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Galaxy rotation curve

® 1/2
v(r) = (rd dEr)> ,  ®(r) — gravitational potential

Observations

#.from starlight Obsérvations from

21 cm hydrogen
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the visible disk
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Distance (light yeérs)

flat rotation curve => invisible extra mass
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Standard model of Big Band cosmology

Assumption: GR is correct

Components:
@ baryon matter
@ cosmological constant

@ invisible "dark" matter

Predictions:
o CMB

@ large-scale structure

@ abundances of hydrogen

Atoms

46% Datk

Energy

@ accelerating expansion 7145

Dark
Matter
24%

The Universe is mostly Dark

TODAY
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Dark matter profile

Our Galaxy (not DM dominated):
o simulation of the rotation curve

o Navarro—Frenk—White profile
r r?
P(r)zpo/g [1+r0}
J.F.Navarro, C.S.Frenk, S.D.M.White, Astrophys. J. 462, 563 (1996)
Significant amount of DM in the Galaxy
Dwarf galaxies (DM dominated):

@ observation of the rotation curves

@ tension with NFW - core-cusp problem

A. Del Popolo et al., Phys.Dark Univ. 33, 100847 (2021)
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Dark matter in neutron stars?

MZZM@

R~10 km — 8&t=1-

Accumulation of DM in NS?

o Dark matter fraction in neutron stars

Mp

fo=—2,
P Mot

Myor = M + Mp

o Sizable amount of dark matter affects

e mass radius relation
e cooling dynamics

e merger dynamics

A formalism for DM admixed NSs
is needed
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o Neutron stars - strong gravitational field
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Scenario

neV peV  meV ev kev  MeV GeV Tev

Cold asymmetric DM in MeV-TeV range |,,,,,,,,,,,,,,|,,,,,,,,,,,|

e particle£antiparticle = no self-annihilation ™™™ .., genealhermal Wik
dep axon “Reutrin o
“classical”
@ consistent with the ACDM model acp axion non thermal WINP (FMP]
QCD axion standard
thermal WIMP

(e.g. SUSY neutralino)

No DM interaction with baryon matter

opp X 0BB
J. Cooley, Phys. Dark Univ 4, (2014)

n cross section [em?]

Repulsive self-interaction of DM

WIMP-nuc

’v,‘ww*“‘ e

e simulations of the Bullet Cluster dynamics et
1 10 100 1000 10*
2 WIMP Mass [GeV/c?]
oD
< 0. 77
mp

S. Randall et al, Astrophys. J., (2008)

@ minimal setup: non-interacting fermionic DM
or self-repulsive bosonic DM

vanystkyi Two-fluid formalism and DM in NSs



Isolated neutron stars

@ Spherical symmetry
ds® = e"dt? — e dr? — r?(d§? + sin® 0d¢?)
v, A - metric functions
o Perfect fluid approximation (valid in the absence of flows)
no BM — DM interaction = TH =Tg" +Tp"
perfect fluid =TI = diag(ei, —pi, —pi, —pi), i=B,D
equaion of state = p; = pi(&)

o Relativistic hydrostatics

er=1-20
—8rTH =R — S Rg" = & =2e*r~2(m+ 4nr’(ps + pp))
dpi _ 1dv

ar = 5dr _(PB+PD)

i i

5 independent variables v, A\, m, g, ep vs 4 equations?
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Two-fluid formalism

dp,' 1dv
& ~aar 2(Pe o)

1

e Grand canonical ensemble (1; - chemical potential=energy deposit per particle)

pi = pi(pi) dpi [diny;  ldv|
{E,-:u;gzii—p; = Z,:'u'du,- dr +2dr =0

holds for any BM-DM composition, p; gZ’, >0

dinpg  dlnpp  1dv dpi m + 47r?(pg + pp)
dr— dr —  2dr < dr = (=) r2 —2mr
Ol+ (2020)
o Gravitational "red shift" of chemical potentials
pi(r) = pi(0)e /2 = pe(r) _ 1e(0) _ e

full analogy with w = weo/\/8er
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Quadrupole deformations

2
/dXE (x,xj 3 ;J')EQ;J'—/\E,'J'
- quadrupole external field, A - tidal deformability

o Density perturbations
o unperturbed system: e =¢(r) = @;=0
o perturbations: T% = ¢(r) + dp/ & (r)
TH = T2 = T3 = _p(y) —

o Effective "speed of sound” (d”' = ¢? - speed of sound)

my =750 MeV, m; =250 MeV

—— IST EoS

dp 2 2 — DMEos
%= Ceg+(1—¢)cp ors] E%is
1oy 00 dep ydes Zos
1e(0) dup/ dug
0.25
Giangrandi+ (2023)
102 10°  10°  10°

Erot [MeV fm ™3]
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Internal structure: fermionic DM

m,=0.1 GeV

ding;  m+4rr’(pg + pp)

i«
dr r2 —2mr

£

increases with growth Zof
%
of the DM amount <)
=

Light DM particles

o small central density of DM
e extended DM halo (Rp > Rg) D
@ gradual decrease of the BM density

1 10 100

Heavy DM particles

@ high central density of DM
@ compact DM core (Rg > Rp)
@ steep decrease of the BM density

Ol+ (2020)
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Internal structure: bosonic DM

DD2 EoS my = 100 MeV, m; = 250 MeV

— & f,=0%
2 --- 10, f=1%
dinpy;  m+4rr*(ps + pp) |
- — 10, f=5%
dr r2 —2mr R e
7 e g, h=3%
increases with growth f e, fy=5% 002
of the DM amount §0 5 BANEFRFTE e
. . W
Light DM particles
@ small central density of DM
o extended DM halo (Rp > Rg)
e gradual decrease of the BM density PP2EeS = 1000 Mev. m. = 2300 Me¥
&, f=0%
—== §/10, f=1%
. —== &/10, f,=3%
Heavy DM particles L o, fma
R P
@ high central density of DM K I €. f=3%
& €5, fy=5%
@ compact DM core (Rg > Rp) 3
. w 0.
@ steep decrease of the BM density
E. Giangrandi+ (2023)

r [km]
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Mass-radius relation: fermionic DM

m,=0.1 GeV

-- 1% mn

Light DM particles g
@ increases total mass

@ does not impact observed radius Rg

Heavy DM particles

@ decreases total mass

@ decreases observed radius Rp

Ol+ (2020)
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Constraint on the particle mass (fermionic DM)

— m,=0.1 GeV
== m=0.174 GeV
© my=1.0GeV

not
allowed

allowed region |

region

accretion in the GC

i
/7
10° 1 . L

bl 1 S
0.1 1 10 0.1 1 10 100

Ol+ (2020)

o PSR J0348-0432/J0740-6620 - estimated from the NFW profile of DM
@ Accretion in the Galaxy center
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Mass-radius relation: bosonic

my =100 MeV, m; = 250 MeV

2.5

PSR 181041744 o

2.0 sransasios

i
Gwinosy 111

1.0 mm fr=1%
- f=3%
f=5%
0.5} — IsTEo0s
—-- DD2 EoS
------ DD2A EoS

8 10 12 14
R [km]

my =1000 MeV, m; = 1000 MeV

@ DM decreases total mass

@ DM decreases observed radius Rg

E. Giangrandi+ (2023) 2.0l rnmon

1.0 mm fi=1%
- =3%
f=5%
0.5/ — IsTEos
—-- DD2 EoS
------ DD2A EoS

0—g 10 12 12
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Constraint on the particle mass (fermionic DM)

— m=0.1GeV
- = m=0.174GeV
< my= 10 GeV

not
allowed

g, allowed region |

region

accretion in the GC

1 0.01
A
/
10° L L L

. 2
0.1 1 10 0.1 1 10 100

o PSR J0348-0432/10740-6620 - estimated from the NFW profile of DM

@ Accretion in the Galaxy center
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HESS J1731-347

@ Ultra light and compact object nature astronomy

Article hitps://doi org/10.1038/541550-022-01800-1

@ Tensions with hadronic scenario  Astrangelylight neutron star withina
supernovaremnant

and

Accepted:1September 2022
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Tidal deformability
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Dark matter vs composition of neutron stars
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O-ISL""""":"""" 10°
. 107!
0.14
> - s 107
o1z - Lo
0.10\:'/'-% --------- e e ] 10-4
--- FSU2R Eos
_ — ISTEoS _ 185
e 1.9 r— fou=2% o i
E e E 1.65 =—— FSUZH EoS '
=180 s = — fm=2% ]
T 1.45 fom = 3%
/ ] — f=d%
L7 - 1.25
03 04 05 06 07 08 09 1.0 0.2 0.3 0.4 0.5 0.6 0.7 0.8
ng ¢ [fm~7] N ¢ [fm~2]

nucleonic Direct Urca process
A p and =~ A Direct Urca processes

{n—>p+£+r7p
priontuy {f\—)p+£+|7g {Z%!\+£+;7g

The triangle condition on Fermi momenta pte— At AtE—3 +w

of particles, reads as pr, + pre = Pra

Avila+ (2024), Giangrandi+ (2024)
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DM vs cooling of neutron stars

@ New born NSs are thermal
@ Cooling by neutrino emission controlled by particle composition

o DM impacts composition = affects cooling of NS

70 oo ISTEOS 20 oo FSURE0S .
: e e e e e
6.8 ] —f:=a-es —/:=z-v.. 6.8 —F::Z?C :F::Z% —f::z@
66 x —_— = 3% — ;i;:::‘ 66 ,__{“i"’ﬂ —_—fy=3% —_— f=3% — ﬁ::i:
g 6.4 | 1 g 6.4 ¢
F!_: 23 5 ' go 6.2
= 6. E S 6.
g g
= 58 [ . = 58
5.6 ¢ i 5.6
5.4 1 5.4
5.2 5.2
1 2 3 4 5 6 7 8 1 8 9
logyo t [yr] logao t [yr]

Avila+ (2024), Giangrandi+ (2024)
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DM vs merger of neutron stars

t—tueryer = —0.34[ms) ¢ — bnree:

o DM impacts inspiral

o DM modifies matter ejecta

M. Emma et al., Particles 5, 273 (2022)

More in Edoardo Giangrandi's talk
on Tue 23/07 @ 14.45-15.00
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Conclusions

@ Two-fluid approach for DM admixed NSs
@ DM increases compactness of NSs

o DM fastens cooling of NSs

Oleksii Ivanystkyi Two-fluid formalism and DM in NSs



Conclusions

@ Two-fluid approach for DM admixed NSs
@ DM increases compactness of NSs

e DM fastens cooling of NSs
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