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Charge superradiance

Superradiance
Kerr black hole
Incoming wave Ergosphere
Outgoing wave

Bosonic wave amplification

o < mQpy

[ Starobinski, Churilov Sov Phys JETP 38 1 (1973) ]
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Black hole bomb

Black hole bomb

@ Surround black hole by
reflecting mirror

@ Superradiant instability
@ Wave grows
exponentially with time

[ Press, Teukolsky Nature 238 211
(1972) ]
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Charge superradiance

Charge superradiance

Reissner-Nordstrom
Incoming wave  black hole

Outgoing wave

Charged-scalar wave amplification

o< qq)H
[ Bekenstein PRD 7 949 (1973) ]
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Charge superradiance instability in a cavity
Massless charged scalar field ® on RN black hole background
@ Klein-Gordon equation
D,DF® =0 D, =V,—igA,
@ Time-periodic perturbations
O ~ e IR(r)
@ Boundary conditions:

Horizon r = rj,: ingoing wave
Mirror vy = r;,: ® =0

[ Herdeiro, Degollado, Runarsson PRD 88 063003 (2013) ]
[ Degollado, Herdeiro PRD 89 063005 (2014) ]
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Charge superradiance

Charge superradiance instability in a cavity

e Im(c) > 0 for ry, sufficiently large
@ Charge superradiance instability
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[ Herdeiro, Degollado, Runarsson PRD 88 063003 (2013) ]
[ Degollado, Herdeiro PRD 89 063005 (2014) ]
[ Dolan, Ponglertsakul, EW arXiv:1507.02156 ]
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Charge superradiance

Charge superradiance instability in a cavity

e Im(c) > 0 for ry, sufficiently large
@ Charge superradiance instability
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[ Herdeiro, Degollado, Runarsson PRD 88 063003 (2013) ]
[ Degollado, Herdeiro PRD 89 063005 (2014) ]
[ Dolan, Ponglertsakul, EW arXiv:1507.02156 ]
What is the end-point of this instability? J
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Einstein-charged-scalar

Einstein-charged-scalar field theory

5= [ V=8 |5 §FeF" - 387D, D, @

Field equations
Guw=Ty+Tn VuF*=]" D,D'®=0
Stress-energy tensor
TE, = FypFf — S Ear PP
wo = Luptv™ = 7 &uvtpo
1
D * * * *
T = D, ®"D,)® — ~gu [3*"D{, "D, ®)|

Field current

Ji= 3 [®D'P~S(D'®)] Dy =V, —igAy
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Einstein-charged-scalar I Ze[FEG LT

Spherically symmetric configurations

ds? = —f(r)h(r)dt* + f 1 (r)dr* + r* (d6* + sin® 0 dp?)
A, =1[Ao(r),0,0,0] D =¢(r)

Static field equations

o) ]
(4p)* = —% [f’h + %fh’ + 'f(f - 1)} :

0=fA§ + (ZTf — j;—hh/) Al — 2% Ay,

0:f¢”+< 2L p +];]Zl/><p + (q?]i’) ¢.
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Einstein-charged-scalar

Boundary conditions

Event horizon r = r,
o Ao(rn) =0
e Solutions parametrized by g, ry, ¢ = ¢(r1,), Ey = Aj(rn)
) |Eh| < \/5/ Ty
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ISUEHEHEUEIEAEICIE  Static equations

Boundary conditions

Event horizon r = ry,
° AO(rh) =0
@ Solutions parametrized by gq, ry,, ¢, = ¢(ry,), E = AL(rn)
° |Ey < V2/my

Originr =0
@ Regular metric and curvature
@ Solutions parametrized by g, ¢o = ¢(0), ag = Ao(0)
@ Scaling symmetry = fix g = 0.1
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Einstein-charged-scalar

Boundary conditions

Event horizon r = ry,
e Ao(ry) =0
@ Solutions parametrized by g, 1, ¢ = ¢(r1,), E = Aj(rn)
e |Ey| < V2/r

Originr =0
@ Regular metric and curvature
@ Solutions parametrized by g, o = ¢(0), ag = Ap(0)
@ Scaling symmetry = fix g = 0.1

Mirror r = ryy, J
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ISUEETEUEIEEICIETE  Perturbation equations

Perturbation equations

f=fr)+of(t,r) = h(r) + oh(t,r)
Aoon(r)+cSAo(t,r) Y =r®=¢(r)+op(tr)

Perturbations

Time-periodic perturbations

S(t,r) = e ()
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ISUEETEUEIEEICIETE  Perturbation equations

Perturbation equations

Perturbations

>

f=f@r)+5f(tr) h = h(r) + 6h(t,r)
Ao — Ao(}’) aF 5A0(f, 1’) Y=rd= lp(i) aF bl/J(f, 1’)

Time-periodic perturbations
op(tr) = eoy(r)

Perturbation equations

@ Metric perturbations written in terms of matter perturbations
@ Three perturbation equations for 6 Ay, Re(6¢), Im(5¢)
e Two of these are dynamical and involve 5

@ Third is a constraint equation involving  Aj and no time
derivatives

v
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Einstein-charged-scalar

Perturbation boundary conditions

Event horizon r = r,

Ingoing boundary conditions

S ~ e—ia(t+r*)5lp(,,) ‘ZL; — f\l/ﬁ
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Einstein-charged-scalar

Perturbation boundary conditions
Event horizon r = ry,
Ingoing boundary conditions

drs

51/] -~ e*ig(t+r*)5ll~](r) E

Originr =0

Perturbations are finite

SP ~ e 5 (r)

1

=
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Einstein-charged-scalar

Perturbation boundary conditions

Event horizon r = ry,
Ingoing boundary conditions
: - dr 1
S ~ efnr(t+r*)5 r W —
y O N
Originr =0

Perturbations are finite

Mirror r = ryy, J
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Black holes

Black holes J

Elizabeth



Scalar field profiles
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@ ¢ = 0atmirrorr = ry,
@ Mirror at first zero of ¢
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Scalar field profiles

Different values of the parameters, same mirror radius 7,

Charged scalar solitons and black holes



HIEWSEIN  Static solutions

Phase space of black hole solutions r, =1, g = 0.1
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BIEW QIS Stability analysis

Solving the perturbation equations

Example

q=01 E, =08 ¢,=12

o = 0.1731 — 0.0038:
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Black holes are stable: Im(c) < 0
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BIEW QIS Stability analysis

Dependence on mirror radius 7,
Charged-scalar hairy black holes exist for r,, 2 18 whenr, = 1,4 = 0.1
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Solitons J
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Scalar field profiles

¢(r)

@ ¢ = Oatmirrorr =ry,
@ Mirror at first zero of ¢

o =
Charged scalar solitons and black holes




Scalar field profiles

Different values of the parameters, same mirror radius 7,

é(r)

Radius

Charged scalar solitons and black holes



Phase space of soliton solutions g = 0.1

- 80
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Mirror radius r,,

and black hol



Solving the perturbation equations

06 ‘ . . .
Example
04
q= 01 ay=15 ¢o = 1.1 g o2
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0? as a function of mirror radius r,,
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Stability of charged-scalar solitons

e All solitons stable for r,, sufficiently large
@ Some unstable solitons for r,, sufficiently small
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Conclusions

Conclusions

Charge superradiance instability
Reissner-Nordstrom black holes in a cavity
@ Unstable to perturbations of charged scalar field
@ Provided cavity is sufficiently large
@ What is the end-point of this instability?
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Conclusions

Conclusions

Charge superradiance instability
Reissner-Nordstrom black holes in a cavity
@ Unstable to perturbations of charged scalar field
e Provided cavity is sufficiently large
@ What is the end-point of this instability?

Einstein-charged-scalar field theory
@ Static, spherically symmetric solitons and black holes in a cavity

@ Linear, spherically symmetric perturbations
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Conclusions

Conclusions

Black holes

@ Charged-scalar hairy black holes exist if the cavity is sufficiently
large

@ Stable if the mirror is at the first zero of the scalar field

@ Possible end-point of the charge superradiance instability?
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Conclusions

Conclusions

Black holes

@ Charged-scalar hairy black holes exist if the cavity is sufficiently
large

@ Stable if the mirror is at the first zero of the scalar field

@ Possible end-point of the charge superradiance instability?

Solitons
@ Charged-scalar solitons exist for all cavity sizes
@ Stable if the cavity is sufficiently large

@ Some solitons are unstable if the cavity is small
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