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Dark matter with chiral symmetry admixed with hadronic matter
in compact stars”
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Abstract: Using the two-fluid Tolman-Oppenheimer-Volkoff equation, the properties of dark matter (DM) ad-
mixed neutron stars (DANSs) have been investigated. In contrast to previous studies, we find that an increase in the
maximum mass and a decrease in the radius of 1.4 My NSs can occur simultaneously in DANSs. This stems from
the ability of the equation of state (EOS) for DM to be very soft at low density but very stiff at high density. It is well
known that the IU-FSU and XS models are unable to produce a neutron star (NS) with a maximum mass greater than
2.0 My. However, by considering the I[U-FSU and XS models for DANSs, there are interactions with DM that can
produce a maximum mass greater than 2.0 My and a radius of 1.4 Mg NSs below 13.7 km. When considering a
DANS, the difference between DM with chiral symmetry (DMC) and DM with meson exchange (DMM) becomes
obvious when the central energy density of DM is greater than that of nuclear matter (NM). In this case, the DMC
model with a DM mass of 1000 MeV can still produce a maximum mass greater than 2.0 My and a radius of a 1.4
Mg NS below 13.7 km. Additionally, although the maximum mass of the DANS using the DMM model is greater
than 2.0 Mg, the radius of a 1.4 Mg NS can surpass 13.7 km. In the two-fluid system, the maximum mass of a
DANS can be larger than 3.0 M. Consequently, the dimensionless tidal deformability Acp of a DANS with 1.4
Mg, which increases with increasing maximum mass, may be larger than 800 when the radius of the 1.4 Mg DANS

is approximately 13.0 km.
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I. INTRODUCTION

The mass-radius trajectories of neutron stars (NSs)
are closely related to the equation of state (EOS) of nuc-
lear matter (NM). The radius of an NS with a mass of 1.4
M, depends primarily on the properties of the symmetry
energy below the central density of the NS [1], and the
maximum mass is primarily determined by the nuclear
EOS of isospin symmetric matter at high density. Signi-
ficant research based on terrestrial experiments has been
conducted to constrain the EOS, although the EOS of NM
is still poorly defined at high density. In particular, the
symmetry energy predicted by various models may be
negative or positive at 3 times the saturation density pg
[2,3]. Although collective flows [4] and Kaon production
[5-10] in heavy-ion collisions provide constraints on the
EOS of symmetric NM at 1.2-4.5p,, there are still uncer-
tainties at densities greater than 4.5p¢. Consequently, the
radius of 1.4 My NSs predicted by various models still
contains significant uncertainty, while the maximum

mass of the NS predicted by these models also suffers
from large uncertainty. Fortunately, the mass-radius tra-
jectories of NSs extracted from astrophysical observa-
tions can be used to constrain the EOS. The radius of NSs
with a mass of 1.4 M, extracted from optical observa-
tions ranges from approximately 10-14 km [11-19], while
the radius based on the analysis of the tidal deformability
parameter of coalescence of a NS binary system was pre-
dicted to have an upper limit of 13.7 km [20-24]. The
maximum mass of NSs, which is measured using the Sha-
piro delay, is larger than 2M, [25,26]. The radius of 1.4
M NSs indicates the EOS should be soft at a density be-
low the central density of a 1.4 M NS, and the maxim-
um mass indicates the EOS should be stiff enough at high
density to produce M z 2M,,. There are some soft models
(such as IU-FSU [27,28] and XS [28]) that can satisfy the
radius of 1.4 My NSs extracted from optical observations,
but these cannot produce M = 2M,. Dark matter (DM),
which may be mixed with hadronic matter in the NS, is
thought to affect the mass-radius trajectories of the NS.
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With DM admixed NSs (DANSs), these soft models may
be able to produce M = 2M,,.

DM was originally proposed to explain galactic rota-
tion velocities. Although great efforts have been made to
determine the properties of DM, as the interaction
between DM and visible matter is either very weak or
non-existent, the mass and interactions of DM are still
unknown. Therefore, many DM candidates exist, from
light axions to heavy weakly interacting massive particles
(WIMPs) [29,30]. These DM candidates can be divided
into self-annihilating [31,32] and non-self-annihilating
[33-39]. Since the self-annihilating DM will heat the host
NS, this type of DM can be indrectly observed using as-
trophysical observations. Unlike self-annihilating DM, if
non-self-annihilating DM, including the bosonic and fer-
mionic DM candidates, has self-interaction, the non-self-
annihilating DM would accumulate in the host NS and af-
fect its mass-radius trajectories. The accumulation of bo-
sonic DM in the host NS would lead to the formation of a
small black hole [40-44]. However, due to the degener-
acy pressure, fermionic DM is able to stabilize the host
NS. Considering the total EOS as a simple sum of those
of DM and NM, as the Fermi-gas DM will affect the total
EOS strongly, both the maximum mass and the radius of
the DANS with 1.4 Mg will increase or decrease simul-
taneously [45]. The DANS may also be described using a
two-fluid system, including one NM and one DM fluid
[33-38,46]. In the two-fluid system, there is only gravita-
tional interaction between NM and DM. Considering the
DM fluid as an ideal Fermi gas [33-36,38], both the max-
imum mass and the radius of 1.4 M, DANS become
small with increasing amounts of DM. Taking into ac-
count the various interactions of the fermionic DM fluid
[37,38], both the maximum mass and the radius of 1.4
My DANS will increase or decrease at the same time. In
these scenarios, the maximum mass of the NS does not
increase when the radius of the 1.4 My DANS is smaller
than or close to that of one without DM. Therefore, when
the soft EOS (such as the XS and IU-FSU models) is
used for the NM fluid of the two-fluid system, the max-
imum mass and the radius of the DANS cannot satisfy the
results extracted from astrophysical observations.
However, when the fermionic DM is under chiral sym-
metry and the soft EOS of NM is taken into account, the
maximum mass and the radius of DANS may correctly
satisfy the results extracted from astrophysical observa-
tions.

Chiral fermionic DM has been investigated previ-
ously [47,48]. Similar to the Standard Model, the gauge
symmetry may be spontaneously broken via the Higgs
mechanism. After spontaneous symmetry breaking, the
elementary fermionic DM acquires a small mass that will
softly break the chiral symmetry. The simplest model to
implement this process is the chiral SU(2) gauge theory
with isospin (=3/2) fermionic DM [48]. However, this

simple model does not contain the elementary DM con-
densate and cannot form dark hadrons at low energy. To
incorporate these aspects, one can use the chiral
SUB)xSU((2) gauge theory [47]. It is worth noting that
both the chiral SU(2) gauge theory and the chiral
SU3)xSU(2) gauge theory can interact with the Stand-
ard Model via the Higgs portal. In this study, as there is
only gravitational interaction between NM and DM, we
do not consider the Higgs mechanism for the DM but
take the chiral model of DM that is parallel to Quantum
Hadron Dynamics (QHD). In doing so, the elementary
fermionic DM is a hadron. The dynamic mass, which will
break the chiral symmetry, comes naturally from the dark
baryon-antibaryon condensate. This process, which was
first proposed in the Nambu-Jona-Lasinio (NJL) model
[49,50], is named as the spontaneous breaking of chiral
symmetry.

The NJL model has achieved great success as a popu-
lar chiral model. The spontaneous breaking of chiral sym-
metry is very important in strong interactions. Therefore,
the NJL model is widely used on the nucleonic level [51-
60] and on the quark level [61-70]. For quarks, since the
NJL model neglects the gluon degrees of freedom, it does
not confine the quarks. The NJL model is predominantly
used to investigate the spontaneous breaking of chiral
symmetry in low-energy quantum chromodynamics
(QCD) by assuming that gluon degrees of freedom are
negligible between quarks, and the confinement of quarks
is not important. To describe the static properties of
gluons, a popular method is to introduce a Polyakov-loop
effective potential in the NJL model [64]. The Polyakov-
NJL (PNJL) model allows one to describe both the chiral
symmetry breaking and deconfinement phase transition.
On the nucleonic level, the original NJL model cannot
produce the saturation properties of NM. Similar to the
non-linear o model, this problem has been solved by in-
troducing a scalar-vector interaction in the NJL model
[51]. Since then, the NJL model on the nucleonic level
has been widely employed in investigating properties of
NSs and nuclei [52-60].

This paper is arranged as follows. In Section II, the
formalism for obtaining the EOS of NM and DM is
briefly introduced. The numerical results and discussions
of the two-fluid system are presented in Section III. Fi-
nally, a brief summary is given.

Io. FORMALISM

A. Nuclear matter

The relativistic mean-field (RMF) model contains not
only the interactions between nucleons but also the inter-
actions between mesons. The nonlinear self-interactions
of the o~ meson was introduced to reduce the incompress-
ibility of the original RMF. The nonlinear self-interac-
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tion of the w meson was introduced to eliminate the scal-
ar potential instability caused by the nonlinear self-inter-
action of the o meson at high density. The interaction
between the p and w mesons was introduced to adjust the
properties of symmetry energy. The interacting Lagrangi-
an density of the RMF is given as [27,28]:

L =lﬁ[n(i3“ - 8o — g3 ) — (M’ — g o)1y

+ = ((9 co—-m 0'2)—1F,“,F“"+; wwﬂa/‘
- %B B* + mzb b — 20'3 - %g30'4
+ 1cs(cu/,w”) +4Avgpgww},w“bvb", (1)
with strength tensors of w and p mesons:
Fyy = 0,0y — 0ywy, By = 0,b, — 0,b,,. 2)

g and m; (i = o,w,p) are the coupling constants and the
meson masses, respectively, g and g3z are the coupling
constants of the nonlinear self-interaction of o meson, c¢3
is the coupling constant of the nonlinear self-interaction
of w meson, and M’ is the nucleon mass in vacuum.

The equations of motion for nucleons and mesons can
be obtained from the Euler-Lagrange equations. Using
the RMF approximation, the equations of motion are giv-
en as follows:

[17 0y — 807 w0 — 8y boTs = (M’ = gy o)y =
Mo =g ps = 8207 = G307
2, _ 3 2,232
M, w0 =8wPB — €30y — 8Av g 8,,bywo
mgbo =8pP3 — SAng,gfjw(z)bo.
3)

The scalar density pg, the baryon density pp, and the
third component of the isovector density p; are given as

3
kF,i
PE= 2132
i=p,n
3 3
k " ka
ps 312 3n2
2 K 3 M*
ps = Fh—, 4)
i:zp,n (27T)3 0 V2 + M*?

where kp;(i = n, p) is the Fermi momentum and M* = M’-
goo is the effective mass of the nucleon. The energy
density € and pressure P are obtained from the energy-
momentum tensor and written as

2 e, 1
= — BrVE2 + M*2 + —m? w?
Dl

oo Ly 15 1 4
+2m 0'0+2me +§g200+zg300
3
+463w0+12AVgpg2w2b2 (5)

1 2 2
3 Z (271)3f 2+ *2 2 M0

1 1,5, 1 P
—Em 0'0+2mpb _§g20'0_zg30'0
1
+4C3a)0+41\vgpg2w2b2 (6)

where the scalar field o, the vector field wy, and the
isovector field by are obtained from the equations of mo-
tion (Eq. (3)).

B. Dark matter

The properties of DM are still open for debate. In this
study, we attempt to make the interaction as simple as
possible. Thus, similar to the study of Ref. [37], we do
not consider the isospin degeneracy in the fermionic DM.
The interaction between the fermionic DM is described
via the exchange of scalar and vector mesons. The Lag-
rangian density for the self-interacting fermionic DM
with meson exchange (DMM) can be written as [37]:

Lp =Yplyid" —gyV*) = (Mp—ge®)¥p
+ %(aﬂw‘g» —myd?)+ %m%,V,, VK

- %(aﬂ Vy =0,V )(@' V' =8 VH), (7)

where Mp is the mass of DM in vacuum, and g; and m;
(i = V,¢) are the coupling constant and the meson mass of
DM, respectively. The energy density ep and pressure Pp
are similar to those of NM:

ki
(271)3 f BPhJK2+ M2+ —pD

€p =

+ 2_(MD M), (®)
g¢
3 (271')3 0 'kZ +MEZ Zm%/
2
m
~ 5 (Mp= M), )
84
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where M, =Mp—gedo is the effective mass of DM and
pp = % is the DM density.

Thig model does not include the chiral symmetry.
However, as the chiral symmetry is important in strong
interactions, it is relevant to introduce it for DM. Similar
to baryons [51-60], the Lagrangian density for self-inter-
acting fermionic DM with chiral symmetry (DMC) is giv-
en as follows:

Lo =iy, d —moy
G _ _
+ 75 [()* — (ysT)*]
Gy - _
- %[(tmw)z +W@yays)?, (10)

where my is the bare DM mass, which corresponds to the
DM mass at the critical density of the chiral symmetry
restoration, and Gs and Gy are the scalar and vector
coupling constants, respectively. In the mean field ap-
proximation, the energy density ep and the pressure Pp
of DM with chiral symmetry are written as

2 A va2 GS,O2
= | B+ M) P L 5D
€p (27r)3 j]; . ( C) 2 2 €

(11)

o (92 o _l 2 fA d3k k2

P Pop T T3 N, 07 fa, M2

.\ Gvp Gspi, 4 A’ VA2 + M (12)

2 2 3n2 0

where A is the momentum cutoff, and ¢ is introduced to
ensure ep =0 in a vacuum. The number density pp, the
scalar density psp, and the effective mass Mpc are writ-
ten as

3
op =D
b=322
2 (N B M)
PSP ="0np Jy,, @
kep 2 + MBZC
My =mg—Gspsp. (13)

When the DM density pp is given, the EOSs (the energy
density and the pressure) are easily obtained using Egs.
(11) and (12).

C. Two-fluid Tolman-Oppenheimer-Volkoff equation

and tidal deformability
We assume the interaction between the NM fluid and

DM fluid is only gravitational. The energy-momentum
tensors of NM fluid and DM fluid are conserved separ-
ately. The two-fluid Tolman-Oppenheimer-Volkoff
(TOV) equation, which comprises a combination of NM
fluid and DM fluid, is defined as [33-38,46]:

dPy _ —[Pn(r)+en(NIM(r) + 4rr3 P(r)]
dr rlr—2M(r)]

dPp —[Pp(r)+ep(N][M(r)+ 4nr3 P(r)]
dr rlr—2M(r)] ’

(14)

where Py (Pp) and ey (ep) are the the pressure and en-
ergy density of NM (DM), respectively. The pressure
P(r) = Py(r) + Pp(r), which resists gravity, is the sum of
the pressures of NM and DM. The total gravitational
mass M(r) = My(r) + Mp(r) is defined as

M(r) = 4n f r(EN(r') +ep(r)ridr. (15)
0

We have taken the value of G = ¢ =1 here. When the
EOS of NM and DM is given, the radius R and the total
gravitational mass M(R) of the DANS are determined by
taking Egs. (14) and (15) with the condition P(R) = 0.

Aside from the mass-radius relations, the tidal de-
formability, which describes the deformation degree of a
compact star under gravitational effects, is a prominent
topic in astrophysics. The dimensionless tidal deformabil-
ity of a compact star is defined as [20-24,71-74]

2
Acp = gkchs, (16)

where C (defined as M/R) is the compactness parameter,
and k,, which depends on the structure of the compact
star, is written as

8C5

ky =—(1-2C)*[2+2C(yg - 1) - yrI{2C[6

- 3yR +3C(5yg —8)1+4C3[13 - 11yg + C(3yg —2)
+2C%(1+yp)]+3(1 -20)*[2 - yg +2C(yg — 1]

xIn(1-2C)}~!
(17)

The quantity of a two-fluid system yg (defined as
y(R)) is obtained by solving the following differential
equation [74]:

YD Ry FO P =0, ()

with
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oy~ 4nr3[en(r) + ep(r) — Pn(r) — Pp(r)]
(r)= r=2M(r) ’

(19)

drr[S(en(r) + ep(r)) + 9(Py(r) + Pp(r))]
r—2M(r)
47rr[ en(+Py(r)  ep()+Pp(r) 6 }
OPn(r)/0en(r)  OPp(r)/Oep(r) 4nmr?
r—2M(r)

B [m(r) +47r3(Py(r)+ Pp(r)) ]2

o) =

r2(1-2M(r)/r)
(20)

According to the two-fluid TOV equation and the ad-
ditional boundary condition y(0)=2, Eq. (18) can be
solved. It is worth noting that there is a small difference
between the two-fluid quantity yg and the one-fluid
quantity.

III. RESULTS AND DISCUSSIONS

During the formation of an NS, some DM may reside
in the host NS due to gravitational interactions. Then, ow-
ing to the self-interaction of DM, more non-self-annihil-
ating DM will accumulate in the host NS. In the two-flu-
id system, the total radius and mass of DANSs depend
not only on the EOS of NM but also the EOS of DM.
Since the EOS of non-self-interacting DM is softer than
the EOS of NM [33-36,38], the accumulation of non-self-
interacting DM will lead to decreases of both the maxim-
um mass and the radius of 1.4 My NSs. When the DM
exhibits self-interaction [37,38], the EOS becomes more
complicated. The accumulation of self-interacting DM
may lead to decreases of both the maximum mass and the
radius of 1.4 My NSs, or it may lead to an explicit DM
halo with a large radius. In previous studies, it is certain
that the maximum mass of an NS does not increase when
the radius of a DANS of 1.4 M is smaller than that of
one without DM. We have investigated whether the EOS
of self-interacting DM can simultaneously produce
M = 2M and a small radius for 1.4 My NSs.

The DMC model has four parameters: A, mg, Gs, and
Gy. These parameters are arbitrary, so we choose the
cutoff momentum A as 400 MeV, and set the bare mass
of DM my to be 5 MeV. The scalar coupling constant Gy

is adjusted to obtain the DM mass Mj,. in a vacuum.
Since the DM is not bound, the vector coupling constant
Gy is chosen to make the EOS of DM a monotonically
increasing function. The DMM model has five paramet-
ers: Mp, my, my, g4, and gy. In this model, as the poten-
tial should be attractive at large distances and repulsive at
short distances, my must be greater than m,, and gy must
be greater than g,. We set my = 500 MeV and my = 1000
MeV. For comparison, g, and gy are determined by

2 2
8 .

Cs = _‘g =Gg and Cy= g_‘g =Gy, respectively. When
my my,

Cs and Cy are given, the DM mass of the DMM model
Mp is set to that of the DMC model Mj,. in vacuum.

To produce the maximum mass M > 2M,, with a reas-
onable radius for a 1.4 My NS, the EOS of NM should be
soft at low density and stiff at high density. However, as
shown in Fig. 1, the EOSs of the IU-FSU [27, 28] and XS
[28] models are soft at low density but not stiff enough at
high density. Therefore, as shown in Table 1, although
the EOS of NM with the IU-FSU and XS models can pro-
duce a reasonable radius for 1.4 My NSs, it cannot pro-
duce M 22My. In a two-fluid system, for producing
M > 2M and a reasonable radius for a 1.4 Mg NS, the
EOS of DM should be softer or close to that of the XS
and IU-FSU models at low density, but stiffer than that of
the XS and IU-FSU models at high density. When the
cutoff momentum A of the DMC model is fixed, the scal-
ar coupling constant Gg is determined by the DM mass
M3, .. Here, we choose the DM masses Mj, . for the DMC
model as 1000, 1500, and 2000 MeV. As displayed in
Fig. 1, in the DMC model, the EOS for a large DM mass
is softer than that for a small DM mass. For all given DM
masses Mj,., the EOS of the DMC model with Gy = G
can be softer at low density and stiffer at high density
than that of NM. As the Gy increases to 1.25Gg, the EOS
becomes stiff, particularly at low density. For the DMM
model, the EOS for a large DM mass is also softer than
that for a small DM mass. However, there are some dif-
ferences between the DMM model and the DMC model.
For instance, for the same DM mass in vacuum and coup-

2 &

8
ling strength (Cs =22 =G5 and Cv=— =Gy), the
m

2 =
¢ ny,
EOS for the DMC model is softer than that for the DMM

model at low density, while the EOS for the DMC model
is stiffer than that for the DMM model at high density.

Table 1. Parameter sets for the [U-FSU and XS models. Mp.x/Ms is the maximum mass of an NS predicted by the I[U-FSU and XS

models, and R(1.4M,) is the radius of an NS of 1.4M.

Model 8o 8w 8p My my, mp i) 83 3 Ay £0 Mmax/Mo — R(1.4Mo)

IU-FSU 9.971 13.032  6.795 491.500 782.500 763.000 8.493 0.488 144219 0.046 0.155 1.96 12.5
XS 11.446 16.066 7.314 491.500 782.500  763.000  0.030 124.114  999.268 0.040  0.148 1.61 11.9
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Fig. 1. (color online) Pressure and energy density relation-
ship of DM for various DM masses. Interactions with various
strengths are considered. The units of Gs (Cs) and Gy (Cy)
are GeVfm?3. For comparison, the results for NM using the XS
and IU-FSU models are also displayed.

The difference between the EOS for the DMC model and
that for the DMM model is predominantly due to the chir-
al symmetry of the DMC model. When the chiral sym-
metry of the DMC model is restored, the scalar part of the
EOS vanishes, and the EOS becomes stiff.

With the EOSs in Fig. 1 and Eq. (14), the mass-radi-
us trajectories of DANSs for various amounts of DM are
easily obtained. As shown in Fig. 2, for a central energy
density ratio of DM to NM of 0.5, as the EOS of DM for
various interactions differs, the mass-radius trajectories of
DANSSs are very complicated. When the EOS for DM is
very soft at a central energy density ratio of DM to NM
of 0.5, the total DM mass is very small and gathers in the
center of the DANS. For example, with Gy =Gg
(Cy =Cs) and a DM mass of 2000 MeV, the mass-radius
trajectory of the DANS almost coincides with that of one
without DM, for a total mass below the maximum mass
of the DANS. As the vector repulsion coupling constant
Gy (Cy) increases to 1.25Gs (1.25Cy), the EOS for a
DM mass of 2000 MeV becomes stiff. As a result, the
total DM mass in the center of the DANS increases, and
the increase of total DM mass causes the DANS to shrink
earlier. When the DM mass equals 1500 MeV, the mass-
radius trajectory of the DANS with various interactions is
similar to that with a DM mass of 2000 MeV. The max-

%,

IDMM(XS)
- IU-FSU | 4 XS A

i | seebes G =G, “
4o 4 GA125G .
= =G =G,

—® =G=125G, ]
<+ 00+ GG,

= 0 =G =1.25G,

R(km)

Fig. 2. (color online) Mass-radius relations for a central en-
ergy density ratio of DM to NM of 0.5. DMC(IU-FSU),
DMC(XS), DMM(IU-FSU), and DMM(XS) refer to the DMC
model or DMM model admixed with the [U-FSU model or XS
model in the two-fluid system, respectively. XS and IU-FSU
denote a normal DM-free neutron star. The yellow and cyan
regions represent the constraints given by using EOS-insensit-
ive relations to analyze the GW170817 event [24].

imum mass of the DANS with a DM mass of 1500 MeV
and 2000 MeV is lower than one without DM for a cent-
ral energy density ratio of 0.5. However, for Gy = Gs
(Cy =Cs) and a DM mass of 1000 MeV, although the
central energy density ratio of DM to NM is 0.5, the total
DM mass of the DANS will surpass the total NM mass,
as the EOS for the DM becomes very stiff. In this case,
the total pressure P(r) = Py(r)+ Pp(r) can resist the col-
lapse of the DANS, meaning the maximum mass is high-
er than one without DM, and even higher than 2 M. With
a DM mass of 1000 MeV, as the EOS of DM is soft at
low density for Gy = Gs (Cy = Cy), the radius of a 1.4
M, DANS may be less than one of pure NM. When the
EOS of DM is stiff at all densities, both the maximum
mass of the DANS and the radius of a 1.4 My NS will
surpass those of pure NM. For instance, when
Cy =1.25Cs and the DM mass equals 1000 MeV in the
DMM model, the radius of the DANS will always sur-
pass one of pure NM, and even surpass the constraint ex-
tracted from the GW170817 event. This result indicates
that a clear DM halo surrounds the NM.

Since there are interactions with DM, it may continue
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to accumulate. As shown in Fig. 3, the mass-radius tra-
jectories of DANSs are displayed for the central energy
density ratio of DM to NM of 1.0. For a DM mass of
2000 MeV, the maximum mass of the DANS is still
lower than 2.0 M. When the DM mass decreases to 1500
MeV, the EOS of the DM becomes stiff at high density,
and the maximum mass of the DANS surpasses 2.0 M.
For a DM mass of 1500 MeV and Gy =Gs (Cy =Cys),
the EOS of the DM is lower than that of NM at low dens-
ity, and the radius of a 1.4 M; DANS is less than one
without DM. When the vector coupling constant Gy (Cy)
increases to 1.25Gy (1.25Cy), the mass-radius trajector-
ies of the DANSs are complicated. In the DMC model, as
the EOS of DM with a DM mass of 1500 MeV and
Gy = 1.25Gs 1s still softer than that of TU-FSU at low
density, the radius of a 1.4 M, DANS is lower than that
of IU-FSU. However, since the EOS of the DMC model
with a DM mass of 1500 MeV and Gy = 1.25Gy is stiffer
than that of XS at low density, the radius of a 1.4 M,
DANS surpasses that of XS. In the DMM model, the ra-
dius of a 1.4 My DANS with a DM mass of 1500 MeV
and Cy = 1.25C surpasses that of both IU-FSU and XS.
For a DM mass of 1000 MeV, the maximum mass of all
DANS surpasses 2.75 M. For a DM mass of 1000 MeV,
the radius of DANSs of various masses for the DMM
model will always surpass that of pure NM and form
halos around the NM. However, as the DMC model has
chiral symmetry, the EOS of DM for the DMC model can
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Fig. 3. (color online) The same as Fig. 2 but for a central en-

ergy density ratio of DM to NM of 1.0.

be very soft at low density. As a result, for a DM mass of
1000 MeV and Gy = Gg, the radius of a 1.4 My, DANS
for the DMC model is not very large and is close to that
of pure NM. Additionally, it is still within the constraints
extracted from the GW170817 event.

As displayed in Fig. 4, the central energy density ra-
tio of DM to NM is 1.5. Since the EOS of DM will sur-
pass one of NM at high density, the maximum mass of
the DANS will eventually surpass one of pure NM as the
central energy density ratio of DM to NM increases. For a
DM mass between 1500 and 2000 MeV, there are always
DM interactions that can satisfy the maximum mass and
radius extracted from astrophysical observations.
However, when the DM mass equals 1000 MeV, the radi-
us of the DANS for the DMM model becomes large, and
cannot satisfy the radius extracted from astrophysical ob-
servations. Interestingly, for a DM mass of 1000 MeV,
the radius of the DANS for the DMC model with
Gy = Gy still satisfies the constraint extracted from the
GW170817 event. This is due to the EOS of the DMC
model being softer than that of the DMM model at low
density for a DM mass of approximately 1000 MeV.

In the two-fluid system, the difference in the mass-ra-
dius relationship between the DMM and DMC models
becomes obvious when the central energy density of DM
is greater than that of NM. Therefore, we investigated the
dimensionless tidal deformability Acp for a central en-
ergy density ratio of DM to NM of 1.5. As shown in Fig. 5,
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Fig. 4. (color online) The same as Fig. 2 but for a central en-

ergy density ratio of DM to NM of 1.5.
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similar to the case of a compact star without DM, the Acp
of the DANS of 1.4 M, depends predominantly on its ra-
dius when the maximum masses of the DANSs are close
to each other. Therefore, for the same mass of the
DANSs, the Acp for the DMM model is always larger
than that of the DMC model for the same DM mass and
coupling strength. For larger differences in maximum
mass, the Acp of a 1.4 My DANS increases for increas-
ing maximum mass of the DANS [21,23]. For instance,
for the DMC model, as the maximum mass of the DANS
with a DM mass of 1500 MeV and Gy = 1.25Gy 1is smal-
ler than that of a DANS with a DM mass of 1000 MeV
and Gy = Gg, the Acp of the DANS with a DM mass of
1500 MeV and Gy = 1.25Gy is always smaller than that
of a DANS with a DM mass of 1000 MeV and Gy = Gg.
Moreover, when the DMC model takes a DM mass of
1000 MeV and Gy = Gg, the radius of the DANS of 1.4
M, is approximately 13.0 km, however, the Acp of the
DANS is higher than Acp = 800.

IV. SUMMARY

In this study, we introduce chiral symmetry in the
DM and investigate the properties of DANSs using the
two-fluid TOV approach. In the two-fluid system, early
studies have shown that both the maximum mass and the
radius of a 1.4M, DANS will decrease or increase simul-
taneously. These studies imply that the DM admixed soft
EOS of NM (such as IU-FSU and XS) cannot produce
M > 2M, and a reasonable radius for a 1.4M, DANS at
the same time using the two-fluid approach. We provide a
different result, that is, the maximum mass of the DANS
increases, but the radius of the 1.4M,; DANS decreases.
This provides the possibility for soft EOSs to explain as-
trophysical observations. In DANSs, when the the cent-
ral energy density ratio of DM to NM is 0.5, with DM
masses of 1500 MeV and 2000 MeV, the maximum mass
of the DANS still cannot reach 2M,. However, for a DM
mass of 1000 MeV, there are interactions within the
DMC and DMM models that can produce M > 2M,, and a
reasonable radius for a 1.4M, DANS. The difference
between the DMC model and DMM model is not obvi-
ous for a central energy density ratio of DM to NM of
0.5. When the the central energy density ratio increases to
1.0, except for a DM mass of 2000 MeV, the DMM mod-
el and the DMC model with DM masses of 1000 MeV
and 1500 MeV can produce M = 2M,,. At this central en-
ergy density ratio, only when the DM mass is 1500 MeV

2000

7T "oliciuksh) T 7
= =IU-FSU

DMC(XS)
xs

L]

:

1500 4
L]

1000 =

IRY
500 %4 s - i
.

<O 2000 |+ ~'\4“Aﬂ-J'.'r‘--h-.l

1500

—B—C125C,T
==0=-CC, -
— @ C125C,

Ly agme0of

1000 |-

500

08 12 16 20 24 28 32 36
M/M

[0}

08 12 16 20 24 28 32

Fig. 5. (color online) Tidal deformability as a function of the
DANS mass for a central energy density ratio of DM to NM
of 1.5. XS and IU-FSU denote the tidal deformability of a
DM-free normal neutron star.

can the DMM model produce a reasonable radius for a
1.4M, DANS. However, the DMC model with DM
masses of both 1000 MeV and 1500 MeV can reproduce
a reasonable radius for a 1.4M, NS. For instance, the
DMC model with a DM mass of 1000 MeV when ad-
mixed with NM can produce a maximum mass of 2.75 M
and a radius of 1.4 M below 13.7 km. This is due to the
EOS of the DMC model with a DM mass of 1000 MeV
being very soft at low density and very stiff at high dens-
ity. This is similar to the case of central energy density
ratios being 1.0 and 1.5. Indeed, in the two-fluid system,
increasing the maximum mass and decreasing of the radi-
us of the 1.4M;, DANS can occur simultaneously. We
have also investigated the dimensionless tidal deformabil-
ity Acp of DANSs for a ratio of DM to NM of 1.5. Simil-
ar to the previous study of DANSs, when the maximum
masses of the DANSs were close to each other, the Acp
of the 1.4 M, DANS depends predominantly on its radius.
However, when the maximum masses of the DANS are
further apart, the Acp of the 1.4M; DANS largely de-
pends on the maximum mass and increases with increas-
ing maximum mass of the DANS.
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