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Multi-messenger constraints for Neutron stars

Tidal Deformability 

Gravitational waves

Maximum Mass Radius

X-rays

GW170817 a multi-messenger event

𝜦𝜦𝟏𝟏.𝟒𝟒𝟒𝟒⨀ ≤ 𝟓𝟓𝟓𝟓𝟓𝟓 𝑹𝑹𝟏𝟏.𝟒𝟒𝟒𝟒⨀ ≃ 𝟏𝟏𝟏𝟏 𝒌𝒌𝒌𝒌𝑴𝑴𝒎𝒎𝒎𝒎𝒎𝒎 ≃ 𝟐𝟐𝟐𝟐⨀

Radio waves & X-rays



Dark matter admixed 
neutron star/white dwarf 

Dark Star 
Dark boson or fermion star

Gravitationally stable astrophysical objects made of Dark matter 
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See Prof. Horowitz talk, August 10



Dark matter admixed neutron star
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

O. Ivanytskyi, V. Sagun, I. Lopes. PRD 102, 063028 (2020)

NS exists in a dense 
halo or region of DM
or passes through it

DM production in the NS matter

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 

John Ellis, et al. PRD 97, 123007 (2018)
A. Nelson, S. Reddy, D. Zhou, JCAP07(2019)012

Accretion of 
DM into a NS

D.R. Karkevandi, S. Shakeri, V. Sagun, O. Ivanytskyi, PRD 105, 023001 (2022) 

A. Del Popolo, et al. Universe 6 (2020) 12, 222

Dark Stars Powered by Self-Interacting Dark Matter
Y. Wu, S. Baum, K. Freese, L. Visinelli and H.B. Yu

arXiv:2205.10904F. Sandin & P. Ciarcelluti. Astropart.Phys.32:278-284,2009 



Modeling of a dark matter admixed neutron star

Asymmetric DM

Mass - Radius profile 
Tidal deformability

Self-annihilating DM

Luminosity and the effective temperature
Chris Kouvaris, Phys.Rev.D. 77:023006,2008
M.A. Perez-Garcıa and J. Silk, Phys. Lett. B 711, 6 (2012) 

Single fluid DM admixed NS  Two-fluid DM admixed NS  

Equation of state by considering 
DM-Baryonic matter interaction

G. Panotopoulos and I. Lopes, Phys.Rev.D 96 (2017) 8, 083004 
Abdul Quddus, et al. J.Phys.G 47 (2020) 9, 095202
Arpan Das, et al. Phys. Rev. D 99, 043016 (2019)

DM and BM interact only 
through gravitational force

EoS for BM and EoS for DM

Our 
considered 

model

See 
Ricardo Sonego

Farias talk, 
August 10   

Axion effects in the stability of hybrid stars
B.S Lopes, R.L.S. Farias, V. Dexheimer, A. Bandyopadhyay, R. Ramos

arXiv:2206.01631



Baryonic matter EoS 6

EoS with induced surface tension (IST EoS) : Beta stable matter (n,p,e)

I. Nuclear matter ground state properties
II. Proton flow data
III. Heavy-ion collisions data
IV. Astrophysical observations
V. Sagun and I.Lopes 2017 ApJ 850 75
V.Sagun, I.Lopes, O.Ivanytskyi, ApJ 871 157

Dark matter EoS

Self-interacting complex scalar field : Bosonic DM with self-interaction

I. Boson star EoS , repulsive self-interaction, 𝑉𝑉 𝜙𝜙 = 1
4
𝜆𝜆 𝜙𝜙 4

II. Free parameters of the DM model:  boson mass 𝑚𝑚𝜒𝜒 , coupling constant 𝜆𝜆
III. Sub-GeV DM and 𝜆𝜆 in strong coupling regime (Prefect fluid approximation)



BM and DM fluids interact only gravitationally

Energy-momentum tensors are 
conserved separately

Two-fluid Tolman-Oppenheimer-Volkof equation

𝑑𝑑𝑝𝑝𝐵𝐵
𝑑𝑑𝑑𝑑

= − 𝑝𝑝𝐵𝐵 + 𝜀𝜀𝐵𝐵
𝑚𝑚 + 4𝜋𝜋𝑟𝑟3𝑝𝑝
𝑟𝑟 𝑟𝑟 − 2𝑚𝑚
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= − 𝑝𝑝𝐷𝐷 + 𝜀𝜀𝐷𝐷
𝑚𝑚 + 4𝜋𝜋𝑟𝑟3𝑝𝑝
𝑟𝑟 𝑟𝑟 − 2𝑚𝑚

𝑚𝑚 𝑟𝑟 = �
0

𝑟𝑟
4𝜋𝜋𝑟𝑟2𝜀𝜀𝐵𝐵

𝑚𝑚𝐵𝐵 𝑟𝑟

+ �
0

𝑟𝑟
4𝜋𝜋𝑟𝑟2𝜀𝜀𝐷𝐷

𝑚𝑚𝐷𝐷 𝑟𝑟

𝑝𝑝 𝑟𝑟 = 𝑝𝑝𝐵𝐵 𝑟𝑟 + 𝑝𝑝𝐷𝐷 𝑟𝑟

Two-fluid DM admixed NS  

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

R. C. Tolman, Phys. Rev. 55, 364 (1939).
J. R. Oppenheimer and G. M. Volko, Phys. Rev. 55,374 (1939).



DM distribution through 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]



Energy density profile through a DM admixed NS

Solid lines : DM fluid      Dashed lines: BM fluid

DM haloDM core

𝝀𝝀 = 𝝅𝝅 , 𝑭𝑭𝝌𝝌 = 𝟏𝟏𝟏𝟏𝟏

Light DM particles form an 
extended halo around NSs

Heavy DM particles reside 
as a dense core inside NSs

𝑹𝑹𝑩𝑩 > 𝑹𝑹𝑫𝑫 𝑹𝑹𝑫𝑫 > 𝑹𝑹𝑩𝑩



DM core

𝑚𝑚𝜒𝜒 = 400 MeV
𝜆𝜆 = 𝜋𝜋

DM halo

𝑚𝑚𝜒𝜒 = 100 MeV
𝜆𝜆 = 𝜋𝜋

Decrease
in maximum mass and radius

Increase
in maximum mass and radius

Mass-Radius profile of DM admixed NSs

Only BM (without DM) 
Black solid line

Maximum mass: 2.08 M⨀

𝑴𝑴𝒎𝒎𝒎𝒎𝒎𝒎 ≃ 𝟐𝟐𝟐𝟐⨀

Radio waves of pulsars

Outermost radius of the DM 
admixed NSs are considered

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



DM core-halo 
transition 

𝑚𝑚𝜒𝜒 = 400 MeV
𝜆𝜆 = 𝜋𝜋

𝑭𝑭𝝌𝝌 = 𝟓𝟓𝟎𝟎𝟎 𝑭𝑭𝝌𝝌 = 𝟒𝟒𝟎𝟎𝟎



Probing the effects of DM fraction on the maximum mass of DM admixed NSs

𝝀𝝀 = 𝝅𝝅



DM core to DM halo transition with respect to DM fraction

𝝀𝝀 = 𝝅𝝅

𝑅𝑅𝐷𝐷 ≡ Dashed line , 𝑅𝑅𝐵𝐵 ≡ Solid line

DM Halo

DM Core



Nicolas Yunes et al. Nature Rev.Phys. 4 (2022) 4, 237-246

Tidal forces deform NSs in 
binary systems

Katerina Chatziioannou, Gen.Rel.Grav. 52 (2020) 11, 109

𝑄𝑄𝑖𝑖𝑖𝑖 = 𝜆𝜆𝑡𝑡𝜀𝜀𝑖𝑖𝑖𝑖

Induced quadrupole moment

External tidal field

Tidal deformability

𝜆𝜆𝑡𝑡 =
2
3
𝑘𝑘2𝑅𝑅5

𝑘𝑘2: Dimensionless tidal love number
R: radius of star
𝑘𝑘2 will be calculated by TOV equation, so 
it is related to the NS matter and the EoS

Dimensionless tidal deformability : Λ = 𝜆𝜆𝑡𝑡
𝑀𝑀5 = 2

3
𝑘𝑘2

𝑅𝑅
𝑀𝑀

5

R and M are the mass and radius of star

Dimensionless tidal deformability GW170817,  
𝜦𝜦 ≤ 𝟓𝟓𝟓𝟓𝟓𝟓 for 𝑴𝑴 = 𝟏𝟏.𝟒𝟒𝟒𝟒⨀

LIGO Scientific and Virgo Collaborations, Phys.Rev.Lett. 121 (2018) 16

Tanja Hinderer
“Tidal Love Numbers of Neutron Stars”

Astrophys.J. 677 (2008) 1216-1220
Tanja Hinderer, et al. 

Phys.Rev.D81:123016,2010

NS binary mergers, GW170817

Gravitational-Wave



𝝀𝝀 = 𝝅𝝅 and 𝑭𝑭𝝌𝝌 = 𝟏𝟏𝟏𝟏𝟏

DM core ⟹ Decreases tidal deformability 
DM halo ⟹ Increases tidal deformability 

Gray solid line : 𝑴𝑴 = 𝟏𝟏.𝟒𝟒𝟒𝟒⨀ Gray dashed line: 𝜦𝜦 = 𝟓𝟓𝟓𝟓𝟓𝟓

Black solid line: Only BM (without DM )

DM Halo

DM Core

Tidal deformability of DM admixed NSs

The effect of tidal deformability on the deformation of DM 
admixed NSs in comparison to  the pure baryonic NS 

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

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



Effect of changing the DM fraction for 𝒎𝒎𝝌𝝌 = 𝟐𝟐𝟐𝟐𝟐𝟐 MeV and 𝝀𝝀 = 𝝅𝝅

Higher values of 𝑭𝑭𝝌𝝌 ⇒ tidal deformability grows due to the DM halo formation



DM halo

DM core 
dashed  line

DM core

DM halo 
solid  line



Joint Multi-messenger constraints for DM admixed NSs and the self-interacting Bosonic DM model

2𝑀𝑀⨀ observational limit on maximum mass

GW170817 , Λ ≤ 580 for 𝑀𝑀 = 1.4𝑀𝑀⨀

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

The multi-messenger constraints from 

Gravitational-Wave of binary NSs merger and 

the radio or X-ray observations of Pulsars 

favor sub-GeV bosonic DM particles with low 

fractions below 5% in strong coupling regime.

DM core decreases the maximum mass and tidal 
deformability, while DM halo increases them



Neutron star Interior Composition ExploreR (NICER) 

Mass and for the first time
precise radius measurements for NSs 

T. E. Riley et al 2021 ApJL 918 L27

PSR J0740+6620 

M = 2.08 M⨀
R = 12.35 ± 0.75 km

PSR J0030+0451

M ≈ 1.4 M⨀
R =12.45 ± 0.65 km

M. C. Miller et al 2021 ApJL 918 L28

T. E. Riley et al 2019 ApJL 887 L21 M. C. Miller et al 2019 ApJL 887 L24



NICER and Radius constraint for visible radius of DM admixed NSs

𝝀𝝀 = 𝝅𝝅 and 𝑭𝑭𝝌𝝌 = 𝟐𝟐𝟐𝟐𝟐

Considering the latest NICER allowed 
parameter spaces for mass-radius 

profile of DM admixed NSs

Dietrich et al., Science 370, 1450–1453 (2020)
Huth et al., Nature 606 (2022) 276-280

𝑹𝑹𝑩𝑩 𝑴𝑴𝑻𝑻 = 𝟏𝟏.𝟒𝟒𝟒𝟒⨀ > 𝟏𝟏𝟏𝟏 𝒌𝒌𝒌𝒌
Multi-messenger constraints for radius of NSs

D.R. Karkevandi, et al. 
will be appeared on arXiv soon





We are in the golden age of 
compact objects investigations

Iranian National Observatory (INO)
3.4 meter optical telescope

Could be explained by DM admixed NSs model
D.R. Karkevandi, S. Shakeri, V. Sagun, O. Ivanytskyi, The Proceedings (MG16)



Thanks a lot for 
your attention

Naghsh-e Jahan Square Isfahan-Iran
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