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What is a Primordial Black Hole?

[from Carr]

Dark Matter

A PBH is a type of black hole which is 

not formed through the gravitational 

collapse of a star, but of the sufficiently 

high density perturbation in the early 

Universe. 

Related to plentiful cosmological and 

astrophysical phenomena:

• Dark matter;

• LIGO/Virgo event;

• Seeds for the SMBHs in galactic nuclei;

• Hawking radiation;

• …

[Carr et al., 2002.12778, 2006.02838]



 Threshold:

Overdense 

region δ = 𝛿𝜌/𝜌

Jeans 

length

𝑅𝐻 ~ 𝑅 > 𝑅𝐽

Hubble radius

Threshold: 𝛿 > 𝜔 , for p = 𝜔𝜌 [Carr,’75]

The precise value of the 

threshold for PBH formation  

𝛿𝑐~0.45

 Huge mass range:

Planck scale 10−43𝑠 → 10−5𝑔
EW scale      10−10𝑠 → 1028𝑔
QCD scale    10−6𝑠 → 1032𝑔
Neutrino decoupling 1𝑠 → 105𝑀⨀

[from Fernandez]

 Collapse of overdense region:

PBH Formation



Generating large inhomogeneities: inflationary scenarios

 Running mass inflation:

 Axion-like curvaton inflation:

 Inflection inflation:

Running 

parameters

R. Saito, J. Yokoyama, R. Nagata, 0804.3470

J. Garcia-Bellido, E. Ruiz Morales, 1702.03901

S. Pi, Y. Zhang, Q. G. Huang, M. Sasaki, 1712.09896

… too many to track all … For a comprehensive 

review, see Misao et al., 1801.05235



 Equation of Motion:

Mukhanov-Sasaki variable:

Generating large inhomogeneities: SSR mechanism

Resonance effect

 Mathieu equation:

narrow resonance

<<1

The amplitude: 𝜉 is small and 𝜉 < 1/4, such that 𝑐𝑠
2 is 

positively definite; 

The characteristic scale: 𝑘∗ is the oscillation 

frequency;

The beginning of oscillation: 𝑘∗𝜏𝑖 ≫ 1.

 Oscillating sound speed:

[CYF, et al., PRL 121 (2018) 8, 081306]



 Enhanced curvature perturbation:

Spikes on small scales, scale-invariant on large scales

Enhancement

Generating large inhomogeneities: SSR mechanism



 The total curvature perturbation in the mixed scenario

inflaton curvaton

Symbolically:

Adiabatic scale-invariant:
Conversion: isocurvature →
curvature

SSR: 𝒄𝒔 oscillates during inflation

SSR in the inflaton-curvaton mixed scenario

[Chen & CYF, JCAP 10 (2019) 068]



 The primordial density perturbation generated in curvaton mechanism

[D.H. Lyth, C. Ungarelli, D. Wands,

PRD 67, 023503 (2003)]

The curvaton is assumed to be a second, 

light, scalar field presents during inflation:

The conversion between isocurvature

perturbation and adiabatic curvature perturbation.

Curvaton scenario



Enhanced Power Spectrum in the mixed scenario

Enhanced Power spectrum:

SSR is insensitive to the background dynamics
[Chen & CYF, JCAP 10 (2019) 068]



How to realize SSR Mechanism in inflation?

 DBI inflation:

Sound speed:

 Effective field theory:

Adiabaticity condition:



SSR Mechanism: Realization in Dirac-Born-Infeld Inflation
[Chen, Ma, CYF, 

PRD 102 (2020) 6, 063526] DBI inflation:

 Perturbative approach:

EoM:

𝜉 is small: 



 Matching condition:

 Dynamics of inflaton (Hamilton-Jacobi formalism):

SSR Mechanism: Realization in Dirac-Born-Infeld Inflation
[Chen, Ma, CYF, 

PRD 102 (2020) 6, 063526]



 Hubble parameter and Potential:

SSR Mechanism: Realization in Dirac-Born-Infeld Inflation
[Chen, Ma, CYF, 

PRD 102 (2020) 6, 063526]



 Warped factor:

SSR Mechanism: Realization in Dirac-Born-Infeld Inflation
[Chen, Ma, CYF, 

PRD 102 (2020) 6, 063526]



Multifield Inflation

Multiple Field Dynamics:

3+1 Decomposition: 

Spatially-flat gauge: 

Perturbation evolution:



Motivation

• For single-field inflation, adiabatic curvature perturbations are conserved on

the super-horizon scales.

• From preheating, we know that controllable instabilities could be realized by

making use of coherent oscillations and adding a second field that plays the

role of entropy modes.

Question: Can we find a field that plays the role of coherently oscillating inflaton?



The model

Extended from axion-monodromy:

Extended from relaxion:

Mathieu Instabilities:

[Zhou, Jiang, CYF, Sasaki, Pi, 

PRD 102 (2020) 10, 103527]



Scalar Spectrum Tensor Spectrum

Perturbation Spectrum



New Physics at Early Universe?

?
Propagation speed of GWs:

LHC energy scale No signals!



A wide class of MG theories can raise non-trivial GWs speed, 

for instance, in scalar-tensor theories:

Perturbative expansion:

[Horndeski, IJTP(1974)]



Another class of MG theory can raise non-trivial GWs speed, 

namely, when we consider 4-D Einstein-Gauss-Bonnet gravity:

Scalar:

Tensor:

[Glavan, Lin, PRL (2019)]



Oscillatory Sound Speed

A wide class of MG theories can lead to the non-trivial GWs 

speed, in particular, oscillation of scalar at reheating triggers on 

an oscillating sound speed of tensor modes.

In the very late universe, 

[CYF, Lin, Wang, Yan, PRL 126 (2021) 7, 071303]



Parametric Resonance

For a general picture of GWs:

For sub-Hubble modes

Friction term can be 

omitted



Parametric Resonance

Demo: EoM without Hubble friction term

The resonance started 

automatically, as well as its 

exit, due to the evolution of 

resonance band.

The evolution of 

resonance band



Significant Features

Space-based detectors Terrestrial detectors

Energy scales:

Bonus:

Nonlinear enhancement of density perturbations.

[CYF, Lin, Wang, Yan, PRL 126 (2021) 7, 071303]



PBHs and induced GWs

The peaks of 

primordial density 

perturbations

PBH

s

[Saito & Yokoyama,0812.4339]

Cross correlation



Induced Gravitational Waves in SSR Mechanism

[CYF, et al., PRD 100 (2019) 4, 043518]

Sub

Supe

r

RD

 In SSR mechanism, we calculated the induced GWs originated from the inflationary stage. 



 IGWs from the inflationary stage

Induced Gravitational Waves: Inflationary stage

Super-Hubble regime:

Sub-Hubble regime:

[CYF, et al., PRD 100 (2019) 4, 043518]



 The energy spectra observed 

at the present

R

D

Inflation

 Parametrization

R

D

Inflation

Induced Gravitational Waves: Energy Spectra

[Saito&Yokoyama, 0812.4339; Baumann, et al., PRD 76 (2007) 084019; 

Ananda, et al., PRD 75 (2007) 123518]

[CYF, et al., PRD 100 (2019) 4, 043518]



Summary

• Primordial black holes may be formed in the early Universe. They 
could account for plentiful cosmological and astrophysical 
phenomena, e.g., dark matter;

• Sound speed resonance mechanism could produce PBHs 
efficiently. Abundant underlying physics of SSR needs to explore.

• The Induced GWs associated with PBH formation is becoming a 
promising approach to detect the physics of PBHs and the early 
Universe.
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