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How accumulated dark matter in compact
stars may affect the constraints we put on
strongly interacting matter at high densities
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Strongly Interacting Matter Phase Diagram
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Unified Equation of State (EoS) construction
Model Neutron Star (NS) matter

Constraints

Astrophysical data
NS maximum mass and radius
Cooling
Chiral Effective Field Theory
Nuclear physics
High-energy physics
Perturbative QCD
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CHIRAL EFFECTIVE FIELD THEORY ASTROPHYSICS
Densities up to 1.1 T Tess er AL 2018 Observed masses Myg ~ 2 Mg; rouseca sl o2

ROMANI ET AL., 2022

NUCLEAR PHYSICS NICER results on the radi1 and masses; :%YA:%EE
Nuclear ground state properties; zDUA:éAN’,iZOO 5813 Neutron star (NS) cooling; R
HIGH ENERGY PHYSICS Observations of pulsars;
Proton flow constraint: DANIELEWICZ ET AL., 2002 GRAVITATIONAL PHYSICS
Hadron multiplicity: i Tidal deformability parameters Alky;  ememaa-zn;
NAGHDI, 2014 Kilonova;

Nucleon-Nucleon scattering;

PERTURBATIVE QCD Gravitational Wave (GW) waveform;

KOMOLTSEV ET AL., 2022

Densities from 40 n.;

We need to take into account Dark Matter (DM);
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DM Accumulation regimes Lo 9
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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;
P O. t
—14 X AL
Maee ~ 10 035¢Y | \ 10-45cm? Gyr Mo

cm?

KOUVARIS 2008
KOUVARIS&TINYAKOV, 2010

-iimsim Einasto profile:
Einasto profile:

— Einasto profile:
Einasto profile:

- Einasto profile:

Di Cintio profile

o [GeV/em’]

10° 10* 10° 102 10
r [pc]

DEL POPOLO ET AL., 2019
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DM and NS structure PN I

COIMBRA

DM CORE

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
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dPy Gm (pB+PB) <1 n 4;;;3})) <1 2(jm>—1

dr r2

dP ~1

==L (p 4P (1422 (1-22)
Total pressure P(r) = Pg(r) + P (r)

Gravitational Mass m(r) = mg(r) + mp(r)

m(r) = 471'J pi(r’)rlzdr’
0

Total gravitational mass M, ., = Myz(Rg) + My(Rp)

DM fraction f, =
i M tot

The Bullet Cluster provides constraints on the cross section o,

ROBERTSON ET AL., 2016

BM and DM are coupled just through gravity

Energy-momentum tensors are conserved separately

enelgy momentum
densﬂy denS|ty
g - pressure
energy
flux
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Effects of DM on Mass and Radius . my o F CFisUC ..
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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

10 12 14 16

R [km]
DM core contributing to 5% of the total NS mass

. r—2
Jon/my = 0.05GeV

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 A ?
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DM Halo Ry = Rp

A INCREASE

f =10/ i .::: . ‘ —
101, == f=1% AN v DM core  Rouw=Rs
X =7 . .
f, = 5% ] A\ DECREASE
—— IST E0S )

-+ DD2 E0S
- DD2A EoS

Effective speed of sound approach

GIANGRANDI ET AL., 2022
GIANGRANDI ET AL., 2022 DAS ET AL., 2020

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 R .CF‘SUC
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DM core configurations may produce of e T — ilgw

in the GW spectrum ok DM

log1o[2dfV2h(f)]

Easily distinguished from the features induced by the

baryonic component
GW PSD just after the merger (M1>>M2)
fo
f3

fa2 [

log1o[2d V2 h(f)]

GIUDICE ET AL., 2016
ELLIS ET AL., 2018
BEZARES ET AL., 2019
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Simulations of DM-admixed NS mergers o om S

Fundacao
para a Ciéncia

. &Q’am COIMBRA e a Tecnologia
Mirror DM
Mirrors the BM to a parallel hidden sector,
the same particle physics as the observable world t — tomerger = —0.34[ms]
and couples to the latter through gravitation
BEREZHIANI ET AL., 2004
CIANCARELLA ET AL., 2021
Sly EoS

Initial configurations

Mirror dark matter % | o] [pnucl | P2 [Pnucl
Sy Mid0 | 14 0% | 386 |0
SLy Mi4 5 |14 | 5% [ 4360 | 225
Sy MI4 10| 14 [10% [ 4713 | 2858

0

61 [0
SLy_MI13_5
SLy_M13_10
Sy MO |12 [0%  [339%8 |0
SLy_M12_5
SLy_M12_10

1.4

1.4

1.4 1

SLy_M13_0

3
3 1
2
2
2

The greater the amount of DM, the longer the inspiral
due to a lower tidal deformability of DM-admixed NS

R4 g [km]
11.45
11.00
10.60
11.46
11.04
10.63
11.46
11.04
10.65

EMMA ET AL., 2022

And what about the GW data?

E. Giangrandi, V. Sagun, O. Ivanytskyi, C. Providéncia, T. Dietrich
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GW waveform and frequency S .
* % COIMBRA e a Tecnologia

1.2M, — 1.2M.,

—— 0% MDM
5% MDM
—— 110% MDM

JW

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

EMMA ET AL., 2022 We need new DM models!
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It may accumulate inside a NS DM particles can self-annihilate
Pauli blocking may prevent (@ T=0, 1t could form a Bose Electromagnetic emission in . Late-time heating
- SN Higher surface temperature
them from collapsing Einstein Condensate X-ray and y -ray .
in old NSs
Neutrino

DE LAVALLAZ ET AL., 2010

KouVvARIs 2008 HAMAGUCHI ET AL., 2019

Gravitational instability

Collapse to a BH

KOUVARIS 2013
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Time evolution equation of the red-shifted temperature

C Pk — L —Ly _L)(
NS total red-shifted red-shifted red-shifted
heat capacity neutrino photon heating/cooling
luminosity luminosity due to DM
Light DM particles, such as , could contribute as an additional cooling channel in NS and their mergers

Nucleon Bremsstrahlung

Cooper pair breaking and formation process

BUSCHMANN ET AL., 2022
DIETRICH&CLOUGH, 2019
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Equation for thermal balance S
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Surface Temperature DM HEATING DUE 3
TO ANNIHILATION =
©
©
Q.
£ 100000
(b}
}\—
5
T
5
7 UUUIUIIT NUUNURINSUITS WPRUINURIN 1, VS The closer to the
lac = 1 kpC I POM = 7.88 GeV/cm ™ .
fac = 8 Kpe | ppw = 0.39 GeV."cmg Galactic centre,
lac = 15 Kkpe | pp = 0.12 GeVicm the greater the DM
105 106 p— — amqunt, hence the
Time [years] heating

KOUVARIS 2008 Evolution of the

KOUVARIS&TINYAKOV, 2010 surface temperatures of a 1.44 M, neutron star situated at

HAMAGUCHI ET AL., 2019 . . - - - . ?
various galactic radii. In the present case, m, = 10 GeV, o, =

1.5 X 10°*" ¢cm” and (r_», @) = (16 kpc, 0.19).

LAVALLAZ & FAIRBAIRN, 2010

How can we model the EoS for a DM-admixed NS?

E. Giangrandi, V. Sagun, O. Ivanytskyi, C. Providéncia, T. Dietrich 14 Modern Equations of State and Spectroscopy in Neutron-Star Matter
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Sy COIMBRA
M =2.0110% M A M =235%+0.17 M
J0348+0432 — <Y+ _0.04 ® NTONIADIS ET AL, J0952—0607 — 4- T V. o ROMANI ET AL., 2022
— +O°20 ROMARTIE ET AL. | — ROMANI ET AL., 2021
M]O74O+6620 —_— 2.14_018 M@ c , 2019 MJ1810+1744 — 213 i 004 MQ 202

Self-interacting bosonic DM

GIANGRANDI ET AL., 2022

Induced Surface Tension (IST) EoS
DD2 EoS+BPS Crust
DD?2 with Hyperons+BPS Crust

consistent with:

Nuclear ground matter state properties
Proton flow data
Heavy-lon collisions data
Astrophysical observations
Tidal deformability parameter constraints from GW170817 - IST EoS

SAGUN ET AL., 2014 BAYM ET AL., 1971
SAGUN ET AL., 2019

TYPEL ET AL., 2010

TYPEL&WOLTER, 1999
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Q2% m2w, "

Lagrangian of the model P = (D, x)*D"y — m)? vy | &

4 2
R ——

BOSONIC MATTER

DH = a,u — lga)'u COVARIANT DERIVATIVE
Q//w — aﬂa)y — 8ya)ﬂ INSIDE THE KINETIC TERM
m){ DM PARTICLE MASS
m my; | WEAKER INTERACTION
_ w
my; = INTERACTION STRENGTH
5 my; < 1 STRONGER INTERACTION

Mean field approximation

GIANGRANDI ET AL., 2022
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Self-interacting Bosonic DM S

2
_ " 2 9) 2 2
Pr="72\" '”)(\/ My = Ky — o o
: . - & [p.]
Pressure and energy density can be written as: : L o
o = mlz /’l)( m2 X
£ _ 4 2 2 £
\/ 2my — py
Chemical potential 1s restricted 1in the range u, € [m,,\/2m,]
. . 2 2
Maximum pressure limit at mym,

P =P[E, &> + 0) =

GIANGRANDI ET AL., 2022
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MR diagram of DM-admixed NSs o - T
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m, = 0.1 GeV, m; = 0.25 MeV

A 1819
GW170s1 GW170817

fr=1%
fy=23%
fy=5%
IST EoS

- DD2 EoS
« DD2A EoS

- f,=3%
f,=5%
—— |ST E0S

-+ DD2 E0S
- DD2A EoS

10

GIANGRANDI ET AL., 2022
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DD2 EoS m, = 0.1 GeV, m; = 0.25 GeV DD2 EoS m

Ep, fy=0%

€y 10, f,=1%
-10, f,=3%
+10, f, =5%
, fX =1%
, Ty=3%
, fy=5%

£p, f,=0%
£,/10, f, = 1%
£,/10, f, = 3%
£,/10, f, = 5%

, f,=1%

, f,=3%

, f,=5%

=
©
£
E
-

12.4 12.6 12.8 13.0

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

GIANGRANDI ET AL., 2022
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A= Zg [ o Ay, < 800

3 GM,

ABBOTT ET AL., 2018

[, =1%
ll f,=3%

fy="5%
= |ST E0S

-+ DD2 E0S
- DD2A EoS

GIANGRANDI ET AL., 2022
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GW190814 secondary component as a : . FC
) Y p . o Eﬁ@ CF]SUC Fundagdo
DM-admixed NS Sy COTMERA Y Teenologia
Discovery Distance 3 Detectors Nucleonic EoS can not reach the mass constraint
—— Three detectors made the
14 August 2019 800 million observation: the two LIGO detectors
light years away in the USA and Virgo in ltaly.
| | BH from the ‘mass gap’
Binary Black AT —~ . .
Hole Merger 7' \@® NS with exotic degrees of freedom, such early deconfinement PT
(Probably) ‘ . .
We cant be sure what the - \/ . Highly Spinning NS
the lightest black hole - . . . . . .
we've ever observed, or v NS matter with extra stiffening of the EoS at high densities

possibly the heaviest
neutron star.

DM-admixed NS preerae 202t o s

Unequal 0.2

suns

Masses B e

There is an almost GW energy
nine-fold difference
between the two

objects’ masses.

GW190814

E. Giangrandi, V. Sagun, O. Ivanytskyi, C. Providéncia, T. Dietrich 21 Modern Equations of State and Spectroscopy in Neutron-Star Matter
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GW190814 secondary component as a Ly FC
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second component of GW190814
DM could mimic an of

strongly interacting matter EoS

m, = 100 MeV
without DM

3%
7%

23 %

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

SAGUN ET AL., 2022, IN PREP
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Smoking guns of the presence of DM in NS SO B

1) Measures of mass, radius and moment of 1nertia of NSs with few-% accuracy

: MeerK AT, SKA, ngVLA plan to increase pulsar timing and discover Galactic centre pulsars
: NICER, ATHENA, eXTP, STROBE-X are expected to measure mass and radius of NSs with high accuracy

Mass and radius reduction of NSs towards the Galaxy centre
Mass increase of NSs toward the Galaxy centre

2) Performing numerical simulations of binary neutron star mergers and kilonova ¢jecta 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
A potential candidate for a DM-admixed NS could be the secondary component of GW190814

4) High/Low surface temperature of NSs towards the Galaxy Centre
5) Light bending as a consequence of a DM Halo

E. Giangrandi, V. Sagun, O. Ivanytskyi, C. Providéncia, T. Dietrich 23 Modern Equations of State and Spectroscopy in Neutron-Star Matter
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Conclusions LU . s s
1. can be accumulated 1n the of NS, leading to a decrease of the maximum mass and radius of the star;
2. leads to an increase of the maximum mass and outermost radius:

3. The secondary component of GW 190814 might be a DM-admixed NS;

Changing the position of the NS 1n 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

E. Giangrandi, V. Sagun, O. Ivanytskyi, C. Providéncia, T. Dietrich 24 Modern Equations of State and Spectroscopy in Neutron-Star Matter
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BM and DM chemical potentials scale proportionally

/’t)(,c — él/tb,c

We can rewrite the speed of sound squared as follows

opp op, dp, 083 2 de, dp, )
C
2 ADroy  Omp ' Om duy  oug SB T 0w, duy X
tor Il Il
§,10 dgtat agB | 08)( dﬂ% 083 I ag){ dlu)(
oup  Op, dug oup — Op, dug
Let’s define a new parameter
o, du, ™ 0
)y = Oeg | Oeg - 0&, al, - Ong | dng | n,
— | -_— I -
Oup | Oup aﬂ;( dyg Opp | Oup aﬂ;(

2

Cyoff = MCs B+(1—;7)c%

By construction, we have

n € [0,1]

GIANGRANDI ET AL., 2022
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Ky = gﬂb,c BM and DM chemical potentials scale proportionally
Csz, off = 77682, g+ (1— 71)63% Effective speed of sound in a 2-fluids nS.

m, =0.2 GeV,m;=0.1 GeV

10° 101 1072 1072 100
£ [GeV fm ™3] £ [GeV fm ™3]

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

GIANGRANDI ET AL., 2022
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