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Willing to bet? 

Careful, physicists have mixed betting records:   

What is Dark Matter? WIMPs? MACHOs? 



Motivation: 1st Detection of Gravitational Waves   

Could these be primordial black holes? 

29, 36M�Black hole masses: ~

Zel’dovich & Novikov (1967), Hawking (1971), Carr & Hawking (1974)
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• Indirect Detection: PBH DM Constraints


• Direct Detection: GWs from PBH mergers


Outline

• Summary and observational outlook
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• Direct Detection: GWs from PBH mergers


Outline

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

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

• Direct Detection: GWs from PBH mergers



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

How do the binaries form?

In close encounter, GW emitted:
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• The PBH merger rate within each halo:
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halo density 

profile


GWs from PBH Mergers: Event Rate Calculation 

Relative velocity

MB distribution


(Bird et al., PRL 116 (2016))
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GWs from PBH Mergers: Event Rate Calculation 

• Total merger rate:

!
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Halo Mass Function


(Bird et al., PRL 116 (2016))
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Dominated by smallest halos!



GWs from PBH Mergers: Results 

We get a total LIGO event rate of: 

!
vs. the LIGO estimated event rate:

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

!

(Bird et al., PRL 116 (2016))

VLIGO = 2� 53 Gpc�3 yr�1VLIGO = 0.5� 12 Gpc�3 yr�1

Vpbh = 2 Gpc�3 yr�1

Testable predictions:


• No EM or neutrino counterparts         


• A Stochastic GW background


• Originate in low mass halos 


• Traces of high eccentricities


• Potential peak in mass spectrum



The Black Hole Mass Distribution 

Credit: LIGO
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Any other signature?The Black-Hole Mass Function from GWs 
(EDK, Cholis & Breysse, in preparation)
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Observed mass spectrum with (5 years of advanced LIGO data):

!
!
!
!
!

!
!

!
!
!

Any other signature?The Black-Hole Mass Function from GWs 
(EDK, Cholis & Breysse, in preparation)
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Observed mass spectrum with (5 years of advanced LIGO data):
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Any other signature?The Black-Hole Mass Function from GWs 
(EDK, Cholis & Breysse, in preparation)
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• Indirect Detection: PBH DM Constraints


• Direct Detection: GWs from PBH mergers


Outline

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

• Indirect Detection: PBH DM Constraints
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PBH DM: Indirect Detection Constraints 
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Review: Carr et al. arXiv:1607.06077
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Microlensing: Illustration 

Credit: J. Muñoz



Microlensing: Illustration 

v ⇠ O(100) km/s

Credit: J. Muñoz



v ⇠ O(100) km/s

Microlensing: Illustration 

Credit: J. Muñoz
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PBH DM: Indirect Detection Constraints 
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Review: Carr et al. arXiv:1607.06077
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Zooming in:
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PBH DM: Constraining the LIGO Window 

1 10 100 1000
10-4

0.001

0.010

0.100

1

M[M� ]

f D
M

EROS
MACHO

PBHs:
30M�



Fl
ux

Time (ms)
0 200 400 600 800

What are they?

• Literally: 

!

!

• Distance: cosmological? 

!
• Estimated rate: 


Fast Radio Bursts 
(Muñoz, EDK, Dai, Kamionkowski, PRL 117 (2016))

Swinburne University

O(1)ms O(1) Jy

Fast Radio Bursts

⇠1GHz

O(1039) ergs

@1Gpc

O(104) sky�1day�1 (based on handful observed)
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Fast Radio Bursts: Cosmological? 
(Muñoz, EDK, Dai, Kamionkowski, PRL 117 (2016))

Swinburne University
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The Dispersion Measure:   

minimal width:



(Muñoz, EDK, Dai, Kamionkowski, PRL 117 (2016))

Credit: S. Chatterjee

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



The observables?
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Constraining MACHO Dark Matter: FRB Lensing 
(Muñoz, EDK, Dai, Kamionkowski, PRL 117 (2016))
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Strong Lensing of FRBs: Optical depth 
(Muñoz, EDK, Dai, Kamionkowski, PRL 117 (2016))
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Convolve the optical depth with an FRB redshift distribution:

   

Strong Lensing of FRBs: Redshift Distribution 
(Muñoz, EDK, Dai, Kamionkowski, PRL 117 (2016))



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

Integrated optical depth: ⌧̄(ML)
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Strong Lensing of FRBs 
(Muñoz, EDK, Dai, Kamionkowski, PRL 117 (2016))

CHIME experiment: expected rate of            FRBs per year

Nlensed = ⌧̄NFRB

A null detection will close the “window”:

O(104)

Nlensed = 10� 100 yr�1

with time...
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Strong Lensing of FRBs: Unique Feature 
(Muñoz, EDK, Dai, Kamionkowski, PRL 117 (2016))

Joint PDF of time delay and flux ratio indicates correlation:

P(Δt)

Δ
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• Direct Detection: GWs from PBH mergers


Outline

• Summary and observational outlook
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PBH DM: More Indirect Detection Constraints 

Review: Carr et al. arXiv:1607.06077
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PBH DM: Is the LIGO Window Alive? 

Review: Carr et al. arXiv:1607.06077
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Constraints may be evaded if the PBHs have an extended mass function:

PBH DM LIGO Window: All Hope Not Lost 

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

Carr et al. arXiv:1607.06077



PBH DM LIGO Window: Observational Outlook 

Gravitational waves:

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

GW Group, University of Cambridge



PBH DM LIGO Window: Experiment Timeline 

Experiment 2015 2020 2025 2030 beyond
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PBH DM: Other Allowed Windows? 

Review: Carr et al. arXiv:1607.06077
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Conclusion: 

y

GW 

PBH DM is a Testable Scenario!

FRB 

Theory rich with ideas Experiments underway....
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Thank you!
Ely D. Kovetz 

Johns Hopkins University
Image Credit: Nicolle Rager Fuller


