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Could these be primordial black holes?

29, 36M�First event:
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“Did LIGO Detect Dark Matter?”
Bird, Cholis, Muñoz, Ali-Haïmoud, Kamionkowski, EDK, Raccanelli & Riess, Phys. Rev. Lett. 116 (2016)

• Gravitational waves from PBH mergers



PBH Binaries: Formation and Coalescence
(Bird et al., PRL 116 (2016))



PBH Binaries: Formation and Coalescence
(Bird et al., PRL 116 (2016))

How do the binaries form?



PBH Binaries: Formation and Coalescence
(Bird et al., PRL 116 (2016))

How do the binaries form?

Capture mechanism:



PBH Binaries: Formation and Coalescence
(Bird et al., PRL 116 (2016))

How do the binaries form?

Capture mechanism:

GW 

GW emission in close encounter



PBH Binaries: Formation and Coalescence
(Bird et al., PRL 116 (2016))

How do the binaries form?

Capture mechanism:

(         is the relative velocity)vpbh

Binary formed if: �EGW >
1

2
µv2pbh GW 

GW emission in close encounter



(                             is the Schwarzschild radius)

PBH Binaries: Formation and Coalescence
(Bird et al., PRL 116 (2016))

How do the binaries form?

Capture mechanism:

Rs = 2GMpbh/c
2

(         is the relative velocity)vpbh

� / R2
s

⇣vpbh
c

⌘�18/7

Binary formed if:

Cross-section:

�EGW >
1

2
µv2pbh GW 

GW emission in close encounter



(                             is the Schwarzschild radius)

PBH Binaries: Formation and Coalescence
(Bird et al., PRL 116 (2016))

How do the binaries form?

Capture mechanism:

Rs = 2GMpbh/c
2

(         is the relative velocity)vpbh

� / R2
s

⇣vpbh
c

⌘�18/7

Binary formed if:

Cross-section:

Initial conditions:                                       (b, vpbh)

�EGW >
1

2
µv2pbh GW 

GW emission in close encounter



(                             is the Schwarzschild radius)

PBH Binaries: Formation and Coalescence
(Bird et al., PRL 116 (2016))

How do the binaries form?

Capture mechanism:

Rs = 2GMpbh/c
2

(         is the relative velocity)vpbh

� / R2
s

⇣vpbh
c

⌘�18/7

Binary formed if:

Cross-section:

Initial conditions:                                       (a0, e0)(b, vpbh) semi-major axis; eccentricity

�EGW >
1

2
µv2pbh GW 

GW emission in close encounter



(                             is the Schwarzschild radius)

PBH Binaries: Formation and Coalescence
(Bird et al., PRL 116 (2016))

How do the binaries form?

Capture mechanism:

Rs = 2GMpbh/c
2

(         is the relative velocity)

Merger time: 

vpbh

� / R2
s

⇣vpbh
c

⌘�18/7

Binary formed if:

Cross-section:

Initial conditions:                                       

⌧m / a40
M3

PBH

�
1� e20

�7/2

(a0, e0)(b, vpbh) semi-major axis; eccentricity

�EGW >
1

2
µv2pbh GW 

GW emission in close encounter



(                             is the Schwarzschild radius)

PBH Binaries: Formation and Coalescence
(Bird et al., PRL 116 (2016))

How do the binaries form?

Capture mechanism:

Rs = 2GMpbh/c
2

(         is the relative velocity)

Merger time: 

vpbh

� / R2
s

⇣vpbh
c

⌘�18/7

Binary formed if:

Cross-section:

Initial conditions:                                       

⌧m / a40
M3

PBH

�
1� e20

�7/2

(a0, e0)(b, vpbh) semi-major axis; eccentricity

e0 1

�EGW >
1

2
µv2pbh GW 

GW emission in close encounter



minutes to             years.

(                             is the Schwarzschild radius)

PBH Binaries: Formation and Coalescence
(Bird et al., PRL 116 (2016))

How do the binaries form?

Capture mechanism:

Rs = 2GMpbh/c
2

(         is the relative velocity)

Merger time: 

vpbh

� / R2
s

⇣vpbh
c

⌘�18/7

Binary formed if:

Cross-section:

Initial conditions:                                       

⌧m / a40
M3

PBH

�
1� e20

�7/2

(a0, e0)(b, vpbh) semi-major axis; eccentricity

O(103)
e0 1

�EGW >
1

2
µv2pbh GW 

GW emission in close encounter



minutes to             years.

(                             is the Schwarzschild radius)

PBH Binaries: Formation and Coalescence
(Bird et al., PRL 116 (2016))

How do the binaries form?

Capture mechanism:

Rs = 2GMpbh/c
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(         is the relative velocity)

Merger time: 
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To calculate the event rate:

• The PBH merger rate within each halo:

• Total merger rate as a function of halo mass:

Relative velocity
MB distribution

Halo Mass Function

Navarro-Frenk-White
density profile

Dominated by smallest halos!!
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GWs from PBH Mergers: Results

We get a total LIGO event rate of: 

Within the LIGO estimated event rate (based on GW150914):

Note: this could have been orders of magnitude in either direction!!!

Uncertainties in our rate: 

                                                            - halo profiles  
                                                            - concentration-mass relations
                                                            - halo mass functions
                                                            - cosmological parameters 
               Total uncertainty: a factor of          in each direction.  

(Bird et al., PRL 116 (2016))
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Low S/N (lost in astrophysical signal) 

Next!
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“Determining the Progenitors of Merging Black Hole Binaries”
Raccanelli, EDK, Bird, Cholis & Muñoz, Phys.Rev. D94 (2016) 

“Orbital Eccentricities in Primordial Black Hole Binaries”
Cholis, EDK, Ali-Haïmoud, Bird, Kamionkowski, Muñoz & Raccanelli, arXiv:1606.07437

“The Black Hole Mass Function from Gravitational Wave Measurements”
EDK, Cholis & Breysse, in preparation.

• Distinguishing between GW progenitors

http://arxiv.org/abs/arXiv:1606.07437
http://arxiv.org/abs/arXiv:1606.07437
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Determining the Progenitors: Host Properties

Recall:

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.
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Where do the GWs originate from?
Expect: 

Localization of Gravitational Wave Sources

LIGO collaboration, arXiv: 1606.04856

GW150914:   230 deg2

LVT151012:  1600 deg2

GW151226:   850 deg2
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• Probing MACHOS with lensing of FRBs• Probing MACHOS with lensing of FRBs 

“Lensing of Fast Radio Bursts as a Probe of Compact Dark Matter”
Muñoz, EDK, Dai & Kamionkowski, Phys. Rev. Lett. 117 (2016)        
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• Literally: 

• Distance: cosmological? 

• Estimated rate: 

Fast Radio Bursts
(Muñoz, EDK, Dai, Kamionkowski, PRL 117 (2016))
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Constraining MACHO Dark Matter: FRB Lensing
(Muñoz, EDK, Dai, Kamionkowski, PRL 117 (2016))

y
Credit: J. Muñozimpact 

parameter

Flux ratio

Time delay

21

time

flux

F1

F2

�t



The observables?

Constraining MACHO Dark Matter: FRB Lensing
(Muñoz, EDK, Dai, Kamionkowski, PRL 117 (2016))

y

F1

F2
= g(y)

Credit: J. Muñozimpact 
parameter

Flux ratio

Time delay

21

time

flux

F1

F2

�t



The observables?

Constraining MACHO Dark Matter: FRB Lensing
(Muñoz, EDK, Dai, Kamionkowski, PRL 117 (2016))

y

�t = 4MLf(y) ⇠ 1ms⇥ ML

30M�

F1

F2
= g(y)

Credit: J. Muñozimpact 
parameter

Flux ratio

Time delay

21

time

flux

F1

F2

�t



The observables?

Constraining MACHO Dark Matter: FRB Lensing
(Muñoz, EDK, Dai, Kamionkowski, PRL 117 (2016))

y

�t = 4MLf(y) ⇠ 1ms⇥ ML

30M�

F1

F2
= g(y)

Credit: J. Muñoz

(both images need be detectable)y < y
max

impact 
parameter

Flux ratio

Time delay

21

time

flux

F1

F2

�t



The observables?

Constraining MACHO Dark Matter: FRB Lensing
(Muñoz, EDK, Dai, Kamionkowski, PRL 117 (2016))

y

�t = 4MLf(y) ⇠ 1ms⇥ ML

30M�

F1

F2
= g(y)

Credit: J. Muñoz

(both images need be detectable)

y > ymin(ML, zs)

y < y
max

impact 
parameter

Flux ratio

Time delay
>�tint

21

time

flux

F1

F2

�t



The observables?

Constraining MACHO Dark Matter: FRB Lensing
(Muñoz, EDK, Dai, Kamionkowski, PRL 117 (2016))

y

�t = 4MLf(y) ⇠ 1ms⇥ ML

30M�

F1

F2
= g(y)

Credit: J. Muñoz

(both images need be detectable)

y > ymin(ML, zs)

y < y
max

impact 
parameter

Flux ratio

Time delay

ymin

y
max

>�tint

F1

F2

�t



The observables?

Constraining MACHO Dark Matter: FRB Lensing
(Muñoz, EDK, Dai, Kamionkowski, PRL 117 (2016))

y

�t = 4MLf(y) ⇠ 1ms⇥ ML

30M�

F1

F2
= g(y)

Credit: J. Muñoz

(both images need be detectable)

y > ymin(ML, zs)

y < y
max

impact 
parameter

Flux ratio

Time delay

ymin

y
max

>�tint

F1

F2

�t



The observables?

Constraining MACHO Dark Matter: FRB Lensing
(Muñoz, EDK, Dai, Kamionkowski, PRL 117 (2016))

y

�t = 4MLf(y) ⇠ 1ms⇥ ML

30M�

F1

F2
= g(y)

Credit: J. Muñoz

(both images need be detectable)

y > ymin(ML, zs)

y < y
max

impact 
parameter

Flux ratio

Time delay

ymin

y
max

>�tint

F1

F2

�t



The observables?

Constraining MACHO Dark Matter: FRB Lensing
(Muñoz, EDK, Dai, Kamionkowski, PRL 117 (2016))

y

�t = 4MLf(y) ⇠ 1ms⇥ ML

30M�

F1

F2
= g(y)

Credit: J. Muñoz

(both images need be detectable)

y > ymin(ML, zs)

y < y
max

impact 
parameter

Flux ratio

Time delay

ymin

y
max

>�tint

F1

F2

�t



Strong Lensing of FRBs: Optical depth
(Muñoz, EDK, Dai, Kamionkowski, PRL 117 (2016))



Strong Lensing of FRBs: Optical depth
(Muñoz, EDK, Dai, Kamionkowski, PRL 117 (2016))

⌧(ML, zS)Optical depth:



Strong Lensing of FRBs: Optical depth
(Muñoz, EDK, Dai, Kamionkowski, PRL 117 (2016))

⌧(ML, zS)Optical depth: =
3

2
f
DM

⌦c

Z zS

0

dzL
H2

0

cH(zL)

DLDLS

DS
⇥ (1 + zL)

2

⇥
y2
max

� y2
min

(ML, zL)
⇤



Strong Lensing of FRBs: Optical depth
(Muñoz, EDK, Dai, Kamionkowski, PRL 117 (2016))

⌧(ML, zS)Optical depth: =
3

2
f
DM

⌦c

Z zS

0

dzL
H2

0

cH(zL)

DLDLS

DS
⇥ (1 + zL)

2

⇥
y2
max

� y2
min

(ML, zL)
⇤

ML = 300 M☉

ML = 50 M☉

ML = 20 M☉

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.00

0.01

0.02

0.03

0.04

0.05

0.06

zS

τ
(M

L
,z
S
)



Strong Lensing of FRBs: Redshift Distribution
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Integrated optical depth: ⌧̄(ML)
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CHIME experiment: expected rate of            FRBs per year
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The constraints may be evaded if the PBHs have an extended mass function:

Solution: Extended PBH Mass Function?

Green arXiv:1609.01143
Needs to be done carefully: constraints assume delta-function mass function.   

Carr et al. arXiv:1607.06077



Other Windows for PBH Dark Matter

Carr et al. arXiv:1607.06077
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Gravitational waves:

Fast Radio Bursts: Lots of instruments, including CHIME, HIRAX...
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