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Abstract. We find that models of MeV-GeV dark matter in which dark matter interacts
strongly can be constrained by the observation of gravitational waves from binary neutron
star (BNS) mergers. Trace amounts of dark matter, either produced during the supernova
or accreted later, can alter the structure of neutron stars (NS) and influence their tidal de-
formability. We focus on models of dark matter interacting by the exchange of light vector
gauge bosons that couple to a conserved dark charge. In these models, dark matter accumu-
lated in neutron stars can extend to large radii. Gravitational waves detected from the first
observed BNS merger GW170817 places useful constraints on such not-so compact objects.
Dark halos, if present, also predict a greater variability of neutron star tidal deformabilities
than expected for ordinary neutron stars.
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1 Introduction

The particle nature of dark matter (DM) remains elusive despite developments in detection
methods [1]. Traditionally, indirect detection has focused on evidence for the annihilation
products of DM, but there is a growing understanding that properties of astrophysical objects
might be affected by DM, and that DM might not self-annihilate. The similar abundances
of baryons and DM have led to theorizing that DM might, like ordinary matter, carry a con-
served charge. It could then be produced in a similarly to baryons by creating an asymmetry
between DM and anti DM. This type of DM is known as Asymmetric Dark Matter (ADM).
Such an asymmetry would allow for sizable self-interactions without annihilations. While
the paradigm of Cold Dark Matter fits a broad range of data, some discrepancies at scales
smaller than galaxy clusters could be addressed by a more complicated DM sector including
large self-interactions [2–12]. Some recent work suggests that a strong velocity dependence
in the interaction, such as would be the case if DM exchanges a light boson, provides the
best fit to a range of galactic structures [13]. If neutron stars trap DM, the resulting DM
density is much higher and relative velocity much lower than found in other places in the
universe, providing a different regime to constrain any dark forces. Here we will show how a
dark halo surrounding NS resulting from repulsive dark forces can affect gravitational wave
production in neutron star mergers.

Interesting ideas about the role of DM inside NSs have been explored and are reviewed
in [14–16]. Recent work in [17–20] has shown that ADM can accrete and thermalize in the
NS core even when the DM-nucleon cross section σχn is significantly smaller than the current
terrestrial bound. The accreted DM mass in a NS is

Macc ≈ 10−16

(
ρχ

GeV/cm3

)(
σχn

10−45cm2

)(
t

108 yrs

)
M� , (1.1)

where t is the age of the neutron star and ρχ is the ambient density of DM. When the DM
mass in the core exceeds a critical value its self-gravity dominates, and in the absence of
repulsive interactions bosonic DM becomes unstable and collapses to form a black hole. This
black hole is then expected to devour the NS on a short timescale [17–19, 21, 22]. For MeV-
GeV asymmetric bosonic DM a Bose Einstein condensate can form earlier and hasten black
hole formation. This may happen when the accreted number exceeds Nc > 1036 (T/105K)3

where T ' 105−106 K is the expected core temperature of an old NS [23]. The corresponding
critical mass Mc = Ncmχ ' 10−21(mχ/GeV) M� is small suggesting that old neutron stars
in our galaxy with ages ' 108 yrs should have accreted the DM mass needed to become
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unstable [17]. Old neutron stars such as J0437-4715 with estimated age tNS ' 109 yrs thereby
provide strong constraints on models of weakly interacting asymmetric bosonic DM [24].

Fermionic or bosonic DM with repulsive interactions can evade these constraints and
form a stable hydrostatic configuration inside the NS [25]. Here we consider a simple renor-
malizable model of DM with self-repulsion. The repulsion arises from the exchange of a vector
mediator from a spontaneously broken U(1) gauge interaction. We also couple this vector
to Standard Model baryon number. The DM particle which we shall label χ can be either a
charged scalar or a charged Dirac fermion. The model is defined by the following parameters:
(i) mχ is the mass of the charged fermion or scalar; (ii) mφ is the mass of the mediator gauge
boson φ; (iii) gχ is the coupling strength of the gauge boson to the dark charge; and (iv) gB,
the gauge boson coupling to baryon number, is constrained by experiment and SN 1987a to
be . 10−10 [26]. As baryon number is anomalous in the standard model, there must be new
physics which cancels this anomaly, see e.g. [27, 28]. Although the new physics may involve
only new heavy particles, there will be an upper bound on the allowed strength of such a
coupling, [29, 30], as the electroweak anomaly in baryon number will induce a coupling of the
longitudinal mode of the dark photon to ordinary matter which goes inversely as the dark
photon mass. For a coupling to baryons as large as 10−10 the dark photon must be heavier
than about 10−4 MeV.

One objective of this study is to identify NS observables that can shed light on interact-
ing DM candidates. Another is to explore the diversity of gravitational wave (GW) signals
from merging NSs which may contain DM. Gravitational wave properties of compact dark
stars were studied in [31, 32]. The possibility of hybrid compact objects containing DM has
been discussed earlier in ref. [18] and implications of a dark core with mass ' 10% of the NS
mass for post-merger dynamics was explored in ref. [33]. Here we calculate for the first time
the tidal deformability of hybrid stars to address how trace amounts of DM would form a
halo and influence GW emission during inspiral.

The quadrupole polarizability or tidal deformability λ of a star is defined byQij = −λEij
where Qij is the induced quadrupole moment and Eij is the applied tidal field. It is known
that the tidal deformation of ordinary NSs with radii in the range 10 − 14 km can produce
discernible changes to the observed waveforms by accelerating inspiral and advancing the
phase of the emitted GWs when the orbital radius is larger than but comparable to the
radius of NS [34].

The detection and analysis of GW emission from GW170817 suggests that the dimen-
sionless measure of the tidal deformability Λ = λ/M5 where M is the mass of the NS is
small. Here, and throughout this letter we set c = 1 and gravitational constant G = 1.
GW170817 provides an upper bound on tidal deformability of a canonical neutron star with
mass M = 1.4 M� and requires that Λ1.4M� < 800 [35] and the 90% confidence interval
Λ1.4M� = 190+390

−120 favors even smaller values [36]. Most nuclear physics based equations of
state (EOS) predict Λ1.4M� in this range and a large parameter space of the DM model de-
fined earlier can be excluded if the NS contain a trace amount of DM with mass & 10−5 M�.
This is our main result and will be discussed in detail in section 2. In section 3 we discuss the
plausibility of finding trace amounts of DM inside neutron stars, and we conclude in section 4
by providing constraints for the DM interaction strengths for MeV-GeV scale DM.

2 Dark halos and their tidal deformability

As noted earlier fermionic DM and bosonic DM with repulsive interactions can form stable
hydrostatic configurations since they have adequate pressure to balance gravity. In this
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section we shall assume that the DM mass inside the NS Mχ � MNS where MNS ' 1.4M�
is the mass of the neutron star. Since DM will represent a small perturbation of the radial
distribution of baryon matter when Mχ is small, we first construct a NS composed of only
nuclear matter. This is done by choosing a nuclear EOS which specifies the relationship
between pressure (p) and energy density (ε) and solving Tolman-Oppenheimer-Volkoff (TOV)
equations for the hydrostatic structure [37, 38]. We adopt a widely used EOS for NS called the
Akmal-Pandharipande-Ravenhall (APR) EOS [39] to determine the NS structure. Later we
will explore a more general parameterizations of the nuclear EOS to account for uncertainties
associated with the dense matter EOS. For a chosen central energy density the solution to
TOV equations determine the mass M , radius R, and radial profiles of the baryon density
nB(r), the energy density ε(r), the pressure p(r), and metric functions grr(r) and gtt(r)
that define the spherically symmetric geometry. The profile of the pressure and the baryon
number density inside a NS of mass M = 1.4 M� are shown in figure 1.

To include DM we first note that in equilibrium the chemical potential of DM, denoted as
µχ, should be a constant, and in the presence of neutron star’s gravitational field this requires

µχ = µ̃χ(r)
√
gtt(r) = constant , (2.1)

where µ̃χ(r) is DM chemical potential in local Lorentz frame. If one neglects the back
reaction of DM on the NS structure, a specification of µ̃χ(r = 0) uniquely determines the
distribution of DM inside the NS. The number density of DM nχ is obtained by noting that
µ̃χ(r) = (∂εχ/∂nχ) where εχ is the DM energy density. Neglecting finite temperature effects,
since thermal energies in NS are small, the energy density of DM is given by (setting ~ = 1)

εχ = εkin +mχnχ +
g2
χ

2m2
φ

n2
χ , (2.2)

with εkin the DM kinetic energy. Here we neglect interaction between DM and baryons since
we expect gB � gχ. For spin 1

2 dark fermions

εkin =
1

π2

∫ kFχ

0
k2dk

(√
k2 +m2

χ −mχ

)
, (2.3)

where the Fermi momentum kFχ = (3π2nχ)1/3. For bosonic DM, the kinetic energy εkin ≈ 0
since bosons occupy the lowest momentum state. The pressure of DM is obtained from the
thermodynamic relation pχ = −εχ + µ̃χnχ valid at zero temperature.

Repulsive interactions are necessary to stabilize bosonic DM, while for fermions the
degeneracy pressure provides additional stabilization. The Compton wavelength for light
mediators with mφ in the eV-MeV range is much larger than the inter-particle distance, and
the interaction between DM particles is enhanced since they interact with a large number of
surrounding particles.

To include the back reaction of DM we adopt the following procedure. First we
choose the central DM number density nχ(0) and its corresponding local chemical poten-
tial µ̃χ(r = 0). Using gtt(r) obtained from solving the TOV equations for nuclear matter
NSs, eq. 2.1 the DM density profile is calculated in the local density approximation. The
corresponding energy density and pressure contributions due to DM is obtained and used
to update the EOS. The TOV equation is solved using the updated EOS and repeated it-
eratively for fixed central baryon number density nB(0) and nχ(0) until convergence. We
find that for total DM mass Mχ . 10−2 M� effects of DM on the baryon density profile
is negligible.
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Figure 1. Density profile for a hybrid star with total mass 1.4M� containing Mχ = 1.7× 10−4 M�
of DM. The presence of DM increases the tidal deformability of the NS from ΛAPR

1.4M�
= 260 to

Λ1.4M� = 800 for mχ = 100 MeV and gχ/mφ = 5 × 10−1 MeV−1. The baryon density is shown in
green, the total pressure shown in red, and the dark matter density is depicted by the cyan curve.
The radius of dark halo increases with increasing coupling strength gχ or decreasing DM particle mass
mχ. The baryon profile is almost independent of DM properties as long as Mχ �MNS.

The extended DM halo modifies tidal interactions between merging NSs. Assuming
circular orbits during inspiral, the phase shift of GW due to the tidal force is given by

δΨ = −117

256
v5M

µ
Λ̃ ,

where

Λ̃ =
16

13

(M1 + 12M2)M4
1 Λ1 + (12M1 +M2)M4

2 Λ2

(M1 +M2)5
,

is the relevant measure of the tidal deformability of the BNS system [34]. Here M1,2 and Λ1,2

are the masses and dimensionless tidal deformabilities of component stars, µ is the reduced
mass, and v = (πMf)1/3 the orbital velocity. The (dimensionful) tidal deformability is often
written as λ = 2

3k2 R
5 where k2 is called the tidal Love number and depends on the internal

structure of the object [40]. Although tidal effects change the phase only at the 5th order in
post-Newtonian expansion (in which the orbital velocity v is dimensionless expansion param-
eter), corrections at this order from point-particle general relativistic dynamics is expected
to be significantly smaller for NSs with low spins [34].

The calculation of λ has been discussed extensively and we shall use the main results
and notation used in refs. [41, 42]. The calculation k2 is detailed in [41] where it is shown
that

k2 =
8C5

5
(1− 2C)2 (2(1− C) + (2C − 1)yR)×

×
{

4C3
(
13− 11yR + 2C2(1 + yR) + C(−2 + 3yR)

)
+ 2C (6− 3yR + 3C(5yR − 8))

+ 3(1− 2C)2 × (2 + 2C(yR − 1)− yR) ln(1− 2C)
}−1

. (2.4)
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Figure 2. Λ increases rapidly with increasing total DM mass Mχ. For self-interacting DM with
gχ/mφ > 1 MeV−1, Mχ > 10−4M� will boost Λ above the upper bound (' 800) set by GW170817.

where C = M/R is the compactness of the NS. yR = y(R) is related to quadrupolar perturbed
metric function and is obtained as a solution to the differential equation

dy(r)

dr
=− y(r)2

r
− y(r)grr(r)

r

(
1 + 4πr2(p(r)− ε(r))

)
− 4πr

(
9p(r) + 5ε(r) +

dε

dp
(p(r) + ε(r))

)
grr(r) + r

(
6grr(r)

r2
+

(
d ln gtt(r)

dr

)2)
,

(2.5)

where grr(r) and gtt(r) defined earlier are the radial and temporal components of the unper-
turbed Schwarzschild metric. We note that the functions p(r) and ε(r) appearing on the right
hand side of eq. 2.5 are uniquely specified by the hydrostatic structure of the unperturbed
star and contain contributions due to baryons and DM as discussed earlier.

For reasonable ranges of DM model parameters we find large changes to Λ are possible.
Results for mχ = 100 MeV and for different interaction strengths are shown in figure 2.
Either strong coupling or light mediator can result in large Λ even for trace amounts of DM
with total mass Mχ �MNS.

The enhancement of Λ with increasing total DM mass is remarkable. For small Mχ

dark matter mostly reside inside NS (or its extent beyond baryon surface is small) therefore
the change in Λ due to DM is small. However, with increasing Mχ the dark halo extends
further and the mass of dark matter at large radius increases. Since λ = Qij/Eij where
Qij ∝

∫
ε(r)r4dr is the quadrupole moment induced by an external tidal Eij ∝ 1/r3, we

expect λ to grow rapidly with Mχ because the halo radius Rχ increase with Mχ and the
support of energy density εχ(r) extends further out. Dimensional analysis suggests that
λ ∝

∫
ε(r)r7dr and is confirmed by our calculation. As the extent of the dark halo increases,

〈εχr7〉 increases rapidly and becomes the dominant contribution to λ when it exceed the
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Figure 3. Variation of Λ (solid lines) and radius (dashed lines) of a 1.4M� NS for three representative
realistic nuclear EOS [43] as a function of total dark matter mass Mχ. Λ1.4M� for neutron stars vary
from 150 to 500. Dark matter is assumed to be bosonic with mχ = 100 MeV and gχ/mφ = 0.1 MeV−1.
The EOS labeled “soft” has a smaller pressure at a given density compared to the APR EOS and the
EOS labelled “stiff” has a higher pressure. The former produces more compact neutron stars with a
maximum ' 2 M� NS, while the latter predicts an maximum mass ' 2.4 M� and larger radius.

baryonic contribution 〈εBr7〉. This provides an explanation of the behavior seen in figures 2
and 3. Deformations of the halo will then dominate and greatly amplify tidal responses of
the hybrid object. 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.

Fermion dark halos are bigger and have larger Λ due to the additional contribution from
the Fermi degeneracy pressure. For mχ = 100 MeV, the difference between fermions and
bosons is modest but the difference increases rapidly with decreasing mχ. Halos formed by
fermions with mχ . 30 MeV can have large Λ even without vector-mediated self-interactions.
For example, Λ1.4M� = 800 is reached for mχ = 30 MeV at Mχ = 10−4M�, for mχ = 10 MeV
at Mχ = 3 × 10−6M�, and for mχ = 5 MeV at Mχ = 4 × 10−7M�. However, the radii of
these halos are large. At Λ1.4M� = 800, the halo radius R ' 100 km for mχ = 30 MeV,
and R ' 210 km for mχ = 10 MeV. Since finite size effect during inspiral on waveforms is
modeled without accounting for hydrodynamics, we focus on the phase when the dark halos
do not overlap. For this reason we restrict our study to dark halos with radii R . 150 km.
This will ensure that at lower frequencies detectable by Ad. LIGO the halos do not overlap.

Many-body theories of neutron matter which employ realistic nucleon-nucleon interac-
tions can calculate the EOS up to densities ' 3 × 1014 g/cm3 and estimate its error rather
reliably [43–45]. Using these calculations, and despite large uncertainties associated with the
nuclear EOS at higher density, earlier work has shown that the radius of a 1.4 M� NS is in
the range 10 − 13 km [43, 45, 46]. The corresponding tidal deformability Λ is in the range
100 − 500. To explore this range we employ a more general parameterization of neutron
matter EOSs based on realistic nucleon-nucleon interactions discussed in [43] and construct
equations of state that are stiffer and softer than the APR EOS discussed earlier. A softer
EOS has on average lower pressure for the densities encountered and would result in more
compact neutron stars with a smaller maximum mass compared to the APR EOS. In contrast

– 6 –



J
C
A
P
0
7
(
2
0
1
9
)
0
1
2

a stiffer EOS will have a larger pressure at a given density compared to the APR EOS and
would result in larger NS radii and maximum masses. The radii and tidal deformabilities of
NSs with DM constructed using the three representative nuclear EOSs as a function of Mχ

is shown in figure 3. A relatively small increase in the amount of DM allows one to obtain
large values of Λ inaccessible to ordinary NSs.

3 Accumulating dark matter in a neutron star

The proto-neutron star formed subsequent to core-collapse during a supernova is character-
ized by high temperature TPNS ' 30−50 MeV and density. Under these conditions reactions
such as NN → NNχχ̄ can produce a large number of dark matter pairs even when the
coupling between dark matter and baryons is weak. In our simple model, the interaction
between baryons and dark matter particles is mediated by a light vector boson which couples
weakly to baryons with gB . 10−10. The upper bound on gB is in fact obtained by requiring
that the total energy radiated due to the Bremsstrahlung reaction NN → NNφ from the
PNS does not exceed ≈ 1053 ergs to be compatible with the neutrino signal observed from
SN1987 [26, 47, 48]. The supernova bound is most constraining for gauge bosons that either
only couple to baryon number or when their mass is greater than about an MeV. More strin-
gent constraints have been derived using observations of stellar evolution for lighter vector
bosons couple to electrons as would be the case when they are identified with either the dark
photon or the B − L gauge boson. In this case observations of horizontal branch stars and
red giants require that gB . 10−14 for mφ . 1 MeV. In what follows we assume that dark
matter only couples to baryons to establish that adequate amount to dark matter can be
produced during the supernova.

Pair production through the reaction NN → NNχχ̄ will proceed at a rate comparable
to the Bremsstrahlung reaction when the mass of the DM pair is not much larger than TPNS.
This implies that a non-negligible fraction of thermal energy of the PNS can be converted into
DM pairs. For gB = 10−10 and mχ . 100 MeV, we have estimated that the energy radiated as
DM pairs is ≈ 1051 ergs and the corresponding mass of DM produced is Mχ = 5.5×10−4 M�.

In the absence of interactions between dark matter and baryons these pairs will either
escape the star when their velocity is larger than the escape velocity vesc = RS/RNS ' 0.4
(RS = 2MNS is the Schwarzschild radius of NS) or will annihilate way inside the star.
However, the coupling to baryons creates an asymmetry between the energies of dark particles
and dark antiparticles and provides a unique mechanism to trap dark charges in NSs.

For the DM model being considered, the energy of χ and χ̄ in a dense background of
baryons can be calculated using mean field theory. Assuming that dark matter is attracted
to baryons and anti-dark matter is repulsed, we find that their energies are given by

Eχ(p) =
√
p2 +m2

χ −
gχgB
m2
φ

nB ,

Eχ̄(p) =
√
p2 +m2

χ +
gχgB
m2
φ

nB ,

respectively. The energy splitting

∆E = Eχ̄ − Eχ =
2gχgB
m2
φ

nB

' 40 MeV
gχgB
10−11

(
0.1 keV

mφ

)2 nB

0.5 fm−3 .

(3.1)
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can be large. For mφ in the range eV - MeV and gBgχ ' 10−16 − 10−10 this energy splitting
is comparable to the gravitational binding energy of DM.

This asymmetry will preferentially expel anti-dark matter from the PNS and provide a
mechanism to trap a net dark charge in NS that will not be diminished by annihilation. The
gradient in the baryon density will induce a force on dark matter towards the core and expel
anti-dark matter towards the surface. For example, for model parameters mχ = 50 MeV,
gχ = 1, gB = 10−10 and mφ = 1 keV, we find that 80% of χ’s produced during the supernova
will remain trapped and survive annihilation while most of the χ̄’s will be accelerated to
velocities adequate to escape the PNS.

Once trapped the cloud of DM particles will thermalize among themselves rapidly by
exchanging energy and momenta through multiple χχ → χχ scatterings. In the born ap-
proximation the cross section is

σBorn
χχ =

g4
χm

2
χ

4πm2
φ(m2

φ + p2)
≈

g4
χmχ

8πm2
φT

.

where p2 ' T 2 + 2mχT ' 2mχT is the typical momenta of χ’s at temperature T , and we
assume that m2

φ � mχT to obtain the last equality. The corresponding mean free path λ is
estimated to be

λ =
1

nχσχχ
' 10−12 km

× 10−4M�
Mχ

(
0.1

gχ

)4( Rχ
10 km

)3( mφ

1 keV

)2 T

30 MeV
,

(3.2)

assuming that the DM density nχ = (Mχ/mχ)/(4πR3
χ/3). The short mean free path im-

plies that the timescale for thermalization among DM particles τ ≈ 1/(nχvσχχ) is much
smaller than all other relevant timescales. Further, despite its weaker coupling to baryons
the timescale for DM to thermalize with baryons is also very short, typically much less than
a second, for reasonable values of the coupling needed to produce adequate DM. Thus, it
is safe to assume that DM in neutron stars shortly after their birth will be characterized by
the same low temperature T < MeV of ordinary matter and any further loss of DM due to
evaporation is negligible. Although a detailed study of DM production and charge separation
due to interactions with baryons is warranted and will be reported elsewhere, the preceding
arguments provide a natural mechanism to generate DM in neutron stars with a mass of the
order of 10−4 M�.

Another possibility is that a small fraction of the neutrons in a neutron star decay into
dark matter particles which carry baryon number, with the self repulsion of the dark baryons
stabilizing the star and allowing for the neutron star to have a mass as large as has been
observed [49–51].

Yet another possibility is to link the asymmetry in lepton number or baryon number
in a supernova to the DM asymmetry. To provide an existence proof for an asymmetric
production mechanism for ADM in a supernova, we constructed the following simple model.
In our model, besides the DM particle χ, which carries dark charge +1, we also introduce a
particle Φ which carries dark charge −1. We also charge χ under the global B−L symmetry
of the standard model. If χ is a spin 0 boson then Φ is a Dirac Fermion, although this scenario
will also work if χ is a Dirac fermion and Φ is a boson. The dark U(1) will be Higgsed by a
field ξ which carries dark charge 2. In addition, we introduce a “right handed” (aka “sterile”)
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Dirac neutrino N , which can mix with the standard model neutrinos ν as in reference [6]
and has no standard model gauge interactions. This mixing will also lead to production of
N particles via charged weak currents, with N and N̄ being produced asymmetrically due to
the lepton asymmetry. This asymmetry will be converted to an asymmetry in the DM due
to the following interaction term:

L ⊃ λNΦχ+ gΦΦξ + h.c. (3.3)

These terms are allowed by all symmetries. The vacuum expectation value of ξ will split the
CP even and CP odd components of Φ, leaving a Z2 symmetry unbroken under which χ and
Φ are both charged. We label the two mass eigenstates of Φ as Φ1,Φ2. Because ξ is not
allowed by B-L number to couple to the DM particle χ, the CP even and odd components of
χ are not split, and χ continues to carry an exactly conserved U(1)D global charge. Provided
that mN > mΦ1 +mχ, the decays N → χ̄+Φ1 will transmit the asymmetry in the production
of N particles to an asymmetry in the production of DM χ particles. The Φ1 particles, which
are CP eigenstates, will decay with equal branching fractions into χ̄+ν and χ+ ν̄. Note that
a related mechanism in the early universe could lead to genesis of a DM asymmetry from the
lepton number asymmetry.

The mechanisms discussed above are generic and would endow all neutron stars with
similar amounts of dark matter with perhaps a small variability associated with differences
between neutron star and supernova properties. This allows us to constrain the properties of
DM using the upper bound on the tidal deformability obtained from GW170817 as we shall
discuss in the next section. However, we note that third generation GW detectors such as
the Einstein telescope [52] capable of detecting thousands of BNS mergers within a few years
motivate looking for variability in neutron star merger properties. If variability in the tidal
deformability is detected in rare events it would imply that some fraction of neutron stars are
able to capture large amounts of dark matter. Further, since neutron stars are not estimated
to accrete nearly enough dark matter on the average to produce an observable gravitational
wave signature if dark matter is distributed uniformly [53–57], discovering variability would
have important implications for small scale structure in dark matter and hint at the existence
of compact dark objects.

Such objects are possible in some models of self-interacting DM such as atomic dark
matter which contain particles and interactions that can lead to the formation of macroscopic
objects through cooling mechanisms analogous to the baryonic sector [58]. Constraints on
dark compact objects such as clumps of dark matter arise from microlensing surveys. How-
ever, even the most stringent constraints derived by the EROS collaboration cannot exclude
the possibility that a few percent of dark matter in the galactic halo is in the form of dark
compact objects with mass & 10−5 M� [59]. It is conceivably that such compact dark objects
can be captured by massive stars or neutron stars, and would provide an explanation should
variability in the tidal deformability be seen in future observations of merging neutron stars.

4 Conclusions

Motivated by the prospect that more BNS and black hole-NS merging events will give better
constraints on the tidal deformability Λ, we have studied how these observations might
provide insights about strongly interacting DM. We have shown that trace amounts of DM
with total mass Mχ & 10−5 M� trapped in a NS, either produced during a supernova, or
inherited from a progenitor star, may form a stable dark halo with radii R ' 30 − 150

– 9 –



J
C
A
P
0
7
(
2
0
1
9
)
0
1
2

102 103

m  (MeV)
10 1

100

101
g

/m
 (M

eV
1 )

300
80010
00

0

Bosons, M = 10 4 M

Figure 4. Contours of dimensionless tidal deformability 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.

km given sufficient self-repulsion. This can enhance Λ of the hybrid to a value significantly
larger than expected for ordinary NS, which despite uncertainties associated with the EOS
at supra-nuclear density, have Λ1.4M� . 500. Interactions between DM due to exchange of
light mediators is coherent and leads to large halos even when Mχ is small. Further, we
find that small variability in the amount of trapped DM can produce large variability in
Λ1.4M� , distinguishing them from ordinary NS where the expected variability is small. These
observable features are unique signatures of strongly interacting DM that can be probed with
Advanced LIGO and future GW detectors.

If trace amounts of DM were present in all neutron stars because it was produced
during the supernova the constraint from GW170817 that Λ1.4M� < 800 already excludes a
significant fraction of the DM parameter space in our model. The bounds for bosonic DM
from our simple model are shown in figure 4. We have fixed Mχ = 10−4 M� and varied
the DM particle mass mχ and effective coupling strength gχ/mφ to obtain the contours of
Λ1.4M� . Bounds for different values of Mχ can also be obtained and we found the contour of
Λ1.4M� = 800 when Mχ . 0.1M� can be approximately fitted by(

gχ
mφ/MeV

)
Λ1.4M�=800

= 1.6× 10−5

(
Mχ

M�

)−2/3 mχ

MeV
. (4.1)

It is remarkable that models with light mediators are severely constrained. For example,
a model with mχ = 100 MeV and mφ = 1 eV requires gχ . 10−6. These constraints should be
especially useful since recent observations of strong absorption of the Lyman-α radiation from
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Figure 5. Contours of Λ1.4M� 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
mφ, and the shaded regions between the dashed and dash-dotted lines corresponds to the parameter
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].

some of the earliest stars corresponding to the 21-centimeter transition of atomic hydrogen
around redshift 20 [60] 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 [61].

Similar bounds can be obtained for fermions as shown in figure 5. For heavy fermions,
where the contribution due to the Fermi degeneracy pressure is small, contours of Λ are very
similar to those obtained for bosons. As already noted it is interesting that for light dark
fermions with mχ . 30 MeV, Λ1.4M� 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 mχ when they plunge to smaller values of the effective coupling strength gχ/mφ. In
all cases we have used the APR EOS to describe the underlying NS. We also set gB = 0 in
which case the effective Fermi coupling (gχ/mφ)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 ex-
cess DM density in the cores of halos of galaxies and clusters, and these discrepancies have
been discussed extensively in the literature. For a recent review see [11]. Collisions between
DM particles can alleviate some of these issues if the transport cross-section is large enough.
For example, a mildly velocity dependent transport cross-section per unit mass, σt/m ' 2
cm2/g on galactic scales, and σt/m ' 0.1 cm2/g on cluster scales has been shown to provide
a consistent solution to the dark matter deficit [13]. These cross-sections can be consistent
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with upper limits derived from observations of the Bullet Cluster which requires σt/m < 1.25
cm2/g with estimated relative velocity vrel ≈ 3000 km/s [62] for velocity dependent interac-
tions. Although in general the tidal deformability provides a complementary constraint, in
the scenario where χ is the sole dark matter particle with Yukawa interactions mediated by a
vector boson, as in our simple model, a comparison of these different constraints is useful. To
make this comparison we choose two values for the mediator mass: mφ = 1 keV (purple) and
mφ = 0.1 MeV (green) in figure 5. The shaded parameter region corresponds to values of the
transport cross-section that would make N-body simulations of halos of galaxies and clusters
compatible with observations. Dashed curves are obtained by setting σt/m ' 0.7 cm2/g for
vrel = 4000 km/s (tighter constraints from Bullet Cluster mass-to-light ratio), and the dashed
curve is obtained by setting σt/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 antici-
pate that the limits on the tidal deformability will improve and provide stronger constraints.
There is also the tantalizing possibility that as the detection sample grows, Ad. LIGO might
detect a larger than expected variability in the tidal deformability for neutron stars implicat-
ing that some may have dark halos. We have also proposed mechanisms for DM production
and retention that are new. These warrant further study to obtain quantitative estimates for
the amount of DM accumulated and its dependence on the model parameters.

Finally, we note that our study only addressed how DM halos influence GW emission
through their effects on Λ before the DM halos overlap. The dynamics of larger halos or
later times during merger will likely have other interesting observable signatures. We hope
our study will motivate the inclusion of DM in numerical relativity simulations to study the
complex hydrodynamic evolution of the merger of hybrid stars.
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