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Neutron stars as a natural laboratory for high density matter



Multi-messenger observations of neutron stars 
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Radio telescopes Optical telescopes

X-ray telescopes Gravitational-Wave detectors
Observable features of neutron stars such 

as mass, radius and tidal deformability



Gravitationally stable astrophysical objects composed of dark matter 

Fermionic or Bosonic dark matter

Dark matter admixed 
neutron star 

Dark Star 
Boson or Fermion star
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Dark matter (DM) admixed neutron star (NS)
Accumulation of DM 

by a star or a NS 
during its life time

A) Progenitor  B) Main sequence (MS) star, C) Supernova explosion & formation of a  proto-NS D) Equilibrated NS
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NS exists in a dense halo or 
region of DM

or passes through it
(Near the center of galaxy)

DM production in the NS matter 
or supernova explosions

Dark star as an accretion 
center of baryonic matter

DM capture by NS in a binary system 
including Dark star or Dark star – NS merger 
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Cooling and Heating of NSs 

Gravitational waves signals

Numerical simulation of compact objectsBlack hole formation inside NSs

Mass-Radius profile ,
Tidal deformability and 

moment of inertia
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Asymmetric DM

Modeling of a DM admixed NS

Single fluid DM admixed NS  Two-fluid DM admixed NS  

An equation of state (EoS) by considering 
DM-Baryonic matter (BM) interaction

DM and BM interact only 
through gravitational force

G. Panotopoulos and I. Lopes, Phys.Rev.D 96 (2017) 8, 083004 
Harish Chandra Das, arXiv:2305.02065 EoS for BM and EoS for DM
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Direct impacts on nuclear models

Impacts on the observable features 
resulting from nuclear modelsSee Mahboubeh’s poster 



DM and Baryonic matter EoSs for two-fluid DM admixed NSs

DM: Self-interacting complex scalar field 
Bosonic DM with repulsive self-interaction
𝑉𝑉 𝜙𝜙 = 1

4
𝜆𝜆 𝜙𝜙 4 Leads to stellar mass Boson star

Free parameters of the DM model 
boson mass 𝒎𝒎𝝌𝝌 , coupling constant 𝝀𝝀

Strong coupling regime (Prefect fluid approximation)

D.R. Karkevandi, S. Shakeri, V. Sagun, O. Ivanytskyi, PRD 105, 023001 (2022) 
In locally flat space-time by mean-field approximation

DD2, a widely used and well-known nuclear matter equation of state (EoS)

Stiff EoS for which the tidal deformability is not consistent with the observational constraints
S. Typel and H.H. Wolter, Nucl.Phys.A 656 (1999) 331-364
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BM and DM fluids interact only gravitationally

Energy-momentum tensors are 
conserved separately

Two-fluid Tolman-Oppenheimer-Volkof equation

𝑑𝑑𝑝𝑝𝐵𝐵
𝑑𝑑𝑑𝑑

= − 𝑝𝑝𝐵𝐵 + 𝜀𝜀𝐵𝐵
𝑚𝑚 + 4𝜋𝜋𝑑𝑑3𝑝𝑝
𝑑𝑑 𝑑𝑑 − 2𝑚𝑚

𝑑𝑑𝑝𝑝𝐷𝐷
𝑑𝑑𝑑𝑑

= − 𝑝𝑝𝐷𝐷 + 𝜀𝜀𝐷𝐷
𝑚𝑚 + 4𝜋𝜋𝑑𝑑3𝑝𝑝
𝑑𝑑 𝑑𝑑 − 2𝑚𝑚

𝑚𝑚 𝑟𝑟 = �
0

𝑑𝑑
4𝜋𝜋𝑟𝑟2𝜀𝜀𝐵𝐵

𝑚𝑚𝐵𝐵 𝑑𝑑

+ �
0

𝑑𝑑
4𝜋𝜋𝑟𝑟2𝜀𝜀𝐷𝐷

𝑚𝑚𝐷𝐷 𝑑𝑑

𝑝𝑝 𝑟𝑟 = 𝑝𝑝𝐵𝐵 𝑟𝑟 + 𝑝𝑝𝐷𝐷 𝑟𝑟

Two-fluid DM admixed NS  

P. Ciarcelluti & F. Sandin. Phys.Lett. B695:19-21,2011. 
F. Sandin & P. Ciarcelluti. Astropart.Phys.32:278-284,2009.



Three Possible DM distributions within NSs

Core of a DM admixed NS 
is composed of both of 

the fluids

𝑴𝑴𝑻𝑻 = 𝑴𝑴𝑩𝑩 𝑹𝑹𝑩𝑩 + 𝑴𝑴𝑫𝑫 𝑹𝑹𝑫𝑫 𝑭𝑭𝝌𝝌= 𝑴𝑴𝑫𝑫 𝑹𝑹𝑫𝑫
𝑴𝑴𝑻𝑻

,  DM Fraction 𝑹𝑹𝑩𝑩 is the visible radius

Green : BM
Black : DM

D.R. Karkevandi, S. Shakeri, V. Sagun, O. Ivanytskyi, The Proceedings of Sixteenth Marcel Grossmann Meeting (MG16), [arXiv:2112.14231]



Variation of BM radius (solid lines) and DM radius (dashed lines) in DM admixed NSs

DM halo

DM core

𝜆𝜆 = π

By increasing the DM fraction, a transition can be seen from DM core to DM halo formation  

Even in low 
DM fractions a 
DM halo can 
be formed for 
light bosons.

However, 
Heavy bosons 
lead mainly to 

DM core
formation.

D.R. K, M. Shahrbaf, S. Shakeri, S.Typel, 
Particles 7 (2024) 1, 201-213
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Variation of outermost radius of DM admixed NSs

DM core: 𝑅𝑅𝐵𝐵 (BM radius) is the outermost radius DM halo: 𝑅𝑅𝐷𝐷 (DM radius) is the outermost radius

DM core formation 
, solid lines, 
decreases

the outermost radius.

DM halo formation
, dashed lines, 
increases

the outermost radius.

DM core solid lines 

DM halo dashed lines 

D.R. K, S. Shakeri, V. Sagun, O. Ivanytskyi, 
Phys. Rev. D 105, 023001 (2022) 

S. Shakeri, D.R. K, Phys. Rev. D 109, 043029 (2024) 

𝜆𝜆 = π

𝑹𝑹𝑩𝑩 ≳ 𝟏𝟏𝟏𝟏𝟏𝟏𝒎𝒎



Variation of the total maximum mass of DM admixed NSs

For light bosons the maximum mass constraint is satisfied for the whole range of DM 
fractions while for heavy bosons the 𝟐𝟐𝑴𝑴⨀ limit will be violated for some DM fractions. 

DM core

Decrease
in the 

maximum mass

DM halo

Increase
in the 

maximum mass
D.R. K, M. Shahrbaf, S. Shakeri, S. Typel, 

Particles 7 (2024) 1, 201-213

𝜆𝜆 = π



Variation of the tidal deformability of DM admixed NSs

Λ = 𝜆𝜆𝑡𝑡
𝑀𝑀5 = 2

3
𝑘𝑘2

𝑅𝑅
𝑀𝑀

5

𝜦𝜦 ≤ 𝟓𝟓𝟓𝟓𝟓𝟓 for 𝑴𝑴 = 𝟏𝟏.𝟒𝟒𝑴𝑴⨀

DM core decreases
tidal deformability 

DM halo increases
tidal deformability 

Heavy bosons mainly reside as a core inside NS, 
while light bosons form a large halo around the NS. 

𝜆𝜆 = π

D.R. K, M. Shahrbaf, S. Shakeri, S. Typel, 
Particles 7 (2024) 1, 201-213



𝜆𝜆 = 𝜋𝜋
𝐹𝐹𝜒𝜒 = 10%

Tidal deformability of DD2 EoS will be modified due to the 
presence of bosonic DM in the core of NSs.

Black solid lines corresponds to DD2 EoS without DM

DM Halo

DM Core



Maximum mass Tidal deformability Visible radius (𝑹𝑹𝑩𝑩)

Scan over the parameter space of the bosonic DM model, Top: 𝛌𝛌 −𝐦𝐦𝛘𝛘 and Bottom: 𝐅𝐅𝛘𝛘 −𝐦𝐦𝛘𝛘

S. Shakeri, D.R. K, Phys. Rev. D 109, 043029 (2024)



Scan over the 𝑭𝑭𝝌𝝌 −𝒎𝒎𝝌𝝌 parameter space of DM admixed NSs for 𝝀𝝀 = 𝝅𝝅

S. Shakeri, D.R. K, Phys. Rev. D 109, 043029 (2024)

DM fraction is 
limited 

between
2% and 20% 
for which all 

the considered 
observable 

features are 
satisfied.



Scan over the 𝛌𝛌 −𝒎𝒎𝝌𝝌 parameter space for 𝑭𝑭𝝌𝝌 = 𝟏𝟏𝟓𝟓%

The allowed region shows 
where all the given 

observable properties of the 
NS, induced from DD2 EoS, 

is in agreement with the 
astrophysical bounds.  

Light bosonic DM particles 𝒎𝒎𝝌𝝌 ≲ 𝟐𝟐𝟓𝟓𝟓𝟓𝑴𝑴𝑴𝑴𝑴𝑴 are excluded by tidal deformability parameter for the whole range of  𝝀𝝀.

For heavy bosons 
𝒎𝒎𝝌𝝌 ≳ 𝟓𝟓𝟓𝟓𝟓𝟓 𝑴𝑴𝑴𝑴𝑴𝑴 and 

low coupling constants, the 
maximum mass is not 

consistent with 
observational constraint. 

S. Shakeri, D.R. K, Phys. Rev. D 109, 043029 (2024)



Pulse profile modeling as a novel probe for DM halo formation around NSs

X-ray hot spots
NICER and light bending due 
to the curved of space time 

X-ray Pulse profile

Variation of metric function due to the DM halo

The deviation of 
the minimums 
of the fluxes 

compare to the 
pure NS is a 
remarkable 

signature of the 
DM halo.

S. Shakeri, D.R. K, Phys. Rev. D 109, 043029 (2024)

X-ray pulse profile in the presence of DM halo

DM halo
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Exotic measurements



Khajoo bridge, Isfahan-Iran

Isfahan - the City of Polish Children
1942-1945 

2590 Polish children mainly below 9

Isfahan miasto Polskich dzieci



The Photographer 
Abolqasem Jala



Optical observations of black-widow pulsars

Iranian National Observatory (INO)
3.4 meter optical telescope
3600m above the sea level

Central region of NGC23

Iranian National Observatory (INO), 
the largest home-grown scientific 
facility project, has recorded the 

first light image of its 3.4m optical 
telescope on October 2022.

NGC169-IC 1559

‘The door is open’: Iranian 
astronomers seek 

collaborations for their new, 
world-class telescope.
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