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Tidal deformability of dark matter admixed neutron stars

Kwing-Lam Leung®, Ming-chung Chu, and Lap-Ming Lin
Department of Physics and Institute of Theoretical Physics, The Chinese University of Hong Kong,
Shatin, Hong Kong SAR, China

® (Received 28 October 2021; accepted 25 May 2022; published 13 June 2022)

The tidal properties of a neutron star are measurable in the gravitational waves emitted from inspiraling
binary neutron stars, and they have been used to constrain the neutron star equation of state. In the same
spirit, we study the dimensionless tidal deformability of dark-matter-admixed neutron stars. The tidal Love
number is computed in a two-fluid framework. The dimensionless tidal Love number and dimensionless
tidal deformability are computed for dark-matter-admixed stars with the dark matter modeled as ideal
Fermi gas or self-interactive bosons. The dimensionless tidal deformability shows a sharp change from
being similar to that of a pure normal matter star to that of a pure dark matter star, within a narrow range of
intermediate dark matter mass fraction. Based on this result, we illustrate an approach to study the dark
matter parameters through the tidal properties of massive compact stars, making use of the self-similarity of
the dimensionless tidal deformability—mass relations when the dark matter mass fraction is high.
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I. INTRODUCTION

Most of the mass in the Universe is believed to be dark
matter (DM). However, almost all properties of DM are
still unknown, and the existence of DM is only supported
by indirect evidences [1]. Different ways to study DM are
conducted, such as measurements of rotation curves of
spiral galaxies [2], the cosmic microwave background [3],
and gravitational lensing [4,5]. Searching for DM particles
is also ongoing in different experiments [6—8]. The recent
observation of excess events reported by the XENONIT
experiment [8] may be the first direct detection of DM, and
if so, it may open up a window for discovering physics
beyond the Standard Model. Understanding the nature of
DM would be a significant advance of physics.

Since so far only observations through gravity reveal the
existence of DM, perhaps gravity is the only interaction
between the DM and Standard Model particles, or normal
matter (NM). Due to the weak coupling strength of
gravitational interaction, it would be difficult to investigate
the DM through its interaction with NM. It may be easier if
we study the DM on the cosmological scale, where the DM
contributes a large part of gravity. Another possibility is to
focus on high-density regions, as gravity plays a significant
role there. Compact stars, such as neutron stars, can be a
possible natural laboratory to study DM.

Due to the high matter density at a neutron star’s core,
the physics in this region is still not well understood. It is
thus important and interesting to study the properties of
neutron stars, which can be used to constrain the unknown
nuclear matter equation of state (EOS). For example, the
mass-radius relation and tidal deformability of neutron stars
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have been studied extensively (see, e.g., Refs. [9-11] for
reviews). Although calculating the nuclear matter EOS
from first principles is still not possible, nuclear physics
experiments and neutron star observations have given
constraints on the EOS. The recent accurate measurement
of the neutron skin thickness of 2*®Pb has constrained the
density dependence of the symmetry energy near saturation
density [12]. The observations of neutron stars with masses
~2 My [13,14] have already ruled out many soft EOS
models. The tidal deformability of neutron stars has also
been constrained by the observation of the first gravita-
tional-wave event GW170817 from a binary neutron star
system [15], and implications on the EOS models have
been studied (e.g., Refs. [16-22]). A 2.6 M, compact
object recently observed in gravitational-wave event
GW190814 [23] will also be a challenge to our under-
standing of dense nuclear matter if that object is a neutron
star (see, e.g., Refs. [24-28] for various proposals), though
the probability that it is a black hole is high according to
recent studies [29,30]. The more recent mass-radius mea-
surements of pulsars PSR J0030 + 0451 [31,32] and PSR
J0740 + 6620 [33,34] obtained by the NICER x-ray tele-
scope have also yielded important information about the
EOS. With the prospect of seeing more neutron-star
observations in both the electromagnetic and gravita-
tional-wave channels, we should be able to gain a much
better understanding of the unknown nuclear matter EOS in
the coming decade. Furthermore, neutron stars may also be
used to probe the nature of DM and help to answer one of
the fundamental questions in physics as mentioned above.

Compact objects with DM admixture have been studied
previously, such as supernova progenitors [35,36] and
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neutron stars (see, e.g., Refs. [37-49]). With its relevance to
the gravitational-wave signals from binary neutron stars,
the tidal deformability of neutron stars with a small amount
of DM admixtures has also been studied in Ref. [42], and it
was suggested that a 5% DM mass fraction in a neutron star
can already alter the conclusion about ruling out neutron
star EOSs. The tidal properties of boson stars [50] and pure
DM stars [51] have been studied as well. The tidal
properties of compact stars can be a tool to discover
new classes of compact stars. In this work, we assume
that the DM and NM only couple through gravity. The
mass-radius relation and tidal properties of DM-admixed
neutron stars are studied with a two-fluid treatment.

The plan of the paper is as follows: In Sec. II, we
describe the formulation to calculate the hydrostatic equi-
librium and the tidal Love number of DM-admixed stars.
We also discuss the EOS models employed for the NM and
DM. Our numerical results are presented in Sec. III, and our
conclusions are summarized in Sec. IV. Unless otherwise
noted, we use units where G = ¢ = 1.

II. METHOD

A. Hydrostatic configuration

The tidal deformability of a nonrotating compact star is
determined by perturbative calculations starting from the
unperturbed background solution described by a spheri-
cally symmetric and static metric

ds® = —e*"di* + Ddr? + r?(d6* + sin® 0dg?). (1)

The equilibrium structure of a nonrotating compact star is
determined by the Tolman-Oppenheimer-Volkoff (TOV)
equation [52]:

dp m+ 4xrip

E:—W(PJFP), (2)

d
d—r:l = 4nr’p, (3)

dv  2(m+4nrip)

ar = P =2mjn) @

where p and P are the energy density and pressure,
respectively. The function m(r) is defined by e ") =
1-2m(r)/r. The TOV equation is closed by providing
an EOS p(p). The conditions at the star center are
m(r =0) =0 and p(r =0) = p,, with p, being a given
central density. The TOV equation will be solved from
r =0 to R, where R is the radius of the star defined by
p(R) = 0. The total mass of the star M will be m(R).
Taking the proper limit of the right-hand side of Eq. (2), we
have dp/dr — 0 when r — 0. The metric function v/(r) has
the boundary condition ¢*(®) = 1-2M /R at the surface.

In order to study two-fluid DM-admixed stars, some
modifications are needed for the TOV equation. The energy
density in general will depend on the number densities of
both NM and DM. We may express the energy density as

p(Nnde) = pn(Nn) +pd(Nd) +pinteract(Nnde)’ (5)

where N; is the number density, and i = n, d denotes the
NM and DM components, respectively. The total energy
density is the sum of the contributions of each component
and the interaction part piperace- I this study, we assume
that the NM and DM only interact through gravity.
Therefore, piyeract = 0, and p can be separated into two
individual parts, each depending only on one of the
components. Thus, the pressure can also be separated into
two parts, and we can define them as the pressure of the
NM and DM. From the analogy to the Newtonian situation,
we can construct a set of equations by considering that
the pressure of one component will not support the other
component. We have a two-fluid version of the TOV
equation [37,47]:

dp; m+4xrip
= IRk p), 6
dr r2(1_2m/r) (pl+pl) ( )
dm.
;:f = 4nr’p;, (7)

dv  2(m+4zrip)

&= A =2mn)’ ®)

where i = n or d. Variables with a subscript denote the
quantities of the corresponding component, and variables
without a subscript denote the sum of the two components
(i.e., m=m, +my and p = p, + p,)- The conditions at
the star center are m;(r = 0) = 0 and p;(r = 0) = p,.;. The
pressures of the two components in general drop to zero at
different r. The radius of the star R is defined to be the
outermost one, where the pressure of both components
vanishes. The original TOV equation will be recovered if
we add up the two components. The above set of hydro-
static equilibrium equations can in fact be derived from a
general relativistic two-fluid formalism [53], assuming that
the two fluids only interact via gravity (see the Appendix).

B. Tidal Love number and dimensionless
tidal deformability

The deformation of a compact star due to the tidal effect
created by a companion star is characterized by the tidal
deformability A;g, which is defined by Q;; = —144&i),
where Q;; is the traceless quadrupole moment tensor of
the star and &;; is the tidal field tensor. The computation of
Aiq for nonrotating neutron stars is well established. Here
we only summarize the main equations and refer the reader
to Refs. [54-56] for more details. The linearized metric and
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fluid equations yield the following equation for determin-
ing a perturbed metric variable y(r):

ry +y* +yet[l +4xri(p—p)|+ 0 =0, (9)

where primes denote radial derivatives and the function
QO(r) is given by

6&
Q:4neﬁ<5p+9p+p+p> ¢

-— =) 10
d p / d p r2 (l/ ) ( )
The boundary condition at the center is y(0) = 2. After
matching the interior and exterior solutions of Eq. (9) at the
surface, one can obtain the so-called (quadrupolar) tidal
Love number k,:

o = (1 =292 =y + 2P = 1)

X {2p(6 = 3yg + 3p(5yr — 8))

+4B3[13 = 11yg + BByr — 2) + 282(1 + y)]

+3(1 =26)*[2 = yg +2B(yg — 1)] log(1 = 28)} 7",
(11)

where f = M/R is the compactness parameter and yp =
y(r = R). The tidal deformability is then given by

2
/?'tid — gszS. (12)

It is also convenient to define the dimensionless tidal
deformability A = 1/M?>. In this paper, we only focus
on the dimensionless tidal deformability A, but not 4;;4. The
weighted average of A a binary neutron system can be
inferred from the gravitation waves emitted during the
inspiral phase of the system [50,57]. Also, A is studied in
the I-Love-Q relation [58], an EOS-insensitive universal
relation found for neutron stars.

For the two-fluid case, some modifications of Egs. (9)
and (10) are needed. The energy density, pressure, and
mass can be replaced by the two components’ sums. The
term with dp/dp requires some calculations. We follow the
general relativistic two-fluid formalism in Ref. [59] and
derive the modification needed in the Appendix:

ptp pi+ Di
- .

dp/dp Z dpi/dp; (13)
It should be noted that this is valid only if the NM and DM
do not interact microscopically in the sense that the energy
density function can be decomposed as in Eq. (5) with a
vanishing interaction part (i.e., Piperact = 0, assumed in this
paper). For the more general case, pieract 7 0, One can
employ the formulation in Ref. [59], which was originally

developed for two-fluid superfluid neutron stars (see
also Ref. [60]).

C. Equation of state for dark matter

There are many candidates for DM particles, such as
axions, sterile neutrinos, and different possible WIMPs [1].
Since the nature of DM is uncertain at this point, we
consider both fermionic and bosonic DM particles and use
only simple models to represent the DM EOS. The two
types of EOS we use are zero-temperature ideal Fermi gas
and self-interactive bosons with a quartic term of the scalar
field in the Lagrangian density. Both models can be
approximated by polytopic EOSs in some limits. The free
parameters will be the particle mass, or a combination of
the particle mass and strength of self-interaction.

1. Fermionic dark matter

The first DM model we will use is the zero-temperature
ideal Fermi gas. Stars supported by electron degeneracy
pressure form a successful model for white dwarfs. For a
better treatment, the EOS for white dwarfs may also include
the contribution from the Coulomb force. The first model-
ing of neutron stars was done similarly by using a zero-
temperature ideal neutron gas EOS [52]. Although we now
know that the neutron star EOS is much more complicated,
this attempt still gives the right orders of magnitude for
different properties of neutron stars.

We assume there is only one type of spin—% DM particles.
The zero-temperature ideal Fermi gas EOS [52] is

p = K(sinh 7 — 1), (14)
1 ) 1
p:§K sinh 7 — 8 s1nh§t+3t , (15)
with
4
bl
K=———, 16
3273h3 (16)
t=4In[y + (1 + )"/, (17)
where
3z2hdn\ /3
' ( I > ’ (18)

u is the particle mass, and »n is the number density. In the
nonrelativistic and ultrarelativistic limits, the EOSs become

polytopic with indices % and 3, respectively.

2. Bosonic dark matter

Unlike the fermionic case, bosons do not have degen-
eracy pressure. To have a bosonic DM component which
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can be supported against the gravity, self-interaction for the
bosonic DM is assumed, which can be modeled in a simple
way. We follow the method in Refs. [61,62], which add an
additional quartic term of the scalar field in the Lagrangian.
When the ratio am3,, ., /4mu? is large, an effective EOS for
this self-interacting bosonic DM [61] is

4 3 1/2 2
=— 1+- -1 1
p 9,00[( +4p/po> } : (19)
where

4
u

= 20

Po 4ah3 ( )

u 1is the particle mass, a is a dimensionless constant
describing the strength of the self-interaction, and mpye
is the Planck mass,

hc
Mpjanck = 6 (21)

In the low- and high-density limits, the EOS reduces to the
following polytropic forms:
e

P =7

6, for low density, (22)

1
p=3p for high density. (23)

D. Equation of state for normal matter

From the gravitational-wave signals of the GW170817
event, nuclear matter EOS is constrained and “soft” EOSs
such as the APR EOS are favored over “stiff” ones [16].
However, the APR EOS cannot account for the 2.6 Mg
object of the GW 190814 event [23], if it is a neutron star.
So, we use the APR EOS [63] for NM and study how the
DM admixture may affect the result. For comparison, the
Skyrme model parametrizations [64] of LNS EOS [65] and
KDEOv1 EOS [66] are used for the NM as well. These two
EOSs have a maximum stellar mass (M, less than 2 M,
and they would be ruled out by the 2 M observational
constraint [13,14]. However, DM-admixed neutron stars
constructed with these EOSs may reach a larger M, than
the usual pure NM neutron stars, as the DM component is
included.

E. Properties of pure NM neutron stars
and pure DM stars

Before studying the properties of DM-admixed neutron
stars, we consider the structures of pure NM neutron stars
and DM stars for our EOS models. For the fermionic
DM, the particle mass is chosen to be on the order of

0(0.1) GeV, so that the constructed pure DM star will have
a mass on the order of solar mass. For the bosonic DM,
poh? is chosen to be on the order of O(10~*) GeV*, which
also generates a pure boson star on a solar mass scale. Note
that our choices of EOSs and parameters for NM and DM
are just limiting cases to illustrate the situation before
admixing the two components. Readers may refer to
Refs. [51,67] for more discussion of the nuclear matter
and DM EOSs. The pure DM stars generated with these
parameter values have radii and masses comparable to
typical neutron stars. The mass-radius relations for various
EOSs are shown in Fig. 1. We find that the ideal Fermi gas
and the self-interactive boson EOSs behave self-similarly
under different choices of parameters, as there are dimen-
sionless solutions for these EOSs [51]. Results scale with
some combination of the DM parameters. For pure fer-
mionic DM stars, M, & 2, and My o pg'/* o /au™
for pure bosonic DM stars [51]. So, the M, of fermionic
DM stars depends sensitively on the DM particle mass,
increasing by around 1 Mg when p is decreased from
0.6 GeV to 0.5 GeV.

The tidal Love number and dimensionless tidal deform-
ability of the stars shown in Fig. 1 are plotted against the
total mass M in Figs. 2 and 3, respectively. These plots give
us some understanding about each EOS. Indeed, the A — M
relation normalized by the M ,,, of each curve is indepen-
dent of the particle mass, for both fermionic and bosonic
DM. The dimensionless tidal deformability is sensitive to u
(po) for the fermionic (bosonic) DM EOS, as the horizontal
axis of the A — M relation scales with M, which depends
on u (py). For example, a 2.6 M DM star may have a A

304 — APR
--- KDEOv1
—-- LNS
254 — 05
--- 06
—_-= 1.0
20{ — 26
° --- 40
s —- 203 °
S 151
1.0 1 /
A
0.5
0.0 1 :
0 10 20 30 40
R (km)
FIG. 1. Mass-radius relations for different compact stars. Pure

NM neutron stars (black lines) are modeled by the APR,
KDEOv1, and LNS EOSs. Fermionic DM stars (green lines)
modeled by the ideal Fermi gas EOS are labeled by the particle
mass u (in GeV). Bosonic DM stars (red lines) are labeled by
poh® (in 107* GeV*).
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FIG. 2. Tidal Love number against total mass for the same
EOSs and parameters as those in Fig. 1.
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< 15001

1000 1

500 1

FIG. 3. Same as Fig. 2, but for the dimensionless tidal
deformability.

around a few hundred if the M ,, is around 2.6 M, but it
will become a few thousand if the M, is 2.9 M, instead.

III. RESULT

A. DM-admixed neutron stars with various
DM mass fractions

After considering our models of pure NM neutron stars,
fermionic, and bosonic DM stars, we now study more
generally the properties of DM-admixed compact stars
using a two-fluid description. In Fig. 4, we show the mass-
radius relation of two-fluid stars with different DM mass
fractions, constructed with the APR EOS and 0.5 GeV
fermionic DM particle mass. The DM mass fraction f is
defined as the ratio of the DM mass to the total mass of the
star. The shape of the line for f = 0.1 in Fig. 4 is similar to
that of a pure NM star, except for a segment showing a

3.0 A

BH Limit

I
]
]
1
1
2.5 ]
1

]

-

1.0

0.5 1

10 20 30 40 50 60
R (km)

FIG. 4. Mass-radius relations of DM-admixed compact stars
constructed with the APR EOS and ¢ = 0.5 GeV fermionic DM
EOS for different DM fractions f. The dashed line is the black
hole limit.

3.0 4
— 0

— 0.1
2.5 — 0.2
— 0.4
— 0.6
0.8
— 1

30 40 50
R (km)

FIG. 5. Same as Fig. 4, but with the APR EOS and pyh’ =
2.93 x 10~* GeV* bosonic DM EOS.

different trend for mass smaller than 1.3 M. The f = 0.1
curve starts to deviate to a larger radius. This tail behaves
more similarly to the pure DM (f = 1) curve, with a more
gentle slope. It is found that kinks on a curve appear when
the two components have the same radius. This property
may play a role in the tidal properties of a star as they are
related to the compactness of the star [58,68], which is the
ratio of the total mass to the outer radius. Similar results are
observed when the bosonic EOS is used (Fig. 5). In Fig. 5,
there are two kinks for f = 0.1 and 0.2. For f = 0.1, the
two kinks are near R = 10 km. For f = 0.2, one of the
kinks is near R = 10 km and the other is near R = 16 km.
The segment in between the two kinks concaves down-
ward, similarly to the pure DM (f = 1) curve, but not
the pure NM (f =0) curve, which concaves upward.
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0 2 4 6 8 10 P
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FIG. 6. Density profile of a configuration in Fig. 5, where
p =0.255 and f =0.1.

The segments separated by a kink have similar shapes to
those of either the pure NM or pure DM limit. A segment of
the mass-radius curve is similar to that of the component
with the larger radius. For larger f, only one kink is
observed near M = 0.3 M, of each curve. The configu-
rations on the flat tails have NM components that are more
extended than those of the DM. The shapes of the tails are
all similar to that of the pure NM limit, whereas the pure
DM case has no flat tail. This indicates that these flat tails
exist because of the extended NM component. The con-
figurations on the flat tails have very low mass and large
radius, or very low compactness. Therefore, these configu-
rations are not in the range of our interest even if they
are stable. Similar results can also be observed for other
EOSs. We will see later that the relative sizes of the two
components play an important role in admixed stars.

In Figs. 6 and 7, we plot the NM and DM density profiles
of two particular star models in Fig. 5 as an illustration.

lel5

p(gcm™3)

r (km)

FIG. 7. Same as Fig. 6, but with f = 0.3.

18
— 0
1.6 1 — 0.2
— 0.4
1.4 — 0.6
0.8
1.2 —
s 101
S 0.8 1
0.6
0.4 \'\
0.2
4 6 8 10 12 14 16 18 20
R (km)
FIG. 8. Same as Fig. 4, but with the LNS EOS and
u =10 GeV.

They have the same compactness f = 0.255 but different f.
For the model in Fig. 6, the DM radius is smaller than the
NM radius, and the DM mass only contributes 10% of the
total mass. However, the DM of the model in Fig. 7 is
the larger component and has a higher density near the core.
We expect these configurations to show different tidal
properties. The tidal properties of a star may indicate the
existence of a second admixed fluid.

In Figs. 8 and 9, the mass-radius relations are generated
by the same NM EOS, but with different DM EOSs. The
NM EOS is LNS, while the DM EOS is an ideal Fermi gas,
with a DM particle mass of 1.0 GeV (Fig. 8) or 0.6 GeV
(Fig. 9). The M,,,x of pure DM stars for y = 0.6 GeV
(1.0 GeV) is greater (smaller) than that of the NM EOS
(see Fig. 1). In both cases, the additional component does
not increase M,,,,, which occurs in either the pure DM or
the pure NM stars. This is also true for other EOSs we have

10 20 30 40 50 60
R (km)

FIG. 9. Same as Fig. 4, but with the LNS EOS and
u=0.6 GeV.
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0.121

0.101

0.08 1

ka

0.06 1

0.04

0.02

025 050 075 100 125 150 175 2.00
M/M

FIG. 10. Same as Fig. 9, but for the tidal Love number against
total mass.

used. Gravity is contributed by both fluids, but the pressure
of each fluid can only support the corresponding fluid
itself. It is not surprising that a two-fluid star cannot support
as much total mass as the one-fluid limit.

It was suggested in Ref. [69] that the stability of DM-
admixed neutron stars can be deduced from the M — p,
relation for a fixed f in the same way as for one-fluid stars.
The turning point on a given mass-radius relation repre-
sents the maximum stable mass configuration. The stars
beyond the turning point (on the branch of smaller R) are
unstable against radial perturbations.

A kink similar to those in Figs. 4 and 5 is observed in the
tidal Love number against total mass curve, and is more
significant. Figure 10 shows the results for the LNS EOS
with 4 = 0.6 GeV as an example. We can see that the tidal
Love number may drop to one half or even less as f is
increased for a fixed total mass. Relations between k, and
M for neutron stars modeled by different nuclear matter
EOSs were studied in Ref. [68]. For f = 0.1, the change in
k, relative to a pure NM neutron star is not significant
compared with the differences arising from different
neutron star EOSs. So, for such a small amount of DM
admixed, it would be difficult to distinguish a DM-admixed
neutron star from a traditional neutron star without DM
through the tidal Love number. However, the situation
is different for f = 0.2. For M < 1.25 M, k, decreases
significantly compared to the pure NM result, by more
than 50%. The kink on the k, — M relation induces a large
change in k,, which may be a possible signature of
DM-admixed neutron stars. These kinks will be significant
only for some range of f, possibly due to the fact that the
two components may have the same radius only for some f.
Similar results can be observed with other choices of EOS,
but the positions of the kinks, the range of f in which the
kinks are present, and the change in the value of k, are
sensitive to the EOS.

0.12
0.10 A
0.08
o~
X
0.06

0.04

0.024

0.00+ T T T T T
0.00 0.05 0.10 0.15 0.20 0.25

B

FIG. 11. Same as Fig. 10, but for the tidal Love number against
compactness.

It is interesting to understand why and how the tidal Love
number changes when DM is admixed. For better com-
parison, we plot the tidal Love number against compactness
in Fig. 11. There are kinks on the lines with f = 0.2
(around g = 0.19) and f = 0.3 (around S = 0.24). These
kinks are located near the configuration with the same NM
and DM radii. The k, — f# curves are similar for f = 0, 0.1,
and the right half of f = 0.2. Before the DM component
takes up a larger radius than the NM’s, the effect of the DM
admixture simply shifts the k, —f curve but preserves
its general shape. For f > 0.5, the tidal Love number
decreases when the compactness increases monotonically.
This trend has also been observed for polytropic star
models [56]. As our DM EOSs are similar to the polytropic
EOS, it is not surprising that our results for high DM
fraction show a similar trend.

Interestingly, when f is around 0.05 to 0.20 and f is
around 0.2 to 0.4, the tidal Love number is significantly
lower than that of the pure NM case. Several NM EOSs
were studied in Ref. [56], and it was shown that the tidal
Love number for a pure NM neutron star typically peaks at
around 0.1 to 0.15. By considering the profile of y(r)
defined in Eq. (9) and its value at the surface yg, we find
that the low-density region of a star plays a role in the
suppression of the tidal Love number when DM is
admixed. We have studied the configurations around the
kink (f = 0.18) on the f = 0.2 line in Fig. 11. In Fig. 12,
we plot the profiles of y(r) for # = 0.18 and different f. For
f < 0.2, the V-shaped curves are shifted to a smaller radius
when f increases, while y, remains more or less the same.
However, for f > 0.2, the V-shaped curves have a much
longer extension of the positive-slope side, and they also
shift upwards as f increases. Thus, the values of yz for
f > 0.2 are much larger than those of f < 0.2. Although
the tidal Love number k,(f3, yg) is a complicated function
of f and yg, in the region we are interested in, k, decreases
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2.0

1.8

1.6

1.4

1.2

1.04

0.8

0.6 1

FIG. 12. Profiles of y(r) for # = 0.18 and different f from 0.05
to 0.40. Same setting as Fig. 11.

when yp increases. Thus, we get a much lower tidal Love
number for f > 0.2. Moreover, the V shape in the y(r)
curve is confined to the low-density region of the star. In
Fig. 13, we plot the total energy density profiles for the star
models corresponding to the results presented in Fig. 12. It
is noted that the minima of the V-shaped curves in Fig. 12
are located near the positions where the density is very low
and its slope has a drastic change. For f < 0.2, the NM is
still the larger component, and the DM component only
affects the surface distribution of NM slightly, resulting
in only small changes in y(r), yg, and therefore k,. For
f > 0.2, the DM becomes the larger component and
contributes to much larger y(r), yg, and therefore lower
k,. Similar results are observed by fixing f but varying fj.

Let us now focus on the case in which the M ,, of the
DM EOS is larger than that of the NM EOS. Figure 14 is

lel5

4.0 |

3.5

3.0 1

2.54

2.04

p(gcm™3)

1.5+

1.04

0.5 1

0.0

0 2 a 6
r (km)

FIG. 13. Total energy density profiles for f = 0.18. Same
setting as Fig. 11.

similar to Fig. 10, but for the dimensionless tidal deform-
ability against total mass. Unlike the previous results in
Figs. 4 and 10, the curves are generally smooth. For
f <0.2, the A—M curves are similar to each other. For
example, for M =125 Mg, the dimensionless tidal
deformability of the f = 0.2 case is around 70% smaller
than that of a pure neutron star, and it is around 85%
smaller for 1.4 M. This result agrees with that in Ref. [42],
which shows that a M = 1.4 M neutron star will have a
smaller A when a small amount of DM is admixed. The
DM-admixed A — M curves are shifted to smaller stellar
mass compared with that of the pure NM case, and thus, A
is decreased for a fixed stellar mass but larger f. This seems
to be a general property regardless of the mass of the star.

The dimensionless tidal deformability starts to increase
for f > 0.4 in Fig. 14. The curves for f = 0.5 to 0.7 are
steep. The separations between the curves are larger than
those with f < 0.5. This indicates that A is very sensitive
to M and f. A increases rapidly when f increases in this
range. A change in f will shift the curve horizontally on the
graph, which gives a rapid change in A. The large range of
possible A values may save some NM EOSs from being
ruled out by observations with f as an extra degree of
freedom. However, it will also be difficult to distinguish
and select the NM EOSs and constrain the DM parameters
in this range of DM fractions, for which a DM halo is
formed. A similar rapid increase in A is also observed for
the DM halo models studied in Ref. [45]. Qualitatively
similar results can be observed for other choices of the
EOS. For example, the APR EOS with a 0.4 GeV fermionic
DM particle mass shows similar results, but A starts to
increase at around f = 0.1 instead. Note that we have only
considered the cases where the DM EOS has a larger M,
than that of the NM. For the opposite situation, where the
DM EOS has a smaller M, than that of the NM EOS,
we consider the KDEOvl EOS with u = 1.0 GeV as an

3000

25009

2000+

< 15004 —

1000

500 4

06 08 10 12 14 16 18 20
M/M o

FIG. 14. Same as Fig. 10, but for the dimensionless tidal
deformability.
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FIG. 15. Same as Fig. 14, but for the KDEOvl EOS with
u =10 GeV.

example, and the corresponding A — M relation is shown in
Fig. 15. The curves are almost vertical for f > 0.5. The A is
thus sensitive to M. Qualitatively similar results can be
observed for other choices of the EOS.

In all the results we have shown, the properties of two-
fluid stars show continuous change between the limits of
pure NM and pure DM stars, with an abrupt transition at an
intermediate DM mass fraction. The A — M curves become
steep at some intermediate DM fractions, implying that A
will be very sensitive to the M and f. Also, for a DM EOS
with smaller M ,,,, the slope of the A — M curve is steeper,
so that A is sensitive to M. For a DM EOS with larger M,
the separation between the curves at intermediate DM
fractions is large, so that A is sensitive to f.

In Fig. 16, we plot A against M /M, for different f.
The normalized relation is less sensitive to f when f is high
(> 0.8 in this example). This result is similar to the fact that

3000

2500+

2000+

< 15009 —

1000+

500

0 , ' . — ]
0.5 0.6 0.7 0.8 0.9 1.0
M/Mma)(

FIG. 16. Same as Fig. 14, but with the total mass normalized by
the M., of each curve.

properties of DM stars for the DM EOSs we considered are
self-similar and scale with M, for different DM param-
eters. The large separation between the curves in Fig. 14
indicates that A is very sensitive to both f and M in this
range. However, we may utilize the result that the A — M
relations are self-similar for large f, so that we can reduce
the relations to a single one for M /M ,,.. So, we may study
the relation between M, and f, instead of that of A and f.
Also, although f = 0.7 is not perfectly fitted, it is still
approximately the same as the others, except for a few-
percentage shift along M/M,,,.. Similar behavior can be
observed with other choices of EOS when the DM EOS has
a greater maximum mass than that of NM.

Also, except for f > 0.8, where the A — M /M, curves
are similar, the A — M /M, curves of smaller f are always
on the left of those for higher f, and there is no crossing
between the curves. This is different from Fig. 14, where
the A — M curves move back and forth along the horizontal
direction and cross with others. The transition from pure
NM to pure DM is clearer after we normalize M by M.
This suggests that A should be studied as a function of
both M and M /M .

B. Massive DM-admixed neutron stars

In the future, more gravitational-wave events similar to
GW190814 may be observed. Although the tidal properties
were not measured for the GW190814 2.6 M compact
object, we will use it as an example to study compact
objects in the mass gap.

The nature of the 2.6 M, object is still unknown. It may
be the lowest-mass black hole ever observed, or the
largest-mass neutron star. The pure NM neutron stars
constructed from the EOSs we use, as well as those from
many other EOSs, cannot reach 2.6 M. The 2.6 M
object could be a DM-admixed neutron star or even a pure
DM star, and if so, we may constrain the range of DM
parameters. It is found that even admixed with DM, a two-
fluid star will only reach its maximum mass at either the
pure NM or pure DM limits. So, the DM-admixed neutron
star allows a maximum mass of 2.6 M only if the DM
EOS can reach 2.6 M. Indeed, M, = 2.6 M can be
reached if 4 < 0.535 GeV for fermionic DM and pyh’ <
3.69 x 107* GeV* for bosonic DM. A much higher mass
limit for the DM EOS can be achieved if we consider a
smaller DM particle mass. However, the radius and A of
such a DM star will also increase significantly. Other
constraints may be applied, such as that the radius of the
DM component should be within the binary system, and
the star should be stable against tidal disruption during the
inspiral phase.

Furthermore, if the tidal properties of the binary system
are measured, we may narrow down the DM parameter
space. When the DM fraction is high, we have shown that
the A — M relations are similar to those of the pure DM
stars if they are normalized by M, This indicates that
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they share approximately the same dimensionless
function—i.e., the relations can be written as

AM /My (f); 0) % AM /My (f = 1);0), (24)

where o denotes the parameter for the DM EOS. Also, as
mentioned, the DM EOSs we use are self-similar, which
means that they share the same dimensionless function that
is independent of the parameter:

A(M/Mmax(f = 1);0-) = A(M/Mmax(f = 1)) (25>

Therefore, all these A — M relations share approximately
the same dimensionless function. All the information is
described by the normalizing factor, which is the maximum
mass of a A — M relation, with a given NM EOS, fixed DM
parameters, and a fixed DM fraction f. By considering the
maximum mass with different combinations of parameters,
we may give constraints to the parameter space.

We demonstrate the approach with an example. Assume
we have observed a star with mass in between [2.55,
2.65] M, with A in between [1000, 2000]. We assume NM
EOS to be APR EOS and DM EOS bosonic. In Fig. 17, we
can limit the range of the M/M ., by A. Although the
A — M relations with a high DM fraction are not perfectly
fitted on the dimensionless form, they behave like shifting
along the axis with a few-percentage deviation. So, we may
include this approximation in the range of mass. Thus, the
range of M /M., lies within approximately [0.90, 0.97],
and the maximum mass will be within [2.63, 2.94] M.
Figure 18 shows a contour plot for the maximum mass as a
function of the DM fraction and py#>. The parameter space
is then constrained. Although the NM EOS is still
unknown, this approach can be carried out with different
NM EOSs, and then the results combined. This graph only

3000

2500

2000

< 1500+

1000

500

0.80 0.85 0.90 0.95 1.00
M/Mmax

FIG. 17. A —M relation for bosonic DM EOSs, with M
normalized by the maximum mass. Black lines indicate the
range of variables of the example.

0.95 3.70
0.90 3.25
2.80
0.85
S
2.35
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0.70 1.00
20 25 30 35 40 45 50
poh3 (1074 GeV*4)
FIG. 18. A contour plot of maximum mass as a function of the

DM fraction and pyh’. APR EOS are assumed for NM, and
bosonic DM are assumed.

shows a range of parameters. It is possible to extend the
axis of pyh’ to even lower values, but there may be some
constraints, as mentioned before. We have not ruled out the
low DM fraction part, but that is the case that this approach
cannot be directly applied to. Also, the way to define a
“high” DM fraction needs further work.

IV. DISCUSSION

We have studied the static configurations and tidal
properties of DM-admixed neutron stars. We observe
drastic changes (kinks) in the tidal Love number as a
function of compactness or stellar mass when the NM and
DM components have the same radius. For small (large) f,
the tidal Love number behaves similarly to that of a pure
NM (DM) star, as expected. However, for intermediate
values of f, such as around 0.3, the tidal Love number is
much reduced relative to that of a pure NM star. We find
that in such cases, the DM component has a low-density tail
engulfing the NM component, which leads to a significant
decrease of the tidal Love number. Also, we have studied
the dimensionless tidal deformability A. For small f, where
the star configuration is similar to a pure NM star, A will
tend to decrease when more DM is admixed. For large f,
where the star configuration is similar to a pure DM star, the
A — M curves can be scaled to those of the pure DM stars.
Further study about the similarity of A(M/Myy,) for
different f may help to relate the properties of pure DM
stars to those for stars with large f. The tidal properties of
stars with intermediate DM fractions are much more
sensitive to the DM parameters.

The existence of the DM component hardly helps to
increase the total mass of the star unless the DM fraction is
high. However, this means that the two-fluid star is more
like a DM star instead of a neutron star. A pure DM star can
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have a M, larger than those of the two-fluid stars.
Therefore, we may make use of the massive compact
object in GW190814 [23] as DM-admixed stars to limit the
DM parameter space, if such a star is believed to have a
high DM fraction. If the recently discovered 2.6 My
compact object is a DM-admixed neutron star with a
high DM fraction, the fermionic DM would have
1 < 0.535 GeV, and the self-interacting bosonic DM
would have pyh® < 3.69 x 10~* GeV*. Any more massive
compact objects that are not black holes, if detected, will
give even tighter constraints on these DM parameters,
provided that these star have a high DM fraction. For
compact objects in the mass gap, we have also illustrated a
method to limit the DM parameters and DM fraction if the
DM fraction is high.
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APPENDIX: DERIVATION FROM GENERAL
RELATIVISTIC TWO-FLUID FORMALISM

We follow the general relativistic two-fluid formalism
used in Refs. [53,69]. We will use a similar notation to
Ref. [69], except that the number density current for DM
will be denoted as d* and the master function will be
denoted as ®. The master function plays the role of the
EOS in the two-fluid formalism and is defined by the
number density currents of the two fluids as discussed
below. The Finstein field equation and the hydrodynamics
equations reduce to the following equations by considering
a static and spherically symmetric spacetime [69]:

1 - ¢ B
M= — 8are’d, (A1)
r
/ 1-¢ y)
V=- + 8nre*?, (A2)
r
1
Add’' + Bon' + 3 (Bn+ Ad)V =0, (A3)
1
Cd' + AYn’ + 3 (An+ Cd)/ =0, (A4)

where the prime denotes a derivative with respect to r, and

150 oD 0D
A=——— B=-2——1, C=-2——01\ (A5
o) 3 o M
oB 0A 0A 0A
AY=A+2—"— nd+2 242 d? dn,
AT " T T
(A6)

oB 0A 0A

BY—B 12 24y d+2 2 (a7
0= E I T " T 5 (A7)
oC oA oA
CO=C+2 &> +4 d+—-n?>, (A8
o =CH2am i o B8)

where n?, d*, and x? are scalars defined by the NM n* and
DM d" number density currents:

n* = —n,n°,

d* = —d,d’, x* = -n,d*.  (A9)
The master function @ is in general a function of n?, d?,
and x>. The generalized pressure ¥ is given by

VY=0®+un+yd, (A10)
where y = Bn + Ad and y = Cd 4 An are the chemical
potentials of NM and DM, respectively. With a given
master function and suitable boundary conditions, the
above equations can be used to construct a nonrotating
two-fluid star in general relativity [53,69].

Now, we make the assumption that NM and DM only
interact with each other through gravity. This means that
the two fluids affect each other only through the effect of
the metric. This assumption means that the master function
® does not depend on the cross term x2, so that ® can be
separated into two parts:

®(n?, d*, x*) = ®,(n?) + ®,(d?). (A11)
With this assumption, many of the above coefficients can
be simplified:

A=A =0, (A12)
100, 10,
=—- =-—-—r Al3
non’ dod’ (A13)
0B oC
B) =B+——n, C8:C+a—dd. (A14)

The generalized pressure W can also be separated into two
parts as ¥ = ¥, (n?) + ¥ (d?), where

¥, = ®,(n%) + Bn?, (A15)
¥, = ®4(d?) + Cn®. (A16)

It is noticed that
a;;" = a((h’ai—;an) =Bn+ 3—§n2 = Bin. (A17)
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We can substitute Egs. (A12) to (A17) into Eq. (A3) to get

d¥ 1
Con (-, 1,

dr 2 (A18)

The same result is also obtained for the DM part. By setting
one of the components to have zero contribution, the
standard TOV equation shall be obtained. We shall replace
the generalized pressure ¥; with the usual pressure p;, and
the master function ®; with the negative energy density
—p;. The set of two-fluid equations is then obtained in the
form of the standard TOV equation. We can also check the
relation between @, and ¥; to see if they fulfill the same
relation between the energy density and pressure. From
thermodynamics, we have the following relation:

e _on,
! a(l/n)  on "

(A19)

From Egs. (A13) and (A15), we have

n (A20)

Similar results can be obtained for both fluids.
To compute the tidal Love number, we follow the
method in Refs. [59,60]. The modification for Eq. (10) is

p+p  WCO+ By = 2ur Al
dp/dp AY? — BYCY
_ELZ
By Gy
Pi+ Di
= _— A21
dei/dﬂi ( )
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