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Superradiant instability

Press & Teukolsky, Nature 238 (1972) 211-212
Brito, Cardoso & Pani, Review article in preparation

Confinement + superradiance
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1. 2.

Massive bosonic fields (Damour et al "76; Zouros & Eardley '79;
Detweiler '80; Pani et al '12; Witek et al 12, Brito, Cardoso & Pani, ’13 ; ...)

AdS boundaries (Cardoso & Dias,’04)

Magnetic fields (Gal’tsov & Pethukov “78; Konoplya ’08 , Brito, Cardoso
& Pani, ‘14)

Plasmas (Pani & Loeb, ‘13)

Hairy black holes (Herdeiro & Radu, ’14 (see also Herdeiro’s and
Benone’s talk))



Gaps in the ‘Regge’ plane

JIM?

JIM?

JIMP

Brito, Cardoso, Pani, arXiv:1411.0686, 2614
(see also Cardoso’s talk)




Massive bosonic fields

Detweiler , Phys.Rev. D22 (1980) 2323,
Pani et al, Phys.Rev.Lett. 109 (2012) 131102, Phys.Rev. D86 (2012) 104017,
Brito, Cardoso & Pani, Phys.Rev. D88 (2013) 023514

«  Massive scalar field 00 — p2® =0
RI/ AP — /1, A 0,
« Massive vector field { uvvﬂ A, “0
. . Ch,, + 2R, Vhaﬁ Zhvzoj
« Massive tensor field %“Z #65 Ky
(see also Volkov’s talk) PLT pv =
;J,T — 2A/3 = 0.
\If ~ e_th W = OUR —|— 7/0.)[
All modes follow: Except for the massive tensor
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Bounds on light bosons

Arvanitaki & Dubovsky Phys.Rev. D83 (2011) 044026 , Pani et al, Phys.Rev.Lett. 109 (2012) 131102,
Phys.Rev. D86 (2012) 104017, Brito, Cardoso & Pani, Phys.Rev. D88 (2013) 023514
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1071eV < mg <5x107%%V
107 eV < my <5x10%eV
1071eV < mpr <5x107%%eV



Other constraints

« Magnetized BHs « BHs surronded by plasma
Brito, Cardoso & Pani, Phys.Rev. D89 (2014) 104045 Pani & Loeb, Phys.Rev. D88 (2013) 041301
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« Axionic coupling
Brito, Cardoso & Witek, in preparation
V,F* = —2k.vion F*Y0,®
k x1 n x
(V,VY — %) @ = a2° FFE,, + V(D)




Conclusions & Outlook

Black holes are unique labs for beyond-SM physics and
extensions of GR;

Superradiant instabilities provide strong constraints on
ultralight bosonic degrees of freedom and can even be used to
put bounds on magnetic fields around black holes;

Does the environment change this picture? (magnetic fields,
accretion disks, coupling to other fields, etc...)

What about stars? Dissipation is a crucial ingredient... (Cardoso,
Brito & J.Luis, in preparation)

Keep following...
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Bounds on the graviton mass

Brito, Cardoso & Pani, Phys.Rev. D88 (2013) 023514

For some specific BH solutions
of bimetric/massive gravity:

Ohpy + 2Rayp0h®P — pkhy, =0,
p5VHEh,, =0,

(03 —2A/3) h=0.

Gravitons interact very weakly, not model-dependent.

Review of Particle Physics 2014 (PDG 2014)

VALUE (eV) DOCUMENT ID COMMENT

<6 x 1032 1 CHOUDHURY 04 Weak gravitational lensing

e o o We do not use the following data for averages, fits, limits, etc. » o o

<5 x 10—23 2 BRITO 13  Spinning black holes bounds

<4 x 10720 3 BASKARAN 08 Graviton phase velocity fluctuations

<6 x 1032 4 GRUZINOV ~ 05 Solar System observations

-6 x 1034 > DVALI 03 Horizon scales

<8 x 1020 6,7 FINN 02 Binary pulsar orbital period decrease
78 DAMOUR 91 Binary pulsar PSR 1913416

<2x107%% by 1 GOLDHABER 74 Rich clusters

<7 x 1028 HARE 73 Galaxy

<8 x 104 HARE 73 2~ decay




Massive bosonic fields

spin 1 (polar)
SAAMAMAMLMAARAAMARLMAMMARMARLAARAMMES ]
e _ e e
L Mu=0.049 = - \J"?f;j.{:—: -

Pani et al, Phys.Rev. D86 (2012) 104017

All modes follow:

spin 2 (polar)
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Brito, Cardoso & Pani, Phys.Rev. D88 (2013) 023514

Except for the massive spin 2

Wi

mJ

N ”2 1 — Mp ?
[+n+S+1

Mwr  ~ s (ma/M = 2ryp) (Mp)H+o+25

Il=m=1 (polar)
wR/uT ~ 072(1 — M,LLT)
Mwr ~ (ma/M —2riwr) (Mp)®




Massive bosonic fields

Pani et al, Phys.Rev.Lett. 109 (2012) 131102, Phys.Rev. D86 (2012) 104017,
Brito, Cardoso & Pani, Phys.Rev. D88 (2013) 023514

OA, — R, A" — 12, A, =0, * Massive vector
2 u i field (extensions of
puy VEA, =0.
the SM)
Ohyw + 2Rapph™P — p3hy =0, . Massiye tensor field
p5VHER,, =0, (massive gravity,
(13 —2A/3) h =0. biometric theories of
gravity)

0 X,y (Lm0, 0) = X1 (1) Vim (D () eime e =it

Non-separable in Kerr Slow-rotation approximation

(= J/M?)
A + am Ay +6(QunPr—1m + QuyimPiyim) = 0
le + &mpngr&(leAl_lm + Ql—{—lmAl—l—lm) = 0

A, — axial functions Pim — polar functions



Massive scalar fields

Damour et al , Lett. Nuovo Cim 15 (1976) 257
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Cardoso & Yoshida, JHEP 0507 (2005) 009
ps (- Mus am

— 2,u5r+) (Mus)*, Mpg <1

Detweiler , Phys.Rev. D22 (1980) 2323

a~M, pg~042M~1 ~5.6x1077 (

108 M,
M

)eV, T~ 6.7x10°M ~ (

M
106 M,

)

Dolan, Phys.Rev. D76 (2007) 084001



Where do we stand?

Massive scalar fields around BHS (Damour et al '76; Zouros & Eardley '79; Detweiler

'80; Cardoso & Yoshida '05; Dolan '07; Berti et al '09; Konoplya et al '06; Pani et al '12; Hod '12;
Barranco et al '13; Strafuss & Khanna '05; Kodama & Yoshino '12; Barranco et al '12; Dolan '12;
Witek et al '12; ...)

Proca fields around BHS (Rosa & Dolan ‘11; Pani et al 12; Witek et al ‘12)

Massive gravitons (Brito, Cardoso & Pani, 13, Babichev & Fabbri, ‘13)

BHs surronded by plasma — constraints on primoridal BHs as dark
matter candidates (Pani & Loeb ‘13)

Charged scalar in a RN BH background (pegollado & Herdeiro '13; Degollado,
Herdeiro & Runarsson '13; Hod '13, Degollado & Herdeiro '13)

Non-linear self-interactions (“Bosenova” particle bursts) (Yoshino &
Kodama ‘14)

Non-linear evolution of massive scalar fields around BHs (Okawa et al 14)
Full non-linear study of gravitational BH superradiance (East 14)

Magnetic fields around BHs (Gal'tsov & Pethukov “78; Konoplya '08; Brito, Cardoso &
Pani, ‘14)

BHs in Ads (Hawking & Reall ’'00; Cardoso & Dias '04; Dias et al ‘12; Cardoso et al ‘13)
Kerr BHs with scalar hair (Hod ‘12; Herdeiro & Radu ‘14)



Ultra-high-energy debris

by =L/E =2M

+ ph = ph + pl
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Energy extraction from black holes

* Penrose process

(Penrose ’69 Rev. Nuovo Cimento)

Eout > Ein

l

Extraction of energy and angular
momentum from the BH

ergosphere

icle falling

in thablack hole
(negative\energy En)

outgoing particle
energy E2

/EQ:-EI

incoming particle
energy E1
——

« Superradiance

(Zel’dovich, JETPL ’71; Misner ’72;
Press and Teukolsky , ApJ’74)

p

@

w < mfly

U

amplified scattering of waves

4

Extraction of energy and angular
momentum from the BH



Realistic?

B2 1 M,
G 4M ~ — = By ~24X 101? (—Q) Gauss
c T M
* Magnetars: ) ~ M , B ~ 10'3-10%Gauss = B/By ~ 1071074

« Supermassive BHs: M ~ 109M@ , B~ 10*Gauss — B/Bj; ~ 1076

« Ernst metric is not asymptotically flat. Can be trusted up to matter
distribution where magnetic field is supported:

ro~1/B<ry~M, BM 20.1



Massive bosonic fields around BHs

« Massive scalar fields
48 M (M 1)~

(@ —2ryp)

M IS 1 » Tscalar ™ (Detweiler ‘80)

Mup > 1, Tscalar ~ 107el8*Me  (Zouros & Eardley '79)

109 M, M
a~M, ug~042M 1 ~56x10" 17 (—®> eV, T~ 6.7x10°M ~ ( ) yT

M 106 M,
(Dolan ‘07)
« Massive vector fields
7
Mp <1, Tyector ~ M({\Ju) (Pani et al ’13, Witek et al ‘13)

V-11(a — 2ryp)

« Massive tensor fields
M(Mp)~—?
"Ypolar(a - 14T—I-/“L)

Mp <1, Tiensor ™~ (Brito, Cardoso & Pani ‘13)



Magnetized Kerr-Newman black hole

(Ernst, '76; Hiscock, ‘81; Aliev & Galtsov, ‘89)

ds®> = H [—thQ + 3 (‘%Q + d92)] + A;i?; / (Hydp — wdt)*
ry =2M — @ (% + 2B2M3)
« Wald’s charge: (wald 74, Gibbons et al 14)
neutral/M = —2aBM + O [a*(BM)®] = Qphysical = 0
* Angular momentum: (Gibbons et al ‘14)

Johysical = aM? + O (&3)

« Angular velocity of the horizon:

~

_ e ~ 2 (1 op2is2 ~3
Qp = 57 +2aMB (1-2B°M?) + O (a’)



Intrinsic limits on magnetic fields

Brito, Cardoso & Pani, Phys.Rev. D89 (2014) 104045
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