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Compact astrophysical objects, such as neutron stars, can provide a unique environment where the
interplay between strongly interacting nuclear matter and dark matter (DM) can yield possible
observable signatures. We investigate here the impact of fermionic DM interacting with nucleons
via a vector mediator (Z') portal inside neutron stars using the relativistic mean-field framework. Unlike
scalar portal DM models, which primarily modify the effective nucleon mass through scalar
interactions, vector mediators (Z') introduce additional repulsive interactions that directly affect the
baryonic chemical potential and the pressure of dense matter. We show that the precise measurements
of neutron-star properties, including the mass-radius relation and tidal deformability from gravitational
wave observations and x-ray and radio observations of pulsars, can shed light on properties of DM. We
study the gross structural properties of a neutron star using the Tolman-Oppenheimer-Volkoff equations,
employing an equation of state (EOS) for neutron-star matter in the presence of vector portal-assisted
DM. The resulting stellar configurations, consistent with observational bounds from gravitational wave
observations (GW170817) in LIGO/Virgo and x-ray observations of pulsar PSR J0030 4 0451 in
NICER, are shown to constrain the vector portal DM parameters. It is observed that, while large portal
mass can soften the EOS of the DM-admixed neutron-star matter, the light portal mass can make the
EOS stiffer at large densities, resulting in distinct mass-radius relation and the tidal deformability
between the two scenarios. The vector portal DM scenario, with DM interaction with quarks via the Z’
vector boson, can establish a direct connection to terrestrial searches, including direct and indirect
detection and collider searches for the Z' boson. Taken together, these constitute a comprehensive
framework that bridges neutron-star astrophysics with particle physics, enabling a multimessenger
exploration of DM properties.
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Dark matter (DM) is an enigmatic and invisible compo-
nent of the Universe constituting about 85% of the total
matter content. Its existence has been primarily determined
through a wide range of astrophysical and cosmological
observations [1], including Galactic rotation curves [2,3],
gravitational lensing [4,5], large-scale structure formation,
and precision measurements of the cosmic microwave
background [6]. Despite extensive efforts, the precise
nature and composition of DM remains elusive. There
are extensive and interesting experimental investigations
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that include the recent advancement in direct-detection
experiments of DM such as LUX [7], XENON-100 [8],
PANDAX-II[9,10], XENON-1T[11,12], and indirect-detec-
tion experiments such as PAMELA [13,14], Fermi Gamma-
Ray Space Telescope [15], and IceCube [16,17] constraining
various DM parameter space. However, there has been no
hint of signatures for the particle nature of DM. This
motivates complementary exploration for properties of
DM through alternative astrophysical observations. In this
context, the compact astrophysical objects such as neutron
stars (NSs) offer a powerful laboratory to probe DM
interactions under extreme conditions of density and gravity.

DM can influence NSs by modifying their mass-radius
relations, altering tidal deformability, and changing the
cooling rate [18-24]. The presence of DM inside NSs has
been studied in various contexts including asymmetric DM,
bosonic condensates, fermionic DM, weakly interacting
massive particles, dark photons, axions, etc., each leading
to different astrophysical signatures [21,25-37]. Axions,
for example, as DM candidates, may address the cusp-core
problem in Galactic halos and significantly influence NS
cooling processes [38—40] and can potentially affect the
stability of high mass NSs [41], as well as lead to an
increase of the frequencies of the nonradial oscillations
[42—44]. The NSs can be used for the detection of DM that
may possibly reveal DM properties through their inter-
actions with the nucleons within their cores [45,46]. DM
may also influence NS heating and cooling using DM-
admixed equation of state (EOS) models showing their
impact on thermal evolution and axion emission from
proton NSs [37,47-55].

There have been two main approaches for theoretically
investigating the effects of DM on such NSs. It can be studied
using the two fluid formalism where DM and ordinary matter
are assumed to be interacting gravitationally. Consequently,
the EOS for DM and ordinary matter are calculated sepa-
rately with their coupling introduced gravitationally using
the two fluid Tolman-Oppenheimer-Volkoff (TOV) frame-
work [22,56-62]. In the second approach, i.e., a single fluid
framework, nongravitational interactions between DM and
ordinary matter are assumed. Recently, there has been a large
class of investigations that have focused on scalar portal DM
models in which the DM interacts with nucleons via scalar
mediators, often leading to modifications of the effective
nucleon mass or additional attractive interactions in dense
matter. These scalar interactions typically soften the EOS and
can affect the mass-radius relation and tidal deformability of
NSs [63]. There have been approaches to investigate the
impact of axionlike-particle-mediated DM interactions on
NS properties [63].

Apart from scalar and pseudoscalar portals, it may be
noted that the portal between DM and ordinary matter can
also be vectorlike. The vector portal DM models introduce
interactions mediated by a new neutral gauge boson,
commonly denoted as Z;, [64—67]. In these models, the
DM fermion couples to the Z' boson, which, in turn,

interacts with Standard Model (SM) quarks through vector
currents. Such interactions naturally arise in extensions of
the SM involving additional U(1) gauge symmetries and
have been extensively explored in the context of particle
physics phenomenology.

The vector portal scenario differs qualitatively from
scalar portal models in several important ways. First, vector
interactions modify the effective chemical potentials of
nucleons and DM rather than the effective nucleon mass.
This leads to an increase in the pressure of NS matter
stiffening the EOS as compared to the scalar portal. Second,
vector mediators provide a natural connection between NS
physics and terrestrial experiments. The same Z’' mediator
responsible for nucleon-DM interactions in NSs can lead to
observable signatures in direct-detection experiments
through elastic DM-nucleon scattering, indirect detection
via DM annihilation channels, and collider searches
through dilepton or dijet resonance signatures.

In these contexts, the vector portal frameworks are
particularly attractive for exploring DM properties using
both terrestrial and astrophysical observations. It may be
noted that the recent observations of NSs have resulted in
reliable measurement of NS masses and constraints on their
size. Radio observations of pulsars (PSR J1614-2230 [68],
PSR J0348 4+ 0432 [69], PSR J0740 + 6620 [70-74])
provide compelling evidence for NSs of masses larger
than 2M [68,69,75-77]. On the other hand, gravitational
wave observations (GW170817) in LIGO/Virgo [78,79]
and x-ray observations of pulsar PSR J0030 + 0451 in
NICER [80,81] suggest that NSs with canonical mass of
1.4M 4 have radii in the range of 11-13 km. Taken together,
it means that the pressure of NS matter is small relatively up
to twice nuclear matter density. Higher mass pulsar PSR
J0740 + 6620 observations with radius R = 12.397 30 km
and mass M =2.08 £0.07M, [70-74] suggests high
pressure at the core to support such high mass NSs.

Quantum hadrodynamics (QHD) offers a well-estab-
lished theoretical framework to describe nuclear inter-
actions in NSs within the relativistic mean-field (RMF)
approach. In this formalism, nucleons interact through the
exchange of mesonic fields, primarily a scalar meson
describing attraction and a vector meson responsible for
repulsion among nucleons. The RMF-based QHD model
successfully reproduces key nuclear saturation properties as
well as the structure of finite nuclei. It also serves as a
foundation for many NS EOS. By extending this frame-
work to include dark matter interactions mediated by a
vector boson, one can systematically explore the impact of
such additional interactions on the nuclear EOS and their
effects on the resulting NS observables.

With these motivations, we investigate here a fermionic
DM interacting with nucleonic matter inside NSs through a
vector mediator portal. We employ the RMF approach to
describe nuclear interactions and extend it by including a
new U(1)y gauge boson that couples both to DM and to
quarks, thereby to nucleons. Within this novel vector portal
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framework, we perform a detailed study of NS observables
enabling a comprehensive exploration of vector portal DM.
We shall also look into the constraints arising from NS
observables on the parameters of DM and the portal which
can be complementary to terrestrial experimental con-
straints for the same.

The paper is structured as follows: In Sec. II, we present
the theoretical model including RMF formalism for nuclear
matter and the vector-boson-mediated interactions with
fermionic DM. In Sec. III, we give the necessary formalism
that is used to solve for the NS structure and tidal
deformability. In Sec. IV, we discuss the results of the
present analysis including the effect of the vector boson
portal on DM EOS, mass-radius relation, and tidal deform-
ability. Finally, in Sec. V we summarize our findings and
outline potential directions for further investigation.
|

II. THE VECTOR PORTAL FERMIONIC
DM MODEL

The RMF theory has been a powerful tool in describing
hadronic matter under extreme conditions. Of late, the
impact of DM on NS properties has attracted significant
interest. In the present investigation, we make use of the
nucleonic RMF model and extend it by including inter-
actions between nucleons and DM particles via a vector
boson Zj, portal. In this scenario, a new U(1)y gauge boson
(Z,) mediates interactions between the dark sector and the
SM quarks. The Z’ couples both to the DM fermion y and to
the quark current, thereby inducing an effective nucleon-
DM interaction inside dense nuclear matter.

In the RMF framework, the nucleon meson interaction is
described by the Lagrangian density [82,83]

_ . | S, 1
EHM = Z Ya |:y/4 <la” - gwaa)” - EgpaT . pﬂ) - (M - gaaa):| Ya + 5 (aﬂoaﬂg - mggz) + VNL

a=p,n
1 SR | T T R
—ZQWQ” +§mma)ﬂa)"—4—lRﬂy-R +§mppﬂ - pH, (1)
. K 3, A 4 _Sw, 2 2 2 2 =
with VNL = y (gnNa) + E (go'NU) - E nga)ﬂa)”) - A(l)/) (ngwya)ﬂ) (gpry 4 ) (2)

Here, v, (@ = p, n) represents the nucleon field, o is the
scalar meson field mediating an attractive interaction, @, is
the vector meson field mediating the repulsive interactions,
and [)'ﬂ is the isovector meson field accounting for isospin
asymmetry. The nonlinear scalar self-interactions involving
k and A are included to reproduce the empirical properties
of nucleonic matter [84—87] and other nonlinear terms are
also included to satisfy higher order saturation properties of
|

dense nuclear matter at saturation density. The field
strength tensors for vector mesons are defined as €2, =
0,0, — 0,0, and I_é,w = 0d,p, — 0,p,. The meson-baryon
couplings g, g, and g, are denoted for the scalar, vector,
and isovector coupling constants, respectively.

To incorporate DM interactions, we extend the
Lagrangian by introducing fermionic DM that interacts
with the SM via a Zj, portal as follows:

. ) ] 1 1
Lom = 2(i7"0, = My)x = 9200225, = Y 9401 aZ = 3 22" + 5y Z, 7. (3)

The y represents the fermionic DM field of mass M,
which interacts with the vector boson Z,,. Here, g, and 9q
denote the DM-Z' and quark-Z’' couplings, respectively.
The effective nucleon-Z' Lagrangian at low energy
(¢* < Acp) is obtained by evaluating the matrix element
of the quark current (gy*q) between nucleonic states. The
resulting effective coupling of Z' with nucleus is given by

EZ’[// = Z//l Z gaZ’l/_/uyMl//a’ (4)

a=p.n

with g,z ~3g, with g, = g,z = gnz = 3g,- Thus, the
interaction of Z’ with nucleons is primarily vectorlike,

2

q=u,d

|

resulting in a repulsive potential between the nucleons [88].
The RMF model parameters used here are Bayesian
improved [89], which are presented in Table II. These
parameters saturate the nuclear matter at py ~0.15 fm™3
with a binding energy of —16.0 MeV and support a
maximum NS mass more than 2M, aligning with the
current observational constraints. Although the present
RMF model with 6, @, p mesons captures the essential
physics of nucleonic matter with vector portal DM, there
are richer RMF frameworks, such as those incorporating
additional meson fields or hyperons. Similarly, alternative
dark-sector models with different DM interactions involv-
ing scalar and pseudoscalar portals have been attempted,

043027-3



KUMAR, MOHAPATRA, MISHRA, and PATRA

PHYS. REV. D 114, 043027 (2026)

yielding distinct effects. The present investigation is a
minimal yet novel extension of the RMF model to explore
DM-nucleon coupling via the vector portal serving as a
baseline for future comparisons.

The mean-field approximations correspond to taking the
meson fields as classical while retaining the quantum
nature of fermionic fields. The meson fields (vector bosons)
are expressed by their expectation values in the medium of
baryonic matter (denoted by subscript 0), i.e., (6) = oy,
(w,) = 08,0, (p) = 8,084p, and (Z},) = Z{5,0. One can
derive the Dirac equation for the nucleons and the DM as

[iyﬂa;t - gwayow() - gpayof?apg - gNZ’}’OZ6 - M*]I//a =0,
(5)
[ir*a,, — ngIyOZ() - M,lxr=0, (6)
with M}, = M, — g;,00-

The equations of motion of meson fields can be found by
the Euler-Lagrange equations for the meson fields using the
Lagrangian,

K A
m(z)'aO = Z go’a”fl - 5921\150 31 g(;NUg’ (7)

a=p.,n

m 0®0 = Z Joalla 3, ga)Nwo 2Aa)p (gpNga)Np0> Wy,
a=p.n
(8)
pp3 Z gpl?aa a wp(gpNnga)O)szv (9)
a=p.,n
m%,Zy = gzn, + Z INzZ Mg (10)

a=p.n

where I3, is the third component of the isospin of a ath
baryon. We have taken I3, ,) = (5, —1). The baryon and
DM number densities are given by

np = Z l//al//a Zy(16 2 (11)

s = (7 - /km Ak M, (12)
a l//al//a }/!X 0 (27[>3 \/W’
k3
= ('y) = 7;(6 2 (13)

where y,(,) = 2 is the spin degeneracy factor for fermions
and kg, kp, are the Fermi momenta of the nucleons and
DM particles, respectively. The Fermi moment of the
nucleon kg, is given as follows:

kpoy = \/p2 — M}? < u, > M, otherwise kp, =0,

(14)
with an effective baryonic chemical potential ), given as

ﬂ:; = Hg = Gwa®o — g/)13ap(3) - gNZ'ZE)’ (15)
where u, = ug + q ug. Here up and ug are baryon che-

mical potential and electric chemical potential, respec-

tively. Similarly, for DM, kp, = -Mi=u;>M,,
otherwise kp, =0. The effective chemical potential of
DM is defined as p; = pu, — g, 7.

The NSs are globally charge neutral and the matter
inside the core is under f equilibrium (p 4+ e — n and
p +p — n). This needs to include leptons, i.e., electrons
(e) and muons (u) for the charge neutral NS matter. Thus, the
chemical potentials and the number densities of the con-
stituents of NS matter are related by the following equations:

Ho = Hp + Hes  Hn = Hp + Hy, (16)
Z Nafa = 0. (17)

a=p,n,e

With all these ingredients, we can obtain the total energy
density Etor and Pror and, hence, the EOS of NS matter.
The EOS of the system is calculated by summing the
contributions from nucleons, leptons, DM, mesons, and the

a=p.n a=p.n vector bosons. The energy density is given by
Eror = gBaryons + g;{ + EMesons T €7 + 5Leptonv (18)
7(1 ke 3 *2 _ *

gBaryons = &’k + My~ = kFa/M ) (19)

a= p n a=p,n
d3k\ [ k? M2 H(k , 20

. 1 1 32 A 4 ‘}:a) 4 2

gMesons - 2 0-0 + 5 B m + D) m Lo + 57 31 (gaNO-O) + 47 (goNGO) + § (ga)Nw) + 3Aa}p (gpNngpOwO) ’ (21)
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(C;Z/ =

4
m
gLepton - Z ﬂ__;H(ka/ml)’

f=eu

where we have introduced the function H(z), which is
given as

H(z) = % [z\/l T 2(1422) - sinh‘lz] . (29)

The total pressure Pror can be found using the thermo-
dynamic relation as

Pror = Z Hin; = Eror-

i=n,p,ly

(25)

Thus, the effect of introducing the vector boson Z’ lies in
reducing the effective chemical potential as in Eq. (15).

ITII. NEUTRON-STAR STRUCTURE
AND ITS TIDAL DEFORMABILITY

In this section, we describe the formalism that we use to
study the properties of the NS. The metric for a static,
spherically symmetric star is given by [90]
ds* = e di> — e dr? — r2(d6* + sin® 0dg?),  (26)
where v(r) and A(r) are the metric functions. It is
convenient to define the mass function m(r) in favor of

A(r) as
20 — (1 _2’“—(’))".

Starting from the line element given in Eq. (26), the
equations for the structure of a relativistic spherical and
|

(27)

h,s = Diag [—ez’“(’)Ho(r), eV H, (1), ”PK(r), rzsinzeK(r)} Y20(0, ),

where H,, H,, and K(r) are perturbed metric functions.
It turns out that H,(r) = —Hy(r) = H(r) using Einstein’s
equation 6g,s = 6T,5, while K'(r) = 2H(r)v(r). The
logarithm derivative of the deformation function H(r),

. H (r
ie., y(r)= rHﬁgrg

equation [94]

satisfies the first order differential

mé, Z(z), (22)

(23)

static star composed of a perfect fluid were derived from
Einstein’s equation by the TOV equations [91,92],

dP(r) _ [E+4 Pllm+ 4xr*P]
dr r(r—2m) ’ (28)
d’Z Y) — 4nr€. (29)

The above set of equations £(r), P(r), and m(r) are the
energy densities, the pressure, and the mass of the star
enclosed within a radius r, respectively. The boundary con-
ditions m(r=0)=0, P(r=0)="P,, and P(r=R) =0,
where P, is the central pressure, lead to equilibrium
configurations in combination with the EOS of NS matter,
thus obtaining radius R and mass M = m(R) of the NS for a
given central pressure P, or energy density £,.. For a set
of central densities £., one can obtain the mass-radius
(M — R) curve.

The tidal distortion of a NS in a binary system links the
equation of state to the gravitational wave emission during
the inspiral. The tidal deformability parameter quantifies
the quadrupole deformation of a compact object in a binary
system due to the tidal effect of its companion star. The
relation between the induced quadrupole moment tensor
and the tidal field tensor in leading order is given by
Q;; = —A&;j, where 4 is related to the tidal love number
(£ = 2) [93]. The tidal love number as k, = 3/2AR™>, R
being the radius of the NS. One can estimate k, perturba-
tively by calculating the deformation 4, of the metric from
the spherically symmetric metric. The deformation of the
metric in the Regge-Wheeler gauge can be written as [93]

(30)

ry'(r) +y(r)> + y(r)F(r) + ?Q(r) =0, (31)

where the functions F(r) and Q(r) are given by

F(r) = [1 + 42 (P - &) (1 - ZTM) B
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oM\ -1 IM\T AMP ([ AxPPN\2[ 2M\
0(r) = 4z 55+9P+ﬂ}<1——> —%(1——) Sl (1+ 7473) (1—7> SN E5)

dpP/d€ r r r r
To calculate the tidal deformation, the equation for the metric perturbation given in Eq. (31) can be integrated together with
TOV equations (28) and (29) for a given EOS radially outward with the boundary conditions y(r = 0) = 2, P(r = 0) = P,,

and M(r =0) =0.
The tidal love number k, is related to y;z = y(R) through

8¢’

5
+3(1-2C)2 [2 oy +2C (g — 1)} log(1 — 2c>}“,

where C = (M/R) is the compactness parameter of the star
of mass M and radius R. The dimensionless tidal deform-
ability A is defined as [93,95-97]

A 2k,
M3 (34)
The observable signature of relativistic tidal deformation
will have an effect on the phase evolution of the gravita-
tional wave spectrum from the inspiral binary NS system.
This signal will have cumulative effects of the tidal
deformation arising from both the stars. Therefore, one
can combine the tidal deformabilities and define a dimen-
sionless tidal deformability taking a weighted average
as [97]

A 16 [(M + 12My)M{A, + (M + 12M,)M{A,
13 (M, + M,)? ’

(35)

In the above, A; and A, are the individual tidal deform-
abilities corresponding to the two components of the NS
binary with masses M; and M,, respectively.

IV. RESULTS AND DISCUSSION

Next, we shall discuss the numerical results regarding the
impact of fermionic DM on NS properties within the RMF
framework extended by a vector portal interaction mediated
by a Z' boson. As mentioned earlier, the vector portal
introduces an additional repulsive interaction between DM
and nuclear matter, whose strength depends on the media-
tor mass and the corresponding coupling constants.
Regarding the parameters for the vector portal DM models
in NSs, we discuss three sets, which are given in Table I
[64-67]. For the parameters given in sets 1 and 2, the
coupling of quarks with Z’ (equivalently, to nucleons, i.e.,
9qz = 1/3gnz) is taken to be the same as the coupling g,
of the DM with the vector boson Z’ [88,98]. In set 1, we
have taken a heavy Z’ with a mass around 1800 GeV along
with the DM mass m,, ~200 GeV. Set 2 corresponds to a

(33)

|
heavier DM mass m, ~ 1800 and my ~ 900 GeV. These
are the limiting cases for parameters satisfying relic density,
direct detection, and dijet bounds from collider studies [64].

Unlike sets 1 and 2, which correspond to heavy vector
portal mediators, the parameters of set 3 are motivated by
self-interacting dark matter (SIDM) scenarios with a light
vector mediator [99—-108]. Dark matter self-interactions can
be mediated by either scalar or vector particles; however,
vector mediators arise naturally in gauge extensions of the
Standard Model and therefore provide a particularly well-
motivated framework. In recent studies, for example, in
Refs. [101,109], the Standard Model is extended by an
additional U(1)y gauge symmetry containing a vectorlike
fermionic dark matter candidate charged under the new
gauge group. In such models, the Z’ boson acts as the
mediator responsible for dark matter self-interactions.
Several other SIDM scenarios involving light vector media-
tors have also been studied in the literature [110-116],
which are relevant to the present investigation.

In the present work, we consider a dark matter particle
with mass in the few-GeV range interacting through a light
vector mediator with mass m, ~ 100 MeV. Motivated by
SIDM models, we adopt a hierarchical coupling structure in
which the mediator couples strongly to the dark sector
while maintaining highly suppressed couplings to visible-
sector particles. In such scenarios, one may naturally
consider couplings of the order g, = O(0.1-1) together
with g, ~ 1075 — 1073, which are consistent with current
laboratory, beam-dump, meson-decay, and collider con-
straints on light vector mediators. In particular, we choose

TABLE I. Model parameters for DM particle y and vector
portal Z' [64-67].

M, (GeV) My Inz' Gz
Set 1 200 1800 GeV 0.45 0.45
Set 2 1800 900 GeV 0.25 0.25
Set 3 5 100 MeV 5.0 x 107 0.80
Set 4 200 100 MeV 0.45 0.45
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9yz = 0.8 and g,» =5 X 10~ for the benchmark consid-
ered in this work.

It is worth noting that this region of parameter space
has been extensively investigated in SIDM models as a
possible solution to several small-scale structure anomalies
of collisionless cold dark matter, including the core-cusp
problem [117], the too-big-to-fail problem [118,119], and
the missing-satellites problem [120-122]. A light mediator
naturally generates velocity-dependent dark matter self-
interactions that can yield the required self-scattering cross
sections on galactic scales while remaining compatible with
observations of galaxy clusters [123-125]. Furthermore,
the suppressed visible-sector coupling significantly weak-
ens direct-detection and collider constraints, while the
observed relic abundance can be achieved through dark-
sector annihilation channels involving the light mediator
[100,101,109]. Consequently, the set 3 benchmark pro-
vides a phenomenologically viable realization of the vector
portal framework and serves as an illustrative example for
studying the impact of a light mediator on the equation
of state and global properties of dark-matter-admixed
neutron stars.

We next introduce another benchmark scenario, namely,
set 4, corresponding to a light-mediator strong-coupling
benchmark designed to explore the maximal influence
of a light vector mediator on the equation of state and
structural properties of dark-matter-admixed neutron stars.
In this benchmark, the mediator mass is again chosen in
the light regime, mz ~ 100 MeV, together with relatively
large portal couplings to both the dark and visible sectors.
As a consequence, the repulsive vector interaction can
significantly modify the dark matter pressure and energy
density, thereby producing a pronounced effect on the
stiffness of the equation of state and the resulting mass-
radius relation.

It should be emphasized, however, that such a param-
eter choice is generally difficult to accommodate within a
minimal kinetically mixed dark-photon framework, where
collider and direct-detection constraints typically require
much smaller couplings to Standard Model particles. On
the other hand, more general scenarios involving asym-
metric dark matter, secluded dark sectors, or nonminimal
gauge structures can substantially relax conventional
terrestrial constraints because the relic abundance is
generated through a primordial asymmetry and the dom-
inant annihilation channels occur primarily within the
dark sector [126—135]. In such frameworks, larger effec-
tive couplings may remain phenomenologically viable
while still producing significant modifications to neutron-
star properties. Therefore, set 4 should be regarded
primarily as an illustrative strong-coupling benchmark
intended to demonstrate the possible astrophysical impact
of a light vector mediator on the neutron-star equation of
state, rather than as a fully realistic minimal dark-photon
scenario.

TABLE II. The nucleon mass (M) and the meson masses m;
(i =0, w, p) are taken as 939, 491.5, 782.5, and 763.0 MeV,
respectively. The corresponding parameter set is adopted from
Ref. [89], where it has been calibrated using the Bayesian
analysis to reproduce the nuclear matter properties as well as
NS observations.

9oN 9oN gpN K A éw Awp
8.8713 10.9532 9.3675 7.0597 -0.0207 0.00083 0.0975

For the nuclear matter EOS, we use the RMF model as in
Eq. (1) with a parametrization considered recently in
Ref. [89] obtained by using a Bayesian analysis. This
parameter set for the RMF model is given in Table II and
corresponding nuclear matter saturation properties are
given in Table III.

We next numerically estimate the mean fields for various
mesons and vector bosons using Egs. (7)—(10) for densities
relevant for NSs. This is displayed in Fig. 1 for meson fields
0y, @y, and pg as a function of baryon density ng. Here, we
have generated the plots using set 1 corresponding to a
rather high mass of the vector boson mediator. The
behavior for the set 2 parameters is also similar. We have
plotted the meson mean fields. To discuss the impact of
vector portal DM, we have also taken different values of
Fermi momenta of DM, i.e., kg, = 10, 20,30 MeV, which
corresponds to different number densities of DM content in

the NS matter. We have also plotted the same for k%;"‘

which correspond to maximum allowable value of the DM
Fermi momenta constrained by astrophysical observations
that we discuss later. As may be observed, the meson mean
fields are rather insensitive to the DM parameters. In Fig. 2,
we have plotted the mean-field value for the vector boson
Z{, as a function of baryon density np for different sets of
parameters. The leftmost panel corresponds to set 1, while
the middle one and the rightmost one correspond sets 3 and
4, respectively, which correspond to a lighter vector boson
mass my = 100 MeV. It may be noted that, for the
densities relevant for NSs, the vector boson mean fields
turn out to be negligibly small for the heavy portal mass of
set 1. This is also true for the case of set 2. Such a
suppression is due to both a large value of the portal mass,
as well as the smaller coupling of the portal to the nucleon

TABLE III. Nuclear saturation properties corresponding to the
coupling constants listed in Table II. The tabulated quantities
include the saturation density (pg), binding energy per nucleon
(BE), incompressibility (K,), symmetry energy (J), and its slope
(Lo) and curvature (K, ), evaluated consistently within the
chosen parameter set.

po(fm=3) BE (MeV) Ky, MeV) Jy MeV) L,
0.148  —157757 250.933 24.345 39.414

Ksym,O (MCV)
52.684
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FIG. 1.

Variation of the mean meson fields o, @, pg as a function of baryon density ng for NS matter in the presence of vector portal

DM for parameter set 1: Left: scalar field 6. Middle: a vector meson field . Right: isovector field py meson fields variations. The
numerical results are shown for pure nuclear matter (NM) and NM with DM at different DM Fermi momenta kg, = 10,20, 30 MeV,

and Kj2.

field. For lighter portal mass as in the set 3 and 4 cases, the
mean portal field becomes comparatively significant. This
is large particularly for set 4, which corresponds to a larger
coupling of the portal to the nucleons. Thus, for sets 1 and
2, corresponding to a heavier m, the portal contribution to
the energy density and the pressure becomes negligibly
small. On the other hand, for sets 3 and 4, the portal
contribution to the energy density and pressure is relatively
significant.

Before proceeding further, it is important to discuss the
validity of employing the RMF parameter set listed in
Table II, which was originally determined from nuclear
saturation properties and observational constraints on
neutron stars. Ideally, in the presence of dark-matter-
admixed matter, the RMF parameters should be refitted
by incorporating the additional vector portal contribution
into the determination of the saturation properties. Such a
self-consistent analysis, however, is beyond the scope of
the present work. Nevertheless, we provide a posterior
justification for the use of the same RMF parameter set in
the dark-matter-admixed neutron-star matter consid-
ered here.

It is worth noting that the saturation properties of nuclear
matter are primarily governed by the effective nucleon mass
M* and the effective chemical potential x*. To leading
order, the effective nucleon mass does not receive any

direct contribution from the vector portal interaction.
The dominant portal effect enters through the effective
chemical potential, which depends linearly on the vector
portal contribution, as shown in Eq. (15). For benchmark
parameter sets 1 and 2, the mean-field value of the portal
mediator Z{, is negligibly small, as may be observed in
leftmost panel of Fig. 2. Consequently, the vector portal
contribution to the effective chemical potential is insig-
nificant, and the nuclear saturation properties remain
essentially unchanged. Therefore, a refit of the RMF
parameters may not be required in these cases.

The set 3 and 4 benchmark parameters correspond to a
light vector portal. For set 3, the coupling of the mediator to
the visible sector is highly suppressed (g, ~ 10~%), while
the dark-sector coupling remains sizable (g, ~0.8)
[64—67]. As a result, the corresponding portal mean field
remains relatively small, of order O(MeV), and does not
significantly alter the saturation properties of nuclear
matter. Therefore, the original RMF parametrization can
still be used consistently in this case.

On the other hand, for sufficiently large dark matter
densities, corresponding to larger values of kp,, the portal
mean field, Zj « g,7n,, can become sizable and may
eventually influence the saturation properties of nuclear
matter. In such a regime, a complete refit of the RMF

lec6 = 0 oo ] 400} A
-=-= ky=10MeV - el ] /
1.0 7 key=20Mev e — == Kkey=10MeV — 300} /
2 k:: =30Mev. 7 T 4 —— kiy=20MeV 2 -
= T ki =39.25 Mev =3 Ky = 30 MeV Z 200 -=-= kiy=10MeV
~o0.5¢ 7 NS ——— kM3X =135MeV N} / —— kgy=20MeV
e X i X
N - 2 w0t Kex = 30 MeV
-~ L - klax = 43.5 MeV
0.0—; : " " " 0 : ; . . ] (0] SN . . . . k
0.2 0.4 0.6 0.8 1.0 1.2 0.2 0.4 0.8 1.0 1.2 0.2 0.4 0.6 0.8 1.0 1.2

ng (fm=3)

ng (fm=3)

ng (fm=3)

FIG. 2. Mean-field value of the vector portal mediator Z{, as a function of baryon density np for different DM Fermi momenta
kg, = 10, 20, 30 MeV and kl}’;"‘, shown for three representative parameter sets. Left: set 1 corresponding to a heavy mediator (left).
Middle: set 3 corresponding to a light mediator (middle) with a smaller coupling g, . Right: set 4 corresponding to a light mediator with

larger coupling of the dark matter to ordinary matter.
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Equation of state (pressure P as a function of energy density £) for NS matter admixed with fermionic DM via a vector portal

interaction, shown for set 1 (left). The corresponding mass-radius relation (M — R curve) is shown on the right with various
astrophysical observations (see text). The red solid curve corresponds to pure NM, while dashed, dot-dashed, and dotted curves
represent DM admixture with Fermi momenta kg, = 10, 20, 30 MeV, respectively.

parameters would, in principle, be required for both sets 3
and 4. For set 4, the vector portal contribution near saturation
density is approximately gy Z{, ~ 0.45 x 60 ~ 27 MeV, as
inferred from the rightmost panel of Fig. 2, whereas the
conventional RMF contribution is g, y®q ~ 400 MeV. Thus,
the portal contribution remains more than an order of
magnitude smaller than the dominant RMF vector interaction
near saturation density. This justifies, to a good approxima-
tion, the use of the same RMF parametrization in the present
exploratory study.

At higher baryon densities relevant to neutron-star inte-
riors, however, the portal contribution can become suffi-
ciently large to modify the equation of state and consequently
affect neutron-star observables such as the mass-radius
relation and tidal deformability. While a complete refit of
the RMF parameters would be desirable, particularly for the
set 4 benchmark, for a fully self-consistent treatment of this
benchmark, the dominant features of the nuclear saturation
properties remain largely unaffected. We therefore employ
the same RMF parametrization as a reasonable approxima-
tion in the present investigation.

With these comments regarding the RMF model, we next
discuss the EOS and the mass-radius relations for each of
the four scenarios. Using the parameter sets (for DM matter
in Table I and for hadronic matter in Table II), we calculate

600 '
— NM
— renl = Keg=10MeV
A0 ke, =20Mev
E [ Ky = 30 MeV
> 300
(]
3
Q 150t
o
0 300 600 900 1200
£ (MeVfm™3)

the EOS as defined in Eqgs. (18) and (25). Once the EOS is
obtained, we numerically solve the TOV equations (28) and
(29) along with the tidal deformability relation as given in
Eq. (31) simultaneously to obtain the mass-radius as well as
tidal deformability-mass relations. In Figs. 3—-6, we present
the EOS (left) and the corresponding mass-radius relation
(right) for all four sets of DM parameters. The results are
presented alongside the purely hadronic NSs corresponding
to “without DM” case represented by the red solid line. Let
us first discuss the behavior of the EOS for each of the four
sets. As noted earlier, the mean field for the vector boson
has negligible contribution to the pressure and energy
density for heavier Z' mass. Thus, for such cases, the
effect of DM on the EOS in Figs. 3 and 4 is primarily
determined by the DM mass (M, = 200, 1800 GeV) and
their densities, i.e., the values of their corresponding Fermi
momenta kp,. As may be noted from the EOS, increasing
the DM Fermi momentum softens the EOS, i.e., a reduction
in pressure support and shifting the EOS to higher energy
densities in all the plots. Further, the impact of kg, is more
pronounced for higher DM mass. We may note here that
this analysis considers only the NS core and neglects the
crust contributions.

The EOS for set 3 with hierarchical couplings of the
portal, i.e., g, > gy, is shown in Fig. 5. Here, the portal

— NM
250 . ke =10Mev
o~ key=20MeXe ‘PSRJ0740+6620
3200 Key=30Mev Y \
= ! PSR J0030+0640
1. i !
s15 b
—— </ GW170817
ol S S S
C ke L 5
I ESS)1731-347
8 10 12 14
R (km)

FIG. 4. EOS for NS matter admixed with fermionic DM via a vector portal interaction, shown for set 2 (left). The corresponding
M — R curve is shown on the right. The red solid curve corresponds to pure NM, while dashed, dot-dashed, and dotted curves represent
DM admixture with Fermi momenta kr, = 10, 20, 30 MeV, respectively.
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Equation of state (left) and corresponding mass-radius relations (right) for NS matter admixed with fermionic DM via a vector

portal interaction for set 3, corresponding to a light mediator (M = 100 MeV) and couplings are as g,» = 0.80 and
gyz = 5.0 x 107*. The red solid curves represent pure NM, while dashed, dot-dashed, and dotted curves correspond to DM admixture
with Fermi momenta kp, = 10, 20, 30 MeV, respectively. The brown, long dashed curve corresponds to the maximum DM Fermi

momentum kl}’i;"‘ = 135 MeV.
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FIG. 6. Equation of state (left) and corresponding mass-radius relations (right) for NS matter admixed with fermionic DM via a vector

portal interaction for set 4, corresponding to a light mediator (M, =

100 MeV). The red solid curves represent pure NM, while dashed,

dot-dashed, and dotted curves correspond to DM admixture with Fermi momenta kr, = 10, 20, 30 MeV, respectively.

contribution is small but non-negligible. Reducing the
portal mass hardens the EOS. The EOS for set 3 becomes
harder compared to sets 1 and 2, but it is still softer
compared to the without DM case. However, with higher
kg, the EOS becomes softer. In Fig. 6, we display the
effect of a light vector portal mass and a stronger coupling
of the portal to nucleons, i.e., for set 4, on the EOS. Here,
for smaller densities, i.e., smaller kr,, the EOS becomes
stiffer compared to the without DM case, and with higher
kFX, the EOS becomes softer. In Fig. 6, in the left panel, the
EOS is displayed, which corresponds to a stronger coupling
of the portal field to the nucleons, which was motivated by
the asymmetric DM scenario. Here, for smaller values of
DM densities, the EOS can become stiffer even from the
without DM scenario, which can be seen, e.g., for
kg, = 10 MeV. Here, the contribution to the pressure from
the portal is non-negligible; the equation of state becomes
stiffer at higher densities than in the case of a heavier
mediator mass. This is clearly demonstrated in the
Appendix for the same case of a Dirac fermion with a
vector interaction only. This arises essentially because, at
lower densities, the pressure scales as ang/ 3, while at
higher densities it scales quadratically (P ~ n%) with the net
fermion density. With increasing kg, the EOS becomes
softer, as is seen Fig. 6.

We next discuss the mass-radius relations for vector
portal DM-admixed NS matter for the four cases given in
Table I. The corresponding stellar properties are summa-
rized in Table IV for all the four cases. For comparison,
we also show the results for the case of pure nuclear
matter in Table IV. We have plotted the same M — R in
the right panels of Figs. 3-5. In the same figures, we also
display different observational results. For the largest NS
mass observed until now, i.e., with mass 2.08 £ 0.07M
[72] at 68% confidence interval for the compact star, PSR
J0740 4 6620 is shown as the cyan band with dotted
outline. We also display the Bayesian parameter estima-
tion of the mass and equatorial radius of the millisecond
pulsar PSR J0030 4 0451 as reported by the NICER
mission [81] shown as the yellow regions. Apart from the
NICER data, we also display the constraints from data
extracted from the gravitational wave observations
(GW170817) in LIGO/Virgo [78,79] in the gray color.
The outer (light gray) and inner (dark gray) regions
indicate the 90% (solid) and 50% (dashed) confidence
intervals of LIGO/Virgo analysis for each binary com-
ponent of the GW170817 event [136]. Along with these
observations, we also display the lightest known compact
stars recently observed in HESS J1731-347 [137] obser-
vation with a mass and radius measurement 0.77 29 M,
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TABLE IV. Stellar properties for four distinct parameter sets as
given in Table I, each evaluated at four DM Fermi momenta
(kg, = 10,20, 30 MeV, and k%f"). For every configuration, we
report the maximum mass, the corresponding radius, and the tidal
deformability for a 1.4M neutron star. We also report the same
for the pure nuclear matter case.

ki, (MeV) My (Mg) Ry (km)  Ayy
Nuclear matter 2.37 11.44 393.40
Set 1 10 2.36 11.39 388.97
20 2.34 11.27 360.44
30 2.28 10.89 298.41

39.25 2.18 10.29 224.3
Set 2 10 2.34 11.42 386.19
20 2.16 10.28 221.98
30 1.81 8.38 73.89
Set 3 10 2.44 12.06 531.56
20 2.41 11.81 480.21
30 2.34 11.33 378.32
135.0 2.18 11.28 222.21
Set 4 10 2.44 12.06 531.56
20 2.41 11.81 480.21
30 2.34 11.33 378.32
43.5 2.18 10.26 224.16

and 10.4703¢ km, respectively, by the pink dashed con-
tour lines.

Let us first discuss the M — R relation for the cases when
the portal mass is large, i.e., the results for sets 1 and 2,
which are displayed in the right panels of Figs 3 and 4. Both
figures illustrate that increasing either the Fermi momen-
tum kg, or the mass M, of DM reduces both the maximum
mass and radius of NSs. As displayed in Fig. 3, it may be
observed that for M, =200 GeV (set 1) the results for
kg, = 10, 20, and 30 MeV, the mass and radius appear to
satisfy all observational constraints. As shown in Fig. 3,
increasing the Fermi momentum of DM shifts the M — R
curve to the left, and eventually, for sufficiently large kp,,
it fails to meet the constraints from NICER PSR
J0740 4 6620. As mentioned earlier, increasing the DM

\ \ — NM
1500 1 ---- ky=10MeV
\\%,,EAV —— key=20MeV
1000 \ Kex = 30 MeV
< \ - kMP*=39.25MeV
\\-v_’.
500}
05 10 15 2.0 2.5
M (Mo)

contributions (i.e., increasing k,) reduces the pressure
support, making the EOS softer, leading to a lower
maximum mass. For the higher DM mass, i.e., for M, =
1800 GeV (set 2), as may be seen in Fig. 4, while the lower
kg, results satisfy all the existing observational constraints,
the higher Fermi momentum (kg, = 30 MeV) of DM fails
to satisfy any of the observational constraints. In Fig. 5, we
show the results for the case of light vector mediator mass,
i.e., my ~ 100 MeV, and hierarchical couplings to DM and
NM corresponding to set 3 parameters. As mentioned
earlier, in this case, the portal’s contribution to the EOS
becomes non-negligible, making the EOS comparatively
stiffer than with a larger portal mass, as in sets 1 and 2. The
EOS, however, is softer compared to the without DM case.
This leads to a smaller maximum mass and a smaller radius as
the dark matter density increases. For such a set of param-
eters, the maximum value of kg, turns out to be kp, =
135 MeV that satisfies NICER and GW170817 observa-
tions. Thus, compared to sets 1 and 2, a smaller mediator
mass can accommodate higher DM densities inside NSs,
consistent with all observational constraints. Figure 6 shows
the mass-radius relations for set 4. In this case, both the light
portal mass and a stronger gy make the EOS stiffer as
compared to the without DM case for smaller DM Fermi
momenta. This leads to a larger mass and radius for DM-
admixed NSs as compared to purely hadronic stars for k, =
10 and 20 MeV. On the other hand, the introduction of DM
leads to softening of the EOS. Thus, for a larger Fermi
momentum of DM, i.e., kg, = 30 MeV, the mass and radius
get reduced. The maximum DM density that can be con-
sistent with observational constraints turns out to be with
corresponding Fermi momentum kg, = 43.5 MeV.

Using Egs. (33)—(35), we next intend to discuss how the
tidal deformability of a NS manifests important information
about its internal structure and the EOS. The numerical
results for the relation between the tidal deformability and
mass of the star are presented in Fig. 7 corresponding to a
heavier portal mass and Fig. 8. We also show here the
constraints on the tidal deformability of a NS with mass
1.4M, from GW170817 (A = 190173 [78,79]). Figure 7
displays the results for a heavy vector mediator mass

W R
1500 \ ---- Kkey=10MeV ]
Lo\ 5 —— Kiy=20MeV
o
1 1000} \ s key =30MeV ]
< &
500} )
| TS —
0.5 1.0 1.5 2.0 2.5
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FIG. 7. Dimensionless tidal deformability A as a function of NS mass M for set 1 (left) and set 2 (right) parameter choices in the
presence of vector portal DM. The red solid curve corresponds to pure NM, while dashed, dot-dashed, and dotted curves represent DM
admixture with Fermi momenta ky, = 10, 20, 30 MeV and kl}“;", respectively.
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FIG. 8. Dimensionless tidal deformability (A) as a function of NS mass for set 3 (left) and set 4 (right) at Fermi momentum
(kg, = 10,20,30 MeV, kl}’l;") and the maximum possible Fermi momentum kl}’l;".
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FIG. 9. Comparison of NS properties in the presence of fermionic DM interacting via vector and scalar portals for a fixed DM mass
=200 GeV and Fermi momentum k, = 30 MeV. The left panel shows the equation of state (pressure P versus energy density &),

while the right panel displays the corresponding mass-radius relations obtained from the TOV equations. The dashed line correspond to

the Higgs portal with the parameters taken from [22,138].

corresponding to set 1 (left panel) and set 2 (right). With
increasing DM fractions, i.e., k,, the compactness param-
eter increases and makes the star less sensitive to tidal
forces. This results in a decrease of tidal deformability
parameter, as may be seen on the left of Fig. 7. At higher
DM mass (M), shown on the right of Fig. 7, it may be
observed that the results for kr, = 10 and 20 MeV remain
consistent with GW170817 data, while kp, =30 MeV
fails to meet these observational constraints. In Fig. 8,
we present the same results for a smaller mediator mass.
For set 3 with the hierarchical coupling of the Z’ field (left
panel), the tidal deformability is larger compared to the case
for sets 1 and 2 with a heavier portal mass. With increase in
kg,, however, the EOS becomes softer, with the star
becoming more compact and less deformable. In the right
panel, we show the results for set 4 with a larger coupling of
the portal to nucleons. Here, for smaller densities of DM,
the tidal deformability becomes larger than a pure hadronic
matter neutron star. As discussed earlier, the vector portal
induces a repulsive interaction leading to less compact NSs

with DM. This leads to a consistently larger value for the

tidal deformability as compared to pure hadronic matter

NSs for lower densities of DM. As kp,, increases, the EOS

starts becoming softer, leading to larger compactness and

results in smaller values of tidal deformability.

Finally, it may be worthwhile to compare our mass-

radius relations in the present case of vector mediator with

that of Higgs portal studies for DM-admixed NS matter
[22,138]. In Fig. 9, we have compared EOS and the mass-
radius relations resulting from the present vector-mediated
model with the same resulting from the Higgs portal DM
model. For the vector portal. we have taken the parameters
of set 3 with a lighter vector mediator mass so that the
portal contribution to the EOS is significant. It turns out that
the maximum mass and maximum radius of the present
vector portal model are larger compared to those of Higgs-
(scalar-) mediated models. The origin for such a result lies
in stiffening of the EOS compared to the scalar portal

1500}
1000}

500¢

0.5

FIG. 10. Dimensionless tidal deformability (A) as a function of
NS mass for two DM EOS scenarios at fixed Fermi momentum
(kg, = 40 MeV). The curves compare a vector portal interaction
and a scalar portal interaction, highlighting their impact on tidal
deformability across the stellar mass range.
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model. We might mention here that, in this figure, we have
taken a larger DM fraction kz, = 40 MeV so as to make
the difference between the two scenarios significant. In
Fig. 10, we compare the dimensionless tidal deformability
A for the vector portal with set 4 parameters along with the
same using the scalar portal. The tidal deformability A with
the vector portal is consistently larger compared to those
resulting from the DM model with a scalar portal. This is
again a direct consequence of the repulsive vector inter-
action, which stiffens the EOS, leading to larger radii and
reduced compactness.

V. SUMMARY AND CONCLUSIONS

In this work, we have investigated the impact of
fermionic DM interacting with nucleonic matter inside
neutron stars through a vector portal (Z’). Within the RMF
framework, we consistently incorporated contributions
from baryons, leptons, DM, and the vector mediator (Z')
to construct the EOS of dense matter under conditions of j
equilibrium and electrical charge neutrality. We find that
the presence of the mediator Z’' introduces a repulsive
interaction that modifies the effective chemical potentials of
both nucleons and DM particles. Unlike the often used
scalar portal models, where the dominant effect arises
through a reduction of the effective nucleon mass leading to
softening of the EOS, the vector portal contributes directly
to the pressure via additional vector interactions that affect
the effective chemical potential. As a result, EOS can
become stiffer depending on the strength of the couplings
9y7'» 94z and the mass of the vector mediator m, compared
to a scalar portal DM scenario.

A key outcome of our numerical analysis is the
clear correlation between DM properties and NS
observables such as the mass-radius relation and tidal
deformability. For scenarios with heavy mediators
[mz ~ O(100-1000) GeV], the vector portal contribution
to EOS gets suppressed, and the dominant contribution
arises from DM energy density. In this regime, increasing
the DM fraction (characterized by larger kr,) leads to a
systematic softening of the EOS, resulting in more compact
NSs with a reduction in maximum mass and the corre-
sponding radius, which results in a reduction of the tidal
deformability. This effect is further amplified for larger DM
masses, where the reduction in pressure support leads to
significant deviations from the pure nuclear matter case
and, in some cases, tensions with observational bounds
from GW170817.

The interesting feature of the present study is the distinct
role played by light-mediator scenarios in modifying the
properties of dark-matter-admixed neutron stars. In par-
ticular, the set 3 benchmark is motivated by SIDM frame-
works involving a light vector mediator and a hierarchical
coupling structure, where the mediator couples strongly
to the dark sector while maintaining highly suppressed

couplings to visible-sector particles. Such scenarios have
been extensively studied as viable solutions to several
small-scale structure anomalies of collisionless cold dark
matter and can simultaneously satisfy current laboratory,
direct-detection, and collider constraints. Our results show
that, even within this phenomenologically viable region of
parameter space, light vector mediators can produce
observable modifications to the equation of state and
the global properties of dark-matter-admixed neutron
stars. In such case, the portal contribution is non-negli-
gible, resulting in a stiffer EOS leading to a larger tidal
deformability compared to a heavy portal mass. For
completeness, we also considered a strong coupling of
a light mediator to both dark and visible sectors, i.e.,
benchmark set 4, to explore the maximal sensitivity of
neutron-star observables to vector portal interactions.
While such a benchmark is generally difficult to realize
within a minimal kinetically mixed dark-photon frame-
work, it may arise naturally in a more general scenarios
involving asymmetric dark matter, secluded dark sectors,
or nonminimal gauge extensions. The set 4 benchmark
therefore serves primarily as an illustrative example of the
largest possible astrophysical effects that can be induced
by vector-mediated dark matter interactions. However, we
would like to mention that while in the present exploratory
investigation we have used the same RMF parameters, a
detailed Bayesian analysis for the parameters of the model
in the presence of DM is desirable.

For light-mediator scenarios [m, ~ O(100) MeV], in
particular, the vector portal induces a repulsive inter-
action that becomes relevant at high densities. In this
case, the EOS exhibits a stiffening behavior at higher
nuclear densities, leading to larger NS radii and
enhanced tidal deformability. This behavior is in sharp
contrast with scalar portal models, where the interaction
is attractive and usually leads to a softening of the EOS.
Consequently, tidal deformability emerges as a particu-
larly sensitive observable that can discriminate between
different mechanisms of interaction of the DM. Our
results indicate that while heavy mediator scenarios tend
to reduce tidal deformability (A), light vector mediators
with significant coupling to nucleons can increase it. For
a sufficient fraction of DM, the vector portal with large
mass becomes inconsistent with current observational
data from gravitational wave observations (GW170817)
in LIGO/Virgo [78,79] and x-ray observations of pulsar
PSR JO030 + 0451 in NICER [81]. Thus, the combined
analysis of NS observables and terrestrial experiments
offers a promising pathway to uncover the nature of DM
and its interactions with visible matter under extreme
conditions.
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APPENDIX: ROLE OF VECTOR INTERACTIONS
AND EQUATION OF STATE

In this Appendix, we illustrate explicitly how a vector
interaction mediated by a Z' boson leads to a repulsive
contribution and consequently stiffens the EOS. For clarity,
we consider a simplified system of nucleons interacting via
a vector field in the mean-field approximation.

In the mean-field limit, where only the temporal com-
ponent of the vector field survives, i.e., (Z,) = Zy5,, the
Hamiltonian density is given by

. 1
Hyr = w' (—ia -V + M)y + gy wZi — EméZ@-

(A1)

The thermodynamic potential at zero temperature is
defined as

Q = (Hy) — Hpns, (A2)
where pp is the baryonic chemical potential and np is the
number density given by

vk
"B on2

(A3)

with y = 2 for spin degeneracy. The expectation value of
the Hamiltonian density becomes

kp e 1
L/ d3k k2+M2+gNZ/nBZ6——m§;Z62.

<HMF> = (2”)3 ) )

(A4)

The effective chemical potential is shifted due to the
vector mean field as uj = pup — gyzZ,, which deter-

mines the Fermi momentum through k; = \/uj> — M.
Minimizing the thermodynamic potential with respect to
the mean field,

0Q anz'
0Z;, O ml, "

(A5)

Substituting Eq. (AS) back into the Hamiltonian, the
total energy density can be written as

Iz >

1
— 2 4/3
(C/‘ —P(?ﬁﬂ I’lB) / EN(M/kF) +2m§, ng,

(A6)

where the function Ey(x) encodes the relativistic kinetic
contribution,

Ey(x) = % VI+22+x) -2 (%ﬁ*—xzﬂ .

(A7)

The pressure is obtained from the thermodynamic
relation

P=-Q= Hplp — S’ (A8)
which yields
P =L Gatng) Py (M /ke) + D22 (A9)
372 2m%,

with

Py(x) = % V14222 -3x2) + 35 ln<ﬂ)] .

|x]
(A10)

Thus, it receives an additional repulsive contribution that
grows rapidly with density. A key observation is that the
vector interaction contributes a term proportional to n% to
both the energy density and pressure,

Inz
—p, = INZ 2
€z =Pz =5 ng

mz/

(A11)

which is manifestly positive and therefore repulsive in
nature.

The total energy density and pressure can be expressed
schematically as

4/3

E= Agnz/3 + Bn%, P =Apng” + Bn%;,

Iz
with B =72 (A12)
2m3,

The n‘;/ ? term arises from the kinetic contribution, while the
n% term originates from the vector interaction. At suffi-
ciently high densities, the quadratic term dominates, lead-
ing to a rapid increase of pressure with density.

The baryonic chemical potential is given by

o0& ©) , Inz
= = + , Al3
Hp ong B 2, np (A13)
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which clearly shows that the vector interaction increases
the energy cost of compression linearly with density, a
hallmark of repulsive interactions.

In realistic NS matter, nucleons interact via scalar
(o), vector (w), and isovector (p) meson fields within
the RMF framework. The ¢ field provides an attractive
interaction by reducing the effective nucleon mass,
thereby softening the EOS, while the @ field introduces
a repulsive contribution proportional to n%, similar to
the vector interaction derived above. The inclusion of a
7Z'-mediated vector portal interaction extends this
framework by introducing an additional repulsive
channel between baryons and DM. Its contribution,
also scaling as n%, directly enhances the pressure at
high densities. For heavy mediator masses, this con-
tribution is suppressed and the EOS is primarily
governed by standard RMF interactions and DM.
However, for light mediators, the Z’' term can become
comparable to the @-meson contribution, leading to
significant stiffening of the EOS as displayed in
Fig. 11.

100 . . ' 7
— NoZ e
~ 80F . m,=100Mev ]
| 4
é cob mz =500 Me\-//,/
> 7
> 7/
s 40F
R ook
=] 1 1 L
0 200 400 600 800 1000
£ (MeVfm3)

FIG. 11. Effect of the vector portal interaction mediated by Z’
on the equation of state, showing pressure as a function of energy
density for different values of the mediator mass my. The black
solid curve corresponds to the case without Z’ interaction, while
the colored curves represent finite vector portal contributions with
my = 100 and 500 MeV. The inclusion of the Z’ mediator leads
to an enhancement of pressure at a given energy density, with
the effect becoming stronger for smaller mediator masses. This
shows the repulsive nature of the vector interaction, and thereby,
the equation of state becomes progressively stiffer, particularly at
high densities relevant for NS cores.
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