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To be foIIowed by e : ~
- Pedagogical talks from Yacine Ali- Haimoud and Vivian Poulin
- Numerous talks from worldwide experts on various topics
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Primordial + Black: Can They Explain Dark Matter?
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History of the ACDM Universe
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Parameters (Hy 7 A; ns O, Qcpy ): Measured to few percent uncertainty!
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On September 14, 2015:

Lots of information....

Black hole masses: ~ 29, 36 M

Could these be primordial?

Zel’dovich & Novikov (1967), Hawking (1971), Carr & Hawking (1974)...

Did LIGO detect Dark Matter?

Bird,..., EDK.... et al., Phys. Rev. Lett. 116 (2016)
Sasaki et al., Phys. Rev. Lett. 117 (2016)
Clesse and Garca-Bellido, Phys. Dark Univ. 15, 142 (2017)
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Running-mass inflation: Ps(k):AS< )

Munoz, EDK et al., JCAP 2017

Sasaki et al., CQG 2018
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A peak in the primordial power spectrum can generate PBHs at a given scale:

2
1) Enhanced symmetry point: PO D (k) (H2) N (87TGH2>
92 2 2 ¢ aH=Fk € aH=Ek
L(¢) — L(¢, x) + o (¢ — P0)” x Pk

2) Inflection-point inflation:
V(¢) = Vinflection T ﬁ(@b — ¢inﬂection)3

(See Jain’s and Hazra’s talks on Wednesday and |
Bhaumik’s and Ragavendra H.V’s talks on Thursday!) ko
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1) Monochromatic mass function: P(Mpgy) = 0(Mppy — M.)

2) Near critical collapse: Mpgg = C (6 — §n)”
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PBH Formation: The Mass Function

1) Monochromatic mass function: P(Mpgy) = 0(Mppy — M.)
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2) Near critical collapse: Mppy = C (6 — 6in)”

Near overdensity, smaller mass PBHs produced: Lot Ve ]
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= I ]
—— power-law tail for the smaller mass range: 2 R #ff ]
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3) Log-normal (from symmetric power spectrum peak): log(6-6,)

e.g. Carr et al., PRD (2017) ,
Byrnes et al.
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4) QCD phase transition: s xios L
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PBH Formation: The Mass Function

1) Monochromatic mass function: P(Mpgy) = 0(Mppy — M.)

1 T T T

2) Near critical collapse: Mpgg = C (6 — §n)”

Near overdensity, smaller mass PBHs produced: Lot Ve 1
= § &
3 ey
—— power-law tail for the smaller mass range: 2 L #ff ]
_ & i
2.85 I & ]
MPBH - 2.85 3+ e -
P(Mppa) ( o~ (Mppu/M.) - |
M c i Musco et al., CQG (2009) |
— e b e ey b b
-12  -10 -8 -6 -4 -2 0
3) Log-normal (from symmetric power spectrum peak): log(6-6,
e.g. Carr et al., PRD (2017) ‘ : ; : : :
2 Byrnes et al.
P(Mpgn) = fron exp (_log (MPBH/MC)> 0005 JOAP (2018)
V 27TO'MPBH 20-2 w 0001}
sxt04- /LS
4) QCD phase transition: s xios L
P(M ) B 70 Z/QCDM - [ (Iul/’Y _|_ 5C(MH)>2] MPBH Iul/,y Meqdln MH0.001 0.610 0.1‘00 MM1,1 1‘0 160 1060
H p— e 0]
- V2% (Mp) 20%(Mp) YMp My

(See Byrnes’ talk on Thursday, Riotto and Sasaki on Wednesday and Dolgov on Friday!)



Outline

PBH “Production”

DM SM
PBH
DM SM

“Indirect”

“]'OGJ !G »



Outline

* Indirect Detection: GWs from mergers

PBH “Production”
DM

PBH
DM

“Indirect”

SM

SM

“]'OGJ!G »



Motivation: 15t Detection of Gravitational Waves

Credit: S. Larson



Motivation: 15t Detection of Gravitational Waves

What do we measure?

® ¢ ¢ & & & & & O 0 O ® & ¢ & ¢ & & & O 0 0
® @ ¢ & ¢ & & 0 0 0 0 ® & ¢ & & & & 0 0 0 0
® ¢ ¢ & & & & 0 0 0 0 ® ¢ ¢ & ¢ & & & 0 0 0
® & & & & ¢ & 0 0 0 0 ® & & & & & 0 0 0 0 0
® & & & & ¢ O O O 0 0 ® ® & & & ¢ O O 0 0 0
® ® & & & & 9 O O 00 ® ® & & & & O O O 00
® ® & & & & O O O 00 ® ® & & & & O O O 00
® ® & & & & 9 O O 00 ® & & & & & 0 O O 00
® & 6 & & & & & O 0 o ® & 6 & & & & & O 0 o
® ® & & & & & & O 0 0 ® & 6 & & & & & O O o
® & 6 &6 &6 & & & 0 0 0 ® & 6 &6 &6 & & & 0 0 0

Credit: S. Larson



Motivation: 15t Detection of Gravitational Waves

What do we measure?

® ¢ ¢ & & & & & O 0 O ® & ¢ & ¢ & & & O 0 0
® @ ¢ & ¢ & & 0 0 0 0 ® & ¢ & & & & 0 0 0 0
® ¢ ¢ & & & & 0 0 0 0 ® ¢ ¢ & ¢ & & & 0 0 0
® & & & & ¢ & 0 0 0 0 ® & & & & & 0 0 0 0 0
® & & & & ¢ O O O 0 0 ® ® & & & ¢ O O 0 0 0
® ® & & & & 9 O O 00 ® ® & & & & O O O 00
® ® & & & & O O O 00 ® ® & & & & O O O 00
® ® & & & & 9 O O 00 ® & & & & & 0 O O 00
® & 6 & & & & & O 0 o ® & 6 & & & & & O 0 o
® ® & & & & & & O 0 0 ® & 6 & & & & & O O o
® & 6 &6 &6 & & & 0 0 0 ® & 6 &6 &6 & & & 0 0 0

Credit: S. Larson



Motivation: 15t Detection of Gravitational Waves

What do we measure?

® ¢ ¢ & & & & & O 0 O ® & ¢ & ¢ & & & O 0 0
® @ ¢ & ¢ & & 0 0 0 0 ® & ¢ & & & & 0 0 0 0
® ¢ ¢ & & & & 0 0 0 0 ® ¢ ¢ & ¢ & & & 0 0 0
® & & & & ¢ & 0 0 0 0 ® & & & & & 0 0 0 0 0
® & & & & ¢ O O O 0 0 ® ® & & & ¢ O O 0 0 0
® ® & & & & 9 O O 00 ® ® & & & & O O O 00
® ® & & & & O O O 00 ® ® & & & & O O O 00
® ® & & & & 9 O O 00 ® & & & & & 0 O O 00
® & 6 & & & & & O 0 o ® & 6 & & & & & O 0 o
® ® & & & & & & O 0 0 ® & 6 & & & & & O O o
® & 6 &6 &6 & & & 0 0 0 ® & 6 &6 &6 & & & 0 0 0

Credit: S. Larson



Motivation: 15t Detection of Gravitational Waves

What do we measure?

® © 0 00 000 0 00 ® 0 00 0 00 0 00 00000000 O0
® 00 OO 0 O 00 ® 0 0 0 0 00 0 00 OO 0000000
® ® 00 0 0 0 0 00 ® © 0 00 00 0 0 00 OO ¢ OO0 OO0 OO0
® 0 O & O 0 0 0 0 00 ® O 6 & 0 0 0 0 0 00 O O O 0 O 0O 0 O
® O 6 & 0 0 0 0 0 00 ® O 6 & 0 0 O 0 0 00 O O O 0O O O 0O O
® O & & 0 0 0 0 O 00 ® ® & & 0 0 9 0 0 00 OO)“'yDOOOO
® O & & 0 0 0 0 0 00 ® © & & & 0 0 0 0 00 O O OO0 O 0O 0 O
® O & & 0 0 0 0 O 00 ® © & & & 0 0 0 O 00 OO0 ¢ O 0O O O O O
® 0 00 ¢ 0 0 0 00 ® 0 0 00 0 0 0 0 00 O 0 @ e ®
® 0 00 0 0 9 0 00 ® 0 00 0 0 9 0 00 OO0 0 0 O O 0 O
® 06 0606 0 0 0 0 00 ® 0 06 060600 0 0 00 oo o0 o oBdT o o
Credit: S. Larson

OO0 0O 0O 00O 0O 0O 0O 00 O0
O O O O OO0 o o0 o0 o



Motivation: 15t Detection of Gravitational Waves

What do we measure?
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What do we measure?
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Basic scalings:

 Orbital frequency (Kepler’s Il law):
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Basic scalings:
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Basic scalings:
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Basic scalings:

 Orbital frequency (Kepler’s Il law):
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LIGO is designed to detect mergers of stellar-mass objects.
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LIGO is designed to detect mergers of stellar-mass objects.
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On September 14, 2015 at 09:50:45 GMT:

Livingston, Louisiana (L1) Hanford, Washington (H1)
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After LIGO’s O2 run:
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Sensitivity increases from run to run:

Probability to detect M; = My = 30M,,

| Probability to detect equal masses at z = 0.5
—03 O3
—05
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B 0
g 0.6 ﬁ 0.6
% 0.4r E 0.4+
Qy AN
0.2} 0.2
O 1 ] | 0 1 1 ] ] ]
0 0.5 ] 1.5 o) 0 100 200 300 400 500 600
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Flitter, Munoz and EDK, arXiv:2008.10389


https://arxiv.org/search/?searchtype=author&query=Mu%C3%B1oz%2C+J+B
https://arxiv.org/search/?searchtype=author&query=Mu%C3%B1oz%2C+J+B
https://arxiv.org/abs/2011.01865
https://arxiv.org/abs/2011.01865
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And indeed after O3a:

Cumulative Count of Events
01 =3, 02 =8, 03a =39, Total =50
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N w B
o o o
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-
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LIGO-G2001862 Time (D ay S) Credit: LIGO-Virgo Collaboration
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Crucial question: how do the binaries form?

Nakamura et al., ApJL (1997)
1) PBHs can become bound early on:

- Quite numerous (if account for all of DM)
- Wide distribution of merger times o0
- Total merger rate can explain LIGO rate?

Ali-Haimoud, EDK and Kamionkowski, PRD (2017) /

- Binaries survive disruption to merge? Jedamzik, scap 20200 X

2) PBHs can form binaries in present-day halos:

- Two-body capture is rare

Upbh ) —18/7
C
- Extremely short merger time

Bird, ..., EDK et al., PRL (2016)

Cross-section: o oc R? (

- Predominantly form in low-mass halos

- Total merger rate consistent with LIGO rate?

(See Yacine’s talks Tuesday/Wednesday
Ali-Haimoud, EDK and Kamionkowski, PRD (2017) x Jedamzik, arXiv:2007.03565

and Jedamzik’s talk on Thursday!)
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Indirect detection: GWs from PBH Binary Mergers

Testable predictions:

- EM Counterparts

« Mass Spectrum

* Orbital Eccentricity

 Spin Distribution

- Stochastic Background

» 3D Clustering

Unlikely. (Indeed, none have been found so far)

Would be different from stellar black holes

Initially high, a result of the binary capture

Low Xeff? (from birth + dynamical formation)

Unique frequency spectrum (z-distribution)

Check cross-correlation with galaxy surveys
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Indirect Detection: The GW Mass Spectrum

Stellar IMF

f a=2.35

—

Background - Stellar BHs:

“Simplest” ansatz: p(m) xXm

Black Hole Mass Function
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Indirect Detection: The GW Mass Spectrum

Stellar IMF

Background - Stellar BHs: o= 2 35
— X

“Simplest” ansatz: p(m) xXm

Black Hole Mass Function
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Background - Stellar BHs:

NS vs. BH j \ Pair-

»~ > Pulsational-PISN (PPSN)

Other options: Cutoffs / Peaks

\_/ Hierarchical mergers

instability Supernovae (PISN)

p(my)

POWER LAW + PEAK

MuLTi PEAK

LIGO Collaboration, arXiv:2010.14533
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If we add Dark Matter PBHs: Mpgpy ~ N(SOM@, 012\4)
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Binaries formed in present-day halos:
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Orbits HIGHLY eccentric at encounter:
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In the ~near future:
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PBH mergers reside primarily in low mass halos:

Bird, ..., EDK et al., PRL (2016)
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PBH mergers reside primarily in low mass halos:

Bird, ..., EDK et al., PRL (2016)
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Cross-correlation amplitude: A, oc b&W

Goal: reach AA, = bS .. — bSpty ~ 0.9

With advanced GW detectors, some prospects:
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Direct Detection: New Transient Probes

Can we do better than with microlensing of stars?
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Fast Radio Bursts!

What are they?

» Literally: Fast Radio Bursts
O(1) ms ~1 GHz O(1) Jy
( @1Gpc
 Extragalactic (cosmological distances) 0(1039) ergs

- Estimated rate: 0(104) sky_lda,y_1 (still based on handful observed)
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CHIME experiment: expected rate of up to ©(10*) FRBs per year
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Joint PDF of time delay and flux ratio indicates correlation:
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From PBH to Primordial Power Spectrum Limits
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From PBH to Primordial Power Spectrum Limits

Convert each limit on PBHs to a limit on the primordial power spectrum amplitude:
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From PBH to Primordial Power Spectrum Limits

Convert each limit on PBHs to a limit on the primordial power spectrum amplitude:

MpgH (69)
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From PBH to Primordial Power Spectrum L

Convert each limit on PBHSs to a limit on the primordial power spectrum amplitude:
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From PBH to Primordial Power Spectrum Limits

Future constraints:
Mior/ M,
10210 10" 10° 10* 1 10 10° 10"°107"° 107 107>

LN/ /

&4
J
J
2 1 4
] ] 5 2 PBH
X ¥ 1 s
’I H y [ 3
] y n J
H J L &
H &
" 4 H s
J
PTA
I
I
I3
&4

10—2f

107 LISA *

\\\\ l.
u—distortion | | &

P(k)

= ¥
s ]
[ ]
wu ]
" ]
-6 % '
| " H
u ] ]
w "
[ an
- 1
- ar
0y
Y nn
) 1
ar

u
. an
L\
T v
w ay
- T an —
% 3
L\
.
Fo
1
L
1
)
by
““
1 0 - =

CMB,  PIXIE-like
N

104 1 10*  10° 10”7 10"  10%°
Byrnes et al., JCAP (2019) k [M pc'1]




PBHs as SMBH Seeds: Future Tight(!) Constraints

Second-order GW stochastic background can rule out PBH seeds!
Mhor/M@
10210 10" 10° 10* 1 10 10° 10"°107"° 107 107>

LN/ /

2
J
J
2 4
1 ] [ 4 PBH
X ¥ 1 ~
’I H y [ 3
] y n J
H J H &
[
] s 4
] 4 - 3
J
PTA
I
I
I3
]

10—2f

-«,‘.‘%
_ 4 ‘\ ",_’%’; |
107 \ , LISA
u—distortion | | &
: i P

P(k)

]
g
%
[
0}
% ] SKA
[ ]
wu ]
w ]
6 “ '
— U ]
- [ ] —
u ]
" ]
[ nn
. n
" 1]
" I
1 .
" 1]
. r

[ " ',' B
1078 % f
% CMBE PIXIE-like

10~ 1 10 108 10" 10" 10%°
Byrnes et al., JCAP (2019) k [M pc'1]




PBHs as SMBH Seeds: Future Tight(!) Constraints

Second-order GW stochastic background can rule out PBH seeds!
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PBHs as SMBH Seeds: Future Tight(!) Constraints

Second-order GW stochastic background can rule out PBH seeds!
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Theory Experiment
N

—> BH mass function B B

. Indirect —> Orbital eccentricity H I R AX (D
—> Spatial clustering < H I E —

Repeating FRBs

Direct > SNe Lensing PDF Next Decade is promising!
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