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 Part 1: Clustering of black hole binaries. 

 Part 2: Astrophysical gravitational wave background. 

 Part 3: Are stellar mass black holes of primordial origin? 

 Part 4: What can GWs teach us about the early universe?

IN THIS TALK
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Part 1: Resolved GW sources
Based on: Learning how to surf: reconstructing the origin and 

propagation of GWs with Gaussian Processes, arXiv: 2105.04262

Clustering of resolved 
compact object binaries 

The resulting observable is the 
projected number count. 
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Tomographic cross-corrs: what are they good for? 

h′ ′ α + [2 + αM(z)] ℋh′ α − ⃗∇2hα = 0

Sϕ = ∫ d4x −g ( 1
2

M2
eff (ϕ) R + K (ϕ, X) − G3 (ϕ, X) □ ϕ)

αM(z) ≡ dM2
eff /d ln a

Common parametrization

DL,GW(z)
DL,EM(z)

= exp {−
1
2 ∫

z

0
dz̃

αM(z̃)
(1 + z̃) } = Ξ0 +

1 − Ξ0

(1 + z)n
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Tomographic cross-corrs: what are they good for? 

DL,GW(z)
DL,EM(z)

= Ξ0 +
1 − Ξ0

(1 + z)n

Not very general

Also the GW bias is unknown

bGW(z)
bgal(z)

Reconstruct the shapes  
of these functions.
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Observational strategy
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Part 2: Astrophysical GW background

LIGO/VIRGO Collaboration: “GW170817: Implications 
for the Stochastic Gravitational-Wave Background 

from Compact Binary Coalescences"

Based on: Cross-correlation of the AGWB 
with galaxy clustering, arXiv:1910.08353
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Multitude of sources
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Modelling the signal

The map on the sky

Let’s model this as

Astrophysical kernel

ΩGW(ν0, ̂r) =
ν0

ρc

dρGW(ν0, ̂r)
dν0d2 ̂r

ΩGW( ̂r) ≡ ∫ dr r2𝒦(r)n( ⃗r )

ΩGW( ̂r) = ∫ dr r2𝒦(r)n̄(r)(δGW( ⃗r) + 1)



 Integrands
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Modelling the signal

From real space to 
angular correlations

Astrophysical kernel

ΩGW( ̂r) = ∫ dr r2𝒦(r)n̄(r)(δGW( ⃗r) + 1)

CGW
ℓ = 4π∫

kmax

kmin

dk
k

|δΩℓ |2 𝒫(k) + BGW
ℓ

δΩℓ(k) = ∫ dr r2𝒦(r)n̄(r)TGW(k, r)jℓ (kr)
No relativistic 

corrections for now!
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Sensitivity on non-linearities
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What to expect?

 The anisotropies will first be detected via the cross-correlation 
 Sensitive to the features in the astrophysical kernel  

 Useful for cosmology if  is detected

𝒦(z)
ℓmax ∼ 100
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The shot-noise issue

Cross-corr variance can be huge due to 
contamination from the auto-corr

VarC×
ℓ = (CGW

ℓ + BGW
ℓ ) (CGC

ℓ + BGC
ℓ ) + (C×

ℓ + B×
ℓ )2

2ℓ + 1

Jenkins, Sakellariadou, 2019 
Canas-Herrera, Contigiani, Vardanyan, 2019 

Alonso, Cusin, Ferreira, Pitrou, 2020

BGW
ℓ = ∫ dr

�̃�2(r)
n̄(r)r2 [1 +

1 + z(r)
R(r)TO ]
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Part 3: PBH mergers
In prep: in collaboration with Misao Sasaki, Volodymyr 

Takhistov, Ying-li Zhang
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Part 3: PBH mergers

PBH binary PBH binary

GW emmission

Sasaki, Suyama, Tanaka, Yokoyama, 2016 
Nakamura, Sasaki, Tanaka, Thorne, 1997

Bird et al, 2016
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PBH-Neutron star binaries?

PBH-NS binary

GW emmission

PBH

NS



 Assumes 
 Can be enhanced if PBHs are 
concentrated (equipartition?)
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PBH-Neutron star binaries?
 DM halo properties from simulations 
 Stellar mass — halo mass connection for estimating the 
number of NS 
 Capture cross section σ = 2π ( 85π

6 2 )
2/7

G2
NM12/7μ2/7c−10/7v−18/7

rel

ρPBH(r) = fPBHρCDM(r)

ℛPBH−NS = f −11/28
PBH ℛno−PDM

PBH−NS
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Part 4: Primordial GWs
Based on: Beating the Lyth bound by parametric resonance 

during inflation, arXiv: 2105.12554

a = 1
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Induced 
GWs

PBHs

Vacuum GWs. Lyth bound:
Δϕ
MPl

= 𝒪 (1) ( r
0.01 ), ( H

MPl )
2

= 𝒪 (1) ( r
0.01 ) 10−12
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Inducing GWs during inflation
 Parametric resonance 
 Exponential enhancement if in the resonance band

u(τ)′ ′ + [P − 2Q cos(2τ)] u(τ) = 0

 Consider ℒ = −
1
2 (∂ϕ)2 −

1
2 (∂χ)2 − V(ϕ, χ)

V(χ) Sources inflation

V(ϕ) = − V0 2ϵϕ
ϕ

MPl
+ Λ(ϕ)cos ( ϕ

fa ) + Vm(ϕ) Oscillating field
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Inducing GWs during inflation
 Parametric resonance 
 Exponential enhancement if in the resonance band

u(τ)′ ′ + [P − 2Q cos(2τ)] u(τ) = 0

 Consider ℒ = −
1
2 (∂ϕ)2 −

1
2 (∂χ)2 − V(ϕ, χ)

V(χ) Sources inflation

V(ϕ) = − V0 2ϵϕ
ϕ

MPl
+ Λ(ϕ)cos ( ϕ

fa ) + Vm(ϕ) Oscillating field

ℛc ∼
∂N
∂ϕa

δϕa ∼
∂N
∂χ

δχ
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Mode functions

··δχk + 3H ·δχk +
k2

a2
δχk =

2ϵχ

MPl
[ ··ϕδϕk + 𝒮k],

··δϕk + 3H ·δϕk + ( k2

a2
+ ℳ2

eff) δϕk = 0
Harmonic oscillations

Non-linear source
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Enhanced tensor modes

··hλ
k + 3H ·hλ

k +
k2

a2
hλ

k = 𝒯λ
k(t)

𝒯λ
k(t) =

2
M2

p ∫
d3p

(2π)3
eλ

ij(k)
pipj

a2
δϕ|p|δϕ|k−p|

Non-linear source
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Detectability
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Summary

 1. Astrophysical black hole clustering and correlations with 
galaxy distribution: how to use redshift-unknown sources for 
cosmology? 

 2. AGWB: a complementary probe. Important for 
interpreting possible future detection. Can probe high-
redshift populations. 

 3. The origin of LIGO-Virgo-KAGRA black holes: PBH-PBH is 
likely, PBH-NS — not that much. 

 4. How to enhance primordial GWs: parametric resonance 
during inflation and induced gravitational waves. 


