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Strongly Interacting Matter Phase Diagram
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Unified Equation of State (EoS) construction

Model Neutron Star (NS) matter

Aims

Constraints
Astrophysical data


NS maximum mass and radius

Cooling


Chiral Effective Field Theory

Nuclear physics


High-energy physics

Perturbative QCD
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Constraints on the EoS
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CHIRAL EFFECTIVE FIELD THEORY


• Densities up to 1.1 


NUCLEAR PHYSICS


• Nuclear ground state properties;


HIGH ENERGY PHYSICS


• Proton flow constraint;


• Hadron multiplicity;


• Nucleon-Nucleon scattering;


PERTURBATIVE QCD


• Densities from 40 ;

nsat

nsat

ASTROPHYSICS


• Observed masses ;


• NICER results on the radii and masses;


• Neutron star (NS) cooling;


• Observations of pulsars;


GRAVITATIONAL PHYSICS


• Tidal deformability parameters ;


• Kilonova;


• Gravitational Wave (GW) waveform;


MNS ∼ 2 M⊙

Λ/k2

Danielewicz et al., 2002

Andronic et al., 2006

Bugaev et al., 2018

Naghdi, 2014

Khan, 2009

Dutra et al., 2012

Zhang et al., 2013

Antoniadis et al., 2013

Fonseca et al., 2021

Romani et al., 2021

Romani et al., 2022

Miller et al., 2019

Riley et al., 2019


Miller et al., 2021

Riley et al., 2021

Abbott et al., 2017

Abbott et al., 2019

Komoltsev et al., 2022

Drischler et al., 2020

Tess et al., 2018

We need to take into account Dark Matter (DM);
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• Proto-cloud - mixture of Baryonic Matter (BM) and Dark Matter (DM);


• Main Sequence Star - accretion from the galactic halo;


• Supernovae - creation of DM;


• Equilibrated NS;


• DM Clumps;


DM Accumulation regimes
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Del popolo et al., 2019

Kouvaris 2008

Kouvaris&Tinyakov, 2010

Macc ∼ 10−14
ρχ

0.3 GeV
cm3

( σχn

10−45cm2 ) ( t
Gyr ) M⊙
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DM and NS structure
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Dark matter and baryon components do not expel each other but overlap due to absence of non-gravitational interaction
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TOV Equations - 2 fluids system
The Bullet Cluster provides constraints on the cross section 


BM and DM are coupled just through gravity


Energy-momentum tensors are conserved separately

σχn
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dPB

dr = − Gm
r2 (ρB + PB) (1 + 4πr3P

m ) (1 − 2Gm
r )

−1

dPχ

dr = − Gm
r2 (ρχ + Pχ) (1 + 4πr3P

m ) (1 − 2Gm
r )

−1

Total pressure

Gravitational Mass

P(r) = PB(r) + Pχ(r)

m(r) = mB(r) + mD(r)

mi(r) = 4π∫
r

0
ρi(r′￼)r′￼2dr′￼

Total gravitational mass

DM fraction

Mtot = MB(RB) + MD(RD)

fχ =
MD

Mtot

Robertson et al., 2016
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Effects of DM on Mass and Radius

DM core

              Decrease of the maximum mass and observed radius


Softening of the EoS


DM Halo

Increase of the maximum mass and outermost radius


Stiffening of the EoS
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Ellis et al., 2018
Ciarcelluti et al., 2011

Nelson et al., 2019

Deliyergiyev et al., 2019

Ivanytskyi et al., 2020

Das et al., 2020

Del popolo et al., 2020

Karkevandi et al., 2020 and for the newest constraint    ?Λ
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Tidal deformabilities of DM-admixed NS
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Λ =
2
3

k2 ( cRout

GMtot )
5

DM Halo

DM core

Rout = RD

Rout = RB

Effective speed of sound approach

   Decrease Λ

Λ   INCREASE 

Giangrandi et al., 2022

Das et al., 2020Giangrandi et al., 2022


Ellis et al., 2018

Bezares et al., 2019

Karkevandi et al., 2022

Miao et al., 2022

Leung et al., 2022

What are possible features of DM during NS-NS mergers?
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Effects of DM on GW waveform

DM core configurations may produce supplementary peak(s) 
in the GW spectrum


Easily distinguished from the features induced by the 
baryonic component

9

Giudice et al., 2016

Ellis et al., 2018

Bezares et al., 2019
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Simulations of DM-admixed NS mergers
DM component: Mirror DM


BM component: Sly EoS


The greater the amount of DM, the longer the inspiral

due to a lower tidal deformability of DM-admixed NS

10

Emma et al., 2022

Mirrors the BM to a parallel hidden sector,

 the same particle physics as the observable world 


and couples to the latter through gravitation
Berezhiani et al., 2004

Ciancarella et al., 2021

And what about the GW data?
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GW waveform and frequency

Decrease of the disk mass while increasing the DM fraction;


The higher the DM fraction, the faster the collapse to a black hole (BH) after the merger

                                              the harder to eject material from the bulk of the stars prior the BH formation


No DM ejecta, most probably due to its high concentration in the NS core 

11

Emma et al., 2022 We need new DM models!
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Dark matter - Models
PARTICLE - ANTIPARTICLE ASYMMETRIC


It may accumulate inside a NS


       FERMIONIC                                      BOSONIC
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PARTICLE - ANTIPARTICLE SYMMETRIC


DM particles can self-annihilate

Pauli blocking may prevent

them from collapsing

@ T=0, it could form a Bose

Einstein Condensate

Gravitational instability

Collapse to a BH 

Electromagnetic emission in

X-ray and    -ray γ

Neutrino

Late-time heating

Higher surface temperature


in old NSs

Kouvaris 2008

Kouvaris 2013

De Lavallaz et al., 2010

Hamaguchi et al., 2019
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Equation for thermal evolution

13

C
dT∞

dt
= − L∞

ν − L∞
γ ± L∞

χ

Time evolution equation of the red-shifted temperature

NS total 

heat capacity

red-shifted

neutrino 


luminosity

red-shifted

photon 


luminosity

red-shifted

heating/cooling


due to DM

Light DM particles, such as axions, could contribute as an additional cooling channel in NS and their mergers

Nucleon Bremsstrahlung

Cooper pair breaking and formation process

F
R

O
M

Buschmann et al., 2022

Dietrich&Clough, 2019
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Equation for thermal balance
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DM heating due

to annihilation

Kouvaris 2008

Kouvaris&Tinyakov, 2010

Hamaguchi et al., 2019

The closer to the

Galactic centre,

the greater the DM

amount, hence the

heating

Lavallaz & Fairbairn, 2010

How can we model the EoS for a DM-admixed NS?
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DM-admixed NSs
4 NSs with mass above 2 
M⊙

15


MJ0348+0432 = 2.01+0.04
−0.04 M⊙

MJ0740+6620 = 2.14+0.20
−0.18 M⊙

Antoniadis et al., 2013

Cromartie et al., 2019


MJ0952−0607 = 2.35 ± 0.17 M⊙

MJ1810+1744 = 2.13 ± 0.04 M⊙

Romani et al., 2022

Romani et al., 2021

Dark Matter EoS

Self-interacting bosonic DM

Baryonic Matter EoS
Induced Surface Tension (IST) EoS


DD2 EoS+BPS Crust

DD2 with Hyperons+BPS Crust

Nuclear ground matter state properties

Proton flow data


Heavy-Ion collisions data

Astrophysical observations


Tidal deformability parameter constraints from GW170817 - IST EoS

consistent with:

Sagun et al., 2014

Sagun et al., 2019

Typel et al., 2010

Typel&Wolter, 1999

Giangrandi et al., 2022

Baym et al., 1971
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Self-interacting Bosonic DM
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ℒ = (Dμχ)*Dμχ − m2
χ χ*χ −

ΩμνΩμν

4
+

m2
ωωμωμ

2

Bosonic matter Interactions

Meson ω

Mean field approximation

Ωμν ≡ ∂μων − ∂νωμ

mχ

mI ≡
mω

g

Dμ = ∂μ − igωμ Covariant derivative

Inside the kinetic term

DM particle mass

Interaction strength

mI ≫ 1

mI ≪ 1

weaker interaction

stronger interaction

Lagrangian of the model

Giangrandi et al., 2022
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Self-interacting Bosonic DM
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Giangrandi et al., 2022

pχ = m2
I

4 (m2
χ − μχ 2m2

χ − μ2
χ )

εχ = m2
I

4

μ3
χ

2m2
χ − μ2

χ

− m2
χ

Pressure and energy density can be written as:

μχ ∈ [mχ, 2mχ]Chemical potential is restricted in the range

Maximum pressure limit at
p∞ ≡ pχ(εχ → + ∞) =

m2
I m2

χ

4
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MR diagram of DM-admixed NSs
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Giangrandi et al., 2022



E. Giangrandi, V. Sagun, O. Ivanytskyi, C. Providência, T. Dietrich Modern Equations of State and Spectroscopy in Neutron-Star Matter

Internal structure
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Giangrandi et al., 2022

Large values of the DM radius relate to the existence of diluted and extended DM haloes around a central baryonic core of NS
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Tidal deformabilities

20

Λ =
2
3

k2 ( cRout

GMtot )
5

Λ1.4 M⊙
< 800

Abbott et al., 2018

Giangrandi et al., 2022
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GW190814 secondary component as a 

DM-admixed NS

21

LIGO/Virgo Scientific Collaboration

Possible explanations:

BH from the ‘mass gap’

NS with exotic degrees of freedom, such early deconfinement PT

Highly Spinning NS

NS matter with extra stiffening of the EoS at high densities


DM-admixed NS Das et al., 2021

Di Giovanni et al., 2022

Nucleonic EoS can not reach the mass constraint
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GW190814 secondary component as a 

DM-admixed NS

Secondary component of GW190814 could be explained by a DM extended halo around a NS, having a DM fraction for a .fχ = 23 % mχ = 100 MeV

22

Sagun et al., 2022, in prep

DM could mimic an apparent stiffening of 

strongly interacting matter EoS
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Smoking guns of the presence of DM in NS
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1) Measures of mass, radius and moment of inertia of NSs with few-% accuracy

Radio telescopes: MeerKAT, SKA, ngVLA plan to increase pulsar timing and discover Galactic centre pulsars

Space telescopes: NICER, ATHENA, eXTP, STROBE-X are expected to measure mass and radius of NSs with high accuracy

DM core         Mass and radius reduction of NSs towards the Galaxy centre

DM halo         Mass increase of NSs toward the Galaxy centre

2) Performing numerical simulations of binary neutron star mergers and kilonova ejecta for 

             DM-admixed NS for different DM candidates, particle mass, interaction strength and fractions

Large statistic on NS-NS, NS-BH mergers by LIGO/Virgo/KAGRA would be very helpful

Supplementary peak in the GW spectrum

Exotic waveforms

Modification of the kilonova ejecta

3) Detecting objects that go in contradiction with our understanding

4) High/Low surface temperature of NSs towards the Galaxy Centre

A potential candidate for a DM-admixed NS could be the secondary component of GW190814

5) Light bending as a consequence of a DM Halo 
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Conclusions

24

1. DM can be accumulated in the core of NS, leading to a decrease of the maximum mass and radius of the star;

2. DM halo leads to an increase of the maximum mass and outermost radius;

3. The secondary component of GW190814 might be a DM-admixed NS;

Changing the position of the NS in the Galaxy leads to a different DM accretion rate, hence DM fraction

Different changes of mass, radius, tidal deformability, surface temperature etc

Effects of DM could mimic the properties of strongly interacting matter



Thanks for your attention!
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Speed of Sound

Giangrandi et al., 2022

μχ,c = ξμb,c

BM and DM chemical potentials scale proportionally

c2
s,tot =

dptot

dεtot
=

∂pB

∂μB
+

∂pχ

∂μχ

dμχ

dμB

∂εB

∂μB
+

∂εχ

∂μχ

dμχ

dμB

=

∂εB

∂μB
c2

s,B +
∂εχ

∂μχ

dμχ

dμB
c2

s,χ

∂εB

∂μB
+

∂εχ

∂μχ

dμχ

dμB

We can rewrite the speed of sound squared as follows

Let’s define a new parameter

η ≡
∂εB

∂μB [ ∂εB

∂μB
+

∂εχ

∂μχ

dμχ

dμB ]
−1

=
∂nB

∂μB [ ∂nB

∂μB
+ ξ2

∂nχ

∂μχ ]
−1

c2
s,eff = ηc2

s,B + (1 − η)c2
s,χ

η ∈ [0,1]

By construction, we have
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Asymmetric Bosonic DM (II)

Giangrandi et al., 2022

Speed of sound for a DM core (L) and halo scenarios (L).


μχ,c = ξμb,c BM and DM chemical potentials scale proportionally

Effective speed of sound in a 2-fluids nS.c2
s,eff = ηc2

s,B + (1 − η)c2
s,χ


