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Superradiance

Superradiance

Superradiance is the amplification or enhancement of
radiation in a dissipative system.

Reproduced from Torres et al, 1612.06180
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Superradiance

Radiation from a moving particle
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Find the particle's rest mass by moving to comoving frame:
m; = vi(Ei — vi - pi), ms = vr(Er — vr - pr)
Am = —i(w —v; - k) + O(0v).

Brito, Cardosa & Pani, 1501.06570
Bekenstein & Schiffer, gr-qc/9803033
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Superradiance

Radiation from a moving particle

o If the object is in its ground state initially, m; < my.
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Superradiance

Radiation from a moving particle

o If the object is in its ground state initially, m; < my.
o Radiation can only be emitted if w(k) —v; -k <O0.

o This can occur with tachyons or from medium effects giving
w(k) < k.
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Superradiance

Radiation from a moving particle

Radiation can only be emitted if w(k) —v; - k < 0.
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Superradiance

Radiation from a moving particle

Radiation can only be emitted if w(k) —v; - k < 0.

o Consider a medium with refractive index n = f = v—lh
P
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Superradiance

Radiation from a moving particle

Radiation can only be emitted if w(k) —v; - k < 0.

o Consider a medium with refractive index n = f = v—lh
P

o Radiation can be emitted only if v,, — v;cos(f) < 0 i.e. when

the particle’s velocity is greater than or equal to the radiation
phase velocity.
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Superradiance

Radiation from a moving particle

Radiation can only be emitted if w(k) —v; - k < 0.

o Consider a medium with refractive index n = f = v—lh
P

o Radiation can be emitted only if v,, — v;cos(f) < 0 i.e. when
the particle’s velocity is greater than or equal to the radiation
phase velocity.

o Cerenkov radiation: v, — v;cos() =0, m; = my.
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Superradiance

Radiation from a moving particle

Radiation can only be emitted if w(k) —v; -k < 0.
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Superradiance

Radiation from a moving particle

Radiation can only be emitted if w(k) —v; -k < 0.

o If the particle can absorb photons, we can also have spontaneous
radiation with m; < my.
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Superradiance

Radiation from a moving particle

Radiation can only be emitted if w(k) —v; -k < 0.

o If the particle can absorb photons, we can also have spontaneous
radiation with m; < my.

o When v, > v;, an absorption effect can become a spontaneous
radiation effect, taking energy from the particle’s kinetic energy.
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Superradiance

Radiation from a moving particle

o For 1D motion, v,, > v; cannot be satisfied in vacuum.
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Superradiance

Radiation from a moving particle

o For 1D motion, v,, > v; cannot be satisfied in vacuum.

o For a rotating system, the angular phase velocity of radiation
with azimuthal number m is =.
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Superradiance

Radiation from a moving particle

o For 1D motion, v,, > v; cannot be satisfied in vacuum.

o For a rotating system, the angular phase velocity of radiation
with azimuthal number m is =.

o Superradiance can occur when w < mSQ2.

Francesca Chadha-Day (Durham) Superradiance 8/32



Superradiance

Radiation from a moving particle

o For 1D motion, v,, > v; cannot be satisfied in vacuum.

o For a rotating system, the angular phase velocity of radiation
with azimuthal number m is =.

o Superradiance can occur when w < mSQ2.

o Superradiance requires that the rotating body be dissipative.
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Black hole superradiance

Black Hole Superradiance

o Black holes may rotate and dissipation is provided by the
horizon.
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Black Hole Superradiance

o Black holes may rotate and dissipation is provided by the
horizon.

o The ergoregion of a Kerr black hole can amplify incident
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Black hole superradiance

Black Hole Superradiance

o Black holes may rotate and dissipation is provided by the
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Black hole superradiance

Black Hole Superradiance

o Black holes may rotate and dissipation is provided by the
horizon.

o The ergoregion of a Kerr black hole can amplify incident
radiation - superradiant scattering.

o Black holes can trap massive radiation.

o Could get exponential amplification of this trapped radiation - a
superradiant instability.

o The superradiant instability is effective for light bosons.
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Black hole superradiance

Black Hole Superradiance

o Think about bound states of a light bosonic field ¢ around a
Kerr black hole.
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Black Hole Superradiance

o Think about bound states of a light bosonic field ¢ around a
Kerr black hole.
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Francesca Chadha-Day (Durham) Superradiance 11/32



Black hole superradiance

Black Hole Superradiance

o Think about bound states of a light bosonic field ¢ around a
Kerr black hole.

o Similar to Hydrogen atom wavefunctions ¢ ,(r).

o The eigen-energies will have an imaginary component,
corresponding to ¢ being eaten by the black hole, or to
superradiant amplification of ¢.
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o We have a superradiant instability when w < mQ.
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Black hole superradiance

Black Hole Superradiance

o We have a superradiant instability when w < mQ.

o The instability is most efficient when the black hole's
gravitational radius is similar to ¢'s compton radius: GMm, ~ 1.
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Black hole superradiance

Black Hole Superradiance

o We have a superradiant instability when w < mQ.

o The instability is most efficient when the black hole's
gravitational radius is similar to ¢'s compton radius: GMm, ~ 1.

o The instability is less efficient for higher / and m modes.
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Black hole superradiance

Axion Black Hole Superradiance

Axions build up around Kerr black hole from an initial quantum
fluctuation. We might observe:

Francesca Chadha-Day (Durham) Superradiance 13 /32



Black hole superradiance

Axion Black Hole Superradiance

Axions build up around Kerr black hole from an initial quantum
fluctuation. We might observe:

o ‘Bosenova’ explosion as axion cloud collapses

Francesca Chadha-Day (Durham) Superradiance

13/32



Black hole superradiance

Axion Black Hole Superradiance

Axions build up around Kerr black hole from an initial quantum
fluctuation. We might observe:

o ‘Bosenova’ explosion as axion cloud collapses

o Depletion of black hole spin

Francesca Chadha-Day (Durham) Superradiance 13 /32



Black hole superradiance

Axion Black Hole Superradiance
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Black hole superradiance

Axion Black Hole Superradiance

Axions build up around Kerr black hole from an initial quantum
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Black hole superradiance

Black hole spin depletion

We can measure black hole spins:
o X-ray spectra of black hole X-ray binaries

o Gravitational wave emission from mergers
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Black hole superradiance

Black hole spin depletion

o Superradiance would lead to gaps in the black hole mass vs spin
plot.
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Black hole superradiance

Black hole spin depletion

o Superradiance would lead to gaps in the black hole mass vs spin
plot.

o If £, is too low, bosenova collapse prevents spin depletion.

o Stellar mass BH spin measurements exclude
6x1078eV < m, <2x 107 1eV for f, > 1013GeV.
(Arvanitaki, Baryakhtar & Huang, 1411.2263)
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Black hole superradiance

Black hole spin depletion

o Superradiance would lead to gaps in the black hole mass vs spin
plot.

o If £, is too low, bosenova collapse prevents spin depletion.

o Stellar mass BH spin measurements exclude
6x1078eV < m, <2x 107 1eV for f, > 1013GeV.
(Arvanitaki, Baryakhtar & Huang, 1411.2263)

o Advanced Ligo will be sensitive to m, < 107 eV. (Arvanitaki
et al, 1604.03958).
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o Axion self-interaction can lead to level mixing.
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Black hole superradiance

Caveats

o Axion self-interaction can lead to level mixing.

o Axion annihilations could decrease the superradiance rate.
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Black hole superradiance

Caveats

o Axion self-interaction can lead to level mixing.
o Axion annihilations could decrease the superradiance rate.

o For large initial seeds, if both superradiant and non-superradiant
modes are populated, the instability may not occur (Ficarra,
Pani & Witek, 1812.02758.).

Francesca Chadha-Day (Durham) Superradiance 16 /32



Stellar superradiance

Superradiance in Stars

No horizion - superradiance in stars relies on
non-gravitational dissipative dynamics, which become
amplifying due to the star’s rotation (Zel'dovich, 1971).
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Stellar superradiance

Example: Dark photons in neutron stars

Massive dark photons with dissipation from a hidden sector
conduct|V|ty (V Cardoso, P Pani and T Yu, 1704. 06151).
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Stellar superradiance

Example: Superradiance from the axion-fermion
coupling

o Many neutron star equations of state predict a condensate with
Ot ~ 1.
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Stellar superradiance

Example: Superradiance from the axion-fermion
coupling

o Many neutron star equations of state predict a condensate with
Ot ~ 1.
o The QCD axion then obtains a coupling to neutrons:

LD Heff%gbﬁn.
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Stellar superradiance

Example: Superradiance from the axion-fermion
coupling

o Many neutron star equations of state predict a condensate with
Ot ~ 1.
o The QCD axion then obtains a coupling to neutrons:
mp , _
LD Og——pnn.
fa

o This gives the required dissipative interaction.

Kaplan & Rajendran, 1908.10440
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Stellar superradiance

Axion-photon superradiance in neutron stars

The axion boundstate (orange) mixes with a photon mode which is then
amplified by scattering off the rotating magnetosphere (grey). The photon
energy is then deposited back into the axion sector.

FCD & McDonald, 1904.08341
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Stellar superradiance

Stellar superradiance: A general approach

o Many different Beyond the Standard Model interactions could
lead to stellar superradiance.

o Stellar environments are complex, with many more degrees of
freedom than black holes.

o Spin down from stellar superradiance can be observed directly.

o Can we find a general method for computing stellar
superradiance rates from a BSM Lagrangian?

See FCD, Garbrecht & McDonald, 2207.07662.
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Stellar superradiance

Stellar superradiance: Damping
Stellar superradiance depends on the damping rate of the field into
the star. We can find this with thermal field theory.

02 + 12+ Ty6 = 0,
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Stellar superradiance

Stellar superradiance: Worldline Effective Field
Theory

o Describe interaction of a field ¢ and the star by expanding in §.

o The extended nature of the star is described by an infinite series
of interactions between ¢ and a point-like object.

Hun (£, %) =0 (x) O ()63 (x — y(£))+
'’ $(x)07 ()P (x —y(1)) + ..
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Stellar superradiance

Stellar superradiance: Worldline Effective Field
Theory

If the star is rotating:

Hui(2) = ' 6(2) R} (£)O'V(t)
+ ' ()R (E)RE(E) O (£) + ...

See S. Endlich and R. Penco, 1609.06723
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Stellar superradiance

Superradiant scattering in the worldline EFT

Superradiant scattering from a rotating star:

(W, 0,m | w,, m)

S = Texp{—i/ dtHint(t)}.
0

Amplification factor:

: . 2
Py = 3 X301 . £, )
X

cl)out - cI)in E!q2£+2
S, 4m(20+ 1)vw

Zﬁm = PZ(mQ - (,U),
pe(mSQ — w) is related to the worldline EFT operators and must be
found with a matching calculation.
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Stellar superradiance

Superradiant instabilities in the worldline EFT

Superradiant instabilities arise from bound states:

Pabs = Y |(X¢; 0[S|X;; nem)?.

X¢

The superradiance rate is:

Aan

1 2043
rnm:rem_ras: - Q- n);
’ b 2W€n (rnﬁ) pe (m . )

where r,y = (n+ ¢+ 1)/(2GMp?) and wy,.

Francesca Chadha-Day (Durham) Superradiance 26 /32



Stellar superradiance

Matching the worldline EFT

o We can also find the amplification factor Z,, directly from the
equation of motion 9%¢ + ¢ + ¢ = 0.
o Matching these results we can obtain py (mQ — wy,) (or
equivalently the EFT coefficients).
This gives a superradiance rate:

R\CHS) (o
rném - C.nEm (_) u

Fne

[,
o ¢

where the damping ', of the field ¢ into the star can be calculated in
thermal field theory.
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Stellar superradiance

Stellar superradiance: Axion Example

Consider an axion damping into a neutron star via the interactions

gan v

Loy =

2 _
Lonn = —meoNVSN,

™
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Stellar superradiance

Stellar superradiance: Axion Example

To find the superradiance rate, we must compute [, from the
self-energy:

The self-energy is related to the axion mean free path

1o ImI1
w
calculated in e.g. S. Harris, 2005.09618 - we find a superradiance

time somewhat larger than the age of the universe!
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Stellar superradiance

Stellar superradiance: A general approach

o We find the damping rate from the in-medium self energy.

o We find the superradiant instability rate from the damping rate

using worldline effective field theory (S Endlich & R Penco,
1609.06723).

o Match calculations at low energy to obtain the superradiant
instability rate:

R (26+3) mQ — w
I—nem — Lném (_) grqﬁ

Fny w
This allows us to calculate the stellar superradiance rate for any
interaction between a bosonic field and a star.
See FCD, Garbrecht & McDonald, 2207.07662.

Francesca Chadha-Day (Durham) Superradiance 31/32



Conclusions

Conclusions

o Black hole superradiance offers a purely gravitational probe of
Beyond the Standard Model bosons.

o Stellar superradiance can probe additional interactions between
new bosons and the Standard Model.
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