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Prelude: Stellar Frontiers for Dark Sectors

• Energy losses =⇒ significantly alter minimal cooling paradigm
• Energy transport =⇒ modifications to stellar models
• Capture of weakly interacting particles =⇒ neutrino

fluxes/heating/black hole formation
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Prelude: Stellar Frontiers for Light Dark Sectors
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Prelude: Stellar Frontiers for Heavy Dark Sectors
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Neutrinos Press and Spergel ’85, Griest and Seckel ’86, Gould ’87...

Black Hole formation
Goldman et.al. ’89, Kouvaris et.al.’10 ’11

’12, McDermott et.al. ’12, Bell et.al.’12..

Heating cold and
old objects Kouvaris ’07,

’10, Bertone et.al. ’08,

McCullough et.al. ’10, Baryakhtar

et.al. ’17...



Prelude: Stellar Frontiers for Heavy Dark Sectors

• If DM (χ) has a non vanishing σχT, it can be captured in celestial
objects. Press and Spergel ’85, Griest and Seckel ’86, Gould ’87, Goldman et.al. ’89

• ADM: Dynamics governed by the equation

dNχ

dt = C − E Nχ
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Prelude: Stellar Frontiers for ADM
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Outline

• Introduction
• Dark Matter in Neutron Stars: Theory

• Dark Matter Elastic Scattering off Fermi-Degenerate gas:
Capture, Thermalisation and Annihilation

• Making Black holes in Neutron Stars
• Implications for Asymmetric DM

• Conclusions & Outlook
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Introduction: Neutron Stars

• Much about neutron star
interiors unknown

• We consider a
phenomenological NS
profile. Exotic phases
not considered.
Brussels-Montreal energy
density functionals which
are fitted to APR Potekhin

et.al. ’13, Goriely et.al. ’13

• M = 1.52 M⊙, R = 11.6 km. µn = 350 MeV, Yµ = 2 × 10−2,
µµ = 65 MeV

• Consistent with observation of GW from NS-NS mergerAbbott et.al. ’18, Most

et.al. ’18
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Introduction: Dark Matter in Celestial Objects

• Sufficiently weak, σn⋆R⋆ ∼ 1
• The maximal capture rate

C⋆ = πR2
⋆

(
1 +

v2
e

v2
∞

)(
ρDM
mDM

)
v∞

σ⋆ [cm2] ∼ Mmax/Gyr

Sun 10−35 10−11M⊙
Earth 10−33 10−10ME
Moon 10−32 10−9Mm
White Dwarf 10−39 10−19M⊙
Neutron Star 10−45 10−15M⊙
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Dark Matter in Neutron Stars: Capture
• We consider DM-neutron cross section of the form

dσ(vrel, cos θcm)

d cos θcm
=

σχ−n
2 .

• The rate of DM accretion is

Cw
⊙ =

∫ R⊙

0
4πr2dr

∫ ∞

0
du

(
ρχ
mχ

)
f⊙(u)

u ω(r)
∫ νe

0
R−(ω → ν)dν,

with

R±(ω → v) = 16µ4
+n(r)Nfd

v
w

∫ ∞

0
ds

∫ ∞

0
dt t f2(E)(1 − f4(E′))

dσ
d cos θcm

H±(s, t, ω, v).
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Dark Matter in Neutron Stars: Capture [RG, Y.Genolini and T.
Hambye]
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Capture Rate for Const. σχn [RG, Y.Genolini and T. Hambye]
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Capture Rate for Const. σχn [RG, Y.Genolini and T. Hambye]
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Capture Rate for Const. σχµ[RG, Y.Genolini and T. Hambye]
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Thermalisation I

Two novelties:
• Average of differential energy loss along orbits
• A better estimation of the number of thermalised particles
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Thermalisation II: Energy loss [RG, Y.Genolini and T. Hambye]

• Differential energy loss in Fermi degenerate medium Bertoni et.al. ’13

dΓ
dE′

k
= σχ

m2
nmχ

2π2m2r

√
E′

k
Ek

(Ek − E′
k).

• Energy lost per collison

⟨∆E⟩ = Ei − E0 =

∫ k
0 dΓ(Ei) (Ei − Ef)∫ k

0 dΓ(Ei)
=

4
7Ei ,

• Thermalisation time: t2 =
∫ Eth

Esurf
dE

b2(E)

t2 ≈ 21π2m2
r

σχm2nmχ

1
E2

th
≈ 10700 yrs γ

(1 + γ)2

(
105 K

T

)2 (10−45cm2

σχ

)
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Collapse of the DM sphere to a Black Hole
Minimize total energy per particle
• For non-interacting bosons Feinblum et.al. ’68, Kaup ’68, Ruffini et.al. ’69

Etot ∼ −
GNm2

χ

R +
1
R =⇒ Nch ≃

M2
pl

m2
DM

• For non-interacting fermions

Etot ∼ −
GNm2

χ

R +

(
N
gf

)1/3 1
R =⇒ Nch ≃ g−1/2

f
M3

pl
m3

DM

• Self gravitation

GNm2
χ

R ≳ 4π
3 GρbmχR2 =⇒ N ≃ 4.8×1041

(
100GeV

mDM

)5/2 ( TNS
105K

)3/2

McDermott et.al. ’12, Kouvaris et.al.’10 ’11 ’12, Bell et.al.’12, Bramante et.al. ’13
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Black Hole Formation: Summary table

• The above naive approach is invalid for interacting particles =⇒
Solve TOV

Interaction Ncrit

λϕ4 with λ > 0 O(1)λ1/2 M3
pl

m3
DM

Mielke et.al. ’81, Colpi et.al. ’86

λϕ4 with λ < 0 O(1) Mpl
|λ|mDM

Tkachev ’86, Jetzer ’91

SQED with λ = 0 O(1)(ecrit − e)1/2 M2
pl

m2
DM

Jetzer ’91

SQED with λ ̸= 0 O(1)(ecrit − e)1/2√λ
M3

pl
m3

DM
Jetzer ’91

• For vector exchange in ADM models: χn → χn induce effective
repulsive 1-loop χχ → χχ Bell et.al. ’13
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Black Hole Evolution and Destruction of NS
dMBH

dt =
dMBH

dt |NS +
dMBH

dt |DM +
dMBH

dt |Hawking.

Bondi-Hoyle ’39 ’44 ’52 , Hawking ’75, Shapiro ’83

dMBH
dt

∣∣
NS =

4πλρbG2

c3s
M2

BH,

dMBH
dt |Hawking = − 1

15360πG2M2
BH

.

Black hole evaporates within 10 Gyrs for

mχ ≳ 3 × 106 GeV for bosons with no − BEC
mχ ≳ 16 GeV for bosons with BEC
mχ ≳ 1010 GeV for fermions.

These bounds could change due to the Fermi sea suppression!
Neutron Stars Constraints on Dark Matter

Consequences for ADM: Black Hole
Formatrion 21 / 25



New Constraints on Asymmetric Dark Matter (Bosons)
[RG, Y.Genolini and T. Hambye]

Assuming no self interaction
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New Constraints on Asymmetric Dark Matter (Bosons)
with BEC [RG, Y.Genolini and T. Hambye]

Assuming no self interaction

10-610-510-410-310-210-11001011021031041051061071081091010

mχ [GeV]

10-62

10-60

10-58

10-56

10-54

10-52

10-50

10-48

10-46

10-44

10-42

σ
χ
−

n
[c

m
2
] 

No Thermalization

B
H

-E
v
a
p
o
ra

tio
n

Xenon1t

ρ
=

10 6
G
eV
/cm

3

ρ
=

10 3
G
eV
/cm

3

ρ
=

0. 3
G
eV
/cm

3

BSK-20-1
With BEC
t= 1010yrs

T= 105K

0
.0

0
00

.0
0
0

Neutron Stars Constraints on Dark Matter
Consequences for ADM: Black Hole

Formatrion 23 / 25



New Constraints on Asymmetric Dark Matter (Fermions)
[RG, Y.Genolini and T. Hambye]
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Conclusions and Outlook

• Stars are laboratories to probe particle nature of dark matter.
• Considered realistic Neutron Star profile and developed formalism for

DM scattering in Fermi-degenerate medium for arbitrary degeneracy.
• ADM can lead to Black Hole formation in NS. Strongly depends on

DM self interactions. Predicts missing neutron stars in the galaxy.
More interestingly predicts solar mass black holes!

• For negligible self interactions strong constraints on DM-Neutron
interactions can be derived. We show that constraints on
DM-Neutron cross section is mildly weaker than that in literature for
DM < 1GeV. Better treatment of thermalisation and re-evaluated
BEC formation; resulting in constraints which are few orders of
magnitude better than that in literature.
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Thank You !
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