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We investigate the impact of dark matter (DM) on hybrid and twin stars within a two-fluid framework,
where DM and normal matter interact only through gravity. A self-interacting fermionic DM model is
considered, while for the nuclear and quark matter we employ relativistic mean-field models and the
constant sound—speed parameterization, respectively. Solving the two-fluid Tolman-Oppenheimer-Volkoff
equations over a five-dimensional parameter space spanning the quark matter transition pressure p;, energy
density jump Ae, sound speed C2, DM particle mass m,, and DM fraction f » we classify the resulting
configurations into hybrid stars and four twin star categories and map the onset properties of the quark
phase. The effect of DM on the hybrid and twin star population is regime dependent: the DM particle mass
determines whether DM forms an extended halo or a compact core, while the DM fraction sets the
magnitude of the effect. In the halo regime, DM enhances quark matter formation and increases the number
of hybrid and twin stars; in the core regime, it suppresses them. DM also stabilizes hybrid and twin
configurations that are unstable in the pure-baryonic case and systematically pushes the nucleon-to-quark
transition to higher densities, with the onset pressure, mass, and radius all rising with the DM fraction,

potentially hiding quark matter from current neutron star observations.

DOT: 10.1103/£j15-z1rj

I. INTRODUCTION

A wide range of astrophysical and cosmological obser-
vations such as galactic rotation curves, gravitational
lensing, the cosmic microwave background, and the growth
of large-scale structure, firmly establishes that most of the
matter content of the Universe is dark. Despite this over-
whelming dynamical evidence, the particle nature of dark
matter (DM), and in particular its mass and interaction
strength, remains unknown. Identifying these properties is
one of the central open problems of contemporary physics
and is pursued through complementary strategies: direct
detection in underground laboratories, indirect detection of
annihilation or decay products, collider searches, and
astrophysical probes. Among the latter, compact stars have
emerged as particularly powerful natural laboratories
for DM.

Neutron stars (NSs) are especially well suited to this
purpose because of their immense gravitational potential
and extremely high baryonic density [1]. Being roughly
twice as massive as the Sun and often residing in DM-rich
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regions, NSs can capture and accumulate DM efficiently
[2,3]. The amount of DM accreted depends on three
factors: the type and properties of the DM particle, the
surrounding astrophysical environment, and the internal
composition of the star. Once present, DM can modify
observable bulk properties such as the mass, radius, tidal
deformability, and surface luminosity, and can alter the
thermal evolution of the star [4-13]. NSs therefore
provide an indirect but sensitive route to constraining
DM, especially when combined with multimessenger
data [10,14].

The properties of DM-admixed neutron stars (DMNS)
have been widely studied in recent years; comprehensive
reviews of the field can be found in Refs. [15,16]. Tidal
deformability, accessible through gravitational-wave obser-
vations, has emerged as one of the principal probes. A
bosonic DM core stiffens the equation of state (EOS) and
raises the tidal parameter, rendering such stars distinguish-
able from purely hadronic ones [17]; this analysis has since
been extended to both fermionic and bosonic candidates
over a wide range of particle masses [18]. Combining
mass, radius, and tidal measurements jointly places much
tighter bounds on the DM parameters than any single
observable alone [19]. Bayesian analyses using precise
NICER radius data have yielded meaningful constraints on
both bosonic and fermionic asymmetric DM [10,14], the
two DM families leave distinguishable imprints on the

Published by the American Physical Society


https://orcid.org/0000-0003-2547-7422
https://ror.org/04cvxnb49
https://ror.org/02pq29p90
https://crossmark.crossref.org/dialog/?doi=10.1103/fj15-z1rj&domain=pdf&date_stamp=2026-07-23
https://doi.org/10.1103/fj15-z1rj
https://doi.org/10.1103/fj15-z1rj
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

H.C. DAS

PHYS. REV. D 114, 023046 (2026)

NS population [20], and simultaneous mass—radius mea-
surements are sensitive to DM fractions as small as a few
percent [21].

Beyond static structure, nonradial oscillations provide an
independent window into the stellar interior. The funda-
mental (f-) mode frequency, in principle accessible to
future gravitational-wave detectors, carries clear imprints of
DM in quarkyonic stars admixed with DM [22]. Distinct
f-mode patterns emerge when hyperons, quark matter, and
the sexaquark DM candidate coexist [23], and a fully
general-relativistic f-mode calculation for gravitationally
bound DM has been carried out [24]. At the level of
universal relations, the tight correlation between f-mode
frequency and stellar compactness is preserved in two-fluid
DMNS [25], and I-Love-Q universality has been extended
to DM-admixed stars, yielding a “Dark I-Love-Q” family
of relations [26]. DM also influences the thermal and
rotational evolution: annihilation of accumulated DM slows
the cooling of a newly born NS, potentially leaving a
detectable thermal signal [27], while an independently
rotating DM component modifies the maximum spin rate
and moment of inertia [28]. When DM coexists with
exotic nuclear phases, the structural effects are equally
rich. The EOS for the simultaneous presence of hyperons,
bosonic DM, and quark matter has been mapped out in
Ref. [29]. DM shifts the nucleon-to-quark transition
pressure in hybrid NSs [30], and the tidal deformabilities
of the two twin-star branches can differ by orders of
magnitude, rendering them clearly distinguishable in
gravitational-wave observations even when their masses
nearly coincide [31].

In this study, we explore DM effects on hybrid/twin
stars scenarios in the two-fluid framework [10,11], in
which DM and baryonic matter interact exclusively
through gravity; the DM model (see Sec. II B) and its
properties are described in detail in Sec. V. At the high
densities reached in NS cores, hadronic matter may
undergo deconfinement into quark matter [32,33], giving
rise to a distinct family of compact objects known as
hybrid stars and, under suitable conditions, to twin stars:
pairs of stars with nearly identical masses but appreciably
different radii [34-38]. Because the microscopic quark
EOS is still poorly constrained, it is convenient to describe
the deconfined phase with the constant-speed-of-sound
(CSS) parameterization [34-36], in which the quark sector
is characterized by just three quantities as mentioned
below. The existence and type of a hybrid or twin

configuration are then governed by these parameters
together with the Seidov stability criterion [39].

Recent studies have begun to examine DM together with
quark degrees of freedom [40,41]. Using the MIT bag
model, Ref. [40] found that DM shifts the energy-density
discontinuity, reducing the minimum mass of the quark
core and modifying the tidal deformability. Biesdorf et al.
[41] reported that DM raises the central pressure, thereby
affecting hybrid star formation, and predicted a new class of
objects called “dark oysters,” in which a large DM halo
encloses a small nuclear-matter core. These works, how-
ever, were carried out either in a single-fluid setting or for a
specific quark model, and they did not systematically
address how DM reshapes the population of hybrid and
twin stars across the quark matter parameter space, nor how
this depends on whether the DM forms a core or a halo.

This last point defines the central physical question of
the present work. Because in the two-fluid picture DM
couples only gravitationally, its entire effect on the star is
structural: it reshapes the pressure and density profile of the
baryonic component. Whether this reshaping favors or
disfavors the appearance of a stable quark core is not
obvious in advance, and it cannot be read off from the
model construction. It depends on where the DM resides
relative to the baryonic matter, which is itself fixed by the
DM particle mass: a light particle is supported by degen-
eracy pressure over a large volume and forms an extended
halo, whereas a heavy particle is confined to a compact
central core. We will show that these two scenarios act on
the baryonic core in opposite ways; one helping the star to
reach the quark phase, the other preventing it from
sustaining one, so that the DM particle mass effectively
sets the sign of the DM influence on the hybrid/twin-star
population, while the DM fraction controls its magnitude.
Establishing this competition, and quantifying it through
the onset properties of the quark phase, is the main goal of
the paper.

We model the hadronic sector with two relativistic mean-
field EOSs of different stiffness, NITR-1 [42] and DD2 [43]
(see Table I for nuclear matter properties and NS observ-
ables), so that the robustness of the conclusions against the
nucleonic EOS can be assessed; the quark sector with the
CSS parameterization, with C? varied from intermediate
soft to stiff values; and the DM sector with a self-interacting
fermionic model. Solving the two-fluid TOV equations over
this parameter space, we consider two representative DM
particle masses chosen to bracket the halo and core

TABLE I. Nuclear matter saturation properties and neutron star observables for NITR-1 [44] and DD2 [43]
models.

Model Psat (fm_3) gsat (MCV) Ksat (MCV) ]sat (MCV) Lsat (MCV) Mmax (MO) Rl44 (km) A144
NITR-1 0.151 -16.3 200 30.9 62 2.34 12.7 527
DD2 0.149 —16.0 243 31.7 55 242 13.2 680
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regimes, together with three DM mass fractions, classify
the resulting configurations into hybrid star and the four
twin star categories, count their populations, and map the
onset pressure, mass, and radius of the quark phase. We
further use the 2M constraint on both hybrid star and
twin star populations to show how observations restrict the
viable parameter space. The paper is organized as follows.
Sections II-IV describe the EOS construction, the
characterization of hybrid and twin stars, and the classi-
fication scheme; Sec. V presents the two-fluid results
and the physical discussion; and Sec. VI summarizes our
conclusions.

II. EQUATION OF STATES OF THE SYSTEM

A. EOS for nucleonic and quark matter

The EOS of the NS can be calculated from crust to core
based on the types of particles present in each region and
interactions between them. The outer crust is composed of
the neutron-rich isotopes embedded in the Coulomb lattice
in the degenerate electron gas. As a result, the nuclei
capture electrons and form different isotopes in the region
26 < Z <40. The degenerate electrons solely determine
the pressure in this region. Hence, the EOSs for this region
are relatively well known. With a density of more than that,
the nuclei are highly neutron-rich, and they do not bind the
additional neutrons. Therefore, the neutrons are dripped out
from the nuclei. The region defines the boundary between
the outer and inner crust. As the densities increase further,
the nucleons form clusters in Coulomb crystals of neutron-
rich nuclei embedded by uniform electrons. The minimi-
zation of the system’s energy produces different exotic
structures known as pasta [45].

Therefore, for the inner-crust part, we adopt the
Negele-Vautherin [46] EOS within the density range
(0.001 fm™ < p < p,), and for the outer crust
(p < 0.001 fm™3) the Baym-Pethick-Sutherland [47]
EOS. By ensuring a smooth transition in pressure and
energy density between the crustal and core EOS branches,
a transition density of approximately p, =~ 0.08 fm™ is
obtained. For nucleonic EOS, we chose “DD2” [43] and
our recently developed model “NITR-1" [42] based on
the relativistic mean-field model in the density above
p > 0.08 fm™3. This EOS satisfies the latest massive
pulsar mass alongside recent NICER observations data,
see Table I.

At high-density regions inside a star, nucleons break into
their constituent quarks. The interactions between quarks
differ from those between nucleons due to the fundamental
nature of the strong force at the quark level. For quark EOS,
two widely used models are employed to investigate quark
interactions: (i) the MIT bag model, and (ii) the Nambu-
Jona-Lasinio model are proposed in the literature.
However, a simpler alternative model, CSS, which effec-
tively mimics quark interactions, was first proposed in

[34,36]. In the CSS model, three important parameters,
such as the constant speed of sound (C? = dp/de =
const), transition pressure (p,), and energy discontinuity
(Ae) at the transition density, play a significant role in
constructing the EOS [34-36].

The system’s EOS can be written as [37,38]:

_ [ealp)
elp) = { en(p:) + Ae+ (p—p,)/C3

for p < p,,

f (n
or p > py,

where €, (p) is the EOS, including crust and nucleonic core
as a function of pressure. The C2 has value within the range
1< C? < 1. Perturbative QCD sets the lower bound at

C? =1, while C? =1 corresponds to the stiffest EOS
permissible under this model. The EOS is depicted in
the left panel of Fig. 1 for the NITR-1 model as a
representative case.

The value of p, predicts the appearance of quarks at the
transition density. However, C2 predicting the nature of the
EOS depends on its magnitude, as is clearly shown in the
left panel of the figure. Using C? = 1 in Eq. (1), it depends
only on p, and Ae. These two parameters play a crucial role
in deciding the nature of the star, whether twin or hybrid, by
solving the Tolman-Oppenheimer-Volkoff (TOV) equa-
tions as shown on the right side of Fig. 1.

B. EOS for dark matter

The DM component is described by a self-interacting
fermionic model, in which asymmetric DM particles of
mass m, interact via a repulsive vector mediator ¢,. Unlike
the single-fluid approach, in which DM couples directly to
nucleons through a nongravitational channel [4], the two-
fluid treatment is the natural choice when the DM-baryon
cross section is negligible; it also has a practical advantage:
the DM and baryonic sectors are modeled independently
and coupled solely through the stellar structure equations,
so the influence of DM on the star is purely structural and
can be isolated easily. The Lagrangian of the DM sector
reads [52]

_/. 1 1
Loy = 7(iy* Dy — my, )y + Eméfﬁﬂfﬁ” - ZQ’“’Q’W’ (2)
where y and ¢, are the fermionic DM field and the vector
boson field with masses m, and m, respectively, D, =
0, + ig,¢, is the covariant derivative with coupling con-
stant g, and €, = d,¢, — d,¢,, is the field strength tensor.
The resulting DM energy density and pressure are given by

[11,53]

4

2
g = % [x\/ 1+x2(2x*+1) - sinh‘l(x)] + (&) .

(3)

023046-3



H. C. DAS PHYS. REV. D 114, 023046 (2026)
Hybrid Stars Twin Stars
500 l_l_ ;\II:[‘R; T T T T T T T T T '(_‘2I {(JI T T T T T LA LA LA L DL DL B T T T T LI T
s =1 5= = -
l — 210 1 — oo 25
(pe, A€) MeV /fm? 2 =1/2 |
400 (50, 200) T— o3 o
—— (100,300) 2.0
L —— (150, 400) 4 NITRI
— (200,500) ® p, =100 MeV/fm? -
”"’E 300 f T - Ae = 300 MeV /fm?
S8 = 15F - .
~ ©
= 1 =
\; 200k o foffo 4
’ 1.0
1
L # ............ .
,I
100 g bod g — NITR1
/ 05k PSR J0952-0607 L —— Category 4
/ PSR J0740+6620 —— Category II
/ : T NICER J0740+6620 L —— Category 111
(/ NICER J0030+0451 —— Category IV
0 e a1 3 1 5 1 3 1 a1 L3 1 5 1 5 1 3 1
200 400 600 800 1000 1200 1400

P - |
0 200 400 600 800 1000 1200 1400
€ (MeV/fm?)

FIG. 1.

a1 a1 3 1 o 1 3 1 3 1 3
9 10 11 12 13 14 15 16
R (km)

1 P S NN R T 1
Y89 10 11 12 13 14 15 8
R (km)

Left: EOSs are shown for different p, and Ae values with C2 = 1, and for a fixed p, and Ae with different values of C2. Right:

hybrid stars and twin stars are shown with different values of p, and Ae with C2 = 1. The dotted lines represent the unstable region in the
mass—radius sequences. @ marker represents the maximum mass configuration for the NITR-1 case, and colors represent the same
configuration for the primary and secondary branches. The observational constraints, such as maximum mass from two pulsars (PSR
J0952-0607 [48], PSR J0740 4+ 6620 [49]) and mass-radius contours from two different NICER measurements (JO740 + 6620 [50],

JOO30 + 04531 [51]), are also shown.

m? 2x2 . n,\ 2
T o] (2

where
e ky _ (3n%n,)'/3 )
nmy, ny,

is the dimensionless Fermi momentum parameter, with k,
and n, being the DM Fermi momentum and number
density, respectively. y is the self-interaction parameter
related as y = g,m,,/(v2m,).

The parameters m, and y are not independent.
Observations of colliding galaxy clusters impose con-
straints on the DM self-interaction cross section, requiring
o/m, ~0.1-10 cm? g~'  [54-56]. Adopting the Born
approximation, which remains accurate for m, <1 GeV,
and fixing 6/m, = 1 cm* g™, one obtains [11]

V= ztmf((o/ml),

y~ 10.94m3"*, (6)

where m; =m, /1 GeV. With this constraint applied, the
DM EOS depends on a single free parameter m,, which
simultaneously controls the spatial extent of the DM
distribution inside the star: a lighter particle spreads into
an extended halo (R, > Ry), while a heavier particle settles

into a compact core (R, < Ry), as we discuss in detail
in Sec. V.

For completeness, we note that alternative DM models
have also been explored in the literature: bosonic candi-
dates (scalar fields, axion-like particles, ultralight fields)
that may undergo Bose-Einstein condensation in the NS
core, and Higgs-portal or vector-portal models with non-
gravitational DM-baryon couplings [16,17,22,57,58].
While quantitative results depend on the DM model
chosen, the present work focuses on the self-interacting
fermionic description, and the robustness of our conclu-
sions across different DM models is discussed in Sec. VI.

III. CHARACTERIZATION OF
HYBRID/TWIN STARS

Due to the onset of a first-order phase transition from
nucleonic matter to quark degrees of freedom, a new stable
branch emerges, known as hybrid star. Twin star emerges
from hybrid star with a disconnected feature. The nature of
these configurations is solely characterized by two key
parameters p, and Ae at the phase transition for a fixed
value of C2. The stability condition for both the hadronic
and hybrid star sequences must be satisfied:

oM
— >0, 7
de. (7)

where M and e, are the mass and central energy density of
the star in the sequence. This condition ensures that each
configuration on the mass—radius curve corresponds to a
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stable equilibrium solution. Typical scenarios are depicted
in Fig. 1, both for hybrid and twin star configurations by
choosing different values of p, and Ae for C2 = 1. The
observational constraints are also shown to examine the
consistency of model parameters. For a fixed value of p,
and Ae, the resulting configuration can correspond to either
a hybrid star (connected to the main branch) or a twin star
(disconnected from the main branch).

It has become evident that when the central energy
density (e.) reaches the transition energy density, ¢;, two
possible outcomes occur: either the star becomes unstable
or it remains stable even after the formation of a quark core,
and it is solely decided by Ae. This behavior is governed by
the Seidov criterion, which defines a critical threshold for
the energy density discontinuity, expressed as [39]

1 3
Aeeiy = €+ 5 Prs

seits (8)

where Ae.;, is the critical energy density discontinuity
below which a stable hybrid star is connected to the
hadronic branch. When the Seidov limit is reached, the
sequence of stars becomes unstable immediately; however,
the stability of stars could still be possible by choosing
certain values of p, and Ae.

IV. CLASSIFICATION CRITERIA

The classification is based on the maximum mass values
M max and my . as follows [37,38]:

’EB 1.5k -1
E L
1.0
—— Category 1
- ——— Category II
—— Category III
0.5k = = — Category IV =~ =
PSR J0952-0607 NICER J0030+0451
- PSR J0740+-6620 —— NITR1
NICER J0740+6620
0.0 1 1 1 1 N 1 1 1 L 1 1 1 N 1 1
8 9 10 11 12 13 14 15 16
R (km)

(i) Category I: my . > 2.0 and my > 2.0.

(ii) Category II: my 0 > 2.0 and my 1, < 2.0.

(iii) Category III: 1.0 < my e < 2.0 and my ,y > 2.0.

(iv) Category IV: m . < 1.0 and my 0 > 2.0.

Here, m; 1, and m; .« denote the maximum masses of the
primary and secondary branches, respectively. If none of
the above conditions are satisfied, the configuration is
categorized as ‘“‘uncategorized twin star,” which is less
significant since the maximum masses (either primary or
secondary) do not satisfy the 2M ; constraint. All categories
of twin and hybrid star are illustrated in Fig. 1, highlighting
their dependence on the transition pressure p, and the
discontinuity in energy density Ae.

As discussed earlier, the stellar characteristics depend
mainly on three parameters: the transition pressure p,, the
energy-density discontinuity Ae, and the fixed sound speed
C?. We therefore explore the full parameter space of p, and
Ae with the following ranges, chosen in accordance with
previous studies [37,38]:

Ae = (100,500, N) MeV/fm?,

p: = (10,250, N) MeV/fm?, 9)
where N = 200, yielding 40,000 grid points. The resulting
phase space for twin star, along with marginalized prob-
ability distribution functions (PDFs), is shown in Fig. 2 for
C? =1 as a representative case.

We find that Category I1I spans a wide range of p, values
within a relatively narrow range of Ae, consistent with

Twin Star
Bl Category I T

500

R N Category IT :
Bl Category I1I |
B Category IV

T T T 1
0 50 100 150 200 250

pr (MeV /fm?)

FIG. 2. Left: the mass—radius relations for all categories of twin star are shown only for NITR-1 as a representative case. Right: the
joint plot for the phase space of only twin star characterized by p, and Ae. The upper and side plots are the marginalized PDF for each

category. The colors for categorized twin star are same as Fig. 1.
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earlier studies [37]. Conversely, Category IV exhibits the
opposite behavior, with a broad range of Ae and a narrow
range of p,. Categories I and II occupy intermediate
regions, shifted toward higher values of both p, and Ae.
Each category is separated by approximate boundaries
defined by the minimum and maximum values of p, and
Ae, implying that unique parameter combinations deter-
mine the nature of twin star. The peaks of the marginalized
PDFs further indicate the most probable values of p, and
Ac for each category. Establishing the twin star phase space
in the pure-baryonic case is essential; once this baseline is
known, the shifts induced by DM admixture or other exotic
degrees of freedom become immediately identifiable and
physically interpretable.

V. TWO-FLUID SYSTEM

In a two-fluid system, nuclear matter (nucleons and
quarks) acts as the primary fluid and DM as the secondary,
with the two fluids interacting only through gravity,
requiring the two-fluid TOV equations to be solved [11].
The EOSs of both fluids are the primary input to solve the
TOV equations, as described in Sec. II. In this case, the
system is governed by five parameters: the quark matter
parameters (p,, Ae, and C%), the DM parameters (ml and
f,=M,/M), for a fixed nuclear matter EOS. A full
uniform scan of this five-dimensional space is computa-
tionally expensive, so our sampling is guided by the
physics rather than brute force. For the quark sector, we
scan p, and Ae on one-fourth of the grid of Eq. (9) and
consider three values C2 = 0.6, 0.8, and 1.0, covering the
range from a relatively soft to the stiffest quark phase
allowed by the model. Although the lowest physically
motivated value is C2 = 1/3, we find that the number of
hybrid star/twin star configurations at this value is negli-
gibly small, and we therefore take C? =0.6 as our
lower bound.

For the DM sector we choose two particle masses, m, =
0.5 and 1.0 GeV, and three fractions, f,=0.1,0.2,and 0.3.
The two masses are not arbitrary. In our earlier works
[11,44], we found that a lighter DM particle
(m, < 0.5 GeV) forms an extended halo around the star
(R, > Ry), while a heavier one (m, 2 1.0 GeV) settles into
a compact core (R, < Ry). The values 0.5 and 1.0 GeV
therefore represent two qualitatively different configura-
tions, letting us compare the halo and core regimes directly
within a manageable computational budget. The three DM
fractions cover the range typically considered observatio-
nally relevant for neutron stars. Since m,, controls whether a
halo or core forms and f, controls how strongly it affects
the stellar structure, this parameter choice is enough to
show how the DM configurations and its amount separately
influence the star’s ability to reach and sustain a quark core.
A finer grid in m, and f,, including masses near the halo—
core boundary, would sharpen the quantitative boundaries

found below but is not expected to change the qualitative
picture.

Before turning to the results, it is worth understanding
how the DM particle mass controls the spatial distribution
of DM inside the star, since this single property drives every
trend reported below. DM is modeled as a degenerate Fermi
gas, and the size of a self-gravitating Fermi gas is
determined by the balance between gravity and the degen-
eracy pressure of its constituent particles. For a lighter
particle, the degeneracy pressure supports the DM over a
much larger volume, so it spreads into a wide, low-density
cloud. For a heavier particle, the same amount of DM is
packed into a small, dense region, and both the character-
istic size and the maximum mass of the Fermi gas decrease
as the particle mass increases.

The DM particle mass therefore acts as a switch between
two very different configurations. For m, = 0.5 GeV, the
DM extends beyond the baryonic surface and forms
a diffuse halo surrounding the visible star. For
m, = 1.0 GeV, the DM shrinks below the baryonic surface
and settles at the center as a compact core. These two
configurations act on the baryonic matter in opposite ways,
and this is the origin of the competition studied in this
work. A DM halo adds gravitational binding from outside
while leaving the baryonic core only mildly compressed,
gently raising the central density and helping the star reach
the hadron—quark transition. A DM core, on the other hand,
sits directly at the center, strongly compresses the baryonic
matter, and drives the configuration toward gravitational
instability at a lower central density so the star can no
longer sustain a stable quark core. With this picture in
mind, we now examine the twin and hybrid star results are
shown below.

A. M - R relations for twin star in two-fluid system

The mass—radius (M — R) relations of the two-fluid DM-
admixed twin star are shown in Fig. 3, for NITR-1 (left) and
DD2 (right), with f, = 0.1, 0.2, 0.3, and C?=0.6, 08,
1.0, at m, = 0.5 GeV (upper panels) and 1.0 GeV (lower
panels). The color coding marks the four twin star
categories. As discussed above, the halo or core character
of the DM distribution is controlled by m, and governs all
the trends described here. The upper panels reach radii as
large as ~50 km, set by the extended DM halo, while the
lower panels stay compact with R < 12 km.

For the lighter particle (m, = 0.5 GeV, halo regime), all
four twin star categories appear, and increasing the DM
fraction systematically enriches the twin star population.
Since the halo only mildly compresses the baryonic core,
adding more DM deepens the gravitational binding of the
system and raises the central density of the baryonic
component. The hadronic matter then crosses the
hadron—quark transition more easily, quark cores form
over a wider range of stellar masses, and more twin star
branches are produced. This enrichment is strongest for the
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FIG. 3. M — R relations for twin star are shown for both NITR-1 and DD2 with C? = 0.6, 0.8, and 1.0 with three DMF having

m, = 0.5 GeV (above) and 1.0 GeV (below). The colors for categorized twin star are same as in Fig. 1.

stiffest quark matter, C2 = 1.0, because a twin star requires
a stable disconnected high-density branch that only a
sufficiently stiff quark phase can support. As the quark
matter softens (C2 = 0.8 and 0.6), fewer twin star catego-
ries survive, setting up a direct competition between the
softening of the quark phase, which works against twin star,
and the DM compression, which works in their favor. In the

softest case, C2 = 0.6 with fy =0.1, no twin stars are
found for either model, whereas raising the DM fraction to
fy =0.2 and 0.3 allows the DM compression to compen-
sate for the soft quark phase and twin stars reappear.

For the heavier particle (m, = 1.0 GeV, core regime),
the behavior is reversed. The compact DM core directly
compresses the baryonic matter, lowers the maximum
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FIG. 4. M — R relations for hybrid star are shown for both NITR-1 and DD2 with C% = 0.6, 0.8, and 1.0 with three DMF having

m, = 0.5 GeV (above) and 1.0 GeV (below).

mass, and brings the star to gravitational instability at a
lower central density. As the DM fraction increases, this
instability is reached before the baryonic component can
build up a quark core large enough to support a stable
disconnected branch, so twin stars are strongly suppressed.
They survive only at the smallest DM fraction with stiff
quark matter (f, = 0.1, C2 >0.8), and essentially none

remain at f, = 0.3 for any C2. The two nuclear models

follow the same overall trend, with only a mild difference:
the stiffer DD2 support twin star branches over a slightly
wider region of parameter space than NITR-1.

B. M — R relations for hybrid star in two-fluid system

The M — R relations of the two-fluid DM-admixed
hybrid stars are shown in Fig. 4 for the same models,
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DM masses, fractions, and sound speeds as in Fig. 3. Each
gray curve is a hybrid star sequence, that is, a compact star
whose hadronic outer layers enclose a quark matter core. A
hybrid star forms only when the central density crosses the
hadron—quark transition, so the presence and extent of these
sequences directly measure how easily a quark core can
form and be stably supported. As in Fig. 3, the halo regime
(m, = 0.5 GeV) produces extended sequences reaching
~50 km, while the core regime (m, = 1.0 GeV) stays
compact with R < 13 km.

Hybrid stars follow the same competition established
above for twin stars. In the halo regime (m, = 0.5 GeV),
hybrid sequences appear across almost the entire parameter
space, and increasing f, progressively broadens the family
of hybrid sequences. This effect is most pronounced for the
stiffest quark matter. In the softest case, C? = 0.6 and
f, = 0.1, the hybrid branches reduce with certain number
of sequences for both NITR-1 and DD2, but recovers a full
family once the DM fraction is raised. In the core regime
(m, = 1.0 GeV), hybrid sequences are suppressed by
increasing f, and vanish entirely at f, = 0.3 for every
C2, surviving at fy = 0.1 and a few with f = 0.2 with stiff
quark matter. As with the twin stars, the stiffer DD2
sustains hybrid sequences over a slightly wider region of
parameter space than NITR-1.

C. Number of twin and hybrid stars

Figure 5 shows the number of twin and hybrid star
configurations as a function of f, for both NITR-1 and
DD2, at m, = 0.5 GeV. The most immediate observation
is that the total population grows steeply with f, across all
sound speeds and both nuclear models, confirming that DM
in the halo regime actively increases the formation of exotic
compact star configurations rather than suppressing them.

Category III dominates the population at all values of C2
and f,. This is physically reasonable: Category III twin
stars require only the quark branch to exceed 2M, a
condition that is more easily satisfied than the Category I
requirement that both branches exceed this threshold.
Category I configurations are present but always subdomi-
nant, and Category II remains consistently small across the

entire parameter space. Category IV, which requires the
hadronic maximum mass to fall below 1M, appears only
atlarge f,, where the DM halo has sufficiently redistributed
the stellar mass to push the hadronic branch below
this limit.

The sound speed has a clear and systematic effect. At
C? = 0.6, the total population at fy, = 0.1 and 0.2 is nearly
zero for both models, and only at f, =0.3 does a
significant population emerge. At C?> = 0.8 and 1.0, the
population is already non-negligible at f, = 0.2 and grows
rapidly toward f, = 0.3, reaching over 2000 configurations
at C2 = 1.0 and fy = 0.3. This confirms that stiff quark
matter and large DM fraction act cooperatively: each
independently favours twin star formation, and together
they produce the largest populations.

Comparing the two nuclear models, DD2 consistently
produces a larger total population than NITR-1 at fixed C?
and f, reflecting its stiffer nuclear EOS. The difference is
most visible at intermediate values, C2 = 0.8 and f , =02,
where DD2 already shows a substantial Category I and
Category III population while NITR-1 remains sparse. At
f, = 0.3, both models converge toward similarly large
counts, suggesting that at high DM fraction the DM halo
dominates over the nuclear stiffness in determining the twin
star population.

D. DM effects on the quark
matter transition

Figure 6 is in many ways the central result of this work. It
shows where the quark matter first appears inside a DM-
admixed star, and what kind of star it appears in. The two
axes describe the hadron—quark phase transition: p, is the
pressure at which the transition takes place, and Aec is the
jump in energy density across it. Every point in the figure
represents one successful twin star configuration, and its
color gives the onset property, either the central pressure
(Ponset)> Mass (M eer), Or radius (R,,) of the star at the
moment its quark core first forms. As before, the panels are
arranged by sound speed (C? = 1.0, 0.8, 0.6 from top to
bottom) and DM fraction (f)( =0.1, 0.2, 0.3 from left to
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right), and all results shown here are for m, = 0.5 GeV,
that is, the halo regime.

The first thing to notice is how much of the p,-Ae
plane is filled with points. For stiff quark matter
(C2 = 1.0) and large DM fraction ( f, = 0.3), the points
cover a broad region, meaning that a wide range of
transition parameters can produce a quark core. As the
DM fraction decreases or the quark matter softens, this
region shrinks quickly, until at C? = 0.6 and f, = 0.1
almost no valid configuration survives. This is the same
trend already seen in the M — R diagrams and in the
twin star counts: more DM and stiffer quark matter
open up the parameter space, while less DM and softer
quark matter close it down.

The ponset Panels confirm the most direct picture: the
onset pressure simply follows p,, growing from a few tens
of MeV fm™ on the left to a couple hundred on the right.
The vertical axis, Ae, plays a smaller role in fixing the onset
pressure, as the color bands are nearly vertical, but it
controls how sharp the transition is, and therefore the
configuration becomes a genuine twin star.

The most important message comes from the color
gradient in the M, panels. The color changes mainly
with the transition pressure p,. When p, is small, the quark
core appears in light stars with onset masses as low as
~0.6M 4. When p, is large, the quark core appears only in
heavy stars with onset masses close to ~2M . The reason is
straightforward: p, is the pressure needed to start the
transition, so a low p, is reached even near the center of
a low-mass star, whereas a high p, is reached only in the
dense core of a massive star. In other words, p, directly
controls whether quark matter sets in early, in light stars, or
late, only in the heaviest stars.

The R, panels show the same story from the other
side. A low p, corresponds to large onset radii (up to
~45-50 km), and a high p, to small onset radii (~20 km).
This mirror behavior is a direct consequence of the halo
regime. For m,, = 0.5 GeV, light stars are physically large
because their size is set by the extended DM halo, while
heavy stars are compact. Since a low p, makes the quark
core appear in a light star, it also makes it appear in a large
star, and a high p, does the opposite. Taken together, the
M peer and R, panels tell us that an early onset of quark
matter happens in light, extended stars, while a late onset
happens in heavy, compact ones.

Comparing the two nuclear models, DD2 fills a notice-
ably larger area of the p,-Ae¢ plane than NITR-1 and
reaches slightly higher onset masses and pressures, because
its stiffer hadronic matter supports quark cores over a wider
range of transition parameters. Overall, Fig. 6 provides the
quantitative basis for the statements made earlier: the
transition pressure decides when and in what kind of star
quark matter appears, while the DM fraction and quark
stiffness decide how much of the parameter space is
available at all.

VI. SUMMARY AND CONCLUSION

In this work, we have carried out a systematic study of
DM-admixed hybrid and twin stars within a two-fluid
framework, in which the baryonic (nucleon + quark) com-
ponent and the DM component interact only through
gravity. The hadronic sector was described by two rela-
tivistic mean-field EOSs of different stiffness, NITR-1 and
DD2; the quark sector by the CSS parameterization with
transition pressure p,, energy density jump Ae, and speed
of sound C?; and the DM sector by a self-interacting
fermionic model. Solving the two-fluid TOV equations over
this parameter space, we classified the resulting configu-
rations into hybrid stars and four twin star categories,
counted their populations, and mapped the onset properties
of the quark phase.

Our central result is that DM influences the hybrid and
twin star population through two distinct and opposite
mechanisms, selected by the DM particle mass. For a light
particle (m, = 0.5 GeV), the DM forms an extended halo
around the baryonic star. The halo adds gravitational
binding from outside without itself occupying the core,
gently raising the central pressure of the baryonic compo-
nent and helping the star to reach the hadron—quark
transition. Increasing the DM fraction deepens this effect,
enlarging the accessible (p,, A¢) region and increasing the
number of hybrid and twin stars. For a heavy particle
(m, = 1.0 GeV), the DM instead forms a compact core that
sits at the stellar center and competes with the baryonic
matter for the high-density region. Although this strongly
compresses the baryonic component, it also drives the
configuration to gravitational instability at a lower central
density, so the star can no longer sustain a stable quark core.
Increasing the DM fraction then suppresses hybrid and twin
stars until they vanish entirely at f, = 0.3. Summed over
the full grid, the heavy DM core case yields nearly two
orders of magnitude fewer twin stars than the light DM
halo case.

This reframes the role of DM in a way that is not a trivial
consequence of the model construction. The often quoted
statement that DM simply reduces the number of hybrid or
twin stars holds only in the core regime; in the halo regime
the opposite is true, and additional DM enhances the
population. The DM particle mass therefore fixes the sign
of the effect by determining whether the DM helps the star
reach the quark phase or prevents it from sustaining one,
while the DM fraction fixes its magnitude. The competition
emphasized by the structure of the two-fluid framework is
thus resolved in a definite and regime-dependent way, and
this resolution, rather than the mere mapping of parameter
space, is the physical content of the present study.

The onset analysis (Fig. 6) makes this mechanism
quantitative. The transition pressure p, is found to be
the important variable: a low p, is reached even near the
center of a light star, so the quark core appears early in low-
mass and spatially extended configurations in the halo
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regime; a high p, is reached only in the dense cores of
massive stars, so the onset is late and confined to compact,
near-maximum-mass configurations. The onset mass and
onset radius consequently vary in a mirrored fashion
across the (p;, Ae) plane, while Ae mainly controls
whether the resulting branch is a connected hybrid star
or a disconnected twin. When the 2M constraint is
imposed, only configurations whose onset occurs early
enough for the hybrid or twin branch to reach two solar
masses survive, which further restricts the viable region of
parameter space in both the DM core and DM halo
scenarios.

We have also assessed the robustness of these con-
clusions. The two nuclear EOSs, NITR-1 and DD2, yield
the same qualitative picture; the stiffer DD2 merely
widens the parameter windows slightly and supports
twin branches over a marginally larger region. The
findings are therefore not tied to a single hadronic
EOS. The present study employs a self-interacting
fermionic DM model. The halo—core dichotomy is a
generic feature of any DM model in which the pressure
support decreases with increasing particle mass, so the
qualitative sign-reversal of the DM effect on the hybrid/
twin star population is expected to persist for other
fermionic DM descriptions. For bosonic DM candidates,
however, Bose-Einstein condensation can substantially
soften the DM equation of state, potentially shifting the
halo—core boundary to different mass scales and modi-
fying the quantitative thresholds found here. A system-
atic comparison across DM models, including bosonic
and portal-coupled scenarios, is an important direction
for future work. The classification scheme of Sec. IV
was constructed at the stiffest value C2 =1 to allow
direct comparison with previous work [37,38], but the
two-fluid results span C? = 0.6 to 1.0, and the soft C?

behavior is an integral part of the competition discussed
above. Extending the analysis toward the perturbative
QCD bound C? = 1/3 would only tighten the windows
further. The two DM masses were chosen to bracket the
halo and core regimes; a denser grid in m, and f,, and
in particular intermediate masses near the halo—core
boundary, would sharpen the quantitative boundaries
but is not expected to change the qualitative conclusions.

Several natural extensions follow from this study. The
same framework can be applied to the tidal deformability,
Jf-mode oscillations, and cooling of DM-admixed hybrid
and twin stars, all of which are sensitive to the onset of
quark matter and could provide observational discrimina-
tors between the core and halo regimes. A broader set of
nuclear and quark EOSs, together with a finer DM grid,
would allow the windows identified here to be confronted
directly with current and forthcoming gravitational wave
and NICER measurements. We leave these investigations
for future work.
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