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NSs and accretion of dark matter
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In dense stellar environments DM-nucleon i.e DM-n

and also DM-e cross section regulates the DM

capture.

my R? ~ 1045 ¢m2

OyN =~ i m

Tyn

R/n, ~85 2 ( )p”
I =52 10km ) \10-44 cm? 5p0

A_. Gould, ApJ 321 (1987)
also Fairbain Kouvaris,
Tinyakov,PG._.and many more.



Panorama of DM searches
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Light DM and projected constraintsin & e

Tn [CI'I"I.EI

7. [em?]

10-%

0%

10-36L

10~

]0—33 L

10-%
10-%
10-41

]0—42

T
3 Current -3
Muclear Recoil
Constraints
-
DM-N scattering
I Migdal Effect
Fra=1
1
10? 108
mpm [MeV]

RIS

Oscu

10 10° 10°
m, [MeV]

ra collab,

Ty [szl

7. [em?]

10-%

10-3

10-36}

10-+

10—33 L

107

1040

10-#

10-%
10°
103
10-3!
10732
10-%

107 #F
10~
10-3% r
10737 r

10-3%
0%
1074

10-4 r
104 r

104

Current
Nuclear Recoil
Constraints

| DM-N scattering
Migdal Effect

Fom =[r1r|'|:e,fq}2

102 10%
mpy [MeV]

o o .
DAMTQ—SNDL-\B -z
~ XENONIO =72 T

107 10! 102 10° 10%

arxiv:2202.10518v2




Dark matter accretion in NS
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Layered structure:
inhomogeneous crust (crystal
and pasta phases) +fluid
core.

*High compactness:

GM

73 sun : 107 NS : 1071
c

Capture of DM proceeds:
incoming flux

C 1 GeV o _
F, = 47?]9-?{2 ~ 10 ( ) cm 2s !
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Layer 1: DM Scattering in the NS
crust:phonons
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LI — Z gs,NXYNN_I_gU,NX’YMYNF}/MN:

N=n,p

Cermefio, PG & Silk, PHYSICAL REVIEW D 94, 023509 (2016),
PHYSICAL REVIEW D 94, 063001 (2016)
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‘Large boost factor v~ uvy ++1/2GM/Rc2 ~ 0.7¢

‘Coupling strengths ¢ /m2 < 1/A,% g n /M2 ~ mg/A,°

A, >1TeV Ay > 100 GeV.

‘Interaction rate to produce quantum vibrations in
the nuclei network (phonons) given by Fermi

Golden rule o
R\ =2m0(Ey — E;)|(f|V]i)]

b
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Modelling the lattice and DM scattering

DM feels nuclear potential at lattice sites
V() =Y 63 (F—17) v
j

Finite potential allows Born approximation for
scattering amplitude

f (P, P) = _% / P =PI Y () dBr

Obtaining a coherent response

1 _ 7 - (A—2Z) = \°
2 .2
/ omd(cos 0y)|[ My a|? ~ m? (—m VIV + 2 \/|Mn|2)

-1 p

and an integrated cross section ( \/— —\ 2
Zne + G,

oAy = 4ma® =m?3

0 167 (my + my)?
: _ ]
recovering the low E limit o4, — %A(Zg&p + (A= 2Z)gsn)?



Single phonon excitation rate

The single phonon excitation rate
from ground state

nxn%V "YNSmx - |k|Cl|a2

42m)*mimac  \/y% 4 — 1

Where the boost factor is peaked around — £x = 7nsmy

R =

And the phonon dispersion relation is linear  wi .\ = ¢, |k

with @ =5 57 ~ 107°¢ the sound velocity



Results: LDM scattering vs neutrinos
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FIG. 1. Single phonon excitation rate per unit volume as a
function of density in the outer crust. DM particle masses
m, = 500,100 and 5 MeV are used and n, /ng, = 10.

Neutrino contribution at |f| — 0, R,0. is also shown for )(\(\O“

my = 0.1,1 V. See text for details. %%\C\@“ g \“
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Astrophysical consequences: thermal conductivity | ees®
o0
o

- 10 -T='51u$|<: — - _ 1

: T=510" K Kph = Kij = ngOAnAcleh

0 8 - T —c

£ 6 o (T)B/TD/T rtetdx

o =9\ 7=~

S 4 4 Ip 0 (e —1)3

S

" 1 15 20 2 30 3 40 L;,g ~ Nix =~ No pa+
P1p

R}(Co)(l — No)kAe(wk’A+E'ﬁ)/Kx)6V5t

FIG. 2. Phonon thermal conductivity as a functlr_m of dcnsit}'

(in units of 10’ g/cm?) for temperatures T = 5107 K (blue),
510° K (red) and my = 100 MeV. Dash-dotted and dashed Ny iy = (ewkk/kBT _ 1)—1
Jlines depict the impact of a LDM density n, /ng, = 10,100, ’
Solid lines are the standard thermal result with no DM for
each case. See text for details.
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Thermal conductivity: LDM vs electrons
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FIG. 3. Phonon thermal conductivity as a function of density
(in units of 101 ¢ fcmﬂ} at T = 10° K and m, = 50 MeV.
Solid, dot-dashed and dashed lines correspond to cases with
no DM, n, /np, = 10, 100. Perpendicular electron thermal
conductivity is also shown for B = 10*,10'° G.

Expected surface T anisotropy
smoothed by DM enhancement
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Layer 2: DM scattering and trapping in
Y the NS cgre PPINg

Inside the Neutron stars DM can thermalize during
its lifetime provided its strong (SIMP) or weakly
interacting nature (WIMP) and mass > few MeV.

For constant density NS a Gaussian distribution can
be obtained with a thermal radius defined as

o (3T )
T\ 26 omy )

() = 1o, €717’

Scattering

Dark M Standard Model
Farticles Particles
-Fermion/Boson DM can lead to gravitational \*/
collapse / \
o] . . . . Darlke Matrer Standard Medel
-Self-annihilating DM may lead to indirect  rerices Particles

SM probes (photons, neutrinos) Ey—



Secluded models: Neutrino production from Coy DM

J:I: —1
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C. Boehm et al, JCAP
1405 (2014) 009

Cermefio,Perez-Garcia, Lineros, ApJ 863:157 (2018)

My < MHiggs; Ma < My

. g
HY?SY'—fﬂn—;—”f?af-
V2

Model || m, [GeV] | m, [GeV] Iy 90
A 0.1 0.05 75x1073% | 7.5 x 1073
B 1 0.05 1.2x1071 | 2x1073
C 30 1 6 x 101 5x 107°

Table 1: Parameters used Coy DM. Flavour-universal gy = 1.

*We consider Coy DM inja
stellar astrophysical
scenario.

*SD momentum dependent
and ST one-loop

*Annihilation reactions to
pair of fermions (neutrinos)

XX = vy
XX —aa,a — VU

Flavour-universal couplings,
DD and relic density constr.



> < Modified Urca p+n— p+p+e +v

Standard processes with neutrinos

Table 11.1 Examples of neutrino emitting processes in neutron star cores”

Name Process Emissivity®
(erg cm s ']

Modified Urca n+n—n+p+e +V,

) 21 8
(neutron branch) n+p+e —nt+n+ve 23107 RTy  Slow

~102'RTS  Slow

(proton branch) pt+pt+te —p+nt+v,
n+n—n+n+vv
Bremsstrahlung n+p—n+p+vv ~10° R qu Slow
p+p—p+p+vv
Cooper pair n+n— [HH] +vv ~5x108' R T,;;
formations p+p— [pp]+VvVv ~Sx10P R T
Direct Urca nopre Ve ~10""RT$  Fast
p+e —n+v,
7~ condensate nt<m >—nt+e +v, ~10°RTY Fast
K~ condensate n+ <K >—n+e +V, ~108 R Tq'f' Fast

A Table from [54].
® For each process the “control coefficient” R = R(T/T,) is introduced to
take into account the extra temperature dependence due to pairing [92].

D. Page et
NPA (2004)

al,
777
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Neutrino emissivity from DM

The energy emissivity (energy per unit volume unit
time)
12 — 34 QE=4/d<I’(E1+E2) (M2 f(f1, f2, f3, fa)

Phase space element

d>p d3pa d3p3 d3py
2(2m)3Eq 2(27)3 Eq 2(27)3 E3 2(2m)3 Ey
The matrix element

dd =

(2m)*6%(p1 + p2 — p3 — pa)

XX — aa
XX — Vv —g [u‘j —mga)® —mZ(mi + 2m])

i 2
a o | M aa | = 0
0297 = 2

4 (s—m2)? + EE.FE'

(t — m21)2
I my )

A 2
Msl™ =

(u—ma)? —mi(m? 4 2m3)

(ap 212
(u—mi)
. E 7 . o . - 7 .
(s — 2m3)(2m3 — s) + 2m3 (m5 + 2m] — 2s)
* (t —m2)(u—m2)
| A x J

‘ 242 P2 _ o
2(t — m2) 5 2my — s

z e T
x] (u my)

(5)

t — m2 VW —
(t —my)(u—m

Cermefio,Perez-Garcia, Lineros, ApJ 863:157 (2018) 15



logy Q (erg em”sT)

T (MeV)

The radial fraction where most

energy deposition takes place is
described by the
thermal-to-core radius ratio

£ = (V2ra/Ry)

T=1
MeV ¢ € [0.03,0.42)

T=0.1 MeV
- ¢ € 10.01,0.14]

a5 [
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Neutrino emissivities
from Coy DM have
genuinely different T
behavior than MURCA+
SM processes

16
Cermefio,Perez-Garcia, Lineros, ApJ 863:157 (2018)



Cooling behaviour in the NS for a LDM
case

When considering the previous model in cooling calculations
(SF and hadronic model)

e2®L) = — =
4mwr? ar ( ) ¢ +Un e® It
L e d

_3
) ergcm oS5 !,

& ¥
e (Te?) QHEQHW::M(

with 19 = o < 21.

0.1 MeV

6.6

f]'}
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LDM m_x=100 MeV is considered

a
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More massive NS could lead to a
temporary Temperature plateau halt
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it S il Degeneracy for interpretation cooling
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10910 (tiyr) with admixed DM or only SM processes

Perez-Garcia, Grigorian, Albertus, Barba, Silk, PLB 827 (2022)
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Cooling behaviour in the NS for LDM case

When considering the previous model in cooling calculations

e2%1) = — L
4mrr? Br( ) ¢+ Un e® dt
L - 9 @
=e " —|(Te
47 K12 E]r{ )

LDM m_x=100 MeV is considered

Conducting LDM may lead to hotter

Z [ Sl NS for a given age
- ; § .
E il ]
. — 3 Ky ~ Vyhyny where v, = /3T /m,
- h I+
5,6 _'
Y FE T P SRR NEUT RTRRTATa
=2 -1 oo 2 3 4 5 B
logsg (tyr])
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Bubble nucleation: Trojan Horse mechanism.
Photon injection in the NS

Inside inner core NS Self-annihilating GeV+ DM could
release fractions of energies to impact quark confinement.

XX —qq— N~

Superheated
liquids in PICO
underdoing DM-
nuclei scattering
yields constraints

PICO-60 CF;l

S| WIMP-nucleon cross section [sz]
S

100 - 101 102
Of DM naTure WIMP mass [GeV/c?]
PICO collab, PRL 118 (202-17)

Neutron star Quark star

In NS we propose a hadronic system
could suffer a phase transition from a
metastable phase (Hadron) to a more
stable one (Quark-gluon) if right
thermodynamical conditions

Pérez-Garcia, Silk& Stone PRL 2010, Herrero, Pérez-Garcia, Silk
and Albertus, PRD 100 (2019) 103019
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In dense stellar core of NSs baryons and leptons ‘
are believed to be the main ingredient

P:PH+PL7 Etot = EH T EL, nb:ZnB
B

: Py = —ep+ Z NBUB.
with —
U = \/]f%,g + M,25 + JwBWo + JpBT3B P30
Pp = —ep+ Y mu,
l
and 1 1 1
ey = Z/{(J) + §m302 4+ §miwg 4+ §m§p§0 Serot & Walecka’86

1
+23 > Mj [(2t%+1)t34./1+t% —In (tB+ \/1+t%)] ,
B
1
ep = @ijl [(2t?+1)t;1/1+t? —In (tl—l— \/1+t§)] :
l

ti = kp,i/mi -
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Deconfined quark phase = (5«
*We consider a deconfined (uds) quark content phase with o

thermodynamic potential with MIT Bag model Chodos, Jaffe et a
with QCD corrections

774

1 5 3 [t +(N2_m2)1/2
Qq—@[ﬂq(ﬂg—mg)l/z(ﬂg—§ )—I—§ ln( c ‘inq )
2
s pq + (g —m)'/?
T 8 {3 [Mq(ﬂﬁ —m)"? —mi, In ( o
— 2(pg — my)
With pressure and energy density Pg = Z Q, P=P,+ Py

Etot — €Q +€L

_ 3 200, ) , 3
EQ = Z (Qq + ;,L.q'?’},q) — 4ﬂ_2 ( - ) ([,t{l{ -+ [1’31) + @’nl} [L r’g(z —|— 1) — Z”([S — T]S)
q

Qs

S {21 (22 4+ 20%) — 3 [wens + In(xs + 'r/S)]Q} + B,

= \/Ng_mg/msans =1+ 22,

27
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Probability of induced nucleation QSX

VNi \H{H DAD
hw\ \\M A 300 A )

Oscillation frequency of the fundamental state

Ry
ot = 4L 1B)== [  JRM(RE+E—UR)[U(R) - E]dR
dF BB CJr_
and the probability with (WKB approx) po — exp (_A(E))
h, S

The inject. energy per unit baryon charge inside the baryon
bag determines the energetic level of confined Q content

Jo
npdm R3
The number of nucleation centers is given by the stable bubble
size N Vin T'th
“ " Vs \Rp/)

and the bubble formation fime ' = wpo
is corrected as v = 7/N¢
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Primordial Black holes and NSs "
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We investigate PBH in
allowed window
scattering regular NS.

Angular momentum,
energy conserved.

() = —1€ -1 (¢ < go)
14 ecos(¢p — 1)
x_
) = Vv 1—¢e2cos?(¢p— 1) o< d o)
ale? —1)

(1 < ¢).

ri(¢) = 1+ ecos(¢p —1pa)

g00 AFDf
1218 -2018
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PBHs and NSs

BH\I\"\\M\ Boo Arof
CAMPUS DE EXCELENCIA INTERNACIONAL 1218 -2018

*Due to changing grav. potential an idealized set of curves (elips%s
and hyperbolas) are described.

afr

-— ry (primera hipérbola)
———— riy (elipsa)

-— rur (segunda hipérbola)
— R,

180)

270°

Martin, Albertus, Pérez-Garcia, in prep. 2022.

*Relativistic corrections are included ro, — —anc2P
*Beyond pure GR dynamics must include:

-Dynamical friction

-Acretion force G

2 —
Foc = —myPonmgb} @ = —4mnmg n,min

2 2
EnIPEHlnAU\S (1“‘%) "}’2.

Barausse, 2007

v > Cs,

Cﬁlcﬁl

Capela+, 2013



PBHs and NSs

«Colliding or fly-by PBHs may induce changes in rot.
frequency

|ALppy| _ mppabve
Av| = <
M= T =51

Typical glitches or anti-glitches can be measured to
|Av|/v = 10712

*So that preliminary estimates for Soft EoS yield

numbers around 10 times this values for ms pulsars

[ALpgr| _ mppubvs 1% 10%g x be x 10~%
2nl, — 2nl, 27 x 1,5392 x 10%° gcm?

Incoming PBH flux may additionally impact these
numbers. Work in progress.

|Av| = ~ 2,49 x 1078 Hz,
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