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Gravitational waves from binaries
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• LVK has observed almost 400 
CBC events.


•Next-generation detectors (ET, CE) 
will observe  CBC 
events per year.

𝒪(103 − 104)

Buchmuller et al, 2108.02468



GW lensing



Microlensing constraints
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Carr et al, 2601.06024
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Lensing of gravitational waves
• distant sources 

• transient signals

• coherent wave







h̃( f ) = F( f ) h̃0( f )

F(ω, ⃗y) =
ω

2πi ∫ d2 ⃗x ei ω T( ⃗x, ⃗y)

T( ⃗x, ⃗y) =
1
2

⃗x − ⃗y
2

− ψ( ⃗x)

impact parametery =

point mass lens:  ,   ψ( ⃗x) = ln x ω = 8π (1 + zl) Ml f
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Wave optics and geometric optics
geom. optics:  F( f ) = |μ+ |

1
2 − i |μ− |
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2 exp[2πifΔt]
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Detectability
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Δχ2 = 4 min ⃗θ ∫ df
h̃L( f ) − h̃T( f, ⃗θ)
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signal
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 largest detectable  

Δχ2

⟹ y

,   source at 1.5 Gpc, lens at 1.0 Gpc, , m1 = m2 = 20 M⊙ Mlz = 100 M⊙ y = 1

Urrutia and Vaskonen, 2109.03213 
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Lensing probability
Urrutia and Vaskonen, 2109.03213 

τ = ∫
zs

0
dzl

σ(zl)n(zl)
(1 + zl)H(zl)

∝ fDM y2
c

Pl = 1 − e−τ

Nl = T∫ dλ( ⃗θs) Pl( ⃗θs) pdet( ⃗θs)
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DM spikes around PBHs

ψ(x) = ln x + ψh(x)

Urrutia, Vaskonen and Veermäe, 2303.17601







ρh ∝ r−9/4 θ(Rh − r)

Rh = 14 pc [ mPBH

M⊙ ]
1/3

min(1, 10−3f −4/3
PBH )

Mh = (1 − fPBH) mPBH min(50, 0.28f −1
PBH)
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Constraints and prospects

dashed: with DM spikes

solid: without DM spikes

Urrutia, Vaskonen and Veermäe, 2303.17601



PBH binaries
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PBH binary formation
Raidal, Spethmann, Vaskonen and Veermäe, 1812.01930
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PBH binary formation
Raidal, Spethmann, Vaskonen and Veermäe, 1812.01930

τ( j, x0) =
3
85

ra(x0)
ηM3

j7

dR = ∫ dnb(x0) dj
dP( j |y, x0)

dj
δ(τ − τ( j, x0))

dnb(x0) =
1
2

e−N̄(y)dn(m1)dn(m2)dV(x0)

dP( j |y, x0)
dj

=
1
j ∫ du u J0(u) exp[−N̄(y)2 ∫

dn(m)
n

F( u
N̄(y)

m
⟨m⟩

j0
j ) −

3
10

u2 σ2
M

f 2
PBH

j2
0

j2 ]
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PBH binary evolution
Raidal, Spethmann, Vaskonen and Veermäe, 1812.01930
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PBH merger rate

Raidal et al, 1812.01930

Vaskonen and Veermäe, 1908.09752

disruption by 3rd PBHs

disruption in small halos

no disruption
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Vaskonen and Veermäe, 1908.09752

three-body channel

PBH merger rate
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Other channels Raidal, Vaskonen and Veermäe, 2404.08416 
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Constraints from LVK
Andrés-Carcasona et al, 2605.15749

• 5% prob. for no events above exclusion curve

• 95% prob. for no events below the sensitivity floor
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Constraints from LVK
Andrés-Carcasona et al, 2605.15749
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Prospects
Pujolas, Vaskonen and Veermäe, 2107.03379
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Summary
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• GW observations provide new direct probe of 
PBH populations in the ~ solar mass range.


• LVK binary searches give the strongest 
constraint in the  range.


• GW lensing searches provide clean probe of 
massive PBH populations.

1 − 1000 M⊙


