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Superradiance

Ω

mΩ > ωKerr BH

“Superradiance involves the extraction of rotational energy
from spinning objects by low frequency modes ω < Ω of an
external field”

ϕ = Ylm(θ, ϕ)ψlmn(r)e
Γt

Massive fields become gravitationally bound/trapped, leading
to a superradiant instability that grows exponentially in time”
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Signatures

- Constraints on light particles from BH spin

Μa=10-11eV
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- Gravitational waves

- Effects on binaries: Baumann et al 2018



Superradiance

Neutron Star Black Hole

? GR

stellar matter Horizon



Superradiance

gµν∇µ∇νϕ+m2
ϕϕ = 0 rg = GM

Ω

mΩ > ωKerr BH

ZBH
lm =

|ϕout|2
|ϕin|2

− 1 = r2g (mΩH − ω)(ωrg )
2l+1 · 1

rg

suppose for stars: ∂2ϕ+ γϕ̇ = 0

ZStar
lm =

|ϕout|2
|ϕin|2

− 1 = R2 (mΩ− ω) (ωR)2l+1 · γ

BH is damping membrane with effective damping ∼ 1/rg .



Low Mass Fields are Bound =⇒ Unstable

ϕ = Ylm(θ, ϕ)ψlmn(r)e
Γt

Γnℓm = rg (mΩH − ω) (GMω)4ℓ+5 · 1

rg
ω ≃ mϕ·

Expect stellar superradiance with

gµν∇µ∇νϕ+ γϕ̇+m2
ϕϕ = 0 =⇒ 1/rg → γ, rg → R



Low Mass Fields are Bound =⇒ Unstable

ϕ = Ylm(θ, ϕ)ψlmn(r)e
Γt

Γnℓm = rg (mΩH − ω) (GMω)4ℓ+5 · 1

rg
ω ≃ mϕ·

Expect stellar supperradiance with

gµν∇µ∇νϕ+
?
γϕ̇+m2

ϕϕ = 0 =⇒ 1/rg → γ, rg → R

Where do such factors come from ?



Equation of Motion

φ φ
q qT, µΠ(q) =

∂2ϕ(x) +m2
ϕϕ(x) +

∫
dyΠR(x , y)ϕ(y) = 0

Upon performing a Wigner transformation, defined by

Π(q, x) =

∫
dyΠ(x + y/2, x − y/2)e iy ·q

we can express this equation in Wigner space as

∂2ϕ(x) +m2
ϕϕ(x) + e i∂y ·∂q

[
ΠR

(
q,

x + y

2

)
ϕ(y)

]
q→0,y→x

= 0

φ
q

ImΠ(q) =

2

−∇2ϕ(ω, x) + (m2
ϕ − ω2)ϕ(ω, x) + i Im[ΠR(ω, x)]ϕ(ω, x) ≃ 0



Flat Space + Static Star

Z scat
lm =

|ϕout|2
|ϕin|2

− 1 = − 4R (ωR)2l+2

(2l + 1)!!(2l + 3)!!
· ImΠ

ω

↓
Add GR +Rotating Star

“A Modern approach to superradiance” Endlich, Penco JHEP 05 (2017) 052

Γnlm = (mϕR)
(2l+3) (mϕrg )

(2l+3) Im(Π)

ω
(ω −mΩ),

ϕ = Ylm(θ, ϕ)ψlmn(r)e
iΓt
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Instability Rate (PSR J17482446ad)
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ImΠ/ω ∼ cm−1



Axions

Axion nucleon interactions:

LaNN = Gan∂µϕN̄γ
µγ5N, LπNN = i(2mn/mπ)f π0N̄γ

5N

−∇2ϕ(ω, x) + (m2
ϕ − ω2)ϕ(ω, x) + i Im[ΠR(ω, x)]ϕ(ω, x) ≃ 0
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Optical Theorem

a(q)

N(p3)N(p1)

N(p4)N(p2)

πImΠ(q) :



Axions

Superradiance rate for mode (l,m,n) :

Γanlm ≃ G 2
anm

4
n

m4
π

p
F
T 2 · (mϕR)

(2l+3) (mϕrg )
(2l+3) · (ω −mΩ)

ω

a(q)

N(p3)N(p1)

N(p4)N(p2)

πImΠ(q) :

ImΠ =
∏
i

∫
d3pi

(2π)32Ei
fi
∏
j

∫
d3pj

(2π)32Ej
(1± fj) |MaNN→NN |2

(calculate integral from axion mean free path: Harris (2020), Brinkmann + Turner (1988) )



We now understand superradiance in stars!

An we know how to calculate it:

−∇2ϕ(ω, x) + (m2
ϕ − ω2)ϕ(ω, x) + i Im[ΠR(ω, x)]ϕ(ω, x) ≃ 0

φ φ
q qT, µΠ(q) =

Next Steps (in progress):
- scan all possible BSM interactions!
- Better modeling of stellar medium?
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Thanks for listening!
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