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Werewolves Werewolves: humans with the ability
- to shapeshift into a wolf,
which are notoriously hard to Kill
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Galaxy clusters
[lllustris, 1405.2921]

|astro-ph/0006397 ]
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DM Indirect

Detection
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[Gaskins, 1604.00014] ™ [GeV] [See recent developments in 2002.11956]
=
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DM Indirect Detection WIMPs: Weakly Interacting

o Massive Particles
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Gravitational Waves

Waves in space-time, generated by a changing mass quadrupole moment

R. HURT / CALTECH-JPL / HANDOUT/ ESA

=
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GW probes of DM

forces

Axion D EMRI/IMRI dephasing

QCD Axion

(GW /Radio) DM production
by bubble collisions

Current Interferometers

Future Interferometers

Pulsar Timing Arrays

Axion

DM

Rolling Rolling
axions axions Dark blobs
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Dark Photon DM Hidden sector
scalars

condensate

BH spin
distribution

PBH /sub-halo
transits
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BH-Boson U |  mergers 7

[Bertone, Croon, Amin, Boddy, BJK, Mack, Natarajan, Opferkuch, Schutz, Takhistov, Weniger, Yu,

SciPost Phys. Core 3, 007 (2020), 1907.10610]
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Overview

\
Merging Primordial !
Black Holes (PBHSs) |
\!
|IBJK, Gaggero & Bertone, 1805.09034] /
o ST R i SIS
Ve - - = N\
| DM Annihilation around |
PBHs |
|
\ [Bertone, Coogan, Gaggero, BJK & Weniger, 1905.01238] /
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Primordial Black Holes

Primordial Black Holes (PBHSs) could torm in the early
Universe ( z > 10°) from large over-densities

Mass roughly given by mass inside horizon at time of formation:
[Green & Liddle, astro-ph/9901268]

10-17 1071 10713 10~ 1079 1073 1071 101 10° 10°

1018 1020 1022 1024 1026 & 1028 1030 1032 1034 1036 1038

1051 1053 1055 1057 1059 ev 1061 1063 1065 1067 1069 1071

[Zel'dovich & Novikov (1967), Hawking (1971), Carr & Hawking (1974), Carr (1975)]
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Primordial

Black Holes

[1811.11158]

O [Green & BJK, 1709.06576]

Extrapolating the primordial power spectrum from Planck, fluctuations big

enough to produce PBHs should be negligible...

My [Mg)]
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...but small scale power spectrum is largely unconstrained.
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PBH bounds

0 [Code online: github.com/bradkav/PBHbounds]
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[Green & BJK, 1709.06576]

MpH [Mo| [Some dispute: 1712.06574, 1906.05950]
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LIGO/Virgo Mergers

—

LIGO/Caltech/Sonoma State (Aurore Simonnet) o = —

2020 Masses in the Stellar Graveyard
5 oo The Virgo collaboration/CCO 1.0

EM Neutron Stars

Updated 2020-09-02
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern
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PBHs as Dark Matter
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A tale of two binaries

A) Binaries formed after B) Binaries formed in the
close encounters early Universe

[Bird et al., 1603.00464] ‘ [Sasaki et al, 1603.08338]

2/7 —18/7
() .
3 c Require:

_ —18/7 "
= 1.37 x 1074 M2 v, 2T pe? | MpuR™> > p(2) before zeq

[Daniele Gaggero, UCI 20/02/2018]

= |
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—arly Universe

3naries

It frBH ~ 1, the relative density of PBHs equals the background

radiation density at matter-radiation equality.
(Almost) all PBHs form binaries...

1
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Life of a PBH binary

il
0.015F 10.015
Binary \
Decoupling

0.010F ﬁ P m0.010
=
= GW
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- Y
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PBH Binary Population

Randomly distributed
(unclustered™) PBHSs

Angular momentum set by
torques from smooth density
perturbations and all other PBHs

Close, eccentric binaries

e > (0.9999

Mppy = 30 M, f = 0.01

merge today: 1Y
t 3¢5 atf7 0.00 002 004 006 008 !
merge — 3 3 Semi-major axis, a/pc
170 G3, M3, /
[BJK, Gaggero & Bertone, 1805.09034]
[0909.1738, 1606.07437, 1707.01480, 1709.06576, 1907.01455, and many others.]
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Merger Rate Estimate R (tmerse) = 1051 Pomare P (fmorec)

o 2
106 E ,/’
— 105 _; //’//:///:/’//
| E /// //// ///
> 104 _; //’/,//’,//’/
|a ; ////’////:////
IL_DI 103 _g ////:/,///,//
@ 102 & LIGO merger rate
c ] | estimate after
% 101_5 /// /// /', GW150914
ClL) . // // // """ 10 M@
= 100 4 /:///// """ 30 M@
/,///// //// """ 100 M@
ot 4+
104 1073 1072 1071 10°
fpeH

Solar mass PBHSs should only be a sub-dominant (%-level)
contribution to the DM density in the Universe

[Ali-Haimoud et al., 1709.06576,
BJK, Gaggero & Bertone, 1805.09034]
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Black Holes’

Dark Dress

PBHs seed the formation of 'local’ DM halos:

high redshift (early time)

/ large background density \

Ru:(2) = 0.0063 <

low redshift (later time)

/ low background density \

By matter-radiation equality, Mnaio ~ MpBu

Slide shamelessly ripped off from Daniele Gaggero

[0706.0864, 1901.08528]

) pc p(r) oc 7974

[Bertschinger (1985)]
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Impact of Dark Dresses [Chandrasekhar, 1943]

Dynamical friction due to DM
exerts a force on the PBHs

NQ 8|olied

PBH

47TG?VM1%SIODM(T)

UNS

In A

Epp ~

=
Bradley J. Kavanagh (IFCA, Santander, Spain) = Primordial Black Holes and Gravitational Waves [ 20


https://ui.adsabs.harvard.edu/abs/1943ApJ....97..255C
https://ui.adsabs.harvard.edu/abs/1943ApJ....97..255C

Dark

resses In [M

RIS

Strain, h(t)
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[Edwards, Chianese, BJK, Nissanke & Weniger, 1905.04686]
|[BJK, Nichols, Gaggero, Bertone, 2002.12811]

|
2000
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‘Dressed’ PBH binaries

Study the binaries self-consistently
using N-body simulations: GADGET -

A code for cosmological simulations of structure formation

[GADGET-II, astro-ph/0505010]

[github.com/bradkav/BlackHolesDarkDress]

Bradley J. Kavanagh (IFCA, Santander, Spain) 0 Primordial Black Holes and Gravitational Waves O


https://arxiv.org/abs/astro-ph/0505010
https://arxiv.org/abs/astro-ph/0505010
http://github.com/bradkav/BlackHolesDarkDress
http://github.com/bradkav/BlackHolesDarkDress

Movies at tinvurl.com/BlackHolesDarkDress

Mpgau=30M4; a; =0.01pc; e; =0.995
1'=0.00kyr

— s
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Life of a ‘dressed’ PBH binary
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Binary ittt ! \
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o | |
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Redshift, z
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A peculiar coincidence Binaries shrink...

0 ...and circularise

Conservation of energy:

< Ef,(;)rb +9 Ubind _ E;rb
fixes semi-major axis, a

Conservation of angular momentum:
PBH _ 7 PBH
L; =" =Ly
halo halo
fixes jf :jm/ai/af

M time t _ 3¢ a4j7'| t d: tr= /2y
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Final Merger Rate j= Ve

Guided by the simulations, map (ai,e;) — (af,ey)

M time ¢ 3¢ a3 imost d: ¢ i
erger ime  tmerge — IS allmnOStT conserved. f = — Uy
170 G3; Mppy ar

10° -

estimate after

I LIGO merger rate
GW150914

Merger rate [Gpc~3 yr1]
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LImItS frOm |_| GO [BJK, Gaggero & Bertone, 1805.09034]

. [LIGO/Nirgo, 1904.08976]

—_
-
-]

—_
-
L

— EROS+MACHO

—— Eridanus II

DM fraction fPBH = QPBH/QDM
— =
= 5

E_ —— Accretion - radio
E ----- Accretion - X-ray
- —— CMB - PLANCK
| -—--- CMB - FIRAS

10—
10 10 10 10
Mppy | M)

But what if we discover primordial black holes?
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Detection prospects

GW detection of
sub-solar mass BHs

(LIGO O3,
now!)

GW detection of high
redshift BHs (z > 40)

(Einstein Telescope,
mid-late 2020s)

[1708.07380]

Radio detection of
accreting galactic PBHs

(Square Kilometre Array,
late 2020s)

[1812.07967]

[See also 2007.00021]

109

PBH fraction fPBH
— — —
- - -
L L
|

—_
=
N

10—5;

LIGO 03, Mppg = 0.5 M, |
ET (Z Z 40) MPBH = 10 M@

SKA, Mppyg = 100 M,,

1076

107 o

T

i
Number of observed candidates, N

R

[Bertone, Coogan, Gaggero, BJK & Weniger, 1905.01238]
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DM annihilation

/ Gamma-rays

1014} - L W@
WIMP Dark vy,
| Matter Particles iy
+ uve
Ecu~100GeV TS
. X W*/Z/q et
T Neutrinos
[0806.2911] \i
i \ VuVe
e[\
2 4/3
| | | | | F X pX (O-U)O fX
10 107* 107% 1072 107' 10V
r [pc
PBH population would act as bright gamma-ray sources
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Gamma-ray constraints

[Credit: Adam Coogan]

UCO/Lick
Gamma rays from DM ann.

Point Sources in the Milky Way:

Redshifting
Attenuation

Fermi/NASA

%
\
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Cross section constraints

[See also - 1003.3466, 1901.08528]

10_23 I I I I LI ll I I I I LI ll I I I I LI
Thermal relic

10—26 o _
—~ 10—29 | _
~—
E
\C.D/ 10—32 | _
= ]
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;/ [ ////

< e
+Z 10—38 _ o -
&'x)d/'
.\){Z}’/l .
10-41 L Nyl - GW detection of
——————————————————— 7T N = 80 sub-solar mass BHs
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101 107 10° 104 now!)
m, (GeV)
[Bertone, Coogan, Gaggero, BJK & Weniger, 1905.01238]
[ |
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Werewolves Werewolves: humans with the ability
- to shapeshift into a wolf,
which are notoriously hard to Kill

aaronsimscompany

Can be killed with Silver Bullets
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Silver Bullets

WIMPs: Weakly Interacting Massive Particles,

10—23
10—26
107

10—32

Thermal relic

fx*(ov)o (cm?®/s)

10755 plisxa =80 _--=7 Nos =1__s~
10738 F Vo —=2000 e -
{x’@’
X257
10-41 o e
T T T T T T T T T T T T T Nos = 80
10—44 1 1 Lo gl L Z 1 L ol 1 1 L1 1 11
101 102 10° 104
My (GeV)

. which are notoriously hard to Kill

Primordial Black Holes as 'Silver Bullets’ for New Physics at the Weak Scale
|Bertone, Coogan, Gaggero, BJK & Weniger, 1905.01238]
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p - Current Interferometers
; Future Interferometers
coxion D EMRI/IMRI dephasing
Pulsar Timing Arrays
QCD Axion
(GW /Radio) DM production
by bubble collisions
Axion
DM
Rolling Rolling
axions axions

Dark blobs

U0

Dark Photon DM

BH-Boson Iergers

condensate U | ,
BH spin

distribution

Hidden sector
scalars

PBH /sub-halo
transits

Boson star : :
binaries Indirect detection 1 Mg

T g e o
10720 1071 1 1019 10 10°Y 104 10°Y 109 107

Dark Matter Candidate Mass [eV]

[Bertone, Croon, Amin, Boddy, BJK, Mack, Natarajan, Opferkuch, Schutz, Takhistov, Weniger, Yu,
SciPost Phys. Core 3, 007 (2020), 1907.10610]
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What next?

Extending the ‘Dark Dress’ formalism to extended mass functions:

80 Lognormal Gpe3yr!

my [M_)]

my [M,]

[In collaboration with Pratibha Jangra]

= _
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What next”?

Distinguishing a population of PBH mergers from astrophysical BHs using
their cosmic merger history...

Einstein Telescope, fpgy = 107> Mpgy = 30M o

! Einstein Telecospe, fpgy = 107% Mpgy = 30M 5
10 10
—— PBH
104 ; 104 ; ABH: WWp
—— ABH: WWp+GRB
10° ; 10° 1
T 10%; 3 107;
§ 10%; g 10%;
109 ; 109 ;
—— PBH
10-1 4 ABH: WWp 10-1 1
—— ABH: WWp+GRB
1072 ' , , ' ' . 1072
0 5 10 15 20 25 30

Z
[In collaboration with Tania Mufoz, Francesca Scarcella & Daniele Gaggero]

Can we also look at the stochastic background of mergers to help distinguish?

[See also 1705.09182, 1904.02396, 2008.13704]
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The ever-changing field
of PBH mergers...*

*Does not cover controversy over choices of metric...
[Boehm et al., 2008.10743; De Luca et al., 2009.04731]
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Clustering of PBHSs

Even a distribution of PBHs which is initially Poisson
distributed will cluster at late times

® ® *
o ® 9 ® e
° o0
o 0‘ °.%
° o ® S 00 o ®
e P 0o ®®
o ® ®
o ® S
S ® °
z > 10% z < 100

A cluster of N PBHs is expected to form around 2. ~ ZeqfPBH/V N

[Chisholm - astro-ph/0509141, 1110.4402]
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APBH Cosmology

Simulate PBHs + Particle DM down to z ~ 99...

[Inman & Ali-Haimoud, 1907.08129]
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O _N/N.
APBH Cosmology Niw(N) o< —o= e/

4 3
10 Redshift: z=99
---Epstein
c—gs z fen = 10°
C @ —10-1/2
= = —— fpgn =10
N~ Ao
o 32 ——— fpgy = 1071
% < N — fPBH — 10_3/2
= —— fpgy =1077
S —— fpgy=1073
\\
\
\ \
102 103

NpgH/HL

Number of PBHs per halo

Note: PBH halos are expected to evaporate/collapse by late times...

[Inman & Ali-Haimoud, 1907.08129]
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Disruption in clusters Raidals - 1812.01930]
- [Vaskonen & Vermae - 1908.09752]

Dense clusters can lead to perturbations (and even disruption) of the binaries:

T T T rrrrry
s
05F

Estimate ‘survival probability’ Pnp as
fraction of binaries in clusters which N
have not collapsed by redshitt z:

0.001 l‘ ()Ol “ ““‘O.l ‘ l

Apply this ‘suppression factor’ F* 100

to obtain (conservative) merger rate = LIGO/Virgo

10
of non-perturbed binaries: 1
0.1
0.0001 0.001 0.01 0.1 1
fpBH
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BOUI’]dS With disrup’[ion [Vaskonen & Vermae - 1908.09752]

1 [See also 2007.07212, 2009.04731]

Expect a correction to the bounds - though only at large fpgH:

1032 1033 1034 1035 1036
I I I

100 ' ' -
including
= 107'E perturbations .
C
~—
us
M
Ay
S 107k -
|
us
o
h 1073k -
" LIGO O2 Sensitivity
10—4 | | | |
102 101 10° 101 102 103
Mpgy [Mo)]

But it would be nice to test these conservative, analytic estimates...

Bradley J. Kavanagh (IFCA, Santander, Spain) [ Primordial Black Holes and Gravitational Waves [ 42


https://arxiv.org/abs/2007.07212
https://arxiv.org/abs/2009.04731
https://arxiv.org/abs/2007.07212
https://arxiv.org/abs/2009.04731
https://arxiv.org/abs/1908.09752
https://arxiv.org/abs/1908.09752

Simulations (1)

[Tkacheyv, Pilipenko & Yepes - 2009.07813]

Cosmological PBH-only simulations,
using 104-106 PBHs, with ad-hoc GW emission

10 15

101 | frer=10""

feer=1.0

frer=107?
frer=107°
frr=10""

1013 i
1012 i
1011 i
1010 i
109 |

@ 4 0 o O
@ 4 0 o O

108 |
107 }

merger rate, r,, (Gpc 3yr™!)

Number of shiergegr&tgH binaries

feen=10"4 o

Our analytic estimates

10! 102

103 10* 10°

Redshift, 2

Although these simulations can't yet resolve mergers downto z ~ 0O...

=
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S|m U |atIOﬂS (2) [Trashorras, Garcia-Bellido & Nesseris, 2006.15018]

Assuming that PBHs form clusters at early times,
simulate many isolated Nesn = 1000 clusters, without GW emission

1000

- ¢ :K:)’
® - - Q
30 ¥, .-.’..i::' -, < Ng =5000
SR Y AR 400F No = 1000
20 e LR .
0 0'3??":.'2;'~w "..:} e [1a] T 200 +
_ 0'0 . -:.:;.:; ‘5"~ 1’ ’ - r.h‘o. ® o
& A ;i A
=10 s fg@ Y 5,
| :. . ..":?.'o :.'
_2.0 .%-.:\o: :‘
—3.0 ..

téNg (V)

104 103 106 107 108 10° 1010
t[yr]

Assuming feer = 1, estimate the merger rate to be: R = 1340 4+ 40 Gpc™ 2 yr !
(compare to LIGO observed rate of O(100) Gpc3 yr1)
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Simulations (3)

[Jedamzik - 2006.11172, 2007.03565]

Sampling the effects of individual 3-body encounters in N = 1300 clusters,
suggests that the binary merger rate today should be negligible

25

102

1 020 8

10! i

10 |

Final time-to-merger
ts (Gyr)
S

100 5

N | A A " A

| A A A A

For treH = 1, suggest rate dominated instead today by direct mergers!

l010
t; (Gyr)

10

15

10

20

10

25

Initial time-to-merger

7zdirect ~ 108 GpC_S yr_l
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Complicated constraints?

—_
- —
| -

— -

DM fraction fPBH = QPBH/QDM
=

EROS+MACHO
Eridanus I1

—3 B |
10 F —— Accretion - radio 3
E ----- Accretion - X-ray E
- —— CMB - PLANCK T
|- CMB - FIRAS 1

10_4 1 1 1 L1 1 II 1 1 1 1 L1 1 II 1 1 1 1 L1 11

10 10! 107 10°
Mppy M|
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The three ring circus

A) Binaries formed after
close encounters

B) Binaries formed in the
early Universe

[Sasaki et al, 1603.08338]

C) Direct mergers in
late-time clusters

[Jedamzik, 2007.03565]

[Bird et al., 1603.00464]

o ‘; R S
P N
3 8. ] <« N 9
A AR 3 vy YN .
& & TR AR
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Bl N B N ' % 3
4 ¢ R y Ty . " ) . . % " ot '
AN ) 3 -~ 3 W L = R L
¢ Y
. ®
) .

Need careful, multi-scale simulations to capture all the physics...
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Conclusions

10V

—_
-
L

DM fraction fPBH — QPBH/QDM
=

| —— EROS+MACHO

Merging Primordial
Black Holes (PBHSs)

[BJK, Gaggero & Bertone, 1805.09034]

—— FEridanus [1
—3L _
]-O F —— Accretion - radio 3
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----- CMB - FIRAS
10_4 IIIII ||||| 1 1 L1 1 1 11
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Conclusions

DM Annihilation around
PBHs

[Bertone, Coogan, Gaggero, BJK & Weniger, 1905.01238]
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Conclusions
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Conclusions
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Backup Slides.
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PBH formation

- [1110.2484]
| I A U I R R D R R N R N B B EPe
1072 T T T ————
10—3 _— WIMP kinetic decouplin: e — 10_2
EXEEREERL 1 _
—_ 1 3
HOW Can We o Allowed regions 12—4
? —_ 1075 — ~ o —~
make a PB H f f&/ S~ = Ultracompact minihalos (gamma rays, Fermi-LAT) — 10-7 \-5_&/
e e
é_c I Ultracompact minihalos (reionisation, WMAP5 7,) — 10-5 &
107 — = Primordial black holes
M — 1077
10 —— CMB, Lyman-a, LSS and other cosmological probes
— —8
10~° 10
— 10—9
—10 s
10 S I I I I

1077107107 110 48 107 100 40 10° 107 400 10 107 40" 10 10 10" 10" 10%° 40Y 10 10
k (Mpc™)

 Enhancement/feature in power spectrum
[e.g. astro-ph/9509027, astro-ph/9605094, hep-ph/9710259, 1206.4188, 1709.05565]

e Cosmic String Loops
le.g. Hawking (1987), Polnarev & Zembowicz (1991), gr-qc/9509012]

e Bubble collisions
[e.g. Hawking, Moss & Stewart (1982); La & Steinhart (1989)]

Primordial Black Holes are a probe of the physics of the early Universe:

“Sirens of the early Universe” [Green, 1403.1198]
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—Vapora’[ion bOUﬂdS [Code online: github.com/bradkav/PBHbounds]

O [Green & BJK, 1709.06576]
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Micro|ensing bounds [Code online: github.com/bradkayv/PBHbounds]

= [Green & BJK, 1709.06576]
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GW bounds [Code online: github.com/bradkav/PBHbounds]
= [Green & BJK, 1709.06576]
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Accretion bounds [Code online: github.com/bradkav/PBHbounds]

= [Green & BJK, 1709.06576]
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Dynamica| bOUﬂdS [Code online: github.com/bradkav/PBHbounds]

= [Green & BJK, 1709.06576]
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—xtended Mass Function

LIGO O1 Limit
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“Old” merger rate calculation a la Sasaki et al.,
but picture doesn't change too much...

[See also 1801.10327]
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GW190521

Single PBHs event without accretion

TABLE 1. Parameters of GW190521 according to the
NRSur7dg4 waveform model. We quote median values with
90% credible intervals that include statistical errors.

Parameter

Primary mass 85171 My
Secondary mass 66114 M
Primary spin magnitude 0.69"2]
Secondary spin magnitude 0.73102
Total mass 150137 M

[LVC (GW190521), arXiv:2009.01075]

Single PBHs event with accretion

100 grreny
Ogle
101 EROS
=) ——— lcarus
c“’ 102
o Planck D
E 1073 ——— Planck S
XRay
104 — XRayB
o=0.2
----- NANOGrav
10—5 aiaal PR P PRI aia o 10—5,.. al s s s auail PN | PEEPEPREPIYY | b
10! 100 10! 102 10° 10-! 100 10! 102 103 —— DGH
(M(z = 0))[M,)] (M(z = 0))[Mo)
[De Luca et al., arXiv:2009.01728]
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Caveats

e Survival ’

Do these binaries survive for the age of the Universe?

Smooth density perturbations and close encounters
are unlikely to disrupt the binaries

a <1074 pc

[Ali-Haimoud et al., 1709.06570]
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Caveats

. s °®
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* Clustering
e
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. ©

How does the distribution of PBHs affect the merger rate?

Clustering could substantially enhance the merger rate
(‘cascade’ mergers) but PBHSs are unlikely to form in clusters...

[1808.05910] [1807.02084]

[See also 1805.05912,1806.10414 and others]
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Caveats

* Baryons

Does baryonic accretion disrupt the binary?

Some simulations have been performed, but the effects
are still unclear (especially for highly eccentric binaries)

[0909.1738, 0805.3408, astro-ph/0607467, 1703.03913]
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Caveats

e Survival
* Clustering

* Baryons

e Dark Matter

Do local Dark Matter halos disrupt PBH binaries?
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PBH

3inaries: semi-major axis
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PBH Simulation Results

Initial eccentricity, e
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Astrophysical BH binaries

time [Myr] a[Rp] e
ZAMS
. _ . 0.0000 |[MS 962 Mg ‘ MS 60.2 Mo | 2463 0.15
Astrophysical BH binaries could be
: 277>, RLOF
formed dynamically, or through e.g. I N
: : 35445 |HG 922 Mgl P MS 59.9 Mo | 2,140 0.00
common envelope evolution: \ N
\~~_—’,
’—-~
HG £ \\\
3.5448 | or 423 M@( . Y4 MS 849 Mg | 3,112 0.00
CHeB f
¢ \\\~_',/ —
3.8354 |He star 39.0 Mo . MsS 84.7 Mo | 3,579 0.00
§ direct BH
38354 [BH 351 Mo * MS  847My|3,700 003
50445 [BH 35 Mg e CHeB 822 Mg | 3780 0.03
50445 |BH 365 Mg c ® He star 368 My | 43.8 0.00
[Banerjee 1611 09357 5.3483 |BH 36.5 Mg ° ‘ He star 342 My | 45.3 0.00
LIGO-Virgo, 1602.03846, .1 direceBh
53483 |BH BH 478 0.5
Elbert et al., 1703.02551, 36.5 Mo § merger 308 Mo
Stevenson et al., 1704.01352, 10,294 o 0 000
and many others...]
[1602.04531]
|
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