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PBH Cosmology! 
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Planck constraint

There are some constraints on small scales, but quite weak.

Bringmann et al., arXiv:1110.2482

constraints on small scales are from PBHs

observational constraint on inflation
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Planck constraint

There are some constraints on small scales, but quite weak.

Bringmann et al., arXiv:1110.2482

constraints on small scales are from PBHs

observational constraint on inflation

disappears 
if CDM = WIMP
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fraction β that turns into PBHs

• When σM <<δc, β can be approximated by exponential:
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for Gaussian probability distribution
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Non-Gaussianity can increase (fNL>0) or decrease (fNL<0) the 
PBH adundances, substantially if σ(MH)<<1.

Young & Byrnes, 1307.4995

effect or non-Gaussianity
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Formation of PBHs 
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Curvature perturbation to PBH

 

➢If                                                         , it collapses to form BH 
 

➢Spins of PBHs are expected to be very small

Hamiltonian constraint 
(Friedmann eq.)

( )3 2 1  ( ) ~~ cR H δρ ρ⇔ /
Young, Byrnes & MS ‘14

3 2( ) ~R H3 0( )R !

2 36 16( )( , ) ( , ) ( , )H t x R t x G t xπ ρ+ = + ⋅ ⋅ ⋅

➢ gradient expansion/separate universe approach

R(3) ≈ −
4
a2

∇2ℛc ≈
8πG

3
δρc

δρc

ρ
≈ ℛc

k2

a2
= H2at

formation of 
a closed universe



simple 2-field model
• Starobinsky R2 gravity plus a scalar field χ, non-minimally coupled 
to gravity: 

• for V( χ ) we pick the small-field form:  

• ξ-term is the non-minimally coupled term to stabilize the initial 
condition problem.   A version of SSB in χ direction.
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(     scalaron φ)



fast-roll stage
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• Scalaron φ becomes massive at the end of the 1st stage. 
• Field χ  plays the role of inflaton at the 2nd stage. 

End of Starobinsky 
(slow-roll) inflation

End of the 1st stage of 
inflation
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sharp peak

μ2 ≡
M2

PlM2
scalaron

V0

P ≈
(H/2π)2

2ϵ M2
Pl

(1 + oscillatory correction)

Curvature Perturbation Power Spectrum

ϵ =
3( ·ϕ2 + ·χ2)

2V
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Constraints on PBH mass spectrum
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Constraints on PBH mass spectrum
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Wave Effect makes it impossible  
to constrain PBH on small scales. 

Niikura et al. 1701.02151v3

Katz et al. 1807.11495

disappears due to 
finite source size effect

Constraints on PBH mass spectrum
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window for 
PBH = CDM 
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PBHs as CMD

a sharp peak in P(k)

peak

10-3

a spike in f (M)

monochromatic PBH mass fcn

spike

P(k)

k

f(M)

f(M) ≡
ΩPBH

ΩDM
∝ exp [−

O(0.1)
P(k) ]
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GWs from 
Large Scalar Curvature 

Perturbation
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GWs can capture PBHs!

curvature 
perturvation

large
 pea

ks fo
rm P

BHs

NL effect induces GWs spacetime oscillations

PBH

PBHs = CDM with MPBH ~1021g  
generates GWs with f~10-3 Hz

Background GWs 
at LISA band

LIGO-Virgo :10 - 1000 Hz
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h′�′�k + 2ℋh′�k + k2hk = 𝒮(k, η) ∼ ∫ d3l liljΦl(η)Φk−l(η)

Induced GWs

⌦GW(k) ⌘ 1

12

✓
k

Ha

◆2
k
3

⇡2
hhk(⌘)hk(⌘)i.

ΩGW ∼ ⟨hh⟩ ∼ ⟨𝒮𝒮⟩ ∼ ⟨ΦΦΦΦ⟩ ∼ 𝒫2
Φ

ℛ(x) = ℛg(x) + FNL [ℛ2
g(x) − ⟨ℛ2

g(x)⟩] .

• The equation of motion for the tensor perturbation with source

• The quantity we want to calculate is

• Φ may not be Gaussian. So consider a non-Gaussianity:

Φ =
2
3

ℛ

at radiation-dominated stage
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352

Fig. 1. Top: The energy density of the induced GWs for the power spectrum for a peak width, ∆ =
0.0, 1.0 × 10−3, 1.0 × 10−1, 1.0. Bottom: Energy density of scalar-induced GWs associated with PBH
formation together with current pulsar constraint (thick solid line segment) and sensitivity of various
GW detectors (convex curves). Solid wedged lines indicate the energy density with the parameters
(ΩPBHh2, MPBH) = (10−5, 102M⊙) (left), (10−1, 1020g) (right) for sufficiently small ∆ (thick lines) and
∆ = 1.0 (thin lines).

Downloaded from https://academic.oup.com/ptp/article-abstract/126/2/351/1838316
by guest
on 14 July 2018

GWs test PBH=DM!  

Saito & Yokoyama,arXiv:0912.5317

(ΩPBHh2, MPBH) = (10−5,100M⊙)
(ΩPBHh2, MPBH) = (10−1,1020g)
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• Up:             , and we fix the 
PBH abundance to be 1. 


• Down:              , and we fix the 
peak amplitude to be                  


• Gray curve: LISA


• Frequency: PBH window <—> 
LISA band


• Coincidence, but fortunate for 
our universe.
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Summary
• 2-field inflation models can provide PBH-as-CDM scenario.


• GWs are generated from large scalar perturbations:        


• If PBHs = CDM, induced GWs must be detectable by LISA, 
indep of non-Gaussianity         .        


• Conversely if LISA doesn’t detect the induced GWs,               
it constrains the PBH abundances on mass range           
MPBH ~ 1019 -1022g where no other experiment can explore.

k3

fNL

- slope, multiple peaks, cutoff

N1 ∼ 35 − 40 after CMB scale left the horizon
MPBH ∼ 1019 − 1022g
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