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% Formation of primordial black holes

% Primordial black holes and particle dark matter

W Aspects of primordial black holes and gravitational waves

% Uncertainties of primordial black-hole constraints
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% Black-hole (BH) formation for R < Rg.

W Astrophysical: From 10° M, down to M, but not lower.

M —2
% Have a look at the density pg = 10" ( ) %
M cm

m¢> To form smaller black holes we need higher density.

—2
. Compare to a6 [ g

—> po =10 -] —=
cosmological density S cm

Formation at early times; primordial black holes (PBHSs).

% Masses of prlmordlal black holes:

M(t=10""s) = Mg
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LPBH Formation /I/IWW

w Formation of primordial black holes



LPBH Formation /I/IWW

% Formation of primordial black holes by

% Cosmic string loops

@ ®) |

http://www.damtp.cam.ac.uk/research/gr/public/cs_top.html
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% Formation of primordial black holes by A
Vi)

% Cosmic string loops

W Bubble collisions

@ ) e
@\Tm& yacuum
®) C

3

Falsa vacuum

http://www.damtp.cam.ac.uk/research/gr/public/cs_phase.html
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0.46—

% Formation of primordial black holes by

% Cosmic string loops

W Bubble collisions ¢

042 |~ °

W Pressure reduction

0.401

| L | L | L |
0.001 0.100 10 1000

[Byrnes et al. 2018]



LPBH Formation /I/IWW

% Formation of primordial black holes by
% Cosmic string loops
% Bubble collisions
% Pressure reduction

% Large density perturbations
of inflationary origin

- Simple estimate:

[Carr 1975]

/ R > R; =
scale of the over density \

Jeans length

for

p=wp
w > 0

https://ned.ipac.caltech.edu/level5/Sept|2/Kravtsov/Kravtsov3.html
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% Probe a huge range of scales:

M ~ 10~°g Quantum Gravity:

M <10%g Early Universe:

M ~ 10%g High-Energy Physics:

M 2 10%g Gravity:
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Planck relics, Extra dimensions and
higher-dimensional black holes, ...

Baryogenesis, Nucleosynthesis,
Reionisation, ...

Cosmological and galactic gamma-
rays, ...

Critical phenomena,

Cold dark matter,

Dynamical effects, Lensing effects,
Gravitational waves,

Black holes in galactic nuclei, ...



PBH Costaints al Fermation . W .
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loglO(M/g) [Carr et al. 2010]
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' A
horizon mass L ﬁﬁ b
3 &
% Critical scaling: < &
[Choptuik '93] 3 N ff -
ol o
Mpy = kMg (6 — 6.)
3 e _
density contrast
. . . . _ ] Lo | i | |
% Radiation domination and for %2 _10 -8 -8 -2 -2z 0
spherical Mexician-hat profile: log(6-6,)

k~33, 0.~045, ~v=0.36

[Musco, Miller, Polnarev 2008]
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% Ciritical collapse for non-spherical systems?
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% Ciritical collapse for non-spherical systems?

% Axial symmetry p(r,0) ~n fi(r)(1 + € f2(r,0)): deviations from sphericity

6 p—
e = 0.1
e = 0.5

E 10_1

= _

amplitude of the density |
102L o T S o
107 107° 1074 1073

17—l [Baumgarte & Montero 2015]
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% How would this look for monochromatic mass function?
1 i ]
0.500

dark-matter fraction

0.100 :
0.050
7 Horizon mass approximation

0.010 :
0.005

0.001 — w * ——
10 20 50 100

M/M

[Carr, FK, Sandstad 2016]
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% How would this look for monochromatic mass function?

1

dark-matter fraction

—— Horizon mass approximation |
_- - ~ ~
-~
- B
- ]
PR \ 1
critical collapse \\ B
\
\
\ \ \ \ \
10 20 50 100

MM 5 [Carr, FK, Sandstad 2016]



df /dM

0.06

0.04

0.02

axion-curvaton

[Green 2016]
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% |f PBHs do not constitute the entirety of the dark matter,
the latter must necessarily contain something else.

% One possibility: a combined scenario, e.g. DM = PBHs + Particles

% Let us now study WIMP annihilations in PBH halos:

% The annihilation rate T oc n°.

w-f> Halo profile does matter; enhancement of 1'in density spikes.
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% Let us now study WIMP annihilations in PBH halos:

% The annihilation rate T oc n°.

w} Halo profile does matter; enhancement of 1'in density spikes.
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LB (€ Purticle Dark Matfer

% Let us now study WIMP annihilations in PBH halos:

% The annihilation rate T « n?.

w} Halo profile does matter; enhancement of 1'in density spikes.
% 1) We derive the density profile of the captured WIMPs

10p m, = 100 GeV
: MPBH/M®
i -2
5| 10
; 107°
__0Of 107"
=R 10-18
< -5f
39 L
SE I
oo — 10}
o [
< [
“15E o\ N0\ N\
—20}
oL e s v e s s N ’
-5 0 5 10 15
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LB (€ Purticle Dark. Matfer

% Let us now study WIMP annihilations in PBH halos:

% The annihilation rate T « n?.

w} Halo profile does matter; enhancement of 1'in density spikes.

% 1) We derive the density profile of the captured WIMPs,
2) calculate the annihilation rate

My

401
- 10 GeV
[ 100 GeV
30+
1 TeV

[ 10 TeV
20+

Log FBH(S_l)

10}

(ov) =3 x 107*° cm? /s

ol ’
-18 -16 -14 -12 -10 -8 -6 -4

Log,o Mgn /M [Boucenna, FK, Ohlsson, Visinelli 2018]
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LB (€ ZCZQV%kaéZ,2221/76:>1/147§ﬁ9r

% Let us now study WIMP annihilations in PBH halos:

% The annihilation rate T oc n°.

w} Halo profile does matter; enhancement of 1'in density spikes.

% 1) We derive the density profile of the captured WIMPs,
2) calculate the annihilation rate, 3) and compare to data:

0 _
10 EG [ F[ N\Uns /'K / ML S
10_2_ | HSC A
1074
lf
107
1078
10—10

10~15 10~10 1073 100

Mgu/Mg  [Boucenna, FK, Ohlsson, Visinelli 2018]
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% 1) We derive the density profile of the captured WIMPs,
2) calculate the annihilation rate, 3) and compare to data:

0)

VTN i 7w Y
1072} :
10—4 | B

f
10761 :
1078} -
10—10 |

10-15 10~19 107> 10V

MBH/M® [Boucenna, FK, Ohlsson, Visinelli 2018]
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% 1) We derive the density profile of the captured WIMPs,
2) calculate the annihilation rate, 3) and compare to data:

O | ’ T T

10 G |\ F| "\ Ne 7 ML e N

1072} NS :
V"
10~4¢ —
f

1070+ -
108 —  1TeV
10_10 <O'U> — 3 X 10_26 CIHIS/S

10-15 10~19 107> 10V

MBH/M® [Boucenna, FK, Ohlsson, Visinelli 2018]



% 1) We derive the density profile of the captured WIMPs,
2) calculate the annihilation rate, 3) and compare to data:

10V

1072}

1074}

f

10—6 i

100 GeV

(ov) =3 x 10~*° cm? /3

10—15

10~10 1073 100

MBH/M@ [Boucenna, FK, Ohlsson, Visinelli 2018]
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[Boucenna, FK, Ohlsson, Visinelli 2018]
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% PHBs can emit gravitational waves in various instances and times.
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% PHBs can emit gravitational waves in various instances and times.

% Gravitational waves from PBH formation.

Gl [Nakama, Silk, Kamionkowski 2017]
th
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% PHBs can emit gravitational waves in various instances and times.

% Gravitational waves from PBH formation.

% Gravitational-wave emission from PBH binaries:
1) Stochastic GW background

number of events L
gravitational-wave energy per event

1 N E
Qg & gz Y& ( g“’)

O C2 1 +2 \" du;,

vy=v(1+2)

critical density Phi 2001]
inney
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% PHBs can emit gravitational waves in various instances and times.

% Gravitational waves from PBH formation.

W Gravitational-wave emission from PBH binaries:
1) Stochastlc GW background

EPTA
IPTA
10 SKA

10 '® eLISA

Pe
. N. A,
10 1@ OM“$ QMSLSA bﬁg
I’d o
Cay 0 LIRS
10 %
ALIA

10 %

-24
10 x Pulsars

10 %

Characteristic Strain

107 10°® 10°® 10 10 10° 102 10° 10°
Frequency / Hz [Clesse & Garcia-Bellido 2017]
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% PHBs can emit gravitational waves in various instances and times.

% Gravitational waves from PBH formation.

% Gravitational-wave emission from PBH binaries:
1) Stochastic GW background

2) Individual mergers
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% Gravitati
itational waves from PBH formati
lon.

% Gravitati
at -
1 lonal-wave emission from PBH binari
) Stochastic GW background e
2) Individua
| mergers (such as GW150914, GW
, 151226, ...7?)

Did 1LIGO detect dark matter?
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% PHB mi
S can emi itati
t gravitational waves in various instances and ti
imes.

% Gravitational waves from PBH formation

* . .
Gravitational-wave emission from PBH binaries:
1) Stochastic GW background |
5Y Indivi
) Individual mergers (such as GW150914, GW151226
, ;... ?)
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% PHBs can emit gravitational waves in various instances and times.

% Gravitational waves from PBH formation.

W Gravitational-wave emission from PBH binaries:
1) Stochastic GW background
2) Individual mergers (such as GW150914, GW151226, ...?7)

w Gravitational-wave emission from hyperbolic PBH encounters.

GW bremsstrahlung ~10| 2=0.1, B=0.01

m, v,
—_— 10—14
A
<1078
_ <
ml 10722} v
- M=2-10° M _
M=m +m - © M=20 Mo AdvLIGO
- 1 2 |_4 1 A ]
10 0.1 100

f (Hz)

[Garcia-Bellido & Nesseris 2017]
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% Look at regions of high concentration of dark matter.

—» Mergers of PBHs in Galactic centres.
w Adiabatic growth of SMBHSs leads to formation of DM spikes.

NN
1dm :,-\\ ]Dashed.:ﬂ4gMBH;::105A4©
Ill Solid : MSMBH — ].OGM@
|
o |
& 10°7] | R.
§. i (r) (1 — 4—) r~ ISP
r
10%8] |77
® : 9 — 2y
5 104
S ~-v=1.0
1076 -7 =20
- NFW
1011
1077 107° 0.001 0.100 10 1000

T |pC
[p ] [Nishikawa, Kovetz, Kamionkowski, Silk 2017]
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% Overall merger rate:

1000
— Benson07 y
100 Vika09 )
o~ - Shankar04
l& 10
©
_ 1
l&
= 0.100
—
0.010 Dashed : M, = 10° M
Solid : My, = 10° M
0.001

0.5 1.0 15 2.0

fy [Nishikawa, Kovetz, Kamionkowski, Silk 2017]
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% The previous discussion was for mergers of PBHs with themselves.
—>» Investigate GW emission from the PBHs + SMBH system.
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% The previous discussion was for mergers of PBHs with themselves.
—>» Investigate GW emission from the PBHs + SMBH system.

W Mostly extreme mass-ratio inspirals [EMRIs].
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% The previous discussion was for mergers of PBHs with themselves.
—>» Investigate GW emission from the PBHs + SMBH system.

W Mostly extreme mass-ratio inspirals [EMRIs].

% ... Mergers?
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% The previous discussion was for mergers of PBHs with themselves.
—>» Investigate GW emission from the PBHs + SMBH system.

W Mostly extreme mass-ratio inspirals [EMRIs].

% ... Mergers?

% Have a look at the time scale over which the gravitational-
wave frequency f changes (circular orbits):
f 1 5 c

_ = = — __8/3
T= T q96n8 (G

where ¢ = m/M .
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% The previous discussion was for mergers of PBHs with themselves.
—>» Investigate GW emission from the PBHs + SMBH system.

W Mostly extreme mass-ratio inspirals [EMRIs].

% ... Mergers?

% Have a look at the time scale over which the gravitational-
wave frequency f changes (circular orbits):

__ fo15 o IR%

F o q96m5/3 (GM)3/3

where ¢ = m/M . Take ¢ = 2.5 x 10717,
M = 4 x 10°M, , f = 1mHz

mﬂ'ﬁ} T =0 X 1019 s = 140 % tHubble !
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% The previous discussion was for mergers of PBHs with themselves.
—>» Investigate GW emission from the PBHs + SMBH system.

W Mostly extreme mass-ratio inspirals [EMRIs].

% ... Mergers?

% Have a look at the time scale over which the gravitational-
wave frequency f changes (circular orbits):

__ fo15 c? IR%

F o q96m5/3 (GM)3/3

where ¢ = m/M . Take ¢ = 2.5 x 10717,
M = 4 x 10°M, , f = 1mHz

m”f} T =0 X 1019 s = 140 % tHubble !

% Continuous emission
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,O(I’) 10—32 R
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[M_/km®] f - > r
92y
7 YP = 41—~
10—37 » B
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108 10" 1014 1017
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% Make a conservative estimate for the detection prospects with LISA:
Compute the signal-to-noise ratio (SNR), assuming circular orbits.

100 | | | | | =

10°

10.000

SNR

0.001

| | \ | \
1079 10~/ 107° 0.001 0.100
uM [Freese, FK, Matas, Starkman 2018]
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0.100 -

0.001 |-
fPBH

10—5 -

107> 1074 0.001 0.010 0.100 1

® [Freese, FK, Matas, Starkman 2018]
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May constraints rely on rather on uncertain, restrictive, simplistic or
even incorrect assumptions!

0.0 :
[ o
g ]
L (;_ -
-0.5F -
- r’ \Y=2
< H \\_;
S|l
-1.0F i .
ol
5 CCU).‘
£ [l £
= —1.5: ' =
6; i |
o I
B L
-2.0 ‘: |
l b
i 4
i ]
—25F | b |-
l k
; e
I i
30} ll t
: L I I . I L
-5 0

log+o(Mc/Mg) [Carr et al. 2017]
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% May constraints rely on rather on uncertain, restrictive, simplistic or
even incorrect assumptions!

0. .
oo e 0 ]
- | o
Validity of{ i} 2 -
Hawking | {wB-
radiation | T2 §| e
o o -~ _1.}_‘5 -
o
%.
5 0 s (3%
< -18F | =]
g |
, i
—24F | -
I -
! j
' -
L .
251 | b |-
' k
bl g
—3. " i | | ] -i

log+o(Mc/Mg) [Carr et al. 2017]
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% May constraints rely on rather on uncertain, restrictive, simplistic or
even incorrect assumptions!

) o 0:'::' T T T L \ T / T T _—g' :
. u L | 1 : Q i
Validity of ol 1A \\K/ 3
Hawking | 1t i\ |-
radiation | 32 5[ \; RN
SR Y
o) | Vo
<[4 i\ \ v
é o ; A \\-: Y;\
R . N
8 I \ ‘\I:
-28r [ —T<C\HSC uo|
J il g e - \\ > S NN ‘\:. ‘5-
,4[ [[{1Assumes a far too 18 |-
;' ttlarge DM density in ¢
; 3 ] ¥
.40 | 1{9lobular clusters ‘,
Bt (I A8 B S— Pon—— s | I !
| -15 -10 -5 0

log+o(Mc/Mg) [Carr et al. 2017]



% May constraints rely on rather on uncertain, restrictive, simplistic or

even incorrect a

. Validity of

-Hawking

’ radiation

0.
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% May constraints rely on rather on uncertain, restrictive, simplistic or

even incorrect a

; Validity of

-Hawking

’ radiation
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ssumptions!

| Accretion |
i models |

/’é youeld [
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[Carr et al. 2017]



% May constraints rely on rather on uncertain, restrictive, simplistic or

even incorrect assumptions!
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% May constraints rely on rather on uncertain, restrictive, simplistic or
even incorrect assumptions!

w} We have to understand better:

% Galactic dark-matter profile

% Clustering

% Accretion

% Characteristics of the lensed sources (size, variability, ...)
% Composition of "probes" in general

% Velocity distribution

% (Hawking radiation)

x ..



[FK, Sandstad 2017]



% Non-Sphericity

ellipsoidal threshold

5 2\
5_N1+“<52>

spherical threshold

30
V10w §

ellipticity

() =

prolateness
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[FK, Sandstad 2016]

0.100 | — Spherical

k=0.47;,y=0.62
k =0.65; y=0.64
0.001 ¢ - k=1.61;,y=05

10 105 10 0.001 0.010 0.100 1
MIM

% Simple estimate: As the collapse starts along shortest axis first,

—3» consider collapse of largest enclosed sphere (green curve):

660
Oc

— ~ (14 3e) =

9 o2 1/2
1
V10T <53>
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% One may wonder how the constraints on the PBH dark-matter fraction
constrain the primordial power spectrum.

10—4
-9 B
10 * Neutron
-1 E stars *

poration
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% One may wonder how the constraints on the PBH dark-matter fraction
constrain the primordial power spectrum.

% Go back to the constraints at the time of formation:

1074
9
10 ; Neutron
14 Eva— stars ]

;

poration

10—19 B

10~%4 :

10—29
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% These constraints naively translate to:

0.008
0.007

0.006

p, 0.005

0.004

0.003 - w w * w w * w w
0.001 1 1000 10°

MIM
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% Take the uncertainty due to non-sphericities into account:

0.008 ;
0.007:
0.006
p, 0.005
0.004

,’ “critical collapse

f I ‘
003"
0.001 1 1000 10°
MIM [Akrami, FK, Sandstad 2017]
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% Primordial black holes are very interesting!

% A detailed understanding of their formation is crucial.

% Gravitational-wave signals from the Galactic centre
may soon confirm the hypothesis that the Dark Matter
Is iIndeed comprised of primordial black holes.

% Combined dark-matter scenarios (e.g. PBHs + WIMPs)
can offer bright detection prospect.

% Most of the primordial black holes constraints rely
on assumptions whose validity is hard to quantify.



