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DARK MATTER
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• We believed that dark matter (DM) are

• Weak interaction with other particles

• Massive

• Uncharged

• Stable

• DM cannot be detected by light

• DM feels gravitational force

• The evidence of DM are rotation curve, bullet cluster, 
cosmic microwave background etc.

https://chandra.harvard.edu/graphics



• DM can be accumulated in the compact objects

• We can study such objects by focusing on relevant frameworks

• Annihilating DM: the study depend on the lifetime of mediator
• Lond-lived mediator ( looking for the signal from DM indirectly )

• Short-lived mediator ( study the effects of DM on another object )

• Non-annihilating DM: We can study the effects of DM on the properties 
of such object (neutron star)

DARK MATTER
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NEUTRON STAR
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• We can study NS by the considering the system of the spherically symmetric object, the metric tensor is 
given by

• We can solve the Einstein field equation by using this metric, the results are the Tolman-Oppenheimer-
Volkoff (TOV) equations

• This coupled equations described structure of a spherically symmetric body in the static equilibrium

We can find M and R 
if we know P and 𝜀 (EoS)



NEUTRON STAR
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• TOV equations can be solved neumerically by using the equation of state (EoS) of NS

• We can solve from the center, 𝑟 → 0, to the surface where the pressure is zero

• We have constraints on mass-radius of NS from the observations

TOV

EoS of NS

Maximum mass that 

NS can have



NEUTRON STAR

7

• The tidal deformability 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 is given by

• The tidal deformability can be calculated by the tidal Love number as

Λ is dimensionless

quadrupole moment tidal field

tidal deformability



NEUTRON STAR
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• The tidal Love number can be obtained by numerically solve this equation

• It represent how easily the bulk of the star is deformed under tidal effects, a higher value indicates a larger 
deformation

• Tidal deformability constraints, primarily derive from gravitational wave events of the binary system of NS

Solve simulteneously with 

TOV

GW170817 GW190814
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• The stellar mass, radius, and the dimensionless tidal deformability, strongly depend on 
the EoS of a NS

• Quantum hadrodynamics (QHD) is a theoretical framework for modeling the nuclear interactions inside NS

• The simplest version of QHD has described the nucleon-nucleon interaction by 𝜎 − 𝜔 model

• The scalar meson, 𝜎 is responsible for the attractive force and a vector meson, 𝜔 is responsible for for the 
repulsive force

• We considering additional interactions, such as the exchange of the isovector meson, 𝜌 between nucleons 
and nonlinear interaction terms



QHD AND ALP-MEDIATED DM MODEL
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• The QHD Lagrangian in this model is given by

• For DM part, we study the axion-like particle (ALP)-mediated DM 
model

scattering

Parameters of the NL3 model



QHD AND ALP-MEDIATED DM MODEL
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• The total Lagrangian of QHD-ALP-DM system is

• The equation of state can be calculated by

• We will focus on study on DM parameters of ALP-mediated DM model

• DM mass: qf

• DM fermi momentum: mx



RESULTS
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Equation of state

• The effects of qf is more pronouced in higher 
values of mx

• Increasing the DM content softens the EoS, 
implying a reduction in pressure support and 
shifting the EoS to higher energy densities

• Reducing pressure result in a smaller radius

mx = 200 GeV

qf = 0.02 GeV

mx = 500 GeV

qf = 0.04 GeV

More DMMore DM

More DMMore DM

arXiv:2503.12430
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Mass-radius relation

• Increasing either mx or qf reduces both the 
maximum mass and radius of NS

• The results satisfy one or all of the constraints 
from the observations

• It is worth noting that the results for a small 
amount of DM can meet all of the 
observational constraints

mx = 200 GeV

qf = 0.02 GeV

mx = 500 GeV

qf = 0.04 GeV

RESULTS

arXiv:2503.12430
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Tidal deformability –mass relation

• The results are shown with the constraints 
from GW events of binary NS with 1.4 solar 
masses

• Most of the results can meet the constraint 
from GW170817

• Notice that none of the results can satisfy 
the constraint from GW190814

RESULTS

mx = 200 GeV

qf = 0.02 GeV

mx = 500 GeV

qf = 0.04 GeV

arXiv:2503.12430



CONCLUSION
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• In this work, we have studied the effects of the ALP-mediated DM model on the EoS of NS. 

• We show that increasing DM content shifts the energy density to higher values. 

• This is because the presence of DM inside NS modifies their internal structure by introducing additional 
degrees of freedom that soften the overall pressure support

• Since DM does not participate in standard nuclear interactions, its inclusion dilutes the hadronic pressure, 
lowering both the maximum mass and radius of the NS 

• As a result, NS with significant DM content become more compact and less deformable under tidal forces



THANK YOU



BACK UP
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• The differential flux is given by

maximally optimistic limit 
𝑃𝑠𝑢𝑟𝑣 = 1 and 𝐵𝑅 = 1 

Gamma-ray 
fluxes

Annihilation rate of DM 
inside the object

This proportional to 
the capture rate 

Branching ratio of  
the mediator the 

final state

Survival probability 
of the mediator 

EFFECT OF DM ON EOS

Number 
distribution



STABLE STAR CONDITION
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• TOV equations can be solved neumerically by using the equation of state (EoS) of NS

Maximum mass that 

NS can have

Stable

Unstable

<



https://theorie.ikp.physik.tu-darmstadt.de/hirschegg/2020/talks/Mon/De.pdf

Neutron stars in binaries are 
deformed by the gravitational field 
of their companion towards the 
end of the inspiral

Tidal effects on GW signal can 
constrain dense matter equation of 
state
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TIDAL DEFORMABILITY
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