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The	gravitational	collapse	of	heavy	stars	is	assumed	to	be	responsible	
for	the	formation	of	stellar	mass	black	holes.
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Radiation Dominated Era:



???

Planck	18	(CMB	only):	Ωch2 =0.1200±0.0012	(100σ)
Planck	18+BAO:	Ωch2 =0.11933±0.00091	(131σ)

What is the nature of 


Dark Matter?



Primordial Black Hole (PBH)

fpbh =
⌦pbh

⌦CDM

PBH mass (function) 
Abundance of PBHs
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Chen, Yuan & QGH, 
Phys.Rev.Lett. (2020)

S. Wang, Y.F. Wang, QGH & T. Li, Phys.Rev.Lett. (2018) 
Chen & QGH, JCAP (2020)



Merger Rate & SGWB & SIGW
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1. Decouple from the expansion of the background

2. Torques by all other PBHs and density perturbations 

provides an initial angular momentum

3. Coalescence due to GW radiations

Chen & QGH, ApJ (2018)

mi

mj

mk

1

Stochastic Gravitational-Wave 
Background (SGWB)
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Wang, Wang, QGH & Li, Phys.Rev.Lett. (2018)
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Scalar Induced 
Gravitational Waves 

(SIGW)
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Tomita, Prog. Theor. Phys. (1967) 
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Astro-BH

PBH
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Primordial-Black-Hole	
binaries

Astrophysical-Black-Hole
binaries
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Chen & QGH, ApJ (2018) & JCAP (2020)



Scalar induced GWs and Pulsar Timing Array

For mpbh ∼ 10M⊙,

λGW ∼
TQCD

T0
× 10 km ∼ 1013 km

∼ 108 sec ∼ 10 year
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2nd+3rd

2k* 3k*

Yuan, Chen & QGH, Phys.Rev.D (rapid) (2019)



Yuan, Chen & QGH, Phys.Rev.D (rapid) (2019)



Chen, Yuan & QGH, Phys.Rev.Lett. (2020)

(11-yr)



The superposition of GWs from various 
sources in the Universe forms a 

stochastic GW background.
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1
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d log ρGW

d log f
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f3Sh( f ) ∝ f nGW

nGW = 2/3

nGW = 0

nGW = nt + αt ln( f/fCMB)/2

Primordial Gravitational WavesCompact Binary Coalescences

Scale-invariant Energy

GW spectral energy density
spectral density

slope

nGW = 3 or 2 − 2/ln( fc/f )

Scalar induced GWs 

inevitably accompanying the formation 

of PBHs

nt ≃ 0, αt ≃ 0

Yuan, Chen & QGH, Phys.Rev.D (2020)



NANOGrav Collaboration, ApJL 905 (2020) 2

NANOGrav 12.5-year data

Our analysis finds strong evidence of a stochastic process, modeled as a power-law, with common amplitude 
and spectral slope across pulsars. 


However, we find NO statistically significant evidence that this process has quadrupolar spatial correlations, 
which we would consider necessary to claim a GWB detection consistent with GR. 



Chen, Yuan & QGH, arXiv:2101.06869
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NANOGrav 11 yr:

NANOGrav 12.5 yr (after 
subtracting ST mode) 

ATT < 1.94 × 10−15

ATT < 1.48 × 10−15

Strong Bayesian Evidence
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AST = 1.06+0.35
−0.28 × 10−15, or, ΩST

GW = 1.54+1.21
−0.71 × 10−9

hST( f )
hTT( f )

∼ f −1/3, or,
ΩST

GW( f )
ΩTT

GW( f )
∼ f −2/3



Goncharov et al., arXiv:2107.12112

Parkes Pulsar Timing Array Second Data Release



Wu, Chen & QGH, arXiv:2108.10518

We did not find any evidence for the tensor 
transverse (TT), scalar transverse (ST), vector 
longitudinal (VL), and scalar longitudinal (SL) 

correlations in PPTA second data release (DR2). 


The upper limits on ST mode from PPTA DR2 is 
consistent with what we found in NANOGrav 12.5-

yr data.



International Pulsar Timing Array Second Data Release

Chen, Wu & QGH, arXiv:2109.00296
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ST: ; TT: α = 0 α = 3

ΩST
GW = 2.31+2.19

−1.30 × 10−9 (ST only)

ΩST
GW = 1.71+2.48

−1.70 × 10−9 (ST+TT)

ΩTT
GW < 2.16 × 10−8 (TT only)

ΩTT
GW < 1.48 × 10−8 (ST+TT)

consistent with NANOGrav 12.5-yr

Chen, Wu & QGH, arXiv:2109.00296



NANOGrav Collaboration, arXiv:2109.14706

Agree. (SNR<5)

Confirm our results in arXiv:2101.06869!

Longer observation is needed.



NANOGrav Collaboration, arXiv:2109.14706



Did LIGO/Virgo detect Primordial Black Holes?



GW190521

(P)BH/mass gap?

The primary component of GW190521 
has a high probability to be within the 
pair-instability supernovae mass gap, 
implying that the primary black hole 

might not have stellar origin. 



GW190425

NS-NS/PBH-PBH?

Even though the component masses of 
GW190425 lie in the mass range of 

[1.12,2.52] solar mass and are consistent 
with the individual binary component 
being neutron star, the source-frame 

chirp mass and total mass are 
significantly larger than any known binary 

neutron star system.



NS-BH/PBH-PBH?

GW190814 is reported to have a 
compact object with a mass of 2.5-2.67 
solar mass, which falls in the lower mass 
gap where not neutron stars and black 
holes have been observed in a double 

compact-object system. 


Even though the secondary component 
masses of GW200105 and GW200115 
are well below the maximal mass of a 

neutron star, there are no electromagnetic 
counterparts to confirm.



Chen, Yuan & QGH, arXiv:2108.11740

Our binned reconstruction 
of PBH mass function by 
adopting the GW events from 

GWTC-2 discarding events with 
false alarm rate larger than 1/yr 

and events with the the 
secondary component mass 
smaller than  to avoid 

contamination from putative 
events involving neutron stars, 

and also events with non-
vanishing effective spin because 
the spin of PBHs is expected to 

be negligible at formation.   

3M⊙
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Chen, Yuan & QGH, arXiv:2108.11740

What is the physical origin 
of such a PBH mass 

function? 



mpbh ∼ 𝒪(10)M⊙ ⇔ t ∼ 10−4 sec [T ∼ 102 Mev]

QCD phase transition

Borsanyi et al., Nature (2016)
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Byrnes, Hindmarsh, Young, JCAP (2018)

The equation of state was 
soften during the QCD 

phase transition, and then 
the abundance of PBHs 

was enhanced. 
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e− δ2
2σ2 dδ



QCD Phase Transition PBH mass function from a 
broad  tilted curvature 

power spectrum

Pζ(k) = A(k /kmin)α

A = 0.0047

α = − 0.11

× Θ(k − kmin)Θ(kmax − k)

kmin = 3.2 × 105 Mpc−1

kmax = 9.5 × 106 Mpc−1

Chen, Yuan & QGH, arXiv:2108.11740



Chen, Yuan & QGH, arXiv:2108.11740
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The postulation of Primordial Black Hole 
Dark Matter will be tested by the next 

generation GW detectors.

Scalar Induced GWs

PBH mergers and GWB



Thank you!


