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Constraint on particle mass of dark matter based on XTE J1814-338
observation and DANS model*
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Abstract: The small observed radius of the neutron star XTE J1814-338 (with a mass of 1.21*353M,, and a radius of

7+%4km) poses a significant challenge to the conventional neutron star model composed of normal nuclear matter.
The dark matter-admixed neutron star (DANS) model offers a possible solution to this challenge. By employing a
self-interacting fermionic dark matter model, we investigate the effects of dark matter parameters, including the
particle mass, self-interaction strength, and dark matter mass fraction, on the properties of DANSs. Our results indic-
ate that the joint constraints from the observations of XTE J1814-338 and the astrophysical limits on the dark matter
self-interaction cross section derived from observations of different colliding galaxy clusters can effectively con-
strain the dark matter particle mass. Specifically, to simultaneously satisfy the small radius of XTE J1814-338 and
the self-interaction limit, the particle mass of self-interacting fermionic dark matter is constrained to the range from
sub-GeV to a few GeV.
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I. INTRODUCTION

Current understanding of the equation of state (EOS)
for high-density normal nuclear matter remains subject to
substantial uncertainties [1—5]. Theoretical models have
proposed a range of candidate frameworks to describe
compact-matter objects, including neutron-rich matter
[6], nuclear pasta phases [7], hyperonic matter [4, 5, 8],
and deconfined quark matter [4]. Neutron stars (NSs),
which host extremely dense matter in their interiors, of-
fer a unique laboratory for probing the EOS of high-dens-
ity nuclear matter. Recent observational breakthroughs
related to neutron stars have substantially advanced our
understanding of the nature of high-density nuclear mat-
ter. For instance, the first detection of the binary neutron
star merger GW170817 in 2017 [9], accompanied by ob-
servations of electromagnetic signals from the same
source, including the gamma-ray burst GRB170817A and
the kilonova AT2017gfo [10], represents a major break-
through in gravitational-wave astronomy and multi-mes-
senger astrophysics. Analyses of the multi-messenger ob-
servations of GW170817 have constrained the tidal de-
formability A;, of a 1.4M, neutron star to the interval
Ar4=190739 [11], supporting a relatively soft EOS for
high-density nuclear matter. Additionally, the Neutron
Star Interior Composition Explorer (NICER) [12—17] has

accumulated simultaneous mass-radius measurements of
multiple neutron stars in recent years, which also provide
effective constraints on the EOS of normal nuclear mat-
ter [18, 19].

In recent research, pulse-profile modeling of the
pulsar XTE J1814-338 has yielded mass and radius meas-
urements of M =121703M, and R=7.07% km [20].
This observation indicates a notable discrepancy in radi-
us relative to previous measurements of other neutron
stars. In previous observations, neutron stars with masses
around 1.4M, tend to have radii near or above 10 km, as
inferred, for example, from the binary neutron star merger
event GW170817 [11] and the pulsars PSR J0030+0451
[14—22], PSR J0437-4715 [16], and PSR J0614-3329
[17]. Traditional neutron star models [1-5] struggle to
simultaneously satisfy both the mass measurement and
the relatively small radius, posing severe challenges to
theoretical descriptions of neutron stars. To date, much of
the literature has adopted different models to explain this
anomalous observation. For instance, Veselsky et al. [23]
employed a relativistic mean-field model incorporating
first-order kaon condensation (K~ and K°) to soften the
EOS, thereby aligning the model's mass-radius relations
with the XTE J1814-338 observation. Laskos-Patkos et
al. [24] constructed hybrid-star EOSs, demonstrating that
descending hybrid branches can reconcile the mass and
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radius observations. Zhang et al. [25] explained the
small-radius observation using a new type of self-bound
hybrid star. Zhou et al. [26] and Dong et al. [27] utilized
sound-speed transition models to simulate twin stars, fit-
ting the small-radius branch to XTE J1814-338 while
constraining parameter spaces via Bayesian analysis. Ad-
ditionally, Zollner et al. [28] examined nuclear core-
corona structures in neutron star models, parameterizing
the core structure to constrain the ranges consistent with
the XTE J1814-338 observation.

Beyond adjustments to traditional EOSs, interactions
between dark matter and normal nuclear matter provide a
novel framework for interpreting the anomalous observa-
tion of XTE J1814-338. Neutron stars, among the densest
known astrophysical objects, can gravitationally capture
dark matter, whose accumulation may significantly alter
their mass, radius, and tidal deformability [29—-36], and
may even enable ultra-massive neutron star configura-
tions [37]. In the case of the anomalous neutron star XTE
J1814-338, several studies have attempted to interpret its
observational features using dark matter admixed neut-
ron star (DANS) models. Lopes ef al. [38, 39] utilized a
single-fluid DANS model with a constant-density dark
matter component to deduce the microscopic and macro-
scopic properties of neutron stars consistent with the ob-
servations. Pitz et al. [40], by contrast, introduced new
scalar particles beyond the standard model to construct a
bosonic DANS model and explored the stable parameter
space consistent with the observations, though at the cost
of increased physical complexity. Meanwhile, Yang et al.
adopted mirror dark matter [41] (assumed to share the
same EOS as normal nuclear matter) and self-interacting
bosonic dark matter [42] to soften the normal nuclear
matter EOS, thereby constructing a DANS model cap-
able of accounting for the unusual observation. The same
mirror-dark-matter model was also employed by Jiao et
al. [43] for the same purpose. Moreover, Vikiaris et al.
[44] ascribed these anomalous observations to the genera-
tion of dark matter particles via neutron decay within
neutron stars.

The existence of dark matter can significantly alter
the structure and thermodynamic properties of neutron
stars [45, 46], thereby producing observable signatures in
astrophysical measurements [29, 32, 47-53]. These ef-
fects establish neutron stars as astrophysical laboratories
for indirectly probing the nature of dark matter [32,
38—42, 54—62]. Research on constraining dark matter
parameters using current and forthcoming multimessen-
ger observations of neutron stars has attracted consider-
able attention [63—65]. In this work, we adopt a self-in-
teracting fermionic dark matter model [66—68] to invest-
igate DANSs. Within this model, the dark matter para-
meters can be constrained by astrophysical limits on the
dark matter self-interaction cross section derived from
observations of different colliding galaxy clusters

[69—73]. Assuming that dark matter interacts with nor-
mal nuclear matter only through gravity, we employ the
two-fluid Tolman-Oppenheimer-Volkoff (TOV) equa-
tions [74, 75] to investigate the properties of DANSs. Our
results show that the joint constraints from the observa-
tion of XTE J1814-338 and the dark matter model under
the Born approximation can effectively constrain the
ranges of dark matter parameters, thereby providing a
well-defined range for the dark matter particle mass.

This paper is organized as follows. In Sec. II, we
provide a concise overview of the EOSs for both normal
nuclear matter and dark matter, as well as the two-fluid
TOV equations employed to model DANSs. In Sec. III,
we investigate the constraints on dark matter parameters
derived from the observation of XTE J1814-338, present-
ing the bound on the particle mass. We then investigate
the effects of different normal nuclear matter EOSs on
DANSs and present the range of the dark matter particle
mass constrained under the joint constraints in Sec. IV.
Moreover, in Sec. V, we discuss the physical implica-
tions of these results, including possible formation scen-
arios for high dark matter mass fractions in DANSSs, a sta-
bility analysis of DANSs consistent with the small-radius
observation, and a comparison with cosmological and
laboratory constraints. The summary is given in Sec. VI.

II. THE MODEL OF DARK MATTER ADMIXED
NEUTRON STARS

A. EOS of normal nuclear matter

The APR3 EOS [76] is employed to model the nor-
mal nuclear matter component within DANSs, thereby
enabling an exploration of the dark matter parameter
space constrained jointly by observations of XTE J1814-
338 and self-interaction limits. Notably, the APR3 EOS is
consistent with observations from GWI170817 and
NICER. In addition, given the substantial uncertainties
that persist in our understanding of the EOS of high-dens-
ity nuclear matter, we employ the Soft EOS [77] and Stiff
EOS [77], which represent softer and stiffer EOS behavi-
or, respectively, to assess the impact of different nuclear
matter EOSs on DANS properties. Consequently, we ad-
opt the Soft EOS, Stiff EOS, and APR3 EOS as repres-
entative soft, stiff, and intermediate EOSs.

B. Dark matter model as self-interacting fermions

Here, we consider dark matter to consist of self-inter-
acting fermions [66—68], characterized by particle mass
m, and interacting through a repulsive Yukawa potential
V(r) = %~ with coupling constant « and mediator mass
m. The energy density and pressure are given by
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where x=kr/m,, with the Fermi momentum kr=

he(3n*n,)'?, and y = \/2ram}/m* is the self-interaction
strength.

Within this model, the dark matter particle mass m,
and the self-interaction strength y can be constrained by
astrophysical limits on the dark matter self-interaction
cross section. Based on observations of different collid-
ing galaxy clusters [69—73], this cross section is con-
strained to lie within the range

X L 0.1-10 cm?/g. 3)

s

In [67, 78—80], the Born approximation is given by

4
O Born = Lz (4)
mm

This expression provides an accurate description of the

self-scattering cross section for m, <1 GeV and remains
valid in the limit @ — 0 for larger masses. Within this re-
gime, the cross section per unit mass is given by

o y*

— = )

=
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Employing the conversion 1 cm?/g = 4560/GeV?, the ob-
servational bounds can be directly translated into an al-
lowed range for the dark matter parameter

ag
yt= ﬂmi;, (6)
X
which yields
y=x6.16m;" (7

for the lower bound, and

y~19.46m)" ®)

for the upper bound, where m; =m,/1 GeV. Con-
sequently, within the observationally allowed region, the
dark matter EOS depends on both m, and the specific
value of o/m, or, equivalently, on the pair (m,,y), with y
restricted to the range derived above. The stiffness of the
dark matter EOS depends critically on both the particle
mass m, and the self-interaction strength y. For a dark
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Fig. 1.

(color online) The EOSs of the normal nuclear matter models (APR3, Soft, and Stiff) and the dark matter model with differ-

ent particle masses and self-interaction strengths are shown, where the left and right panels present the various EOSs and the corres-
ponding squared sound speeds, respectively. The curves are categorized as follows: red lines denote the self-interacting fermionic dark
matter model for a range of particle masses and self-interaction strengths; blue dotted lines correspond to the Soft EOS; black solid
lines represent the APR3 EOS; and green dashed lines indicate the Stiff EOS.
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matter particle mass of m, =2 GeV, the self-interaction
strength y is constrained to the range [10.34,32.71], as de-
rived from the self-interaction cross-section limits via
Egs. (7) and (8). As demonstrated in Fig. 1, increasing y
while holding the particle mass fixed at m, =2 GeV pro-
gressively stiffens the dark matter EOS. Conversely, in-
creasing m, at fixed y significantly softens the EOS.

The astrophysical bounds on dark-matter self-interac-
tions are derived in the low-velocity regime, whereas
dark matter inside a neutron star is highly relativistic, and
the cross section is therefore velocity-suppressed. Con-
sequently, any overlap between the parameter region al-
lowed by astrophysical bounds and that required by neut-
ron-star structure reflects consistency only at the level of
microscopic parameters, rather than a comparison of
cross sections evaluated at the same velocity.

C. Two-fluid TOV equations

In contrast to a nonrotating neutron star with a single
fluid component, such as normal nuclear matter, a static
two-fluid neutron star contains two distinct components:
normal nuclear matter and dark matter, which interact
only through gravity. These components must be calcu-
lated independently. Therefore, we use the two-fluid
TOV equations [74, 75]

dpy _ GM(r)ey(r) 47’ p(r) pn(r)
dr ctr? (l * M(r)c? ) ( * 8N(r)>
2GM(r)\™
x <1 = ) ’ 2
dpp  GM(r)ep(r) 47’ p(r) pp(r)
dr ctr? (1 * M(r)c? ) (1 * sD(r))
2GM(r)\™!
% <1 2 ) ’ (10)
dMy 4rrten(r)
e (an
dMp _ 47TV28D(F)’ (12)

dr c?

where the subscripts N and D denote normal nuclear mat-
ter and dark matter, respectively. The total mass and pres-
sure of the neutron star are expressed as the sums of the
two components, namely, M(r) = My(r)+ Mp(r) and
p(r) = pxy(r)+ pp(r). The initial masses of the two fluids
are zero, and the central pressures of the two components
are py. and pp., respectively. The pressures of the two
components decrease until those of normal nuclear mat-
ter and dark matter vanish at different radii, thereby de-
fining the radii of normal nuclear matter (Ry) and dark
matter (Rp). The corresponding gravitational masses of
the two components are then defined at their respective

radii as My(Ry) and Mp(Rp). The radii of the two com-
ponents are compared, and the larger one is designated as
the total radius R of the neutron star. Because dark mat-
ter does not participate in electromagnetic interactions,
we focus on the radius of normal nuclear matter (Ry).
The two-fluid TOV equation enables a clear distinc-
tion between the dark matter radius (Rp) and the normal
nuclear matter radius (Ry), making it possible to define
the dark matter mass fraction F, [60, 63, 81] as the ratio
of the gravitational mass of dark matter to the total gravit-
ational mass M(r) of the DANS, as given by the equation

_ MRy
X Mp(Rp)+ My(Ry)'

(13)

The total gravitational mass and radius of DANS de-
pend strongly on the value of F, [60, 63, 81], making it
an important parameter to consider. For a given dark mat-
ter mass fraction F,, the mass-radius relation of DANSs
is uniquely determined.

Stability analyses of the two-fluid model [82—89]
show that the stellar stability limit occurs at the maxim-
um mass M along contours of fixed particle number.
These maxima have been shown [83, 88, 89] to coincide
with the maxima of the mass—radius (M — Ry) relations at
fixed dark matter mass fraction F,, as in ordinary neut-
ron stars composed of nuclear matter. Configurations
with higher central density (and thus smaller radius) are
unstable to induced radial oscillations, as confirmed in
the cited references. In what follows, we present and dis-
cuss only stable DANS configurations.

III. CONSTRAINING DARK MATTER PARA-
METERS WITH THE OBSERVATION OF XTE
J1814-338 AND SELF-INTERACTION LIMIT

The dark matter parameters of the DANS model are
constrained using the mass—radius observation of XTE
J1814-338 and the self-interaction limit. Here, the DANS
is constructed by combining the APR3 EOS for normal
nuclear matter with the EOS of self-interacting fermionic
dark matter, characterized by the particle mass m, and
self-interaction strength y. First, we investigate the
M —Ry relations of DANSs by solving the two-fluid
TOV equations, which simultaneously incorporate the
EOSs of both the normal nuclear matter and dark matter
components; the results are presented in Fig. 2. Notably,
the dark matter radius Rp remains electromagnetically
undetectable because of the absence of electromagnetic
interactions. Therefore, our analysis focuses on the nor-
mal nuclear matter radius Ry. When the radius of dark
matter is smaller than that of normal nuclear matter,
namely Rp < Ry, the model corresponds to a DANS with
a dark matter core (solid lines). Conversely, when
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Fig. 2. (color online) The relations between the total mass M and the normal nuclear matter radius Ry of DANSs under different dark

matter parameters are shown, where the normal nuclear matter EOS adopts the APR3 EOS. The self-interaction strength y takes values
of 17.8 (left panel), 25 (middle panel), and 31.7 (right panel), and the dark matter particle mass is m, =2 GeV. The dark matter mass
fraction F, ranges from 0 to 1. The cyan, blue, and purple regions correspond to the mass-radius measurements of PSR J0740+
6620[12], PSR J0030+0451 [14, 15], and PSR J0437-4715 [16], respectively. The buff region illustrates the mass-radius observations
of GW170817 [9]. The pink region depicts the mass-radius estimates inferred for the central compact object residing within the super-
nova remnant HESS J1731-347 [90]. The orange region indicates the observational mass-radius constraint derived for XTE J1814-338

[20].

Rp > Ry, the model represents a DANS with a dark mat-
ter halo (dashed lines). For halo configurations, the dark
component extending beyond the nuclear matter radius
Ry may still affect the exterior gravitational field, which
in turn influences light bending and redshift. This effect
is neglected in the present work.

As illustrated in Fig. 2, based on the M — Ry relations
of DANSSs, it is possible to infer the parameter space of
the dark matter mass fraction F, constrained by the ob-
servation of XTE J1814-338. The analysis is conducted
with dark matter self-interaction strengths set to y = 17.8,
25, and 31.7, and with the dark matter particle mass fixed
at m, =2GeV. The M —Ry relations form a family of
curves as F, varies. We observe that the curves corres-
ponding to low mass fractions are consistent with most
current observations, whereas satisfying the observation
of XTE J1814-338 requires a higher dark matter mass
fraction. For relatively weak self-interactions (y = 17.8),
the M — Ry relations are comparatively soft, yielding an
extremely narrow range of F, constrained by the obser-
vation of XTE J1814-338, namely [0.66,0.67]. In this
case, y = 17.8 represents the lower bound of the dark mat-
ter parameter space under the observational constraints.
As the self-interaction strength y increases, the corres-
ponding M —Ry curves can support larger radii and
masses while still satisfying the observation of XTE
J1814-338, thereby broadening the range of F, con-
strained by the observation. When the M — Ry curves pre-
dict a radius exceeding that observed for XTE J1814-338,
the DANS model cannot satisfy the observation of XTE
J1814-338 for any value of F,; this condition can be used
to define the upper bound of the dark matter parameter

space, as shown in the right panel of Fig. 2. Overall, the
self-interaction strength y modulates the stiffness of the
dark matter EOS, which in turn significantly influences
the M — Ry relations of DANSs and determines the range
of the dark matter mass fraction F, constrained by XTE
J1814-338. As shown in Fig. 2, the M — Ry relations ob-
tained when y < 17.8 fall below the observation of XTE
J1814-338, whereas for y >31.7 the M —Ry curves ex-
ceed the observation. Based on detailed calculations with
m, =2 GeV and the APR3 EOS for normal nuclear mat-
ter, we establish that the observation of XTE J1814-338
constrains the self-interaction strength y to the range
[17.8,31.7]. This interval lies entirely within the range
y €[10.34, 32.71] obtained from the self-interaction cross-
section limits using Eqs. (7) and (8).

To explore the constraints imposed by the mass-radi-
us observation of XTE J1814-338 on the parameter space
of DANSs, we extend the investigation of DANS proper-
ties to a wider range, with the particle mass m, € [0, 4]
GeV and the self-interaction strength y € [0, 60]. Adopt-
ing the APR3 EOS for normal nuclear matter, we use the
joint constraints from the observation of XTE J1814-338
and astrophysical limits on the dark matter self-interac-
tion cross section to constrain the dark matter parameter
space, as illustrated in Fig. 3. The shaded region, with the
color intensity indicating the minimum dark matter mass
fraction (F,min), represents the parameter range allowed
by the observation of XTE J1814-338, while the vertic-
ally hatched area indicates the region further restricted by
the joint constraints from the observation of XTE J1814-
338 and self-interaction limits. For a given parameter set
(m,,y), the M — Ry relations of DANSs constrained by the
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Fig. 3.  (color online) Parameter space of DANSs con-
strained by XTE J1814-338 and by the dark matter model un-
der the Born approximation, where the EOS of normal nucle-
ar matter is taken to be the APR3 EOS; the cyan dot-dashed
and green dashed lines indicate the lower and upper bounds
from the dark matter model under the Born approximation, re-
spectively; the shaded region, whose color intensity indicates
the minimum dark matter mass fraction, represents the para-
meter range allowed by the observations of XTE J1814-338;
and the vertically hatched region indicates the parameter space
jointly allowed by both constraints.

observations define an allowed range [Fymin, Fymax], Which
directly indicates that the parameter set satisfies the ob-
servational constraint. Points A and B mark the minim-
um and maximum dark matter particle masses under this
combined constraint, respectively.

Under the mass-radius observation of XTE J1814-
338, only specific combinations of particle mass and self-
interaction strength yield an M —Ry relation consistent
with the observation. This defines a viable parameter
space for the dark matter particle mass, as shown in Fig. 3.
In the absence of self-interaction (y = 0), the observation-

ally allowed particle mass range is [0.593,0.682] GeV. For
stronger self-interaction, y = 10, a higher particle mass is
required, with the allowed range extending to
[1.19,1.52] GeV. Thus, for normal nuclear matter de-
scribed by the APR3 EOS, the mass-radius observation of
XTE J1814-338 provides a direct constraint between m,
and y, establishing only a lower limit on the dark matter
particle mass, m, min = 0.593GeV, which also serves as a
conservative bound for the non-interacting case.

When the constraint from the dark matter self-interac-
tion cross section is also considered, the admissible dark
matter parameter space is confined to the region between
the cyan and green dashed lines in Fig. 3. The parameter
region allowed by the observation of XTE J1814-338 is
then further restricted to the vertically hatched area, form-
ing the bounded parameter space constrained by both ob-
servational limits. Together, these constraints yield a min-
imum dark matter particle mass of 0.96GeV and a max-
imum of 3.22GeV under the APR3 EOS for normal nuc-
lear matter.

IV. IMPACT OF NORMAL NUCLEAR MATTER
EOSS ON OBSERVATIONAL CONSTRAINTS
OF DARK MATTER PARAMETERS

Adopting the APR3 EOS for normal nuclear matter,
we investigated the constraints on the dark matter para-
meters of DANS models imposed jointly by the XTE
J1814-338 observation and the dark matter model under
the Born approximation. Specifically, we report the range
of dark matter particle masses constrained by these com-
bined conditions. Given the substantial uncertainties in
the current understanding of the high-density nuclear
matter EOS, we further consider diverse normal nuclear
matter EOSs to examine how the choice of EOS influ-
ences DANSs under these joint constraints.

For comparison, the Soft EOS and the Stiff EOS were

Ry (km)
Fig. 4.

LI LI B I L LB B B LN R IS

Ry (km)

(color online) The relation between the total mass M and the normal nuclear matter radius Ry of DANSs, where the normal

nuclear matter is described by the Soft EOS and the Stiff EOS; the other parameters and shaded regions are the same as those in the

middle panel of Fig. 2.
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adopted as two representatives of softer and stiffer EOSs,
respectively. The results are presented in Fig. 4. In con-
trast, the APR3 EOS serves as an intermediate EOS. By
fixing the dark matter parameters to m, =2GeV and
y =25, we calculate the M — Ry relations of DANSs. We
also find that only a low mass fraction is needed for the
curves to remain consistent with most existing observa-
tional data, whereas satisfying the observation of XTE
J1814-338 still requires a higher dark matter mass frac-
tion. When the Soft EOS is adopted, the observation of
XTE J1814-338 intersects the upper part of the M —Ry
curves, whereas under the Stiff EOS the same region
overlaps with the middle portion of the curves. For the
Soft EOS, the range of the dark matter mass fraction F,
constrained by the observation of XTE J1814-338 is
[0.44,0.71], which is significantly lower than that ob-
tained with the APR3 EOS for normal nuclear matter.
This reduction arises because the Soft EOS alone cannot
support neutron stars with sufficiently large masses and
radii. Consequently, only a relatively small dark matter
mass fraction F, is required to soften the M —Ry curves
so that they become consistent with the observation of
XTE J1814-338. In contrast, the Stiff EOS, which can
support larger neutron star masses and radii, requires a
substantially higher dark matter fraction (F, €[0.82,
0.95]). These results indicate that a softer normal nuclear
matter EOS favors a lower F, range constrained by the
observation, whereas a stiffer EOS requires nearly critic-
al dark matter fractions (approaching 0.99)to com-
pensate for the excessive stiffness of normal nuclear mat-
ter. This discrepancy indicates that the stiffness of the
normal nuclear matter EOS affects the dark matter para-
meters constrained by the observation. Further calcula-
tions reveal that, for m, = 2GeV, the constrained range of
y is [15.8,37.2] with the Soft EOS and [18.4,32.1] with
the Stiff EOS. For the same particle mass, a softer EOS
yields a larger parameter space constrained by the obser-
vation of XTE J1814-338, which can even exceed the re-
gion y€[10.34,32.71] derived from astrophysical limits
on the dark matter self-interaction cross section. Con-
sequently, the self-interaction limit becomes particularly

Table 1.

important for imposing further restrictions.

To understand the influence of different nuclear mat-
ter EOSs on the constraint on the dark matter particle
mass m,, multiple EOS models are employed, and the
results are summarized in Table 1. For example, for the
Soft EOS, m, €[0.837,3.53] GeV is obtained, while the
Stiff EOS yields m, €[0.96,3.13] GeV. This demon-
strates that the choice of the normal nuclear matter EOS
has a direct but minor influence on the particle-mass
range constrained jointly by XTE J1814-338 and the dark
matter model under the Born approximation. Specifically,
to remain consistent with the observation of XTE J1814-
338 and the dark matter model under the Born approxim-
ation, a softer normal nuclear matter EOS results in a
smaller lower bound on the dark matter particle mass. In
contrast, for stiffer normal nuclear matter EOSs, the re-
quired dark matter mass fraction becomes extremely
large, even approaching 0.99, such that the contribution
of normal nuclear matter is relatively small. Con-
sequently, the resulting lower bound on the dark matter
particle mass remains relatively unchanged. As illus-
trated in the left panel of Fig. 4, if an EOS is softer than
the Soft EOS, it is difficult to support the astronomical
observations of neutron-star mass-radius relations and is
therefore excluded from the physically viable parameter
space. Across the range of EOSs we examined, the lower
limit on the particle mass constrained jointly by XTE
J1814-338 and the dark matter model under the Born ap-
proximation remains in the sub-GeV range, specifically
0.837 GeV, while the upper limit is found to be 3.98 GeV.

V. DISCUSSION

We employ a DANS model with self-interacting fer-
mionic dark matter to reproduce multi-messenger astro-
nomical observations, including gravitational waves, X-
rays, and thermal emissions, under specific assumptions.
Specifically, we constrain the relevant dark matter para-
meters using the joint constraints from the observation of
XTE J1814-338 and a dark matter model under the Born
approximation. Our results establish a range for the dark
matter particle mass, and the analysis further shows that

Range of dark matter particle masses constrained by both XTE J1814-338 and the dark matter model under the Born approx-

imation, where normal nuclear matter is described by several EOSs, including Soft [77], APR3 [76], Stiff [77], ALF2 [91], APR [76],
APR4 [76], ENG [92], DD-MESJ [93], MPAL1 [94], QMFL40 [95], QMFL60 [95], QMFLS80 [95], SLy [96], TW99 [97], WFF1 [98],

and WFF2 [98].

EOS type Soft APR3 Stiff ALF2 APR APR4 ENG DD-MES
Mymin /GEV 0.837 0.960 0.960 0.960 0951 0.960 0.960 0.957
Mymax /GEV 3.53 322 3.13 2.88 335 3.43 3.15 2.81

MPA1 QMFL40 QMFL60 QMFLS0 SLy TW99 WFF1 WFF2
0.958 0.953 0.953 0.953 0.961 0.957 0.905 0.948
3.10 2.94 2.89 2.82 3.04 2.88 3.98 3.65

114113-7



Lin Wang, Dehua Wen

Chin. Phys. C 50, 114113 (2026)

reproducing the observational constraints of XTE J1814-
338 within this framework requires a substantial dark
matter mass fraction.

A high dark matter mass fraction within DANSs is
difficult to achieve through standard accretion processes
over a typical stellar lifetime, given the relatively smooth
spatial distribution of dark matter in the Galaxy. Never-
theless, several alternative formation channels could nat-
urally produce compact stars with substantial dark matter
content. In the early universe, overdense dark matter re-
gions could act as gravitational seeds or accretion centers
for baryonic matter, potentially leading to DANSs with a
dominant dark matter component [30, 31, 75, 99]. In this
scenario, normal nuclear matter accretes onto a pre-exist-
ing dark core, rather than the neutron star accreting dark
matter. Another possibility arises if a neutron star passes
through regions of locally enhanced dark matter density,
allowing it to capture a significant amount of dark matter
during its evolution [29, 31, 100—105]. Furthermore,
stable compact objects composed primarily of asymmet-
ric dark matter, often referred to as dark stars [66, 67, 80,
106—112], could serve as reservoirs or progenitors of
dark matter within neutron stars. Capture from a dark star
companion or merger events involving such dark com-
pact objects may also result in neutron stars with high
dark matter fractions [89, 113—115]. These scenarios in-
dicate that high dark matter fractions are physically at-
tainable under certain conditions, but remain tightly con-
strained by astrophysical observations.

The formation channels discussed above indicate that
a substantial dark matter component, although physically
possible, is not a typical outcome of neutron star evolu-
tion. Normal neutron stars accrete at most a negligible
amount of dark matter from the Galactic halo over their
lifetime [29, 45], so previous observations of neutron
stars (PSR J0740+6620, PSR J0030+0451, PSR J0437-
4715, HESS J1731-347, and GW 170817) may be ex-
plained with F, <30, and in many cases F, =0. Only in
exceptional objects such as XTE J1814-338 does the un-
usually small radius require a dark matter fraction far lar-
ger than can be supplied by ordinary halo capture, so both
the required abundance and the formation probability re-
main uncertain, and the present work does not attempt to
model their population abundance. Therefore, our model
does not affect the current understanding of stellar struc-
ture and evolution, nor does it conflict with current cos-
mological models.

Within this framework, the DANS model with self-in-
teracting fermionic dark matter yields a mass range from
sub-GeV to a few GeV, under the assumptions adopted in
this work. This constraint is complementary to those from
cosmology and direct detection, which probe different
mass regimes. The DANS model studied in this work
points to a dark matter particle mass in the GeV range,
which can be tested by current and future multi-messen-

ger observations of neutron stars.

Given that the small-radius configurations consistent
with the observations of XTE J1814-338 imply high dark
matter fractions that may lead to radial instabilities, we
perform a stability analysis to assess the dynamical stabil-
ity of the DANS configurations obtained from the two-
fluid TOV formalism, following the criterion established
in Ref. [89]. Within this framework, the onset of unstable
radial modes in a two-component system is characterized

by the condition
6Ny | _ (ON/del ONyjoey) [ osy ) _ 14)
SNp ONp/OsS, ONp/des, | \ o6&
where N; and & denote the particle number and central
energy density of each component, respectively, with

i=N for normal matter and i = D for dark matter. The
particle numbers are computed via

i 2GM
dn; =4nrn; (r) A/ 1= L@ (15)
dr ctr

Because &/ # 0, we have

8NN aND _ (9NN (?ND
aé‘c}v 6SCD ach 6SCN

= 0. (16)

Following the approach of previous studies [40, 59,
60, 89], we present our stability results in Fig. 5. In this
figure, the black solid curves delineate the boundary
between the stable and unstable regimes, with stable con-

P; (MeV-fm™)

10! 10° 10! 10% 10°
P (MeV-fm™)

Fig. 5. (color online) Two-fluid stability analysis with self-
interacting fermionic dark matter using the APR3 EOS, where
the color shading represents the total mass M; the black solid
lines denote the stability boundary, and the cyan region indic-
ates the M-Ry curves of the DANS model consistent with the
observations of XTE J1814-338, as shown in the middle pan-
el of Fig. 2. All other parameters are the same as those in that
panel.
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figurations enclosed between the two boundaries. Not-
ably, the M — Ry curves of the DANS model discussed in
this work that are consistent with the observations of
XTE J1814-338, as indicated by the cyan region, lie well
within the stable region, confirming their viability.

VI. SUMMARY

In this work, we construct a DANS model by incor-
porating self-interacting fermionic dark matter into a nor-
mal nuclear matter EOS. Astrophysical limits on the dark
matter self-interaction cross section are applied to obtain
an initial dark matter parameter space for this model.
Based on the two-fluid TOV equations, we derive the M-
Ry relations of DANSs across a range of dark matter
parameters. We then employ the mass-radius observation
of the pulsar XTE J1814-338, which is characterized by a
relatively small radius, to constrain the relevant dark mat-
ter parameters. Our results indicate that the joint con-
straints from the observation of XTE J1814-338 and the
dark matter model under the Born approximation restrict
the parameter space and determine a range for the dark
matter particle mass. Specifically, when the APR3 EOS is
adopted for normal nuclear matter, the inferred range is
m,, €[0.96,3.22] GeV. When we extend our analysis to
several other typical EOS models of normal nuclear mat-
ter, we find that the choice of normal nuclear matter EOS
exerts a certain influence on the dark matter parameters.
In conclusion, within the specific dark matter model con-
sidered here, the joint constraints from XTE J1814-338
and the dark matter model under the Born approximation
restrict the dark matter particle mass to [0.837,3.98]GeV,
1.e., from sub-GeV to a few GeV. The inferred dark-mat-
ter parameter space is driven primarily by the unusually
small inferred radius of XTE J1814-338. If future ana-
lyses revise this radius, or if the source is affected by un-

modeled systematics, the allowed dark-matter parameter
region may become much less constraining.

Dark matter can substantially affect the macroscopic
properties of neutron stars through gravitational effects or
possible couplings to normal nuclear matter. These influ-
ences manifest in their mass-radius relations [29, 30],
thermal evolution [45, 46], and other observable features
[31-35]. Validation of this framework requires coordin-
ated multi-messenger observations. Current and next-gen-
eration gravitational-wave observatories (LIGO/Virgo/
KAGRA [9, 51-53], and future facilities such as the Ein-
stein Telescope [116] and Cosmic Explorer [117]) may
detect signatures of dark matter through its impact on
neutron stars, thereby distinguishing DANSs from nor-
mal matter neutron stars and providing dynamical con-
straints on dark matter properties. Meanwhile, NICER
and the forthcoming Athena [118—120] are sensitive to
gravitational redshift, surface gravity, and light bending.
In DANSs, these quantities are affected by steep gravita-
tional potentials, allowing such measurements to distin-
guish DANSs from normal nuclear matter neutron stars
and potentially explain anomalous cooling and dark-mat-
ter-mediated thermal transport [45, 46]. Theoretical ad-
vances are needed to explore the direct interaction chan-
nels between dark matter and normal nuclear matter (such
as Yukawa couplings [47, 66, 67]) and to evaluate differ-
ent dark matter candidates (bosonic dark matter [121],
fermionic dark matter [66—68], mirror dark matter [122,
123], etc.), so as to achieve model self-consistency and
reconcile potential observational tensions. The matura-
tion of multi-messenger astronomy, together with these
theoretical advances, should enable us to discriminate
among competing models and deepen our understanding
of compact-object interiors and the role of dark matter in
astrophysics.
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