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Why general relativety (GR) in
i higher dimensitonal spacetimes?

CFT

@ String theory

@AdS/CFT
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@Brane world

@ Better understanding of general relativity.



i Plan of this talk

@®\\What is the black string?

@® Gregory-Laflamme instability Review
part

@ Superradiance and superradiant instability

@ Superradiant instability of rotating black strings



!’_ What is black string?



Schwarzshild black hole
i in (3+1)-d

Spherically symmetric static black hole in (3+1)-d.
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ds? = — (1 _ T—h) dt2 + (1 ~ T—h) dr? + 12(d6? + sin® 0ds?)
r T

Schwarzshild black hole
r=rh : event horizon

Solution of Einstein equation
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In this talk, we only consider spacetime
with cosmological constant = 0.



Schwarzchild black string in 5d
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Z Exact solution of
the Einstein equation in 5-d.
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z-constant slice of black string
= Sch black hole



!,_ Gregory-Laflamme instability



i Stability analysis

ds® = dsgy, + dz* + hy,datdx”

|

Perturbation

h,uy _ h'u,y (T)e—iwt—l—ikz

Spherically symmetric perturbation

Taking the first order in h
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R,UJ/ — i'g'UJVR =0

mmm) Perturbation equation



Perturbation equations reduce
i to "Schrodinger equation”

Hovdebo & Myers 06
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(rh = 1)
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V('r):(
w”2 = Energy eigenvalue

All other components of hW are determined from the
single master variable UV .
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Laflamme instability
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“Negative energy”

W IS pure imaginary.

Instability

h'uy _ h/ﬂ/ (r)e—iwt—l—ikz



Growth rate

h/J,V _ huy(r)e—iwt—i—ikz |
01 | When z is o
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o Unstable for
Black string is unstable for 0.88

krn, < 0.88 rh < 5L

Long wavelength instability Thin black string is unstable.



Entropic argument

Black string Black hole in 5d
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Compactified

with L
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Superradiance and

!’_ Superradiant instability




Rotating black holes

Kerr black hole (4-dim)

— M : Mass
J : Angular momentum

2M 4Mar sin® @ 2 2Mra®sin® 6
ds? = — <1 - 2T> dtt — a;;m dodt + %dr2 + pdo* + (7‘2 +a® + Tc;;m ) sin? 0d¢?, Kerr 63

Myers-Perry black hole (D-dim)

n 2 n
nF
ds? = —di> + 2 |t L 12 do a2+ 3" (12 +a2) (dp2 + 12 doi2) + 12 da® _
s +oF +;am i | 0 ;( ) (dui” + pi dgi%) Myers-Perry 86

M : Mass
J1,J2, ..., dn : Angular momenta

n = [(D - 1)/2] Gauss symbol




i Wave in Kerr

® — () in Kerr spacetime.

Separation of variable: ®(t, 7,60, ¢) ~ @(T)S(g)e—iwt—l—imgb

d2 Tortoise
coordinate:
|: drr‘z | V(T):| U — (CU — mQ(T))Q\IJ dr. — r2Za2dr
V(’r) — () at horizon and infinity
Q(r) — 0 atinfinity /\

() g7 angular
QQ(r) — Qg athorizon velocity



i Superradiance S P
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Wronskian is conserved
. . _ Y 2
U I - Estimate at horizon: W = 2i(w — mSQg)|T|

=0
dr, dr, drs Estimate at infinity : WW = 2iw(|f‘2 — ’R|2)

Reflected wave is amplified for

0<w<mQy

W =wv




Black hole bomb
i (T v I7R—ILIG5H)

Press&Teukolsky 72, Cardoso, Dias, Lemos &Yoshida 04

If you have a Kerr black hole,
you can make a bomb.
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Instability caused by the repetition of superradiance
= Black hole bomb or Superradiant instability




i Massive field in Kerr spacetime

d = 1°P

The mass gives
an effective potential barrier at infinity.

=) Superradiant instability
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Perturbation of rotating black

!’_ strings



i Rotating black string

For (3+1+1)-d

ds® = dsir.,, + dz*

For (d+1+1)-d

ds® = dsﬁyers_ + dz”

Perry

1
R'u,/ — §g,u,/R =




Superradiant instability of
i rotating black string

2 2 2
ds” = dSMyers—Perry T dz

Perturbation in this geometry

W) Massive field in d812\/1yers-Perry from KK-mode.

mm) Superradinat instability?



i Scalar field perturbation

For the scalar field perturbation, ¢ = ()
4d Kerr + 1d: Unstable

Myers-Perry + 1d: No evidence of instability

Cardoso, Lemos 05, Cardoso, Yoshida 05

See also Marolf Palmer 04.

Centrifugal force potential —
r

1

Gravitational potential
rD—3

There were no study of gravitational and Maxwell
superradiant instability of rotating black string.



Gravitational perturbation of
Myers-Perry black string

“Gregory-Laflamme encounters Superradiance” arxiv:2211.02672
“Gregory-Laflamme and Superradiance encounter Black Resonator Strings” arxiv:2212.01400
“Superradiance and black resonator strings encounter helical black strings” arxiv:2301.?7?7?7?



Myers-Perry-string with equal
i angular momenta in 6D

2 2 2
ds® = dSMyers—Perry T dz

dr?  r?
dsi/lyers—Perry — —f(T)d7'2 _l_ m _l_ Z{O-]? —l_ 0-3 _l_ B(T)(O-?) —l_ 29(T)d7)2}
Invariant 1-forms of SU(2)
01 = — S111 Xde —1_ COS X S111 9d¢ 3 g(r) _q_ 2_;; n 2ai’u ’ ﬁ(r) 14 ZGZM
o9 = cos xdf + sin x sin 0d¢ , T, ;a g(r)r
Q(r) = QH ) 5 r) =
o3 = dy + cos6d¢ . " e U0

Symmetry of this spacetime:
SU2) xU(1) x R, x Ry
x-translation z-translation

Stability analysis is simpler than that of Kerr-black string.



o1 = — sin xdf + cos x sin #d¢ ,

Decou pled 09 = cos xdf + sin y sin 6d¢ ,

03 = dx + cosfdeo .

i gravitational perturbation

hdatde” = e " r?5a(r)o? .

1 .
where 041 — 5(0'1 + 7,0'2>

This perturbation is decoupled from other perturbations
thanks to SU(2) and U(1) isometry.

KM&J.Soda 07



i Master equation
hudztdr” = e % r25a(r)o? .

)

Single ODE
/! (fg/8>/ 3 /
Yo" +{ 2Fa +;}(50z

(f9B) 4( @_i) (w—49)2—fk2} B
+{7“fgﬁ+r2 1+g 5 + 7q daa =0 .



i Unstable region
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Results of higher modes

/ U(1)-charge m=+4

/ U(1)-charge m=+3

5 L— U(1)-charge m=+2




i Final fate of instability?

We can extend nonlinear
solution from the onset of
the superradiant instability.
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3.5¢
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; § oo Higher entropy than the
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o / MP black string.
0000
0380 0.3 0390

“Gregory-Laflamme and Superradiance encounter Black Resonator Strings” arxiv:2212.01400
“Superradiance and black resonator strings encounter helical black strings” arxiv:2301.?7?7?7?



i Summary

Superradiant instability of Myers-Perry black string was studied.
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30 . ./ | the black string becomes
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Collaboration with other
i research area?

GL-instability is described by
1d SYM (or 2d SYM by T-duality).

Aharony et al 04

Transition from uniform to localized

GL-instability distribution of the eigen value of X*1.

Dual picture of the
superradiant instability?






Superradinat instability of
i rotating black string is subtle.

4d Kerr+1d

MP+1d
\ |
| 1
D=5 D=6 D>=7
Scalar unstable stable? stable?
Maxwell unstable* stable? stable?
Gravitational perturbation | unstable® unstable stable?

* . No proof.



i This instability is subtle.

D=6 (5d Myers-Perry + 1d)
@ Scalar field perturbation
@ Maxwell field perturbation

D>=6 No evidence of superradiant instability.

@ Scalar field perturbation
@ Maxwell field perturbation
@ Gravitational perturbation

D=5 (4d Kerr + 1d)
@ Scalar field perturbation
@ Maxwell field perturbation

@ Gravitational perturbation Unstable to superradiance

D=6 (5d Myers-Perry + 1d)
@ Gravitational perturbation



Possible end point?

2
Helical black string?

T t
(Both of U(1) and R_z broken.)
, ,/\ m==) |shii’s Talk

-
“Helical” localized BH?
0\" (Localized BH with broken U(1).)‘
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"Localized” BH?

\_

Taken from
Lehner & Pretorius
PRL 105, 101102 (2010)
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i Superradiance

Wave amplification by the rotating black hole.
C NNV
@ WY

“Wave version of the Penrose process”



o1 = — sin xdf + cos x sin #d¢ ,

Decou pled 09 = cos xdf + sin y sin 6d¢ ,

03 = dx + cosfdeo .

i gravitational perturbation

hdatde” = e " r?5a(r)o? .

where 0L = %(01 F i02)

Under x-translation,
XY — X+ A or — €
O+ has U(1)-charge m==*1.

Zz)\O__

Above is unique perturbation
which is SU(2)-symmetric and has U(1)-charge m=+2.

Decouple KM&J.Soda 07



