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PBH formation

general idea: collapse of large inhomogeneities in the early universe

mechanisms:

» inflationary perturbations

» collapse of cosmic strings

* vacuum bubbles
* bubble collisions in first order phase transitions
» collapse of false vacuum bubbles

logo[prot/ (VzH% )]

* collapse of compact objects A

* oscillons
* Q-balls
* Fermi balls
* Yukawa “fifth force”




Scalar induced GWs

PBHs as dark matter
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Scalar induced GWs

PBHs as dark matter

observed BHs log o [My. /M)
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* non-gaussianity can be relevant



NO INITAL CLUSTERING INITAL CLUSTERING

L ————————

on 1
<—(X)—(y)> i (X —Y) +Sppu(X, y)

non—Poisson

-~

Poisson
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t=0.yr, ala.y = 0001

NO INITAL CLUSTERING i
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* Jeeu = 1, Mpgy = 30M,

1000
* central binary gets disrupted by a PBH cluster [ 1812.01930 Raidal et al ]
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t=0.yr, ala.y = 0001
2000

NO INITAL CLUSTERING

( POISSON )

* Jesn = 1, Mpgy = 30M,
* central binary gets disrupted by a PBH cluster
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O(10) PBH clusters

[ 1812.01930 Raidal et al ]



' STRUCTURE FORMATION WITH PBHS |

e — o
— ———— — = = - e

PBH + CDM simulation
all snapshots at z =99,
box size 2kpc/h,

Neg = 10° fopp » Mpgy = 20 My/h

scaling:

M — A’M, x — Ax

asteroid mass window:

M=~107"M,, d _ ~10"pc



https://arxiv.org/pdf/1907.08129.pdf

104 5 -
3 Redshift: z=999
103-;
Probability that a PBH is in a halo of size N .
[ Epstein 1983, 1907.06533 Hutsi et al ] i} 10
—1/2_ —NIN*(2) £ 10 ——- Epstein
pN(Z) a N e 9 Si‘ fp3H=100
= 100 - ! ——— fpgy =107
Where [ 1907.06533 Hutsi et al ] ] Vo ‘\ — fren=107"
2 1071 | Loy \ . T feen =107
- “ “ ! ‘\ ‘\ "T‘.-L e— fp3H=10_2
* 2600 2 ‘|‘ ‘\‘ “‘ \\\ ‘\‘ ! — fPBH=10_3
N (Z) ~ T fPBH 102 4 e A
<
1073 Redshift: z=99
Halo mass function 10°
dl’lH ) 102-;
—— & Mpgy py/N P
dN 3 101-§
= I
100“5
10-1-; \\
10-2 \
10°

NpgH/HL

[1907.08129 Inman et al]


https://arxiv.org/abs/1907.08129

Probability that a PBH is in a halo of size N
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* low velocity tail is Maxwell with
[ 1907.06533 Hdtsi et al |

foan (MIM)?

0,(2) ® 6km/s
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* high velocity tail dominated by

binaries/small scale structure
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timescales for PBH clusters

[ astro-ph/0302035 Ashfordi et al, 1908.09752 Vaskonen et al, 2009.04731 De Luca et al ]



timescales for PBH clusters

[ astro-ph/0302035 Ashfordi et al, 1908.09752 Vaskonen et al, 2009.04731 De Luca et al |

e Collisions relevant N if fogy ~ 1, mpgy ~ 10M_4,
N1
= 0kt > N < 6(2000)




[ astro-ph/0302035 Ashfordi et al, 1908.09752 Vaskonen et al, 2009.04731 De Luca et al ]
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[ astro-ph/0302035 Ashfordi et al, 1908.09752 Vaskonen et al, 2009.04731 De Luca et al ]

* Collisions relevant N if fopy = 1, mpgy & 10M 4,
19
= 90k N
t —
yr F3S(m /M 5)0-09 N < ©(2000)
* Evaporation 512
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hl(N/f PBH) Oy 10_1(;1 102100 10t 100 108 107
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~ 100kyr X —; N < 6(3000)
S In(NV/fpp)

* Core collapse N < 6(5000)



[ astro-ph/0302035 Ashfordi et al, 1908.09752 Vaskonen et al, 2009.04731 De Luca et al |

* Collisions
19

NT
pr(m/ M)

t, = 90kyr

* Evaporation

Ry
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In(N/fpgy) o,
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* Core collapse
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Clusters typically absorbed in larger haloes before evaporation

[ 2009.04731 De Luca et al ]
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2-body capture
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PBH binary merger rate
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testing PBHs with LIGO-Virgo-Kagra
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* non-perturbed binary formation channel only [ 2012.02786 Vaskonen et al ]


https://arxiv.org/pdf/2012.02786.pdf

testing PBHs with LIGO-Virgo-Kagra

10_5 Lol Lol Lol ,< Ll 1
0.1 1 10 102 %, 10°

 best-fit PBH only

scenario

* non-perturbed binary formation channel only [ 2012.02786 Vaskonen et al ]


https://arxiv.org/pdf/2012.02786.pdf

testing PBHs with LIGO-Virgo-Kagra

scenarios with PBH ~ 0.1]
subpopulations |

1 1 1 1111 1 i1 1. 1111 1 1 11111 llllllll 1
0.1 1 10 102 % 10°

 best-fit PBH only

scenario

* non-perturbed binary formation channel only [ 2012.02786 Vaskonen et al ]


https://arxiv.org/pdf/2012.02786.pdf

testing PBHs with LIGO-Virgo-Kagra

scenarios with PBH

subpopulations
o
107 ¢
for example:
' 107 ¢

X
A
1 1

lllll 1 1 lllllll

1 0 102 § 100
mc/MQ

 best-fit PBH only

scenario

* non-perturbed binary formation channel only [ 2012.02786 Vaskonen et al ]


https://arxiv.org/pdf/2012.02786.pdf

INDIVIDUAL MERGERS

Zeyr = 0
l———r 777

microlensing

0.1}

1072 3 3
- [
£ 10-3§ 5
10~ 5
— LIGO N(4yn)=3 accretion
s ET N(dyn)=3
107 F __ AEDGE Nyn=3 :
. LISA N(dyn)=3 :
10—6 . L N B : L A R
10 1073 1 103 10° 10°
m/Mg
1 E T T ) T T T T T T T T T T T
- microlensing
0.1¢ 4
1072 E
jant
¥ 107 E
10_4 E 1 3
[ — LIGO SNRgg (4yn=8 | accretion
. ET SNRp (4yr)=8 :
107 F __ AEDGE SNRgg (yn=s |
i LISA SNRpg (4yn=8 |
10—6 . L N R : L R T
10 1073 1 10° 108 10°
m/Mg

SGWB

frBH

JfrBH

0.1}

107°

107°

1072}

1073 ¢

1075 ¢

0.1}

1074

1075

Zeut — 5

T T T T T T T T T l T T T

microlensing

accretion

— LIGO N(4yn=3
ET N(4yr)=3

LISA N(4yn=3

|
1
]
]
1
1
]
1
]
]
]
1
1
]
1
1
:
— AEDGE N(4yn=3 :
1
1
1
:
1

107° 1073 10° 10° 10°

microlensing

— LIGO SNRg (4yn=8
ET SNRpg (4yn)=8

— AEDGE SNRpg (4yn)=8
LISA SNRp (4yr)=8

accretion

e

1076 1073 103 106 10°

3
<
O]

0.1

feBH

107°

f PBH
f—
S

&

1076

ZClLt — 20

1072}

1073 ¢

1075 3

T T T T T T T T T T T T T

microlensing

accretion

— LIGO N(4yr)=3
ET N(4yr)=3

— AEDGE N(4yn)=3
LISA N(4yn)=3

10° 10°

103

107° 1073

0.1}

1074

10_5 3

T T T T T T T T T T T T T

microlensing

— LIGO SNRg (4yr)=8
ET SNRpg (4yn)=8

— AEDGE SNRpg (4yn)=8
LISA SNRp (4yr)=8

accretion

106 1073 1 103 106 10°

m/Mq

[ 2107.03379 Pujolas et al ]


http://arxiv.org/abs/arXiv:1811.12940
https://arxiv.org/pdf/2012.02786.pdf

only including local PBH density:

JpBH — OpBH/PBH = > R(fpgy) — 55131HR(5PBH]CPBH)

*negelects “non-local” effects such as structure formation

*with primordial non-gaussianity fog; ~ 1077 might be sufficient to explain LV [ 1910.06077 Byrnes et al]



only including local PBH density:

JpBH — OpBH/PBH = > R(fpgy) — 55131HR(5PBHJCPBH)

*negelects “non-local” effects such as structure formation

*with primordial non-gaussianity fog; ~ 1077 might be sufficient to explain LV [ 1910.06077 Byrnes et al]

different formation channels when fopy; > 6(1077)
*assuming Mpgy = 20M
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Perturbing binaries in clusters
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Perturbing binaries in clusters
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Including initial clustering
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Strategy: A
* take a compact initial 3-PBH system - binary forms by once the 3rd

PBH is ejected
* the binding energy is set by the closest PBH pair in the system

* ignore systems where the 3rd PBH couples after the close pair emits
more than 10% of their binidng energy in GWs
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Strategy: A
* take a compact initial 3-PBH system - binary forms by once the 3rd

PBH is ejected

* the binding energy is set by the closest PBH pair in the system
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Merger rate can grow due to collisions in later PBH clusters!




* injected luminocity from Bondi accretion
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> Microlensing of the MW halo constrains PBHs up to 15M,

[ astro-ph/0607207 EROS |

) upper bound may be lowered by clustering

[ 1710.04694 Garcia-Bellido et al ]
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Clustering form Poisson fluctuations relevant for mainly
M ~ 10°'M PBH:s.

GWs constrain less than O(0.1%) of PBH DM in the
2 — 400 M, range.

* 3-body PBH binary formation channels relevant with strong
clustering or fopy = 1

Lensing and accretion constraints affected weakly by
clustering.

Initial clustering is model dependent, but can affect
constraints.



