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To be followed by: 
- Pedagogical talks from Yacine Ali-Haïmoud 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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Amazingly: a handful of parameters is enough to fit all existing data. 

⌦bH0 As ns
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Ingredients of the Standard Model of Cosmology

⌦M⌧
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Precision Cosmology

⌦CDM⌦bH0 As ns⌧

Simulations

Galaxy
Surveys

N-body, Numerical GR...

Observations CMB

Parameters (                                    ): measured to few percent uncertainty!
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(For details see Musco et al., arXiv:2011.03014 and Riotto’s talk on Wednesday!)



PBH Formation: Abundance



Collapse of overdensities during radiation domination: 

PBH Formation: Abundance



Collapse of overdensities during radiation domination: 

PBH Formation: Abundance

� ⌘ ⇢PBH

⇢tot

����
form

= �

Z

�th

P (�) d�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



Collapse of overdensities during radiation domination: 

PBH Formation: Abundance

� ⌘ ⇢PBH

⇢tot

����
form

= �

Z

�th

P (�) d�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

= �

Z

�th

d�p
2⇡�MPBH

exp


� �2

2�2
MPBH

�

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

variance

P (�)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�c
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PBH threshold

Press-Schechter for a Gaussian PDF:



Collapse of overdensities during radiation domination: 

PBH Formation: Abundance

�2
MPBH

=

Z
d ln kP�(k)W

2(kR)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

� ⌘ ⇢PBH

⇢tot

����
form

= �

Z

�th

P (�) d�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

= �

Z

�th

d�p
2⇡�MPBH

exp


� �2

2�2
MPBH

�

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Variance is set by density power spectrum:
variance

P (�)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�c
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PBH threshold

Press-Schechter for a Gaussian PDF:



Collapse of overdensities during radiation domination: 

we then get:

PBH Formation: Abundance

� ⇡ �p
2⇡⌫(MPBH)

exp


�⌫(MPBH)

2

2

�

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�2
MPBH

=

Z
d ln kP�(k)W

2(kR)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

� ⌘ ⇢PBH

⇢tot

����
form

= �

Z

�th

P (�) d�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

= �

Z

�th

d�p
2⇡�MPBH

exp


� �2

2�2
MPBH

�

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Variance is set by density power spectrum:
variance

P (�)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�c
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PBH threshold

Press-Schechter for a Gaussian PDF:

⌫(M) ⌘ �th/�M
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



Collapse of overdensities during radiation domination: 

we then get:

and the dark matter fraction made up of PBHs:

PBH Formation: Abundance

� ⇡ �p
2⇡⌫(MPBH)

exp


�⌫(MPBH)

2

2

�

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�2
MPBH

=

Z
d ln kP�(k)W

2(kR)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

� ⌘ ⇢PBH

⇢tot

����
form

= �

Z

�th

P (�) d�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

= �

Z

�th

d�p
2⇡�MPBH

exp


� �2

2�2
MPBH

�

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Variance is set by density power spectrum:
variance

P (�)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�c
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PBH threshold

fPBH(MPBH) =
1

⌦CDM

d⌦PBH

d lnMPBH
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Press-Schechter for a Gaussian PDF:

⌫(M) ⌘ �th/�M
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



Collapse of overdensities during radiation domination: 

we then get:

and the dark matter fraction made up of PBHs:

                                                                             where:

PBH Formation: Abundance

� ⇡ �p
2⇡⌫(MPBH)

exp


�⌫(MPBH)

2

2

�

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�2
MPBH

=

Z
d ln kP�(k)W

2(kR)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

� ⌘ ⇢PBH

⇢tot

����
form

= �

Z

�th

P (�) d�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

= �

Z

�th

d�p
2⇡�MPBH

exp


� �2

2�2
MPBH

�

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Variance is set by density power spectrum:
variance

P (�)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�c
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PBH threshold

⌦PBH ⇠
M

maxZ

M
min

d ln(M)�(M)

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

fPBH(MPBH) =
1

⌦CDM

d⌦PBH

d lnMPBH
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Press-Schechter for a Gaussian PDF:

⌫(M) ⌘ �th/�M
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



Collapse of overdensities during radiation domination: 

we then get:

and the dark matter fraction made up of PBHs:

                                                                             where:

PBH Formation: Abundance

� ⇡ �p
2⇡⌫(MPBH)

exp


�⌫(MPBH)

2

2

�

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�2
MPBH

=

Z
d ln kP�(k)W

2(kR)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

� ⌘ ⇢PBH

⇢tot

����
form

= �

Z

�th

P (�) d�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

= �

Z

�th

d�p
2⇡�MPBH

exp


� �2

2�2
MPBH

�

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Variance is set by density power spectrum:
variance

P (�)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�c
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PBH threshold

⌦PBH ⇠
M

maxZ

M
min

d ln(M)�(M)

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

fPBH(MPBH) =
1

⌦CDM

d⌦PBH

d lnMPBH
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

need to correct for growth 
during radiation domination

Press-Schechter for a Gaussian PDF:

⌫(M) ⌘ �th/�M
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



PBH Formation: Mass to Scale Relation



Mass at formation:                                      
     

PBH Formation: Mass to Scale Relation

MPBH = �MH

����
form

= �
4⇡

3
⇢formH

�3
form = �

1

2G
H�1

form
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



Mass at formation:                                      
     
Scale at formation:
             

PBH Formation: Mass to Scale Relation

aH

����
form

= k
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

MPBH = �MH

����
form

= �
4⇡

3
⇢formH

�3
form = �

1

2G
H�1

form
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



Mass at formation:                                      
     
Scale at formation:
             

at radiation domination:

PBH Formation: Mass to Scale Relation

aH

����
form

= k
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

a

����
RD

= H�1/2

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

MPBH = �MH

����
form

= �
4⇡

3
⇢formH

�3
form = �

1

2G
H�1

form
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



Mass at formation:                                      
     
Scale at formation:
             

at radiation domination:

PBH Formation: Mass to Scale Relation

aH

����
form

= k
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

H
form

/ k2
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

a

����
RD

= H�1/2

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

MPBH = �MH

����
form

= �
4⇡

3
⇢formH

�3
form = �

1

2G
H�1

form
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



Mass at formation:                                      
     
Scale at formation:
             

at radiation domination:

and the relation is:

PBH Formation: Mass to Scale Relation

aH

����
form

= k
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

H
form

/ k2
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

MPBH(k) ' 30M�

⇣ �

0.2

⌘⇣g⇤,form
10.75

⌘�1/6
✓

k

2.9⇥ 105 Mpc�1

◆�2

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

a

����
RD

= H�1/2

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

MPBH = �MH

����
form

= �
4⇡

3
⇢formH

�3
form = �

1

2G
H�1

form
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



Mass at formation:                                      
     
Scale at formation:
             

at radiation domination:

and the relation is:

PBH Formation: Mass to Scale Relation

aH

����
form

= k
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

H
form

/ k2
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

MPBH(k) ' 30M�

⇣ �

0.2

⌘⇣g⇤,form
10.75

⌘�1/6
✓

k

2.9⇥ 105 Mpc�1

◆�2

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

CMB/LSS scale

accessible scale by PBHs

10-4 0.01 1 100 104 106

10-5

10-4

0.001

0.010

0.100

1

k Mpc-1

|ζ
|

a

����
RD

= H�1/2

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

MPBH = �MH

����
form

= �
4⇡

3
⇢formH

�3
form = �

1

2G
H�1

form
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Sasaki et al., CQG 2018



PBH Formation: Inflation Models



PBH Formation: Inflation Models

Running-mass inflation: Ps(k) = As

✓
k

k⇤

◆ns�1+ 1
2!↵s ln(k/k⇤)+ 1

3!�s ln2(k/k⇤)+···

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



PBH Formation: Inflation Models

Running-mass inflation: Ps(k) = As

✓
k

k⇤

◆ns�1+ 1
2!↵s ln(k/k⇤)+ 1

3!�s ln2(k/k⇤)+···

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

ns = 0.968

αs = 0.36, βs = -0.04

αs = 0.13, βs = 0

0.1 100 105
10-6

10-5

10-4

0.001

0.010

0.100

1

k Mpc-1

|�
|

Sasaki et al., CQG 2018



PBH Formation: Inflation Models

Running-mass inflation: Ps(k) = As

✓
k

k⇤

◆ns�1+ 1
2!↵s ln(k/k⇤)+ 1

3!�s ln2(k/k⇤)+···

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

ns = 0.968

αs = 0.36, βs = -0.04

αs = 0.13, βs = 0

0.1 100 105
10-6

10-5

10-4

0.001

0.010

0.100

1

k Mpc-1

|�
|

Sasaki et al., CQG 2018



PBH Formation: Inflation Models

Running-mass inflation: Ps(k) = As

✓
k

k⇤

◆ns�1+ 1
2!↵s ln(k/k⇤)+ 1

3!�s ln2(k/k⇤)+···

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

ns = 0.968

αs = 0.36, βs = -0.04

αs = 0.13, βs = 0

0.1 100 105
10-6

10-5

10-4

0.001

0.010

0.100

1

k Mpc-1

|�
|

-0.005 0.000 0.005

-0.002

0.000

0.002

0.004

0.006

αs

β s

PBHs

Planck

S4
+DESI
+SKA

Muñoz, EDK et al., JCAP 2017

Sasaki et al., CQG 2018



PBH Formation: Inflation Models

Running-mass inflation:

A peak in the primordial power spectrum can generate PBHs at a given scale:

Ps(k) = As

✓
k

k⇤

◆ns�1+ 1
2!↵s ln(k/k⇤)+ 1

3!�s ln2(k/k⇤)+···

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

ns = 0.968

αs = 0.36, βs = -0.04

αs = 0.13, βs = 0

0.1 100 105
10-6

10-5

10-4

0.001

0.010

0.100

1

k Mpc-1

|�
|

-0.005 0.000 0.005

-0.002

0.000

0.002

0.004

0.006

αs

β s

PBHs

Planck

S4
+DESI
+SKA

Muñoz, EDK et al., JCAP 2017

Sasaki et al., CQG 2018



PBH Formation: Inflation Models

Running-mass inflation:

A peak in the primordial power spectrum can generate PBHs at a given scale:

Ps(k) = As

✓
k

k⇤

◆ns�1+ 1
2!↵s ln(k/k⇤)+ 1

3!�s ln2(k/k⇤)+···

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

ns = 0.968

αs = 0.36, βs = -0.04

αs = 0.13, βs = 0

0.1 100 105
10-6

10-5

10-4

0.001

0.010

0.100

1

k Mpc-1

|�
|

-0.005 0.000 0.005

-0.002

0.000

0.002

0.004

0.006

αs

β s

PBHs

Planck

S4
+DESI
+SKA

Muñoz, EDK et al., JCAP 2017

P(k) ⇠
✓
H2

�̇

◆2

aH=k

⇠
✓
8⇡GH2

✏

◆

aH=k
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Sasaki et al., CQG 2018



PBH Formation: Inflation Models

Running-mass inflation:

A peak in the primordial power spectrum can generate PBHs at a given scale:

Ps(k) = As

✓
k

k⇤

◆ns�1+ 1
2!↵s ln(k/k⇤)+ 1

3!�s ln2(k/k⇤)+···

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

ns = 0.968

αs = 0.36, βs = -0.04

αs = 0.13, βs = 0

0.1 100 105
10-6

10-5

10-4

0.001

0.010

0.100

1

k Mpc-1

|�
|

-0.005 0.000 0.005

-0.002

0.000

0.002

0.004

0.006

αs

β s

PBHs

Planck

S4
+DESI
+SKA

Muñoz, EDK et al., JCAP 2017

1) Enhanced symmetry point:

L(�) �! L(�, �) + g2

2
(�� �0)

2 �2

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

P(k) ⇠
✓
H2

�̇

◆2

aH=k

⇠
✓
8⇡GH2

✏

◆

aH=k
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Sasaki et al., CQG 2018



PBH Formation: Inflation Models

Running-mass inflation:

A peak in the primordial power spectrum can generate PBHs at a given scale:

Ps(k) = As

✓
k

k⇤

◆ns�1+ 1
2!↵s ln(k/k⇤)+ 1

3!�s ln2(k/k⇤)+···

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

ns = 0.968

αs = 0.36, βs = -0.04

αs = 0.13, βs = 0

0.1 100 105
10-6

10-5

10-4

0.001

0.010

0.100

1

k Mpc-1

|�
|

-0.005 0.000 0.005

-0.002

0.000

0.002

0.004

0.006

αs

β s

PBHs

Planck

S4
+DESI
+SKA

Muñoz, EDK et al., JCAP 2017

1) Enhanced symmetry point:

L(�) �! L(�, �) + g2

2
(�� �0)

2 �2

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

2) Inflection-point inflation:
V (�) = V

inflection

+ �(�� �
inflection

)3
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

P(k) ⇠
✓
H2

�̇

◆2

aH=k

⇠
✓
8⇡GH2

✏

◆

aH=k
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Sasaki et al., CQG 2018



PBH Formation: Inflation Models

Running-mass inflation:

A peak in the primordial power spectrum can generate PBHs at a given scale:

Ps(k) = As

✓
k

k⇤

◆ns�1+ 1
2!↵s ln(k/k⇤)+ 1

3!�s ln2(k/k⇤)+···

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

ns = 0.968

αs = 0.36, βs = -0.04

αs = 0.13, βs = 0

0.1 100 105
10-6

10-5

10-4

0.001

0.010

0.100

1

k Mpc-1

|�
|

-0.005 0.000 0.005

-0.002

0.000

0.002

0.004

0.006

αs

β s

PBHs

Planck

S4
+DESI
+SKA

Muñoz, EDK et al., JCAP 2017

1) Enhanced symmetry point:

L(�) �! L(�, �) + g2

2
(�� �0)

2 �2

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

2) Inflection-point inflation:
V (�) = V

inflection

+ �(�� �
inflection

)3
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

P(k) ⇠
✓
H2

�̇

◆2

aH=k

⇠
✓
8⇡GH2

✏

◆

aH=k
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

(See Jain’s and Hazra’s talks on Wednesday and 
Bhaumik’s and Ragavendra H.V’s talks on Thursday!)

Sasaki et al., CQG 2018



PBH Formation: The Mass Function



PBH Formation: The Mass Function
Monochromatic mass function: P (MPBH) = �(MPBH �Mc)

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

1)



PBH Formation: The Mass Function
Monochromatic mass function:

Near critical collapse: MPBH = C (� � �th)
↵

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

P (MPBH) = �(MPBH �Mc)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

1)

2)



PBH Formation: The Mass Function
Monochromatic mass function:

Near critical collapse:

Near overdensity, smaller mass PBHs produced:

MPBH = C (� � �th)
↵

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

P (MPBH) = �(MPBH �Mc)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Musco et al., CQG (2009)

1)

2)



PBH Formation: The Mass Function
Monochromatic mass function:

Near critical collapse:

Near overdensity, smaller mass PBHs produced:

             power-law tail for the smaller mass range:

MPBH = C (� � �th)
↵

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

P (MPBH) = �(MPBH �Mc)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Musco et al., CQG (2009)
P (MPBH) /

✓
MPBH

Mc

◆2.85

e�(MPBH/Mc)
2.85

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

1)

2)



PBH Formation: The Mass Function
Monochromatic mass function:

Near critical collapse:

Near overdensity, smaller mass PBHs produced:

             power-law tail for the smaller mass range:

Log-normal (from symmetric power spectrum peak):

MPBH = C (� � �th)
↵

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

P (MPBH) = �(MPBH �Mc)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Musco et al., CQG (2009)
P (MPBH) /

✓
MPBH

Mc

◆2.85

e�(MPBH/Mc)
2.85

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

P (MPBH) =
fPBHp

2⇡�MPBH

exp

✓
� log

2
(MPBH/Mc)

2�2

◆

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

e.g. Carr et al., PRD (2017)

1)

2)

3)



PBH Formation: The Mass Function
Monochromatic mass function:

Near critical collapse:

Near overdensity, smaller mass PBHs produced:

             power-law tail for the smaller mass range:

Log-normal (from symmetric power spectrum peak):

QCD phase transition:

MPBH = C (� � �th)
↵

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

P (MPBH) = �(MPBH �Mc)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

P (MPBH) =

1Z

�1

2/⌦CDMp
2⇡�2

(MH)

exp


� (µ1/�

+ �c(MH))

2

2�2
(MH)

�
MPBH

�MH
µ1/�

r
Meq

MH
d lnMH

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Byrnes et al.
JCAP (2018)

Musco et al., CQG (2009)
P (MPBH) /

✓
MPBH

Mc

◆2.85

e�(MPBH/Mc)
2.85

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

P (MPBH) =
fPBHp

2⇡�MPBH

exp

✓
� log

2
(MPBH/Mc)

2�2

◆

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

e.g. Carr et al., PRD (2017)

1)

2)

3)

4)



PBH Formation: The Mass Function
Monochromatic mass function:

Near critical collapse:

Near overdensity, smaller mass PBHs produced:

             power-law tail for the smaller mass range:

Log-normal (from symmetric power spectrum peak):

QCD phase transition:

MPBH = C (� � �th)
↵

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

P (MPBH) = �(MPBH �Mc)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

P (MPBH) =

1Z

�1

2/⌦CDMp
2⇡�2

(MH)

exp


� (µ1/�

+ �c(MH))

2

2�2
(MH)

�
MPBH

�MH
µ1/�

r
Meq

MH
d lnMH

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Byrnes et al.
JCAP (2018)

Musco et al., CQG (2009)
P (MPBH) /

✓
MPBH

Mc

◆2.85

e�(MPBH/Mc)
2.85

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

P (MPBH) =
fPBHp

2⇡�MPBH

exp

✓
� log

2
(MPBH/Mc)

2�2

◆

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

e.g. Carr et al., PRD (2017)

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

1)

2)

3)

4)



• PBH Production: Early Universe Formation

Outline

PBH 

PBH 

SM 

SM 

DM 

DM 

“D
irect”

“Indirect”

“Production”



• Indirect Detection: GWs from mergers

• PBH Production: Early Universe Formation

Outline

PBH 

PBH 

SM 

SM 

DM 

DM 

“D
irect”

“Indirect”

“Production”
• Indirect Detection: GWs from mergers



Motivation: 1st Detection of Gravitational Waves  

Credit: S. Larson



Motivation: 1st Detection of Gravitational Waves  

Credit: S. Larson

What do we measure?



Motivation: 1st Detection of Gravitational Waves  

Credit: S. Larson

What do we measure?



Motivation: 1st Detection of Gravitational Waves  

Credit: S. Larson

What do we measure?



Motivation: 1st Detection of Gravitational Waves  

Ly

L
x

Credit: S. Larson

What do we measure?



Motivation: 1st Detection of Gravitational Waves  

Ly

L
x

Strain:

Credit: S. Larson

h(t) ⌘ �L/L = (�L
x

� �L
y

)/L

What do we measure?



Motivation: 1st Detection of Gravitational Waves  

Ly

L
x

h(t) ⌘ �L/L = (�L
x

� �L
y

)/L

What do we measure?



Motivation: 1st Detection of Gravitational Waves  

frequency increases all the way to the “chirp”

Ly

L
x

Credit: LIGO

h(t) ⌘ �L/L = (�L
x

� �L
y

)/L

What do we measure?



Motivation: 1st Detection of Gravitational Waves  



Motivation: 1st Detection of Gravitational Waves  



Motivation: 1st Detection of Gravitational Waves  



Basic scalings:

Motivation: 1st Detection of Gravitational Waves  



Basic scalings:

• Orbital frequency (Kepler’s III law):

Motivation: 1st Detection of Gravitational Waves  

forbit =

r
G

4⇡2

2MBH

a3



Basic scalings:

• Orbital frequency (Kepler’s III law):

• Last stable orbit: 

Motivation: 1st Detection of Gravitational Waves  

afinal
orbit

⇠ 3Rs =
6GMBH

c2

forbit =

r
G

4⇡2

2MBH

a3



Basic scalings:

• Orbital frequency (Kepler’s III law):

• Last stable orbit: 

• Merger frequency for                 :

Motivation: 1st Detection of Gravitational Waves  

⇠ 30M�

f
merger

= 2f
final

orbit

⇠ 150Hz

afinal
orbit

⇠ 3Rs =
6GMBH

c2

forbit =

r
G

4⇡2

2MBH

a3



Basic scalings:

• Orbital frequency (Kepler’s III law):

• Last stable orbit: 

• Merger frequency for                 :

• GWs travel at speed of light:

Motivation: 1st Detection of Gravitational Waves  

� = c/f ⇠ 2000 km

⇠ 30M�

f
merger

= 2f
final

orbit

⇠ 150Hz

afinal
orbit

⇠ 3Rs =
6GMBH

c2

forbit =

r
G

4⇡2

2MBH

a3



Basic scalings:

• Orbital frequency (Kepler’s III law):

• Last stable orbit: 

• Merger frequency for                 :

• GWs travel at speed of light:

Motivation: 1st Detection of Gravitational Waves  

� = c/f ⇠ 2000 km

f
merger

= 2f
final

orbit

⇠ 150Hz

afinal
orbit

⇠ 3Rs =
6GMBH

c2

⇠ 30M�

forbit =

r
G

4⇡2

2MBH

a3



Basic scalings:

• Orbital frequency (Kepler’s III law):

• Last stable orbit: 

• Merger frequency for                 :

• GWs travel at speed of light:

Motivation: 1st Detection of Gravitational Waves  

for                :               
� ⇠ 107 km

f ⇠ 10�2 Hz
   LISA?106 M�( )� = c/f ⇠ 2000 km

f
merger

= 2f
final

orbit

⇠ 150Hz

afinal
orbit

⇠ 3Rs =
6GMBH

c2

⇠ 30M�

forbit =

r
G

4⇡2

2MBH

a3



Basic scalings:

• Orbital frequency (Kepler’s III law):

• Last stable orbit: 

• Merger frequency for                 :

• GWs travel at speed of light:

Motivation: 1st Detection of Gravitational Waves  

LIGO

for                :               
� ⇠ 107 km

f ⇠ 10�2 Hz
   LISA?106 M�( )� = c/f ⇠ 2000 km

f
merger

= 2f
final

orbit

⇠ 150Hz

afinal
orbit

⇠ 3Rs =
6GMBH

c2

⇠ 30M�

forbit =

r
G

4⇡2

2MBH

a3



Basic scalings:

• Orbital frequency (Kepler’s III law):

• Last stable orbit: 

• Merger frequency for                 :

• GWs travel at speed of light:

Motivation: 1st Detection of Gravitational Waves  

LIGO

for                :               
� ⇠ 107 km

f ⇠ 10�2 Hz
   LISA?106 M�( )� = c/f ⇠ 2000 km

f
merger

= 2f
final

orbit

⇠ 150Hz

afinal
orbit

⇠ 3Rs =
6GMBH

c2

⇠ 30M�

forbit =

r
G

4⇡2

2MBH

a3



Basic scalings:

• Orbital frequency (Kepler’s III law):

• Last stable orbit: 

• Merger frequency for                 :

• GWs travel at speed of light:

Motivation: 1st Detection of Gravitational Waves  

LIGO

4 km x 300 = 1200 km

for                :               
� ⇠ 107 km

f ⇠ 10�2 Hz
   LISA?106 M�( )� = c/f ⇠ 2000 km

f
merger

= 2f
final

orbit

⇠ 150Hz

afinal
orbit

⇠ 3Rs =
6GMBH

c2

⇠ 30M�

forbit =

r
G

4⇡2

2MBH

a3



Motivation: 1st Detection of Gravitational Waves  



Motivation: 1st Detection of Gravitational Waves  

LIGO is designed to detect mergers of stellar-mass objects.



Motivation: 1st Detection of Gravitational Waves  

LIGO is designed to detect mergers of stellar-mass objects.



Motivation: 1st Detection of Gravitational Waves  

LIGO is designed to detect mergers of stellar-mass objects.

Target strain level: h = 10�21
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Flitter, Muñoz 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:
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Indirect detection: GWs from PBH Binary Mergers
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Background - Stellar BHs:

Any other signature?Indirect Detection: The GW Mass Spectrum

Other options:

Pair-instability Supernovae (PISN)

 Pulsational-PISN (PPSN)Cutoffs / Peaks

NS vs. BH

Hierarchical mergers

LIGO Collaboration, arXiv:2010.14533
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(See Riotto’s talk on Wednesday 
and Profumo’s talk on Thursday!)
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Spectrum:

For PBHs:

Don’t confuse with stochastic BG from curvature perturbation related to formation!
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PBH mergers reside primarily in low mass halos:

Cross-correlate with galaxy catalogues!

 Distinguish between andbStellar ⇠ 1.4 bPBH ⇠ 0.5

These are low-biased tracers of the underlying dark-matter mass distribution.

Bird, ..., EDK et al., PRL (2016)
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Indirect Detection: Clustering of GW Events

LIGO collaboration, PRX (2016)

GW150914:   230 deg2

LVT151012:  1600 deg2

GW151226:   850 deg2

LIGO (L)
LIGO (H)

KAGRA
LIGO (I)

VIRGO

LIGO net: ~2-5 deg2

ET: <1 deg2
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Cross-correlation amplitude: 

With advanced GW detectors, some prospects:

Goal: reach �Ac = bGW
Stellar � bGW

PBH ⇠ 0.9

Ac / bGW

Raccanelli, EDK et al., PRD (2016) 
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Indirect Detection: O3a Fit with Astro Channels 

 

Flitter, Muñoz and EDK, arXiv:2008.10389 

2

esc

esc

2, 2
3
Km50
sec

M M

v

β β= =

=

=

e

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


Indirect Detection: O3a Fit with Accreting PBHs 

 



Mass function:                                                                             ;

Indirect Detection: O3a Fit with Accreting PBHs 

 

P (MPBH) =
fPBHp

2⇡�MPBH

exp

✓
� log

2
(MPBH/Mc)

2�2

◆

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



Mass function:                                                                             ;

Indirect Detection: O3a Fit with Accreting PBHs 

 

20 40 60 80 100

10-3

10-2

10-1

Mc ⇠ 15.86± 2.35
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

� ⇠ 0.56± 0.1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

P (MPBH) =
fPBHp

2⇡�MPBH

exp

✓
� log

2
(MPBH/Mc)

2�2

◆

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

log fPBH ⇠ �2.53± 0.1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

K. W. K. Wong et al., arXiv:2011.01865 

https://arxiv.org/search/gr-qc?searchtype=author&query=Wong%2C+K+W+K
https://arxiv.org/search/gr-qc?searchtype=author&query=Wong%2C+K+W+K
https://arxiv.org/abs/2011.01865
https://arxiv.org/abs/2011.01865


Mass function:                                                                             ;

Indirect Detection: O3a Fit with Accreting PBHs 

 

20 40 60 80 100

10-3

10-2

10-1

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

Mc ⇠ 15.86± 2.35
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

� ⇠ 0.56± 0.1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

P (MPBH) =
fPBHp

2⇡�MPBH

exp

✓
� log

2
(MPBH/Mc)

2�2

◆

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

log fPBH ⇠ �2.53± 0.1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

K. W. K. Wong et al., arXiv:2011.01865 

https://arxiv.org/search/gr-qc?searchtype=author&query=Wong%2C+K+W+K
https://arxiv.org/search/gr-qc?searchtype=author&query=Wong%2C+K+W+K
https://arxiv.org/abs/2011.01865
https://arxiv.org/abs/2011.01865


Mass function:                                                                             ;

Indirect Detection: O3a Fit with Accreting PBHs 

 

20 40 60 80 100

10-3

10-2

10-1

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

0.0 0.2 0.4 0.6 0.8 1.0
0

2

4

6

8

10

12

14

Mc ⇠ 15.86± 2.35
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

� ⇠ 0.56± 0.1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

P (MPBH) =
fPBHp

2⇡�MPBH

exp

✓
� log

2
(MPBH/Mc)

2�2

◆

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

log fPBH ⇠ �2.53± 0.1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

K. W. K. Wong et al., arXiv:2011.01865 

https://arxiv.org/search/gr-qc?searchtype=author&query=Wong%2C+K+W+K
https://arxiv.org/search/gr-qc?searchtype=author&query=Wong%2C+K+W+K
https://arxiv.org/abs/2011.01865
https://arxiv.org/abs/2011.01865


Mass function:                                                                             ;

Indirect Detection: O3a Fit with Accreting PBHs 

 

20 40 60 80 100

10-3

10-2

10-1

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

0.0 0.2 0.4 0.6 0.8 1.0
0

2

4

6

8

10

12

14

-0.4 -0.2 0.0 0.2 0.4
0

5

10

15

20

25

Mc ⇠ 15.86± 2.35
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

� ⇠ 0.56± 0.1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

P (MPBH) =
fPBHp

2⇡�MPBH

exp

✓
� log

2
(MPBH/Mc)

2�2

◆

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

log fPBH ⇠ �2.53± 0.1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

K. W. K. Wong et al., arXiv:2011.01865 

https://arxiv.org/search/gr-qc?searchtype=author&query=Wong%2C+K+W+K
https://arxiv.org/search/gr-qc?searchtype=author&query=Wong%2C+K+W+K
https://arxiv.org/abs/2011.01865
https://arxiv.org/abs/2011.01865


• Indirect Detection: GWs from mergers

• PBH Production: Early Universe Formation

Outline

PBH 

PBH 

SM 

SM 

DM 

DM 

“D
irect”

“Indirect”

“Production”



• Indirect Detection: GWs from mergers

• PBH Production: Early Universe Formation

Outline

• Direct Detection: Constraints on PBHs

PBH 

PBH 

SM 

SM 

DM 

DM 

“D
irect”

“Indirect”

“Production”



PBH Dark Matter: Constraining the Mass Fraction



PBH Dark Matter: Constraining the Mass Fraction



PBH Dark Matter: Constraining the Mass Fraction

PBHs:
30M�



PBH Dark Matter: Constraining the Mass Fraction

Ev
ap

or
at

io
n

PBHs:
30M�



PBH Dark Matter: Constraining the Mass Fraction

Ev
ap

or
at

io
n

Lensing

PBHs:
30M�



PBH Dark Matter: Constraining the Mass Fraction

Ev
ap

or
at

io
n

Lensing Dynamical

PBHs:
30M�



PBH Dark Matter: Constraining the Mass Fraction

Ev
ap

or
at

io
n

Lensing Dynamical

+ accretion

PBHs:
30M�



Microlensing: Illustration



RE =
p

MLDA

Microlensing: Illustration

Illustration: J. Muñoz



Microlensing: Illustration

v ⇠ O(100) km/s

Illustration: J. Muñoz

RE =
p

MLDA



v ⇠ O(100) km/s

Microlensing: Illustration

Illustration: J. Muñoz

RE =
p

MLDA



v ⇠ O(100) km/s

Microlensing: Illustration

Signal:

Illustration: J. Muñoz

RE =
p

MLDA



v ⇠ O(100) km/s

Microlensing: Illustration

t ⇠ RE

v
⇠ yrs⇥

s
ML

10M�

Signal:

Illustration: J. Muñoz

RE =
p

MLDA



PBH Dark Matter: Existing Constraints

Ev
ap

or
at

io
n

Review: Carr et al. PRD (2016)

PBHs:
30M�

Lensing

Review: Carr et al. PRD (2016)



PBH Dark Matter: Existing Constraints

Ev
ap

or
at

io
n Microlensing

Review: Carr et al. PRD (2016)

PBHs:
30M�

Lensing

Review: Carr et al. PRD (2016)



PBH Dark Matter: Existing Constraints

Ev
ap

or
at

io
n Microlensing

Review: Carr et al. PRD (2016)

PBHs:
30M�

Lensing

Review: Carr et al. PRD (2016)

(see More’s talk on Wednesday!)
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Can we do better than with microlensing of stars?

Direct Detection: New Transient Probes
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What are they?
• Literally: 

• Extragalactic (cosmological distances) 

• Estimated rate: 

Fast Radio Bursts!

Swinburne University

O(1)ms O(1) Jy

Fast Radio Bursts

⇠1GHz

O(1039) ergs

@1Gpc

O(104) sky�1day�1 (still based on handful observed)

�tint ⇠ 1msminimal width:



Constraining MACHOs: Fast Radio Burst Lensing



Constraining MACHOs: Fast Radio Burst Lensing
Muñoz, EDK, Dai, Kamionkowski, PRL (2016)



Source FRB

Constraining MACHOs: Fast Radio Burst Lensing
Muñoz, EDK, Dai, Kamionkowski, PRL (2016)



Source FRB

Constraining MACHOs: Fast Radio Burst Lensing
Muñoz, EDK, Dai, Kamionkowski, PRL (2016)



Source FRB

Constraining MACHOs: Fast Radio Burst Lensing
Muñoz, EDK, Dai, Kamionkowski, PRL (2016)



time

flux

Source FRB

Constraining MACHOs: Fast Radio Burst Lensing
Muñoz, EDK, Dai, Kamionkowski, PRL (2016)



1

1

time

flux

Source FRB

Constraining MACHOs: Fast Radio Burst Lensing
Muñoz, EDK, Dai, Kamionkowski, PRL (2016)



1

21

2

time

flux

Source FRB

Constraining MACHOs: Fast Radio Burst Lensing
Muñoz, EDK, Dai, Kamionkowski, PRL (2016)



1

21

2

time

flux

Source FRB

Constraining MACHOs: Fast Radio Burst Lensing
Muñoz, EDK, Dai, Kamionkowski, PRL (2016)



1

21

2

time

flux

Source FRB

Constraining MACHOs: Fast Radio Burst Lensing

• flux ratio

Muñoz, EDK, Dai, Kamionkowski, PRL (2016)



1

21

2

time

flux

Source FRB

Constraining MACHOs: Fast Radio Burst Lensing

• flux ratio

• time delay

Muñoz, EDK, Dai, Kamionkowski, PRL (2016)



1

21

2

time

flux

Source FRB

Constraining MACHOs: Fast Radio Burst Lensing

• flux ratio

• time delay

Muñoz, EDK, Dai, Kamionkowski, PRL (2016)



1

21

2

time

flux

Source FRB

Constraining MACHOs: Fast Radio Burst Lensing

• flux ratio

• time delay

Muñoz, EDK, Dai, Kamionkowski, PRL (2016)



1

21

2

time

flux

Source FRB

Constraining MACHOs: Fast Radio Burst Lensing

• flux ratio

• time delay
�t⇠1ms (ML/30M�)

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Muñoz, EDK, Dai, Kamionkowski, PRL (2016)



Constraining MACHOs: Fast Radio Burst Lensing



Constraining MACHOs: Fast Radio Burst Lensing

CHIME experiment: expected rate of up to            FRBs per yearO(104)



Constraining MACHOs: Fast Radio Burst Lensing

CHIME experiment: expected rate of up to            FRBs per year

Nlensed = ⌧̄NFRB

O(104)



Constraining MACHOs: Fast Radio Burst Lensing

CHIME experiment: expected rate of up to            FRBs per year

Nlensed = ⌧̄NFRB

O(104)

⌧̄ ⇠ 1%



Constraining MACHOs: Fast Radio Burst Lensing

CHIME experiment: expected rate of up to            FRBs per year

Nlensed = ⌧̄NFRB

O(104)

Nlensed = 10� 100 yr�1⌧̄ ⇠ 1%



Constraining MACHOs: Fast Radio Burst Lensing

CHIME experiment: expected rate of up to            FRBs per year

Nlensed = ⌧̄NFRB

A null detection will close the “window”:

O(104)

Nlensed = 10� 100 yr�1⌧̄ ⇠ 1%



Constraining MACHOs: Fast Radio Burst Lensing

CHIME experiment: expected rate of up to            FRBs per year

Nlensed = ⌧̄NFRB

A null detection will close the “window”:

O(104)

Nlensed = 10� 100 yr�1

1 10 100 1000
10-4

0.001

0.010

0.100

1

M[M☉ ]

f D
M

EROS
MACHO

⌧̄ ⇠ 1%



Constraining MACHOs: Fast Radio Burst Lensing

CHIME experiment: expected rate of up to            FRBs per year

Nlensed = ⌧̄NFRB

A null detection will close the “window”:

O(104)

Nlensed = 10� 100 yr�1

Δt = 0.3 ms

Δt = 1 ms

Δt = 3 ms

1 10 100 1000
10-4

0.001

0.010

0.100

1

ML[M☉ ]

f D
M

EROS
MACHO

⌧̄ ⇠ 1%

Muñoz, EDK, Dai, Kamionkowski, PRL (2016)



Constraining MACHOs: Fast Radio Burst Lensing
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Strong Lensing of FRBs: Unique Signature

Joint PDF of time delay and flux ratio indicates correlation:

P(Δt)

Δ
t  
[m
s]

Rf Muñoz, EDK, Dai, Kamionkowski, PRL (2016)
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