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Gravitational Waves from the Early Universe:
A Primordial Black Hole Perspective



O. A Brief Introduction to Inflation and Primordial Black Holes 



Inflation
Inflation (A primordial phase before Big Bang)     
A phase of semi-exponential accelerating 
expansion of space solving the monopole, 
horizon, and flatness problems.

Single field slow-roll inflation (Linde, 1983, ….)Cosmic Microwave Background 

(z=1100) Isotropic & Homogeneous Large Scale Structure (z<10)

aend
aCMB

= e50∼60

Growth of scale factor

Xinpeng Wang (Kavli IPMU)



Credit. Misao Sasaki

From field perturbation  to curvature perturbationδϕ
Xinpeng Wang (Kavli IPMU)
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𝒫ℛ(k)

The Planck Collaboration, 2018 (1807.06209)

Observed   
@ Large scale 

𝒫ℛ(k)

Hubble Radius VS scale factor

Reheating-> Hot Big Bang

ΔT = 1
3 T0ψ + ⋯

Primordial Black Hole seeded from Inflation

CMB

𝒫ℛ(k) ∼ 10−9

Xinpeng Wang (Kavli IPMU)
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Horizon Enhanced  
@Small scale

𝒫ℛ(k)

The Planck Collaboration, 2018 (1807.06209)

Observed   
@ Large scale 

𝒫ℛ(k)

Enhanced 𝒫ℛ(k) ∼ 10−2

fGW = 3Hz ( MPBH
1016g )

1/22nd order gravitational waves 
(Companion of PBH)

Hubble size region with  collapses to form BHδ ∼ 𝒪(1)
δ ∝ k2R2ℛ ≳ δthHubble Radius VS scale factor

Primordial Black Hole seeded from Inflation

Our Goal!!

Xinpeng Wang (Kavli IPMU)
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βPBH

Using Press-Schecter method to estimate the PBH 
abundance  at formation (Gaussian case):β

β(MPBH) ≈ 1
2πσ2

δ
∫

∞

δth

exp (− δ2

2σ2
δ ) dδ

———variance of  (typical size of fluctuations)σ2
δ δ

Primordial Non-Gaussianity can make differences

Primordial Black Hole seeded from Inflation

Hubble Radius VS scale factor

Threshold

Xinpeng Wang (Kavli IPMU)
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Gravitational Waves : A Great Probe to the Dark

Primordial Tensor Perturbations
Binary Supermassive Black Holes 

/Early Universe…

Compact Binary Coalesces...

Xinpeng Wang (Kavli IPMU)



PBH

Dark Matter PBH：1017 ∼ 1021g
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Stellar mass PBH：  ∼ 1033g

LIGO BH： 10 ∼ 100M⊙
Seeds of Supermassive Black Holes > 102M⊙

Nanohertz 
GW Signals 
detected by 
Pulsar 
Timing 
Arrays 
(PTAs)

10 hertz GW 
Signals 
detected by 
LIGO 
collaboration
(LVK) 
 

Companion: 
Nanohertz GW 
Signals detected by 
PTAs

Companion: Deci hertz GW 
Signals in LISA/LVK band (future)

Primordial Black Holes and Gravitational Waves
Xinpeng Wang (Kavli IPMU)



I. Primordial Black Holes and Induced Gravitational waves  
from Inflation 

Based on 2404.02492, 2412.16463, 2504.12035, 2505.09337, 2506.06797 + upcoming works



ℛ′ ′ + 2(z′ /z)ℛ′ + k2ℛ = 0

Several e-folds after horizon crossing, ,  

the e.o.m of comoving curvature  at leading order of spatial gradient expansion:  

k/(aH) ≪ 1

ℛ

ℛ′ ′ 0 + 2(z′ /z)ℛ′ 0 = 0
We observe adiabatic constant mode and decaying mode.

ℛ0(ηf) = ℛ(ηk) + ℛ′ (ηk)∫
ηf

ηk

z2(ηk)
z2(η′ ) dη′ 

“The co-moving curvature is frozen after horizon crossing” ?

?

Single field slow roll inflation:

Not really!

∝ (a/ak)−3 Negligible outside horizon

Amplifying the Superhorizon Perturbations
Xinpeng Wang (Kavli IPMU)



The solution in small k limit: 
adiabatic constant mode and 
decaying mode.

ℛ0(ηf) = ℛ(ηk) + ℛ′ (ηk)∫
ηf

ηk

z2(ηk)
z2(η′ ) dη′ 

“The co-moving curvature is frozen after horizon crossing”

Single field slow roll inflation:

∝ (a/ak)−3

Negligible outside horizon−kτ

δϕ
ϕ  formalism (gradient expansion)δN

linear δϕ

Look for non-linearity!

Amplifying the Superhorizon Perturbations
Xinpeng Wang (Kavli IPMU)



The super horizon behavior———Decay modes and  correctionk2

Given  at(shortly after) horizon crossing ℛk, ℛ′ k η = ηk

S.Leach , M. Sasaki, D. Wands and A. Liddle , 2001 (astro-ph/0101406)

ℛ0(ηf) = ℛ(ηk) + ℛ′ (ηk)∫
ηf

ηk

z2(ηk)
z2(η′ ) dη′ 

k2ℛ1(ηf) = k2ℛ(ηk)∫
ηk

ηf
∫

η′ 

ηf

z2(η′ ′ )
z2(η′ ) dη′ ′ dη′ 

Homogenous Decay mode

1st order  correctionk2

−kτ

δϕ
ϕ  formalismδN

linear δϕ Superhorizon behavior can be 

important for single field inflation.

Amplifying the Superhorizon Perturbations
Xinpeng Wang (Kavli IPMU)



k0 = a0H0
SR ( )ηH = 0

SR

NSR ( )ηH = − 6

The super horizon behavior———Decay modes and  correctionk2

Decay mode

 correctionk2

S.Leach , M. Sasaki, D. Wands and A. Liddle , 2001 (astro-ph/0101406), Shi Pi, Jianing Wang, 2022 (2209.14183); 

C. T. Byrnes, P. S. Cole, and S. P. Patil, 1811.11158 The “Steepest” growth:   for single field inflation𝒫ℛ ∝ k4

 during SR phases is assumed η ≪ ϵ

Starobinsky’s linear piece-wise model

Amplifying the Superhorizon Perturbations (Single Field)

Specific features will appear in primordial power spectrum and full PDF, see 2412.16463

Xinpeng Wang (Kavli IPMU)

https://arxiv.org/abs/2412.16463


Contributions of the iso-curvature fields

𝒮 = − 3H ( δp
·p − δρ

·ρ )

C. Gordon, D. Wands, B. Bassett and R. Maartens. 2000, (astro-ph/0009131)

·ℛ ≈ − 3H
·p
·ρ 𝒮 ≈ 2

ϵ
·θδs + 𝒪 ( k2

a2H2 )
∝

·χδϕ − ·ϕδχ
ϵH

Isocurvature sources the time evolution of curvature perturbation

“Field perturbations orthogonal to the background”

Perturbed trajectory

Amplifying the Superhorizon Perturbations (Multi Field)
Xinpeng Wang (Kavli IPMU)



SJ = ∫ d4x −g [ M2
pl

2 f(R, χ) − 1
2 gμν∂μχ∂ν χ − V(χ)],

f(R, χ) = R + R2

6M2 − ξR
M2

pl
(χ − χ0)2,

V(χ) = V0 − 1
2 m2χ2 + 1

4 λχ4 .

To break  symmetryZ2

To end inflation

Avoid: 1)DW overproduction 2)eternal inflation

The potential is bounded from below
Saddle point

Contributions of the iso-curvature fields

 inflation + non-minimally coupled R2 χ
XW, YL. Zhang, M. Sasaki, 2024 (2404.02492)

Amplifying the Superhorizon Perturbations (Multi Field)
Xinpeng Wang (Kavli IPMU)



 inflation + non-minimally coupled R2 χ
XW, YL. Zhang, M. Sasaki, 2024 (2404.02492)

ϕ ≡ Mpl
3
2 ln F

U(ϕ, χ) ≡ 3
4 M2M2

plW2(ϕ, χ) + V(χ)
F(ϕ)2

W(ϕ, χ) ≡ 1 − 1
F(ϕ) 1 − ξ ( χ − χ0

Mpl )
2

.

In Einstein frame

Amplifying the Superhorizon Perturbations (Multi Field)
Xinpeng Wang (Kavli IPMU)

1st SR

2st SR



 inflation + non-minimally coupled R2 χ
XW, YL. Zhang, M. Sasaki, 2024 (2404.02492)

Amplifying the Superhorizon Perturbations (Multi Field)

The effective mass of two fields

Xinpeng Wang (Kavli IPMU)



 inflation + non-minimally coupled R2 χ
XW, YL. Zhang, M. Sasaki, 2024 (2404.02492)

ϵH(ϕ) = 1
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χ

χ0

 dominated inflationϕ

Amplifying the Superhorizon Perturbations (Multi Field)
Xinpeng Wang (Kavli IPMU)



 inflation + non-minimally coupled R2 χ
XW, YL. Zhang, M. Sasaki, 2024 (2404.02492)
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Stage 1
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ϵH(χ) = 1

Stage 2
The slow roll is shortly 
violated ( ) by 
inflaton’s oscillation 
along  direction.  

 stays in the 
potential valley. 

ϵH > 1

ϕ
χ
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Slow roll violation

Baby  reheatingR2

Amplifying the Superhorizon Perturbations (Multi Field)
Xinpeng Wang (Kavli IPMU)



 inflation + non-minimally coupled R2 χ
XW, YL. Zhang, M. Sasaki, 2024 (2404.02492)

ϵH(ϕ) = 1
0 1 2 3 4 5

0.0

0.2

0.4

0.6

0.8

1.0

0.30

4. × 10 -6

Stage 1

Stage 3

ϵH(χ) = 1

Stage 2
Inflation rolls along  direction 
(Higgs inflation),  

 behaves like a  
under-damped oscillator around 
it’s potential valley. The inflation 
ends when . 

χ

ϕ

ϵH = 1

 dominated inflationχ

Amplifying the Superhorizon Perturbations (Multi Field)
Xinpeng Wang (Kavli IPMU)



 inflation + non-minimally coupled R2 χ
XW, YL. Zhang, M. Sasaki, 2024 (2404.02492)

@ inflation end 

@ horizon crossing

Evolution of  and ℛc 𝒮
Comparison between the power spectrum 

@ inflation end and horizon crossing

𝒮 ≪ ℛ

𝒮 ∼ ℛNexit

Amplifying the Superhorizon Perturbations (Multi Field)
Xinpeng Wang (Kavli IPMU)



 formalism is used to calculate the full possibility distribution function of , δN ℛ

ℛ ≡ δN = Ñtot − Ntot

Background solution ϕ = ϕ(N)
*  is based on separate universe approach, leading order of gradient expansionℛ = δN

P[ℛ] ≈ P[ℛ−1(δϕ)]

Sasaki & Stewart, 1995 (astro-ph/9507001)Kodama & Sasaki, 1984

−kτ

δϕ
ϕ  formalismδN

linear δϕ

Xinpeng Wang (Kavli IPMU)

A non-linear approach:  formalismδN



Amplifying the Superhorizon Perturbations (Multi Field)

 inflation + non-minimally coupled R2 χ
XW, YL. Zhang, M. Sasaki, 2024 (2404.02492)

Background trajectory

Perturbed background

The end of Inflation

ϵH(ϕ) = 1
0 1 2 3 4 5

0.0

0.2

0.4

0.6

0.8

1.0

0.30

4. × 10 -6

Stage 1

Stage 3

ϵH(χ) = 1

Stage 2 Simplified

traj.

Hint: Heavy field perturbation

evolves like underdamped-oscillator

··δχ + 3H ·δχ + meffδχ = 0

N1

N3

Xinpeng Wang (Kavli IPMU)



 inflation + non-minimally coupled R2 χ

–10 –8 – 6 – 4 –2 0 2 4

10–7

10–4

Background trajectory

Perturbed background

The end of Inflation

The growth rate depends on 
the effective mass of early 
isocurvature field ( ) that 
dominates the latter inflation. 

χ

 if  is heavy during st-1.k3 χ

δχk(n⋆) = (k⋆/k)3/2

𝒫ℛ = ⟨δN2⟩ ∝ ( dN
dχ

δχ)
2

∝ k3

XW, YL. Zhang, M. Sasaki, 2024 (2404.02492)

Amplifying the Superhorizon Perturbations (Multi Field)
Xinpeng Wang (Kavli IPMU)



CMB

– 3. × 10–6 – 2. × 10–6 – 1. × 10–6 0 1. × 10–6 2. × 10–6 3. × 10–6
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ℛ ≈ δN3 = N′ 3 − N3 ∼ dN3
dχ

δχ + d2N3
dχ2 δχ f local

NL Small and Positive

Non-Gaussianity ( )k ≫ k1

Xinpeng Wang (Kavli IPMU)



Amplifying the Superhorizon Perturbations (Multi Field)

 inflation + non-minimally coupled R2 χ
XW, YL. Zhang, M. Sasaki, 2024 (2404.02492)
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Xinpeng Wang (Kavli IPMU)



Large scale effect: a solution to the  tensionns

 inflation + non-minimally coupled  R2 χ
XW, K. Kohri, Tsutomu T. Yanagida, 2025 (2506.06797)

Xinpeng Wang (Kavli IPMU)



Large scale effect: a solution to the  tensionns

 inflation + non-minimally coupled  R2 χ
XW, K. Kohri, Tsutomu T. Yanagida, 2025 (2506.06797)

PBHDM scenario is consistent with 
P-ACT result

Xinpeng Wang (Kavli IPMU)



Whether there are other interesting and unique observables  
for two field models?

Xinpeng Wang (Kavli IPMU)



Amplifying the Superhorizon Perturbations (Multi Field)

 inflation + non-minimally coupled R2 χ
XW, YL. Zhang, M. Sasaki, 2024 (2404.02492)

ϵH(ϕ) = 1
0 1 2 3 4 5
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ϵH > 1
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Interesting scenario happening 

In hybrid-like inflationary models!

Xinpeng Wang (Kavli IPMU)



XW, M. Sasaki et al 2025, (2505.09337)

PBH2: Slowly Evaporating (remain till today->CDM)

teva ∝ M3Hawking Radiation

Let’s rewrite the thermal history of the early universe! 

PBH1: Rapidly Evaporating (disappeared before BBN)

Hubble Radius plotted as 
function of scale factor  
Double Inflation Ver.

Forming two families of PBH with at nearly the same comoving scales  
but at two different epochs. 

Inflation Break Stage: Dual PBH Formation
Xinpeng Wang (Kavli IPMU)



Inflation Break Stage: Dual PBH Formation

Almost instantaneous transition

ρX = a−3(1+wx)

The evolution of  
energy density

XW, M. Sasaki et al 2025, (2505.09337)

Xinpeng Wang (Kavli IPMU)



Inflation Break Stage: Dual PBH Formation

GW1: Companion of PBH2, might get enhanced during  
GW2: From fast transition from EMD to RD (Guillem 2020) 

wB

GW1
GW2

XW, M. Sasaki et al 2025, (2505.09337)

Xinpeng Wang (Kavli IPMU)

Additional

Peak



II. Gravitational Waves from Yukawa Force Mergers 
—An Alternative to Small Scale Perturbations

Based on 2510.12984 



Early halo formation: Theory
The long-range Yukawa forces, if much stronger than Gravity ,

can efficiently form structures, halos, and black holes in the very early universe.

β2 = Fy/Fg ≫ 1

Amendola, Rubio, and Wetterich, 2017 
Savastano, Amendola, Rubio, and 
Wetterich, 2019 
Flores, Kusenko 2021  
Domenech and Sasaki, 2021 
… 

Xinpeng Wang (Kavli IPMU)

ℒ ⊃ ψ̄iΓμDμψ − (mψ + yϕ)ψ̄ψ − 1
2 m2

ϕϕ2 − 1
2 ∂μϕ∂μϕ

The Basic Lagrangian

ϕ
Credit. Domenech

DM&DE Interaction?

—number density perturbation of  fermionsδ ψ

For fermions in the early universe with a conserved number density:  

The  follows the continuity equation:  where 

·nψ + 3Hnψ = 0,

δ ·δψ + θψ = 0, ·θψ + 2Hθψ = − 1
a2 ∇2ϕ,

—divergence of the peculiar velocityθψ — potential of the forcesϕ = ϕg + ϕy

For two fermions:

FG =
Gm2

ψ

d2
Fy = y2

4πd2 e−mϕd Fy

FG
∼ y2

Gm2ψ
= 2β2

ϕ



Early halo formation: Theory

··δk + 2H ·δk − 3
2 H2Ωψ (1 + 2β2

1 + (kly)−2 ) δk = 0
ϕ

Credit. Domenech

DM&DE Interaction?

Xinpeng Wang (Kavli IPMU)

The perturbation equation of motion for number density perturbation of  fermions: ψ

δk ∝ c1I0( 6α(a/aeq)) + c2K0( 6α(a/aeq)),
Solution 

(in R.D.)

α = fψ [1 + 2β2

1 + (kly)−2 ]

I0( 6α(a/aeq)) → const .

When 



(Pure Gravity/

Force Screened)

6α(a/aeq) ≪ 1
I0( 6α(a/aeq)) → e 6α(a/aeq)

2π 6α(a/aeq)

When 



(Strong Force)

6α(a/aeq) ≫ 1
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Pure Gravity
Gravity+Yukawa Force

Amendola, Rubio, and Wetterich, 2017 
Savastano, Amendola, Rubio, and 
Wetterich, 2019 
Flores, Kusenko 2021  
Domenech and Sasaki, 2021 
… 



Early halo formation: Theory
Xinpeng Wang (Kavli IPMU)

Inflation
R.D.

M.D.

Horizon Size

Perturbation
Wavelength

Perturbation

Horizon

Density Perturbations Barely Grow 

Structures Start to Form 

(Large-scale, Gravitational Collapse)

Gravity Only

Amendola, Rubio, and Wetterich, 2017 
Savastano, Amendola, Rubio, and 
Wetterich, 2019 
Flores, Kusenko 2021  
Domenech and Sasaki, 2021 
… 



Early halo formation: Theory
Xinpeng Wang (Kavli IPMU)

Inflation
R.D.

M.D.

Horizon Size

Perturbation
Wavelength

Perturbation

Horizon

Gravity + Long-range force ( )2β2 ≫ 1

Structures Start to Form 

(Small-scale, Yukawa-driven Collapse)

Long-range Forces are Screened ( )H−1 ≫ βly

Structures Start to Form 

(Large-scale, Gravitational Collapse)

Density Perturbations Barely Grow 

Amendola, Rubio, and Wetterich, 2017 
Savastano, Amendola, Rubio, and 
Wetterich, 2019 
Flores, Kusenko 2021  
Domenech and Sasaki, 2021 
… 



Early halo formation: Theory

“The Cosmic Web”
The lumps of fermions 

Hold by Yukawa 
Forces

The lumps of fermions 

hold by Yukawa 
Forces (in RD)

Domenech, Inman, Kusenko and Sasaki, 2023 & Inman, 2025

β ≫ 1

··δk + 2H ·δk − 3
2 H2Ωψ (1 + 2β2

1 + (kly)−2 ) δk = 0

10-11 10-10 10-9 10-8 10-7

0.001

1

1000

106

109

Pure Gravity

Gravity+Fifth Force

Non-linear

Halo Fermi Ball Black Hole

ϕ
Credit. Domenech

DM&DE Interaction?

Xinpeng Wang (Kavli IPMU)

The long-range Yukawa forces, if much stronger than Gravity ,

can efficiently form structures, halos, and black holes in the very early universe.

β2 = Fy/Fg ≫ 1

Amendola, Rubio, and Wetterich, 2017 
Savastano, Amendola, Rubio, and 
Wetterich, 2019 
Flores, Kusenko 2021  
Domenech and Sasaki, 2021 
… 



Early halo formation: Theory

(m1, q1) (m2, q2)
Something is not yet considered..

Xinpeng Wang (Kavli IPMU)

FG =
Gq1q2m2

ψ

d2

Fy = y2q1q2
4πd2 e−mϕd

For two fermionic minihalos:

Fy

FG
∼ y2

Gm2ψ
= 2β2

Attractive Potential V.S. Hubble Flow

μH2d2 − Gm1m2
d

− y2q1q2
d

< 0
Isolated Bound System

+ Tidal Force



Gravity V.S. Yukawa Forces

Radiations from halo binaries: 
GW and SW from the Halo Inspirals

(m1, q1) (m2, q2)

d
The simplest case: dmϕ ≪ 1

Fy

FG
= 2β2

PGW ∝ G | ···Qab
g |2 .

PSW ∝ y2 | ···Qab
q |2 .

Quadrupole Scalar Waves and 
Gravitational Waves are radiated 
at the same time.

Xinpeng Wang (Kavli IPMU)

(Dipole momentum vanishes)



Detectability
Gravity V.S. Yukawa Forces

High-redshift events are not detectable if BBH


1) Cut-off Frequency 


2) Strain related to 

∝ 1/ℳz

ℳ

dL ∝ (1 + z)

ℳz = ℳ(1 + z)
fz = f/(1 + z)

Detectable CBC by LIGO/LISA/SKA (Credit. Qianhang)

+ Yukawa Force

Pure Gravity



Radiations from halo binaries: 
Individual event & stochastic background

Single Event @  z = 109

Stochastic GWB @  z = 109 ± δz

z = 0

z ∼ 109

fmerger,0 = 10−6
The fraction of merger relics in dark matter

NANOGrav Collaboration, 2023

Xinpeng Wang (Kavli IPMU)

Too-dense

(Nbody-like)

Force

Screened



Radiations from halo binaries: 
A Smoking Gun: 
The Precession of the Orbit

If we consider the potential with Screening: 

V = − 1
r (Gm1m2 + y2q1q2

4π
e−mϕr) .

ΔθGR ∼ GM
r(1 − ϵ2)c2 (1PN) Δθy ∼ 2π

1 + r/ly
1 + r/ly − (r/ly)2 − 1 (0PN)The Precession Angle per orbit

The Orbits

ly = m−1
ϕ

The GW Strain
Δθy

Xinpeng Wang (Kavli IPMU)



Cooling of the halo

I. Radiation from non-relativistic incoherent motions

II. Radiation from  bremsstrahlungψ − ψ

III. Radiation from the surface

Black Hole Formation
Fermi Ball Formation

Halo Annihilation 

If Asymmetric: ηψ = (nψ − nψ̄)/s ≠ 0

Flores, Kusenko 2021  
Flores, Lu, Kusenko 2023

After virialization… 
Without dissipation, halos will remain virialized until the 
constituent particles decay… 

Xinpeng Wang (Kavli IPMU)

sparse

dense

 (Bound state formation)



The scalar charge of the halo
If the degeneracy pressure cannot support anymore…

mh > mcritical ∼
M2

pl

mψ q = qinitial q = 0

A black hole will form eventually!The ‘Chandrasekhar Mass’ 
for strong force: “No hair theorem”

Xinpeng Wang (Kavli IPMU)

If the degeneracy pressure can still support the fermi ball…

m2
ϕ,eff = V,ϕϕ − y

∂⟨ψ̄ψ⟩
∂ϕ

λϕ4 m2
ψ,eff(ϕ)

Force/
Charge 
Screened

Scalar 
condensation



Comparing the time scale
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Complete Merger
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Xinpeng Wang (Kavli IPMU)

Gravitational Waves (Inspiral-Merger-Ringdown)



Comparing the time scale
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B
min(

t coo
l, t c)

≥ T

tcool >
tc

vrel ∼ 4G(m1 + m2)β2

d
→ 1

Ejection @ vrel

when y2 ∼
mψ

mϕq

Ey → Ek

Free-Floating Planets in Micro-lensing?

Interrupted Merger

Bound Unbound

tc > tcool

BH ejection

q = 0

d(tcool)

Xinpeng Wang (Kavli IPMU)



Comparing the time scale
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C
min(

t coo
l, t c)

≥ T

tcool >
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Prompt Merger
The merger concludes 
before completing a full 
orbital period.

Xinpeng Wang (Kavli IPMU)



Prompt Merger: Short-time GW Burst
When throwing a relativistic point-like charge to a halo…

v0

M, q1, R m, q2

Assuming :R ≫ 2M

d

··d = − y2q1q2
4πγ3d2

The Gravitational Wave Strain

hθθ = − hϕϕ = 2m
DL [ γ ·d2 sin2 θ

1 − ·d cos θ ]

The energy emitted is 
concentrated in a 
opening angle , 
just like a -ray burst.

γ−1

γ

In the ultra-relativistic limit, ΔEGW ∝ γ2
0

Xinpeng Wang (Kavli IPMU)



A plot of parameter space constraints

GWB comes from the minihalo Inspirals
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A plot of parameter space constraints
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if FB=small fraction of DM
No Constraints!

σ/mFB < 1cm2/g

σ ∼ πm−2
ϕ



A plot of parameter space constraints
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Take Home
I. Primordial Black Holes (PBHs) are 

promising dark matter candidates. 


II. They can form from enhanced small-
scale primordial density 
perturbations, from attractive 
interactions among dark matter 
particles, or through other non-
standard early-Universe 
mechanisms…


III. PBHs also act as sources of 
gravitational waves across a wide 
range of frequency bands, offering 
distinctive signals that can be probed 
by future experiments.

Xinpeng Wang (Kavli IPMU)


