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On September 14, 2015 at 09:50:45 GMT:
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Did LIGO detect Dark Matter?
Bird, Cholis, Muñoz, Ali-Haïmoud, Kamionkowski, EDK, Raccanelli & Riess, Phys. Rev. Lett. 116 (2016)
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 - (rate possibly boosted near SMBHs)
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Any other signature?The GW mass spectrum: Stellar Background
(Kovetz et al., PRD 2017)
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Any other signature?The GW mass spectrum: PBH Constraints
(Kovetz, PRL 2017)
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Any other signature?The GW mass spectrum: PBH Constraints
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Can constrain the fraction of DM in PBHs:



No peak?              
(assumes a delta-function PBH mass distribution)
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Can constrain the fraction of DM in PBHs:



Any other signature?The GW mass spectrum: PBH Constraints
(Ali-Haïmoud, EDK & Kamionkowski, arXiv:1709.06576)
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Recall: larger rate predicted for early-Universe binaries!

Any other signature?The GW mass spectrum: PBH Constraints
(Ali-Haïmoud, EDK & Kamionkowski, arXiv:1709.06576)
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Recall: larger rate predicted for early-Universe binaries!

Any other signature?The GW mass spectrum: PBH Constraints
(Ali-Haïmoud, EDK & Kamionkowski, arXiv:1709.06576)
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Recall: larger rate predicted for early-Universe binaries!

More (numerical) work needed to understand:

Any other signature?The GW mass spectrum: PBH Constraints
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Recall: larger rate predicted for early-Universe binaries!

More (numerical) work needed to understand:
- effect of formation of first halos

Any other signature?The GW mass spectrum: PBH Constraints
(Ali-Haïmoud, EDK & Kamionkowski, arXiv:1709.06576)
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Recall: larger rate predicted for early-Universe binaries!

More (numerical) work needed to understand:
- effect of formation of first halos
- accretion onto extremely eccentric binaries 

Any other signature?The GW mass spectrum: PBH Constraints
(Ali-Haïmoud, EDK & Kamionkowski, arXiv:1709.06576)
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• Direct Detection: PBH DM Constraints

“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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• Indirect Detection: GWs from PBH mergers
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• Direct Detection: PBH DM Constraints

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

“GRB Autocorrelations from Lensing by MACHOs”
Ji, EDK, Kamionkowski & Ménard, in preparation.        



Can we do better than with microlensing of stars?

PBH DM: New Direct Constraints

PBHs:
30M�

1 10 100 1000
10-4

0.001

0.010

0.100

1

M[M☉ ]

f D
M

EROS
MACHO WB



Fast Radio Bursts
(Muñoz, EDK, Dai, Kamionkowski, PRL 117 (2016))
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Joint PDF of time delay and flux ratio indicates correlation:
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Gamma-ray bursts are also detectable from cosmological distances.

Light-curves can last up to several minutes:

Strong lensing by PBHs can be seen in autocorrelation:

Preliminary constraints (>2000 BATSE GRBs):

�t = 4MLf(y) ⇠ 1ms⇥ ML

30M�
Time delay:

better time 
resolution...
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PBH DM LIGO Window: The Race is On

Carr et al. PRD (2016)

Microlensing

Wide 
Binaries

Eridanus clusterUltra-faint 
Dwarfs

Green, PRD (2016);  Kuhnel & Freese, PRD (2017)
Needs to be done carefully: constraints assume delta-function mass function.   

Brandt ApJL (2016):

Caveats:
- Central IMBH?
- Line-of-sight separation?
- GC lifetime? 
- UFD lifetime? (tidal stripping?)

Li et al. ApJ (2017)

Pfeffer et al., to appear

https://arxiv.org/abs/1701.07223
https://arxiv.org/abs/1701.07223


PBH DM LIGO Window: The Race is On

Additional exciting ideas abound with ~10% constraints in the LIGO mass range:
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Venumadhav, Dai & Miralda-Escude, arXiv:1707.00003
Diego et al., arXiv:1706.10281
Oguri et al., arXiv:1710.00148

Microlensing near caustic crossings

Gaggero et al., PRL 2017 

Radio and X-Ray emission from gas 
accreting PBHs near the Galactic center
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Observational Outlook: Upcoming Experiments

Gravitational waves:

Fast radio bursts: many instruments, including CHIME, HIRAX...

GW Group, University of Cambridge
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GW 

We Can Test if PBHs are Dark Matter!

FRB 

Theory Experiment

BH mass function

Orbital eccentricity

Spatial clustering
... 

Repeating FRBs

MACHO 

Indirect

Direct Next Decade is promising!GRB autocorrelations
... 



Forming Primordial Black Holes

PBH 
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Production? 
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G
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✓
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(Nucleosynthesis)
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✓
M
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◆
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⇢s = 1018
✓

M
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◆�2

g cm�3

Possibly in the early Universe?

10�5 g : t ⇠ 10�43 s(Planck mass)



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

To get                     , we need a feature at: 

This is well outside the constrained region by CMB and LSS: 

Forming Primordial Black Holes: Toy Model

M ⇠ 30M� ki ⇠ 106 Mpc�1

k < 0.1� 1Mpc�1

L(�) �! L(�, �) + g2

2
(�� �0)

2 �2

                                                                                 Inflation toy model:
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CMB Constraints: 

PBH DM: Constraints from the CMB

Ali-Haïmoud and Kamionkowski 
arXiv:1612.05644
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PBH DM: Other Allowed Windows?

Review: Carr et al. arXiv:1607.06077
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Consider the 2D mass function:

Any other signature?The Stellar BH Mass Function from GWs: 2D
(EDK et al., arXiv:1611.01157)

p(m0) / (m0/m)�

p(m) / m�↵H(m�mGap)e
�m/mCapHeavier mass:

Lighter mass: Mass Ratio
� = 0?

The 2D distribution is a sensitive probe of the progenitor model!
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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

LIGO (L)
LIGO (H)

KAGRA
LIGO (I)

VIRGO

LIGO net: ~2-5 deg2

ET: <1 deg2
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Q: Low mass cutoff?
- Accretion compensates in matter domination.
- In dark-energy domination, require:                         

GWs from PBH Mergers: Subtleties
(Bird et al., PRL 116 (2016))

{Simulation rangeExtrapolation
do not evaporate.

tevap ⇡ (14N/ lnN ) [Rvir/(C vdm)] > 3Gyr

M
halo

> 400M�

Binney & Tremaine
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Q:            extrapolation OK?
- clustering is scale-free
- MF depends on                           

GWs from PBH Mergers: Subtleties
(Bird et al., PRL 116 (2016))

{Simulation rangeExtrapolation

O(106)

⌫ = �c/�

� =

Z 1

0
P (k)W (k,R)dR

roughly factor of 2 
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Constraints may be evaded if the PBHs have an extended mass function:

PBH DM LIGO Window: Tension Increasing?

Carr et al. arXiv:1607.06077

Green, arXiv:1609.01143;  Kuhnel & Freese, arXiv:1701.07223

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

https://arxiv.org/abs/1701.07223
https://arxiv.org/abs/1701.07223

