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Dark matter (DM)

unknown

The energy density of DM is more than 
5 times that of visible matter !



Primordial Black Holes (PBHs) as DM candidate

”DARK”: no EM 
radiation, 
invisible

PBHs were 
proposed by 
S. Hawking

PBHs are one of the 
candidates for DM

collapse to PBH



Primordial power spectrum on small scales

Figure from Bringmann, Scott, Akrami, Phys. Rev. D 85, 125027 (2012)



PBHs are important for studying Inflaton

Figures from Ballesteros, Taoso, Phys. Rev. D 97, 023501 (2018)



PBHs: Formation & Abundance

horizon 
reenter

PBH

 Possibility of PBH production (Press-Schechter formula)

 Assume Gaussian PDF:

 Given scalar power spectrum     , then

Figure from SW, T. Terada, K. Kohri, arXiv:1903.05924

 Mass function of PBHs (in DM):

 Abundance of PBHs:

dilution due to radiation 
dominated



Direct constraints on PBH abundance

The direct detection looks for the 
effects of PBHs on standard 
astrophysical objects.
(analogy with direct detection of 
DM particles)

D
irect



“Indirect” ones: Gravitational Waves (GWs)

“indirect”
G

W
s

Figure: GWs are generated by two compact 
objects orbiting each otherThe “indirect” detection looks for GWs emitted 

when a PBH binary coalesces to a larger BH.

GWs are ripples in the curvature of 
spacetime fabric (Einstein, 1916)

This is just an analogy with indirect constraints on DM. 
In fact, GWs provide (most?) DIRECT constraints.



GW150914: First GWs from BBH merger
 Binary Black Holes (BBHs) indeed exist

 They can merge within the age of the Universe



Are PBHs observed by Advanced LIGO (aLIGO) ?

We cannot determine whether they arise from astrophysical process or primordial collapse.
Both are possible. But, at least, PBHs can account for the local merger rate observed.
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Formation of PBH binaries Nakamura, 1997; Sasaki, 2016



Formation of PBH binaries Nakamura, 1997; Sasaki, 2016



Formation of PBH binaries

◊

Nakamura, 1997; Sasaki, 2016



Account for aLIGO’s local event rate

Nakamura, 1997; Sasaki, 2016

can account for aLIGO’s local merger rate. 



O1, O2 constraints on (subsolar-mass) PBH 
abundance
 aLIGO directly search the sub-solar mass (0.2Mʘ~1.0Mʘ) ultra-compact binaries in O1, O2

Figure from LIGO arXiv:1808.04771 Figure from LIGO arXiv:1904.08976



Challenges

need small-mass

need 
very high 
redshifts

far future

Primordial

Astrophysical

Figure from Z. Chen, Q.-G. Huang, arXiv:1904.02396
Figure from S. Koushiappas, A. Loeb, 
Phys.Rev.Lett. 119 (2017) no.22, 221104
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Stochastic Gravitational Wave Background 
(SGWB)

spatial average of 00-component of energy -
momentum tensor over several wavelengths

Conventions from M. Maggiore, Phys.Rept. 331 (2000) 283



SGWB from coalescing events

This SGWB originates from an incoherent super-position of 
GWs from all the un-resolved PBH mergers in the Universe.

Figure by SW, Y.-F. Wang, Q.-G. Huang, T.G.F. Li arXiv:1904.08976



Energy density spectrum of the SGWB from 
coalescence events

GW energy density spectrum for 10Mʘ—10Mʘ 
BBH IMR (Ajith, 2011)

Normalized merger rate in terms of 
the redshift z (Sasaki, 2016)

Primordial
Astrophysical

SW, Y.-F. Wang, Q.-G. Huang, T.G.F. Li , 
Phys. Rev. Lett. 120, 191102 (2018)



Sensitivity curves as upper bounds

Each curve is plotted by assuming 
the present existing upper bound 
on the PBH abundance.

SW, T. Terada, K. Kohri, arXiv:1903.05924



aLIGO O1 constraint on PBH abundance

 aLIGO O1 provides the 
tightest bound on f , which 
is less than O(10-1), for PBH 
masses of (1~102) Mʘ 

 This constraint improves 
the existing ones by about 
one order of magnitude

SW, Y.-F. Wang, Q.-G. Huang, T.G.F. Li , Phys. Rev. Lett. 120, 191102 (2018)



aLIGO future constraints on PBH abundance
SW, Y.-F. Wang, Q.-G. Huang, T.G.F. Li , Phys. Rev. Lett. 120, 191102 (2018)

 aLIGO O5 will further 
improve O1 by about one 
order of magnitude

 It will also provide the 
tightest upper limits for 
wider mass range: O(10-1-
102) Mʘ



For other GW detectors

 Other detectors will improve 
aLIGO upper bounds in the 
future

 In particular, DECIGO and 
BBO will improve by at least 
two orders of magnitude for 
even wider mass range: O(10-

6-100) Mʘ

SW, T. Terada, K. Kohri, arXiv:1903.05924



SGWB from small-mass BHs: “smoking gun” 
of PBHs

§ Decisive evidence for PBHs need a 
detection of SGWB at higher 
frequency bands than (e.g.) aLIGO. 

SW, Y.-F. Wang, Q.-G. Huang, T.G.F. Li , Phys. Rev. Lett. 120, 191102 (2018)

W.-T. Ni, arXiv:1003.3899

They are PBHs since less 
massive than 1M☉
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SGWB from curvature perturbations

 Perturbed metric:

 Equation of motion:

 Source term:

 SGWB spectrum: 

GW

nonlinear 

overline denotes time average 

where

The induced SGWB must exist due to the existence of curvature perturbations.



Energy density spectrum of induced SGWB

SW, T. Terada, K. Kohri, arXiv:1903.05924

 Consider the power spectrum 
of primordial curvature 
perturbations to be a delta 
function of lnk :

Each curve is plotted by assuming 
the present existing upper bound 
on the PBH abundance.



Compare with experimental sensitivities

SW, T. Terada, K. Kohri, arXiv:1903.05924

 We only consider the 
most conservative upper 
bounds in our work

K. Inomata, T. Nakama, 
Phys.Rev.D 99, 043511 (2019)



Expected constraints on PBH abundance

SW, T. Terada, K. Kohri, arXiv:1903.05924

 the null detection of 
the induced SGWB 
could exclude the 
shaded regions



Compare two types of SGWB constraints

Curvature 
perturbations

Coalescing 
events

SW, T. Terada, K. Kohri, 
arXiv:1903.05924

 Complementary:
 Different spectra have their 

own individual features

 Different detectors measure 
GWs at different frequency 
bands

 So consistency check of the 
PBH hypothesis
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Summary

 Calculate the SGWB spectra from binary PBH coalescences

 Calculate the induced SGWB from enhanced curvature perturbations

 Forecast the constraints on PBH abundance from some GW detectors

 Both approaches are complementary and useful for testing the PBH 
hypothesis
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