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Dark matter is expected to accumulate inside neutron stars, modifying the structure of isolated stars and
influencing both the dynamics of binary mergers and the evolution of the resulting hypermassive remnants.
Since differential rotation is the primary mechanism delaying the collapse of these remnants, understanding
its behavior is crucial when assessing the impact of an embedded dark component. In this work, we extend
the numerical code RNS to describe two gravitationally coupled fluids in differential rotation, with baryonic
matter modeled by a realistic nuclear equation of state and dark matter represented as a self-interacting
bosonic condensate. Restricting the models to the zero-temperature approximation, we focus on the internal
equilibrium structure. Within this framework, we construct equilibrium sequences for a representative
differential rotation law, providing a basis to explore how dark matter may influence the global properties
and rotational dynamics of binary neutron star remnants.
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I. INTRODUCTION

Neutron stars (NSs) represent one of the most extreme
environments in the Universe. Their mergers are key
laboratories for strong field gravity, dense matter phy-
sics, and multimessenger astrophysics. The detection of
GW170817 [1] confirmed binary neutron star (BNS)
coalescence as a source of both gravitational waves
(GWs) and electromagnetic counterparts, providing con-
straints on the dense matter equation of state (EOS) [2,3].
Depending on the total mass and the underlying EOS, the
postmerger remnant may form a hypermassive neutron star
(HMNS), temporarily stabilized against collapse by differ-
ential rotation and thermal pressure [4–6], or promptly

collapse into a black hole. Differential rotation is the
dominant mechanism supporting such remnants, and its
properties play a central role in determining their stability
and lifetime. Uniformly rotating stars, on the other hand,
are limited by the Keplerian frequency, the rotation rate at
which matter at the equator follows a geodesic orbit,
beyond which any further spin-up results in mass shedding.
On the other hand, differential rotation can sustain

configurations well above this threshold [6,7], producing
hypermassive stars that survive for tens to hundreds of
milliseconds before collapsing under the combined effects
of angular momentum redistribution, magnetic breaking,
and GW emission. Early studies of differentially rotating
stars often relied on the “j-constant” law, in which the
specific angular momentum is uniform throughout the star,
leading to an angular velocity that decreases approximately
as the inverse square of the distance from the rotation axis
[8]. However, simulations of BNS mergers have shown that
the resulting HMNS remnants exhibit a more complex
rotational structure: a slowly rotating, nearly uniform core,
an outer region with rapidly increasing angular velocity,
and a radial decline consistent with a Keplerian profile
[9–14]. To capture these features more realistically, several
parametrized prescriptions for differential rotation have
been introduced [15–18], which reproduce the angular
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velocity profiles of merger remnants accurately for both
polytropic and tabulated EOS [19–21].
On theother hand,manyparticle physics scenarios suggest

that NSs may also host a dark matter (DM) component. In
asymmetric DM models, particles accreted during a star’s
lifetime do not annihilate and therefore accumulate steadily
in the stellar interior [22–26]. The efficiency of this process
depends both on environmental factors, such as the local DM
density, and onmicrophysical inputs, such as scattering cross
sections, production during core-collapse supernovae, or
capture in the progenitor star [27,28]. Self-interacting DM is
particularly compelling, as it can simultaneously address
small-scale tensions, e.g., the core-cusp problem in dwarf
galaxies [29], in the cold DM paradigm, and provide
sufficient pressure to form stable structures and prevent
collapse into a black hole [30]. Depending on the particle
mass and self-interaction strength, the dark component may
settle into a compact core embedded in the NS or extend into
a diffuse halo [31–33]. In either case, the presence of DM
alters macroscopic observables such as the mass-radius
relation and the moment of inertia, mimicking the effect
of softening (in the case of the core morphology) and
stiffening the baryonic EOS (in the case of the halo
morphology) [34–36].
Previous works have investigated static or uniformly

rotating DM-admixed NSs, as well as their role during the
inspiral phase of BNS mergers [34,37–45]. The case of
long-lived differentially rotating remnants remains largely
unexplored. The combined effect of differential rotation
with a dark component opens new dynamical possibilities.
A compact DM core could deepen the gravitational
potential and accelerate collapse, while an extended halo
could modify the moment of inertia and the spectrum of the
remnant postmerger oscillations. The presence of DM may
also shift stability boundaries and alter the maximum mass
that the HMNS can reach. Because the GW signal encodes
the internal structure and composition of the remnant, these
effects could leave detectable imprints on the kilohertz GW
spectrum targeted by current and next-generation detec-
tors [46].
Accurately modeling these internal changes, however,

requires a dedicated two-fluid approach. While single-fluid
models with an artificially softened EOS can mimic the
macroscopic effects of DM in static configurations, they
inherently fail to capture the distinct dynamical interplay of
two coupled fluids. Therefore, our primary objective in this
work is to extend the two-fluid equilibrium framework to
incorporate differential rotation. By doing so, we aim to
isolate the unique internal features induced by the dark
component and to construct equilibrium sequences.
Althoughdynamical simulations are ultimately required to

capture the nonlinear evolution of merger remnants, they are
computationally expensive and restricted to limited sets of
initial conditions. Quasiequilibrium models offer a comple-
mentary approach to explore the parameter space system-
atically. They have already proven useful in interpreting

postmerger GW spectra, estimating threshold masses for
prompt collapse, and constructing empirical relations
between remnants and nonrotating stars [6,20,47–50].
Extending this methodology to two-fluid systems enables
us to investigate how DM modifies these universal relations
and provides the necessary, consistent initial data for future
dynamical simulations. Our study, therefore, occupies an
intermediate ground between microphysical modeling and
full merger simulations, providing a controlled framework to
isolate the impact ofDMof various fractions and rotation law
on HMNS stability and structure.
In this work, we construct equilibrium sequences of

differentially rotating, DM-admixed NSs using an extended
version [43] of the RNS code [51,52], adapted to treat two
gravitationally coupled fluids. We focus on representative
configurations that highlight the role of the dark component
in shaping the maximummass, angular velocity profile, and
stability boundaries of HMNS remnants.
It is important to clarify the physical framework of these

models. First, the accumulation of a significant DM
fraction is a long-term process occurring over the progen-
itor stars’ lifetime [53]. Consequently, the DM is assumed
to be inherited by the newly born remnant from the
progenitor binary. Furthermore, while realistic remnants
are hot and nonbarotropic, we focus on cold equilibrium
configurations as a baseline. Since thermal pressure gen-
erally provides additional support against gravity, the
T ¼ 0 limit offers a conservative lower bound for the
stability of the DM-admixed remnant. Moreover, it has
been observed in recent single-fluid studies [54] that the
stability of differentially rotating neutron stars against bar-
mode deformation, a key rotational instability, is only
weakly dependent on temperature.
We should note that this approach is different from the

DM admixed NSs modeled as fermion-bosonic compact
objects [42,55]. A study of differentially rotation in this
case is also underway [56].
The paper is organized as follows. In Sec. II we describe

our numerical setup and the assumptions adopted for the
differential rotation law. In Secs. II A and II B we present
the EOSs for baryonic matter (BM) and DM, respectively.
Section III discusses the equilibrium sequences obtained
and their astrophysical implications. Finally, Sec. IV sum-
marizes our findings and outlines future directions.
Unless otherwise stated, we employ geometrized units

with G ¼ c ¼ 1 and express all quantities in solar-based
units. Energy densities and pressures are shown in cgs units
to facilitate comparison with the standard tabulated nuclear
EOS. For the DM EOS, the natural units ℏ ¼ c ¼ 1
are used.

II. THEORETICAL FRAMEWORK

Employing the Komatsu-Eriguchi-Hachisu scheme [57]
with the modifications introduced in [58], the Einstein’s
field equations can be solved within stationary and axial
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symmetry. The generic line element takes the form

ds2 ¼ gμνdxμdxν

¼ −eγþρdt2 þ e2αðdr2 þ r2dθ2Þ
þ eγ−ρr2 sin2 θðdϕ − ωdtÞ2; ð1Þ

where γ, ρ, α, and ω are the metric fields that depend on r
and θ. The metric fields and matter distribution are
computed iteratively starting from an initial guess, typically
a nonrotating star.
To model numerically differentially rotating DM

admixed NSs, we expand on the work presented in [43],
where the RNS code was extended to model uniformly
rotating NSs with DM. Denoting the specific enthalpy of
the fluid X∈ fBM;DMg as HX, the fluid’s four-velocity as
uμX and the gravitationally redshifted specific angular
momentum jX ¼ utXuϕ;X [18], the first integral of the
hydrostationary equilibrium is written as

HX − ln utX þ
Z

j

0

j̃X
dΩX

dj̃X
dj̃X ¼ const: ð2Þ

Coupling Eq. (2) with an explicit expression for the angular
velocity ΩðjÞ and an EOS, an updated matter distribution
can be found. Then, the metric potentials are recomputed.
This procedure continues until convergence is reached. For
a more comprehensive description of the algorithm, see for
example [8,18,20,57].
Of utmost importance is the choice of the angular

velocity profile ΩðjÞ. Many laws have been proposed,
aimed at describing the profiles found in proto-NSs and
remnants of BNS mergers. The classic “j-constant” law is

jðΩÞ ¼ A2ðΩc − ΩÞ ð3Þ

where A is a positive constant that determines the length
scale over which the angular velocity varies within the star
andΩc is the angular velocity at the rotation axis. Although
this law describes the proto-NS profile well [59], it falls
short in the case of BNS mergers [20,60].
A particularly important family of laws has been

proposed in [15]: they all feature a peak in the rotation
profile and a Keplerian falloff. We will employ the
following rotation law:

ΩðjÞ ¼ Ωc

1þ j
B2Ωc

1þ ð j
A2Ωc

Þ4 ð4Þ

that has been widely used in the literature.
Throughout this work, we employ dimensionless quan-

tities to characterize the DM and BM components of the
star. For the global properties, we define

fMDM ¼ MDM

MBM þMDM
; ð5Þ

fJDM ¼ JDM
JBM þ JDM

; ð6Þ

which represent, respectively, the fraction of the total mass
and the fraction of the total angular momentum carried by
the DM component. These parameters provide a compact
way to quantify the relative importance of DM in the global
equilibrium, independent of the absolute values of the mass
and angular momentum.
To characterize the rotational structure of each fluid, we

introduce two additional dimensionless ratios,

λX1 ¼ ΩX
max

ΩX
c

; ð7Þ

λX2 ¼ ΩX
e

ΩX
c
; ð8Þ

with X∈ fBM;DMg. Here ΩX
c is the angular velocity on

the rotation axis, ΩX
e the value at the equator, and ΩX

max the
maximum angular velocity attained inside the star mea-
sured by an observer at infinity. The parameters λX1 and λX2 ,
therefore, capture the degree of differential rotation of the
fluid: λ2 measures how rapidly the equatorial layers rotate
relative to the core, while λ1 determines the strength and
location of the peak in ΩðrÞ. In the one-fluid case, these
two ratios are commonly used to classify differentially
rotating equilibria into morphological families (Types A, B,
C, and D) [61,62], and in our two-fluid framework, they
play the same role in identifying whether a configuration is
quasispherical or toroidal. Our setup in RNS can recover
only two of those. Type A solutions correspond to stars
featuring a maximum of the energy density at the center.
Unlike other solution types, their overall morphology
remains quasispherical, but the internal distribution of
angular velocity can vary substantially depending on the
rotation parameters. On the other hand, Type C solutions
exhibit toroidal-like structures with off-center density
maxima, where stronger differential rotation significantly
alters the star’s shape and allows for higher maximum
masses. In this work, we construct sequences of both types,
covering the diversity of morphologies permitted by differ-
ential rotation and systematically exploring how the pres-
ence of a DM component modifies their equilibrium and
global properties.
While the two-fluid formalism technically allows for

counter-rotating components [43], in this work we strictly
assume corotation. Since differentially rotating configura-
tions serve as proxies for BNS merger remnants, both the
baryonic and DM components are expected to be spun up
in the same direction, driven by the orbital angular
momentum of the progenitor binary.
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A. BM EOS

The properties of hadronic matter are modeled using the
relativistic density functional DD2 EOS [63]. This EOS
includes neutrons, protons, electrons, and muons and is
known for its relatively stiff behavior at high densities. It
satisfies the maximum mass constraints derived from
observations of massive NSs [64–66], the limits set by
GW measurements [67,68] and NICER observations
[69–73].
For densities below nuclear saturation, the DD2 EOS is

supplemented by a crust model based on the generalized
relativistic density functional framework [74]. This crust
description features nuclei arranged in a body-centered
cubic lattice immersed in a uniform electron background,
with an additional neutron gas component appearing above
the neutron drip density. The transition between the crust
and the core EOSs is implemented within a unified,
consistent framework.
These choices ensure a physically motivated modeling

of BM, capturing the relevant nuclear physics from the
crust to the core while respecting current astrophysical
constraints.

B. DM EOS

The DM component in this work is modeled as self-
interacting bosons governed by the Lagrangian [75]

L ¼ 1

2
∂νϕ

�
∂
νϕ −

m2
DM

2
ϕ�ϕ −

λ

4
ðϕ�ϕÞ2; ð9Þ

where ϕ is a complex scalar field, mDM is the DM particle
mass, and λ is a dimensionless coupling constant.
At sufficiently low temperatures, the scalar field forms a

Bose-Einstein condensate, enabling stable configurations.
A detailed derivation of the EOS in the zero-temperature
(total condensation) limit is provided in [76]. Introducing
the chemical potential μDM, the key thermodynamic quan-
tities are expressed as

nDM ¼ μDM
λ

ðμ2DM −m2
DMÞ; ð10aÞ

PDM ¼ 1

4λ
ðμ2DM −m2

DMÞ2; ð10bÞ

εDM ¼ 3PDM þ 2m2
DM

ffiffiffiffiffiffiffiffiffi
PDM

λ

r
; ð10cÞ

hDM ¼ log
μDM
mDM

; ð10dÞ

which correspond to the DM number density, pressure,
energy density, and specific enthalpy, respectively.

III. RESULTS

Differentially rotating NSs described by the rotational
law (4) can serve as proxies for remnants formed in BNS
mergers. Since we are interested in stationary equilibrium
configurations, it is natural to compare with such merger
remnants as obtained in numerical relativity simulations. A
relevant example is provided in [44], which considers two-
fluid systems in both core and halo configurations. Among
the models discussed there, we focus on those featuring a
DM core, as they exhibit a simple structure in which the
DM component rotates almost uniformly, while the BM
retains its characteristic differential rotation. This qualita-
tive behavior is also visible in the bottom-right panel of
Fig. 5 in [44], which shows the instantaneous angular
velocity profiles of both fluids in a dynamical simulation.
Although in that case the DM core appears nearly rigidly
rotating, its profile evolves in time, and the slope varies
slightly throughout the evolution. We nonetheless adopt the
assumption of uniform rotation. For the remainder of this
work, we will therefore assume that Eqs. (7) and (8) refer
exclusively to the BM component, and we omit the
corresponding tag to simplify the notation. We leave halo
configurations for future work, as their angular velocity
profiles cannot be reproduced with the rotation laws
currently implemented in RNS. These profiles feature a
maximum displacement from the origin and an angular
velocity that increases linearly near the center. In contrast,
in BM configurations, the core rotates almost uniformly,
with strong differential rotation confined to the outer layers.

A. Toroidal configurations

Figure 1 shows two NS representative configurations
with a DM core with different angular momenta—one with
slower rotation (left), keeping a more spherical-like shape,
and one with a very high angular momentum (right),
making the star highly elongated. The specific choice of
λ1 ¼ 2 and λ2 ¼ 0.5 gives rise, for sufficiently high angular
momentum, to the characteristic toroidal shape, commonly
referred to as Type C solution (see, e.g., [21,61]) where an
off-center maximum of the energy density is observed, as
shown in Fig. 1. The angular velocity profile is charac-
terized by an almost uniformly rotating core, followed by a
sharp rise to a maximum value determined by λ1, and then a
slow decrease approaching the Keplerian law Ω ∝ r−3=2. In
both panels of Fig. 1, the DM component carries 1% of the
total angular momentum Jtot and maintains a quasispherical
shape, as it rotates uniformly apart from small deviations
induced by frame dragging.
Figure 2 shows equilibrium sequences for selected

configurations in the ðM; εcBMÞ plane at various values of
the total angular momentum Jtot, ranging from 0 to
8GM2

⊙c−1, each identified by one color sampled from
black to aquamarine. We plot the sequences as a function
of the baryonic central energy density, rather than the total
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one, because it acts as the fundamental independent
parameter generating the sequences in our numerical
scheme. Furthermore, this choice provides a direct baseline
comparison with single-fluid models possessing the same
baryonic core. Dashed lines represent, for reference, the
one-fluid description of isolated NSs; red dots indicate the
maximum mass for each sequence. Solid (dash-dotted)
lines correspond to models with constant values of the DM

to BM ratio fMDM ¼ 5%, while the angular moment fraction
is fJDM ¼ 1% (fJDM ¼ 5%). Red circles (triangles) on each
line mark their respective maximum mass. Finally, dotted
lines illustrate configurations with constant fMDM ¼ 5% and
much higher, near Keplerian limit, rotation of the DM
component ΩDM ¼ 0.75ΩDM

K ; their maximum masses are
indicated by stars.
We adopt the DMmass fraction of fMDM ¼ 5%, consistent

with the values used in Giangrandi et al. [44,76], in order to
enable a meaningful comparison. This value is consistent
with observations of 2M⊙ NSs together with Λ1.4 ≤ 580
constraint [67], set by LIGO-Virgo Collaboration. For the
angular momentum partition, we adopt a fiducial fJDM ¼
1% to probe the impact of a slowly rotating, quasiuniform
DM component, and we also show sequences with fJDM ¼
5% to illustrate the trend when the DM carries a larger
fraction of the total rotation. The choice fJDM ¼ 1% is
intentionally modest: with fMDM ¼ 5% the DM core cannot
(within our microphysical assumptions) sustain arbitrarily
large angular momentum. Setting fJDM ¼ 5% already
eliminates most of the previously accessible parameter
space, as can be seen looking at Fig. 2.
Finally, the dotted sequences with ΩDM ¼ 0.75ΩDM

K
represent an extreme, near-Kepler case for a rapidly
rotating DM component. Figure 3 shows the distribution
of these models as a function of fJDM. The blue histogram
includes all models from Fig. 2, while the red bars indicate
only those on the stable branches. Most models have
fJDM < 2%, with a few outliers reaching up to fJDM ¼
12.3%. These extreme cases occur exclusively in slowly
rotating sequences, where even big fractions correspond
to relatively small angular momenta. Among the compu-
ted models, only in sequences with Jtot < 2GM2

⊙c−1 we
obtain configurations near the maximum with fJDM > 4%.
Specifically, for Jtot ¼ 1GM2

⊙c−1 this occurs for Mtot >
1.64M⊙, and for Jtot ¼ 2GM2

⊙c−1 for Mtot > 2.14M⊙, to
be compared with the respective maximum stable masses of
2.12M⊙ and 2.19M⊙.

FIG. 2. Mass vs BM central energy density sequences for the
DD2 EOS and rotational parameters λ1 ¼ 2 and λ2 ¼ 0.5. The
sequences have fixed total angular momentum Jtot, represented
with the color gradient. Dashed lines represent solutions with
fMDM ¼ 0%, solid lines show solutions with fMDM ¼ 5% and
fJDM ¼ 1%. Both have been computed up to Jtot ¼ 8GM2

⊙c−1.
Dash-dotted lines represent solutions with fMDM ¼ 5% and
fJDM ¼ 5%, computed up to Jtot ¼ 4GM2

⊙c−1 and finally dotted
lines solutions with fMDM ¼ 5% and ΩDM=ΩDM

K ¼ 3=4, computed
up to Jtot ¼ 7GM2

⊙c−1. The red symbols report the sequence
maximum mass, marking the turning point beyond which models
become unstable. Since a nonlinear monotonic relationship exists
between central and maximum energy density for all reported
models, we present the results as a function of the former, which
is the parameter used to generate the models.

FIG. 1. BM and DM density profiles in the yz plane of two configurations with the same baryonic central energy density εcBM ¼
0.75 × 1015 g cm−3 and fMDM ¼ 5%, fJDM ¼ 1%, ðλ1; λ2Þ ¼ ð2; 0.5Þ.

DIFFERENTIALLY ROTATING NEUTRON STARS WITH DARK … PHYS. REV. D 114, 023039 (2026)

023039-5



Within the explored parameter space, Fig. 3 indicates
that sequences with fixed fJDM ¼ 1% are representative of
the typical behavior found in our models. Alternative
assumptions, e.g., larger fMDM, different DM rotation laws,
or strong DM self-interaction, will only change the results
quantitatively.
The inclusion of a DM component generally leads to a

reduction in the maximum gravitational mass supported by
the configuration. This is expected in the case of core-type
distributions, where the additional gravitational pull from a
centrally concentrated DM core effectively softens the
system [77]. The BM component experiences a stronger
total gravitational potential without receiving a correspond-
ing increase in central pressure support, leading to an
earlier onset of instability.
With the increase of the total angular momentum Jtot,

the difference in the gravitational mass between the DM-
admixed and pure BM NS configurations decreases
across the entire equilibrium sequence when comparing
models with the same Jtot. This occurs because, at high
rotation rates, centrifugal support becomes the dominant
factor in sustaining the star, effectively mitigating the
gravitational softening effect induced by the DM core at
any given central density. It is worth noting that this
stabilizing mechanism is not unique to differential rota-
tion. A similar mitigation of the DM-induced mass
reduction is observed in uniformly rotating DM-admixed
NSs, where spinning the star up to the Kepler limit
increases the maximum mass of core configurations by
roughly 15% compared to the static case [43].
Differential rotation simply amplifies this centrifugal

support, allowing the remnant to sustain even higher
masses before collapsing.
The dependence of the maximum total gravitational

mass on the total angular momentum is represented in
Fig. 4, that shows the normalized maximum mass M̂ ¼
Mmax=Mmax;J¼0 as a function of the squared normalized
total angular momentum Ĵ2tot ¼ J2tot=M4

max;J¼0. The differ-
ent markers denote configurations with varying mass and
angular momentum fractions in the DM component, as
indicated in the legend.
The solid lines are fitted on the points using a [2/1] Padé

resum of the Hartle-Thorne expansion in Ĵ2tot [78],

M̂ðĴ2totÞ ¼ 1þ αĴ2tot þ βĴ4tot
1þ γĴ2tot

; ð11Þ

which captures the leading-order rotational corrections and
ensures a controlled behavior at large J2tot. The fitting
parameters are reported in Table I.
In the bottom panel, we plot the logarithm of the absolute

value of residuals; the fits reproduce the numerical data
with high accuracy, typically within 10−4. The exception is
the sequence at constant fractionΩDM=ΩDM

K (in red), which

FIG. 3. Distribution of the angular momentum fraction in the
DM component for models rotating at 75% of their Kepler
frequency. Blue and red bars represent the full sample and the
stable models only, respectively. Dashed lines indicate the
average values: fJDM ¼ 2.68% for the former and fJDM ¼
2.65% for the latter. Models with fJDM > 4% exhibit low total
angular momentum (Jtot < 2GM2

⊙c−1) and lie near the maximum
of their respective sequence. These models are sampled uni-
formly along the dotted sequences shown in Fig. 2.

FIG. 4. Normalized gravitational mass vs square of the total
angular momentum for the same configurations computed in
Fig. 2. Colored lines are fitted with Eq. (11). The bottom panel
shows the logarithm of the absolute value of the residuals.

TABLE I. Fitting parameters for the model. The constants α, β,
and γ are reported in dimensionless units.

ðfMDM; fJDMÞ% α β γ Mmax;J¼0 (M⊙)

ð0; 0Þ% 0.284 0.027 0.496 2.398
ð5; 1Þ% 0.269 0.022 0.454 2.059
ð5; 5Þ% 0.365 0.168 1.316 2.059

ð5%; ΩDM
ΩDM

K
¼ 3=4Þ 0.396 0.164 1.739 2.059
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shows slightly larger deviations but still remains within
acceptable bounds.
Overall, rotation mitigates the reduction in maximum

mass caused by the DM component. All configurations
with a constant angular momentum fraction exhibit a
common scaling with J2tot, although subtle differences
emerge depending on the DM rotational properties.
Specifically, small values of fJDM (∼1%, orange line)
slightly suppress the increase of Mmax compared to the
one-fluid case, whereas higher values (∼5%, green line)
enhance it. Conversely, sequences at constant angular
velocity (red line) follow a markedly different behavior,
characterized by a much steeper increase and a positive
second derivative in Eq. (11).
We now turn our attention to the sequences characterized

by fJDM ¼ 5%, shown in Fig. 2 (dash-dotted lines). As can
be seen, we were able to compute sequences only for
relatively low values of Jtot, ranging from 0 to 3GM2

⊙c−1,
and generally for a narrower range of central energy
densities εcBM. Figure 5 provides further insight into the

situation. It shows εcBM as a function of the resulting
rDMratio, which reflects the deformation of the DM fluid.
Increasing the target total angular momentum (and thus
JDM ¼ fJDMJtot) shifts the sequence toward lower values of
this ratio.
As previously observed in [43], the RNS code faces

difficulties when computing solutions involving very large
deformations, even if the angular velocity remains below
the Kepler limit. For smaller values of fJDM, the code cannot
compute configurations with εcBM < 0.5 × 1015 g cm−3
despite their potentially large total masses, because build-
ing these configurations would require deformations
beyond the code’s capability. Similarly, attempts to con-
struct sequences with Jtot ≥ 4GM2

⊙c−1 at fJDM ¼ 5% lead
to numerical problems with solutions having rDMratio ≲ 0.4, a
regime close to the apparent limit of the code’s numerical
stability and convergence. Consequently, constructing DM-
admixed NSs with higher angular momentum is not
possible for large fJDM within the current framework.
This prevents us from reaching the realistically high
angular momenta (J > 5) expected after a merger. This
suggests that alternative differential rotation laws may be
needed to plausibly model these high-J scenarios.

B. Quasispherical configurations

In cases where the remnant of a BNS merger does not
undergo immediate gravitational collapse to a black hole, it
can form a hypermassive or supramassive NS that is
sustained against gravitational collapse due to the rapid
differential rotation. Due to the longer lifetime of such
merger remnants, they have enough time to settle into a
more quasispherical state before any delayed instability
arises. Such configurations are often modeled using
equilibrium sequences, particularly those classified as
Type A, which describe rotating stars retaining a maximum
energy density at the center and remaining close to
spherical symmetry despite increasing rotational flattening

FIG. 5. Central energy density of the BM component as a
function of the DM deformation parameter. Lines and colors have
the same meaning as in Fig. 2.

FIG. 6. Matter density profiles in the yz plane of two configurations with the same baryonic central energy density εcBM ¼
1.47 × 1015 g cm−3 and fMDM ¼ 5%, fJDM ¼ 1%, ðλ1; λ2Þ ¼ ð1.8; 1Þ.
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(quantified by rBMratio). To obtain these solutions, we
adjust the parameters in (7) and (8) from (2,0.5) to
ðλ1; λ2Þ ¼ ð1.8; 1Þ. We choose these parameters following
[10,21,79], where they report that numerical simulations
suggest that λ2 ≈ 1 and λ1 ∈ ½1.7; 1.9� better approximate
remnants from the BNS merger. Two models are shown
in Fig. 6.
Figure 7 shows sequences in the ðMtot; εcBMÞ plane at

fixed total angular momentum, with colors and line styles
consistent with Fig. 2. Maximum-mass points are marked

with filled symbols and a black edge. For the quasispherical
configurations corresponding to ðλ1; λ2Þ ¼ ð1.8; 1Þ, we find
that for Jtot < 2GM2

⊙c−1 the resulting equilibrium sequen-
ces essentially coincide with those of the toroidal case
shown in Fig. 2. Although the angular-velocity profiles
differ substantially, the global quantities such as Mtot
remain nearly unchanged at low angular momentum,
indicating that the detailed form of ΩðrÞ has only a minor
influence in this regime.
At higher values of Jtot, up to the maximum accessible

value of 5GM2
⊙c−1 in our numerical sequences, the maxi-

mum supported mass is consistently lower than in the Type
C case. This confirms, in the two-fluid scenario, the result
already reported in [21,62] for one-fluid stars: Type A
configurations are less efficient in exploiting differential
rotation to increase the maximum mass.
In the two-fluid case, even at moderate central densities,

the BM equatorial angular-velocity profile ΩðrÞ develops a
local minimum around R ≃ 4 km before rising sharply to
its maximum and then approaching the Keplerian falloff.
This minimum reflects the influence of the DM component
and is not produced by applying the rotation law of Eq. (4)
to a single fluid, where ΩðrÞ instead increases monoton-
ically outside the nearly flat core. Although similar minima
can arise in one-fluid models under different rotation
prescriptions [18], they do not appear under the assump-
tions adopted here. Figure 8 compares the equatorial
profiles for the one-fluid (left) and two-fluid (right)
descriptions across several values of the BM central energy
density.
The minimum occurs because the DM slightly reduces

the enclosed mass in the region where it is present, allowing
ΩðrÞ to decrease locally while still satisfying the fixed total

FIG. 7. Gravitational mass vs baryonic central energy density
for λ1 ¼ 1.8 and λ2 ¼ 1 at fixed total angular momentum Jtot,
represented with the color gradient. Dashed lines correspond to
solutions with fMDM ¼ 0%, solid lines to fMDM ¼ 5% and
fJDM ¼ 1%. Crosses and circles without the black edge represent
cases for which the profile ΩðrÞ is discontinuous (cf. Appendix
and Fig. 8) for fMDM ¼ 0% and fMDM ¼ 5%, respectively.

FIG. 8. Angular velocity on the equatorial plane as a function of the proper radial position. Dashed lines mark the position of the star’s
surface. Left: example models extracted from Fig. 7 in the absence of DM. Right: same as the previous panel, but for a DM fraction of
5%. Notice the emergence of a local minimum in the angular velocity profile around R ∼ 4 km in the two-fluid models (right panel), a
distinct feature induced by the gravitational pull of the DM core that is absent in the purely baryonic counterparts.
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angular momentum Jtot. Farther out, whereΩðrÞ reaches its
maximum, the DM instead deepens the gravitational
potential, requiring a steeper rise in ΩðrÞ for centrifugal
support and producing a more pronounced peak than in the
one-fluid case. This interplay between reduced and
enhanced gravitational pull is visible in Fig. 8.
Note that not all models along these sequences converge

to physically valid solutions. In particular, for certain
combinations of high central energy density and angular
momentum, the rotation law in Eq. (4) ceases to admit real
solutions for ΩðrÞ over a finite radial range. As a result, the
corresponding equilibrium profiles develop discontinuities
in the angular velocity, which we mark with open symbols
in Fig. 7. A discussion of the origin and impact of these
discontinuities, together with a validation of our imple-
mentation against published equilibrium models, is pre-
sented in Appendix.

IV. CONCLUSIONS

In this work, we have studied DM-admixed NSs in the
regime of differential rotation, which is of particular
relevance for postmerger remnants of BNS coalescences.
Building upon our earlier extension of the RNS code to two
fluids, we have now implemented differential rotation laws
that capture the angular velocity distributions observed in
numerical relativity simulations of hypermassive NSs. In
our framework, BM and DM are treated as two cold,
gravitationally coupled fluids, with the baryonic compo-
nent following differential rotation and the DM rotating
quasiuniformly, consistent with expectations from core-
type configurations.
We considered sequences with fixed DM mass fractions

up to 5%, focusing on two representative choices of the
rotation law parameters: ðλ1; λ2Þ ¼ ð2; 0.5Þ, which admits
toroidal (Type C) configurations, and (1.8,1), which yields
quasispherical (Type A) equilibria. In both cases, the BM
angular velocity reaches maximum away from the center,
while the DM part rotates uniformly in accordance with
numerical relativity merger simulations. Note that we focus
only on the core DM configuration, i.e., when the DM
component is roughly speaking confined inside the star.
The reason is that halo configurations lead to a more
complicated postmerger angular velocity distribution [44].
We investigated how the inclusion of a dark component

modifies themaximummass, stability, and structural proper-
ties of the remnant. Our results confirm that a centrally
concentratedDMcore generally reduces themaximummass,
as the additional gravitational pull is not compensated by
extra pressure support. However, rotation tends to mitigate
this reduction, and for sufficiently high total angularmomen-
tum themaximummasses of admixed stars approach those of
their pure baryonic counterparts.
The scaling of the maximum mass with total angular

momentum can be captured with high accuracy by a Padé
resummation of the Hartle-Thorne expansion. This indicates

that, despite the increased complexity of the two-fluid
system, the global impact of a differential rotation remains
predictable in terms of a small set of effective parameters. At
the same time, the details of the angular velocity profile, and
in particular the interplay between the two fluids, introduce
new qualitative effects: we observe the emergence of a local
minimum in the baryonic angular velocity profile, a feature
absent in the corresponding one-fluid models. This effect
arises from the redistribution of the gravitational potential by
the dark component.
While equilibrium sequences alone cannot completely

break the degeneracy between a DM admixture and a
simple softening of the baryonic EOS when looking at
global macroscopic quantities, they reveal unique internal
structural features. Specifically, the emergence of a local
minimum in the baryonic angular velocity profile high-
lights that the dynamical interplay of two gravitationally
coupled fluids cannot be fully captured by a single-fluid
effective EOS. Although this internal feature is not directly
observable, it demonstrates the necessity of the two-fluid
framework. Consequently, the primary value of the present
study is methodological and structural: we provide a
foundational setup and the necessary initial data for future
full 3D numerical relativity simulations. Only through such
dynamical simulations of the postmerger evolution will it
be possible to identify unambiguous multimessenger sig-
natures of DM in hypermassive remnants.
The limitations of the present analysis are primarily

numerical: configurations with large DM angular momen-
tum fractions or extreme deformations remain challenging to
construct within the current RNS framework. Nevertheless,
the results confirm that the combination of differential
rotation and a dark component produces imprints in equi-
librium sequences and stability boundaries, with potential
consequences for the interpretation of post-merger GW
signals. However, equilibrium sequences alone are not
sufficient to disentangle DM admixture from a simple
softening of the baryonic EOS, since both scenarios lead
to similar modifications in the mass-radius-moment of
inertia plane.
Finally, we find that for large angular-momentum frac-

tions, the central energy density, the numerical scheme
approaches its limits; in particular, some quasispherical
models exhibit discontinuities in ΩðrÞ where the adopted
rotation law ceases to admit a real solution. Perhaps this is a
residual of the employed differential rotation law and
theory parameter. Thus, further investigation is needed,
which is out of the scope of the present paper.
Future work can expand in several directions. First, the

inclusion of halo-type configurations, which require more
general rotation laws than currently available, would allow
a broader survey of possibilities. Second, the dependence of
our results on the DM microphysics, i.e., particle mass and
self-interaction strength, remains to be mapped in detail,
with the prospect of constraining regions of the parameter
space through astrophysical observations. Finally, the
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equilibrium sequences constructed here can serve as initial
data for full numerical relativity simulations of DM-
admixed merger remnants. Due to the discussed degen-
eracy between the effects of dark matter and uncertainties in
the nuclear matter EOS for static configurations, inves-
tigating dynamical effects is crucial for identifying poten-
tially unique measurable signatures. This remains a main
objective for future work.
The equilibrium sequences studies provide a link

between microphysical modeling and astrophysical observ-
ables in multimessenger astronomy. They allow for a
systematic exploration of a very large parameter space
covering DM properties, baryonic equations of state, and
rotation laws, at a fraction of the computational cost of full
dynamical simulations. The description of postmerger
remnants as quasiequilibrium models has already proven
valuable in several contexts: interpreting the postmerger
GW spectrum, determining the threshold mass to prompt
collapse, constructing empirical relations that connect
remnant properties to those of nonrotating models, and
modeling longer-timescale processes relevant for multi-
messenger followup of GW detections [6,20,47–50]. In this
sense, the equilibrium sequences developed here provide
theoretical insight into the role of DM and represent a
practical framework for connecting microscopic physics to
future multimessenger observations.
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APPENDIX: ANALYSIS OF ANGULAR
VELOCITY DISCONTINUITIES

Quasispherical models with ðλ1; λ2Þ ¼ ð1.8; 1Þ lead to
convergence issues even in the one-fluid scenario, espe-
cially at high central densities and angular momenta.
Points marked with dots or crosses without black edges

on the sequences (respectively, for the two-fluid and one-
fluid cases) of Fig. 7 correspond to models where the
angular velocity profile ΩðrÞ becomes discontinuous,
indicating failure of the iteration procedure. These dis-
continuities arise because the rotation law (4) ceases to
admit positive real solutions forΩ over a finite radial range,
as illustrated in Fig. 8, where we show different equatorial
angular velocity profilesΩ as a function of the proper radius
R for a fixed total angularmomentum J ¼ 5GM2

⊙c−1. Colors
correspond to different central BM energy densities, used as
the sequence parameter. The left panel shows the one-fluid
case (fMDM ¼ fJDM ¼ 0), and the right panel shows a two-
fluid configuration with fMDM ¼ 5% and fJDM ¼ 1%.
For sufficiently high εcBM, the equation Ω ¼ jðΩÞ fails to

yield a real, positive solution over a finite radial interval,
producing discontinuities visible in the red curves of Fig. 8.
Although the code provides a numerical solution, such
discontinuities imply that the model is not physically
reliable and cannot be used as initial data for numerical
relativity codes.
The impact on equilibrium sequences is minimal, as the

discontinuities are confined to a few radial grid points near
the equator. When computing integral quantities, such as
the gravitational mass, the resulting error is negligible.
Other field quantities involved in the integrals, such as
pressure or energy density, exhibit jumps in the radial
profile of up to 5% relative to neighboring points in the
worst observed case, affecting at most six radial grid points
out of the 400 that fall inside the star. The number of
affected points decreases rapidly in the angular direction, so
that the discontinuity is completely smoothed out within a
few angular grid points.
To verify that the discontinuities described above are not

numerical artifacts, we performed a series of independent
tests. First, we compared our one-fluid configurations
directly against the equilibrium models reported by [21]
in Table 6, which we treat as reference solutions. Figure 9
summarizes the relative differences between the two sets of
results, showing that our models reproduce their data with
high accuracy: the gravitational mass differs by at most
∼1.3% for configurations with ðλ1; λ2Þ ¼ ð1.6; 1Þ, while
the equatorial radius and the quantities related to the
angular velocity, including the central, equatorial, and
maximum values, agree to within 0.4%. This error on
the mass can be traced back to differences in the imple-
mentation of the EOS, rather than to the numerical method
itself. Direct comparison of the full angular velocity
profiles on the equatorial plane with those shown in
Fig. 12 of [21] confirms the agreement, with discrepancies
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well below 1%. Importantly, in all of these benchmark
cases, our solutions for ΩðrÞ are continuous across the
stellar interior, demonstrating that the observed disconti-
nuities at high central energy densities and high angular
momentum are not intrinsic to the numerical
implementation.
We also increased the grid resolution in both the radial

and angular directions, from (800,400) to (1600,800), and
tightened the convergence tolerance from 10−9 to 10−12

(global quantities such as the gravitational mass already
converge to the second decimal digit around 10−7). Root
finding within the algorithm was maintained at machine
accuracy. At high resolution, small oscillatory features arise
near the stellar surface due to the steep decrease of matter
variables. They can however be removed by switching the
interpolation scheme from cubic to linear.
The location and extent of the discontinuous radial

interval remain unchanged within numerical error.
Together, these tests indicate that the discontinuities are

not due to insufficient resolution or implementation errors,
but rather reflect the absence of a real solution for Ω over
the affected interval.
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