle separation.    

+
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matter which is called the APR EoS from Ref. [30]. We
will also employ a more general parameterization of the
neutron matter EoS based on realistic nucleon-nucleon
interactions discussed in [31] to explore important un-
certainties associated with poorly known three-nucleon
forces, and to account for associated uncertainties in the
neutron star structure. For a 1.4 M� neutron star it pre-
dicts radii in the range 11 � 13 km and the dimension-
less tidal polarizability ⇤ is approximately in the range
150� 500.

We will only consider scenarios in which trace amounts
of DM are trapped in the neutron stars’ gravitational field
and restrict the total DM mass M� . 10�2 M� where
MNS is the mass of the neutron star. For M� ⌧ MNS

we can neglect the back-reaction of DM onto the neu-
tron star spacetime geometry as long as the local energy-
momentum of DM is also negligible compared to that of
baryons in equilibrium. Incorporating DM is now fairly
simple. In hydrostatic equilibrium the chemical poten-
tial associated with the conserved charge carried by DM,
denoted as µ� should be a constant. In the presence of
neutron star’s gravitational field we require

µ� = µ̃�(r) exp (⌫(r)/2) = constant , (7)

where µ̃�(r) is the local chemical potential of DM in the
absence of the gravitational field. We obtain the number
density of DM n� by noting that the µ̃�(r) = (@✏�/@n�)
where ✏� is the energy density of DM. Neglecting finite
temperature e↵ects, since thermal energies in neutron
stars are small, the energy density of DM
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where the Fermi momentum pF� = (3⇡2n�)1/3. For
bosonic DM, since bosons occupy the lowest momentum
state, the kinetic energy ✏kin ⇡ 0. As already noted,
repulsive interactions are necessary to stabilize bosonic
DM, while for fermions the degeneracy energy provides
additional stabilization. For light gauge mediators with
mass m� in the eV-MeV range, their Compton wave-
length become larger than the inter-particle distance and
interactions between DM will be greatly enhanced since
each DM particle can interact with a large number of
neighboring particles coherently. If the dark sector is
strongly coupled with g� ' 1, mediator masses up to
about 10 MeV will be relevant to our study of the tidal
polarizability as we show below.

To determine the density profile of DM inside a neu-
tron star of a given mass we begin by choosing a cen-
tral number density for DM particles denoted by n�(0)
and calculate the corresponding local chemical potential

FIG. 1. Density profile for a hybrid star with M� = 1.7 ⇥
10�4 M�. The dimensionless tidal polarizability ⇤ = 800
for this 1.4M� hybrid star is enhanced from ⇤APR

1.4M� = 260.
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µ̃�(r = 0). Using the metric function for the unper-
turbed neutron star, Eq. 7 allows us to calculate the
dark mater density profile in the local density approx-
imation. The energy density and pressure contributions
due to DM particles at any r can then be found using
the DM EoS specified in Eq. 8. The back-reaction of DM
particles onto background geometry can be incorporated
by using this hybrid EoS and solve TOV equations it-
eratively for fixed nB(0) and n�(0). Since we entertain
only trace amounts of DM a high degree of convergence is
achieved with a few iterations, and corrections due DM to
the baryon profile and gravitational field is indeed negli-
gible. The energy density and pressure profile of baryonic
matter and DM for a 1.4 M� neutron star with baryonic
radius RB = 11.5 km is shown in Fig. 1.

The tidal polarizability of the hybrid star containing
DM is calculated as described earlier using Eqns. 4, 5,
and 6. The dimensionless tidal polarizability for hybrid
neutron stars obtained using representative nuclear EoSs
as a function of the total DM mass M� is shown in Fig. 2.
The results shown are obtained using a bosonic dark mat-
ter model with m� = 100 MeV and g�/m� = 0.1 MeV�1.
The enhancement of ⇤ for the hybrid stars with increas-
ing amount of total DM mass is quite remarkable. The
radius of the dark halo is also shown in the figure. With
the dark halos extending to large radii, hybrid stars re-
spond di↵erently to an external tidal field. Deformations
of the halo dominate and greatly amplify the tidal re-
sponse. This is the main new finding of this study, and it
provides a novel probe of the strongly interacting bosonic
and fermionic light dark sectors.

For reasonable ranges of DM model parameters we find
large changes to ⇤ are possible for M� > 10�5 solar
masses with radii less than 150 km and resulting hy-
brid stars are stable. Results for DM mass m� = 100
MeV and for di↵erent strengths of the self-interactions
are shown in Fig. 3. Results for both fermionic and
bosonic DM are shown, and demonstrate that either

Profile of a Dark Neutron Star

1.4 Msolar Neutron star with 10-4  Msolar of dark matter.  

Dark matter: m! = 100 MeV

Interactions: g!/mΦ = (0.5/MeV) or (0.5x10-6/eV)
Ann Nelson, Sanjay Reddy, Dake Zhou, ArXiV:1803.03266



For light mediators, only trace amount of DM is needed   

10-4-10-2  Msolar is adequate
to enhance Λ > 800 !

4

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

Interactions of “natural” size 
produce large Λ

m! = 100 MeV

g!/mΦ = (0.1/MeV) or (10-6/eV)

Ann Nelson, Sanjay Reddy, Dake Zhou, ArXiV:1803.03266



• GW170817 rules out regions of the 
light dark matter parameter space. 

• Light fermions are constrained 
even when interactions are 
negligible. 

Ann Nelson, Sanjay Reddy, Dake Zhou, ArXiV:1803.03266

If all NS contain some dark matter: 
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FIG. 4. Contours of dimensionless tidal polarizability for
1.4 M� hybrid stars containing 10�4 M� of bosonic DM.
The parameter space to the left of the red contour labeled
800 is disfavored by the first detection of gravitational waves
(GW170817) from merging neutron stars.

FIG. 5. Contours of ⇤1.4M� for hybrid stars containing
10�4 M� of fermionic DM. Regions above dash-dotted lines
produce large cross-sections excluded by Bullet Cluster for
given mediator masses m�, and the shaded regions between
the dashed and dash-dotted lines corresponds to the param-
eter space where the transport cross section is adequate to
provide an explanation of the DM density profiles in the cores
of galaxies and clusters [13].

✓
g�

m�/MeV

◆

⇤1.4M�=800

= 1.6⇥10�5

✓
M�

M�

◆�2/3 m�

MeV
.

(11)
It is remarkable that models with light mediators are

severely constrained. For example, a model with m� =

100 MeV and m� = 1 eV requires g� . 10�6. These
constraints should be especially useful since recent ob-
servations of strong absorption of the Lyman-↵ radiation
from some of the earliest stars corresponding to the 21-
centimeter transition of atomic hydrogen around redshift
20 [42] appears to favor light DM in the MeV-GeV mass
range and whose interactions (with baryons) are due to
the exchange of much lighter mediators [43].

Similar bounds can be obtained for fermions as shown
in fig. 5. For heavy fermions, where the contribution
due to the Fermi degeneracy pressure is small, contours
of ⇤ are very similar to those obtained for bosons. As
already noted it is interesting that for light dark fermions
with m� . 30 MeV, ⇤1.4M� can be larger than 800 even
in the absence of strong interactions or light mediators.
This is clearly seen in the behavior of contours for small
values of m� when they plunge to smaller values of the
e↵ective coupling strength g�/m�. In all cases we have
used the APR EOS to describe the underlying NS. We
also set gB = 0 in which case the e↵ective Fermi coupling
(g�/m�)2 alone determines the interaction strength.

As noted earlier, simulations of large scale structure
performed with collision-less DM is unable to account
for features on small scales. In particular, simulations
predict an excess DM density in the cores of halos of
galaxies and clusters, and these discrepancies have been
discussed extensively in the literature. For a recent re-
view see [11]. Collisions between DM particles can alle-
viate some of these issues if the transport cross-section
is large enough. For example, a mildly velocity depen-
dent transport cross-section per unit mass, �t/m ' 2
cm2/g on galactic scales, and �t/m ' 0.1 cm2/g on clus-
ter scales has been shown to provide a consistent solution
to the dark matter deficit [13]. These cross-sections can
be consistent with upper limits derived from observations
of the Bullet Cluster which requires �/m < 1.25 cm2/g
with estimated relative velocity vrel ⇡ 3000 km/s [44] for
velocity dependent interactions. Although in general the
tidal polarizability provides a complementary constraint,
in the scenario where � is the sole dark matter particle
with Yukawa interactions mediated by a vector boson,
as in our simple model, a comparison of these di↵erent
constraints is useful. To make this comparison we choose
two values for the mediator mass: m� = 1 keV (pur-
ple) and m� = 0.1 MeV (green) in Fig. 5. The shaded
parameter region corresponds to values of the transport
cross-section that would make N-body simulations of ha-
los of galaxies and clusters compatible with observations.
Dashed curves are obtained by setting �t/m ' 0.7 cm2/g
for vrel = 4000 km/s (tighter constraints from Bullet
Cluster mass-to-light ratio), and the dashed curve is ob-
tained by setting �t/m ' 1 cm2/g for vrel = 100 km/s.
The parameter space to the left of the dash-dotted curve
violates the cross-section bound from the Bullet Cluster.

With more detections of BNS and black hole-neutron
star mergers expected we anticipate that the limits on
the tidal polarizability will improve and provide stronger
constraints. There is also the tantalizing possibility that

bullet-cluster

favored by small scale structure 

If only some NSs contain dark matter: 

•  NS should show a large variability of 
their tidal polarizabilities. 

Constraints and Signatures



Could/should NS contain dark matter ? 

• Supernova can produce 10-2 Msolar of  < 100 MeV dark matter.

• Coupling to baryons allows for dark charge separation. 

• Dark matter could be clumpy. 

• Dark clumps might seed star formation.   

• Might be the best place to find them ?  



Conclusions 

MeV-GeV dark matter can play a role in neutron stars. Cooling arguments have provided 
useful constraints and systematics errors could be better understood.    

Trace amounts of interacting asymmetric dark matter in the neutron star can enhance 
their tidal polarizability (Λ) to discernible values.  

Neutron stars can accrete, inherit, or create their own dark matter. Dark matter production 
during supernova and mergers can be significant even for very weak coupling.

If Ad. LIGO suggests either large Λ or a large variability in Λ, it may reveal the particle nature 
of dark matter - gravitationally ! If not, it provides useful constraints on generic dark matter 
models with light mediators.       


