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Perturbations around black holes have been an intriguing topic in the last few decades. They are particularly
important today, since they relate to the gravitational wave observations which may provide the unique finger-
print of black holes’ existence. Besides the astrophysical interest, theoretically perturbations around black holes
can be used as testing grounds to examine the proposed AdS/CFT and dS/CFT correspondence.

I. INTRODUCTION black holes have profound theoretical implications. Motivated
by the discovery of the correspondence between physics in
e Anti-de Sitter (AdS) spacetime and conformal field theory

i FT) on its boundary (AdS/CFT), the investigation of QNM
AdS spacetimes became appealing in the past several years.
was argued that the QNMs of AdS black holes have direct

nterpretation in term of the dual CFT (for an extensive but
ot exhaustive list see [4][5][6][7][8, 9][10—15]) . In de Sitter

Present astronomical searching for black holes are based
the study of images of strong X-rays taken of matter aroun
the probable black hole candidate. Usually the astronomer.
study the X-ray binary systems, which consist of a visible sta
in close orbit around an invisible companion star which ma

be a black hole. The companion star pulls gas away from th dS) space the relation between bulk dS spacetime and the

visible star. As this gas forms a flattened disk, it swirls toward dina CET at th t bound 4 future bound
the companion. Friction caused by collisions between the paigorrespon Ing at e past boundary and tuture boundary
the framework of scalar perturbation spectrums has also

ticles in the gas heats them to extreme temperatures and th%’gen discussed [16, 17][18][19]. A quantitative support of the

produce X-rays that flicker or vary in intensity within a sec- .
ond. Many bright X-ray binary sources have been discovere(qS/C.FT correspondence has been provided. More rece_ntly the
uasinormal modes have also been argued as a possible way

in our galaxy and nearby galaxies. In about ten of these sy detect extra di ; 20
tems, the rapid orbital velocity of the visible star indicates tha 0 detect extra lmen§|ons[ ] S
the unseen companion is a black hole. The X-rays in these |N€ Study of quasinormal modes has been an intriguing
objects are produced by particles very close to the event horfUPIECL. In this review we will restrict ourselves to the dis-
zon. In less than a second after they give off their X-rays, theyfuSSion of non-rotating black holes. We will first go over per-

disappear beyond the event horizon. In a very recent Stud)t?{,lrbations in asymptotically flat spacetimes. In the following

the sharpest images ever taken of matter around the probab§ction, we will focus on the perturbations in AdS spacetimes
black hole at the centre of our Galaxy have brought us withi?nd dS spacetimes and show that quasinormal modes around
grasp of a crucial test of general relativity + a picture of thePlack holes are testing grounds of AdS/CFT and dS/CFT cor-

black hole’s ‘point of no return’ [1]. A supermassive black respondence. We will present our conclusions and outlook in
hole has been proved existing in the centre of our own Galaxyn€ 1ast part.

However this way of searching for black hole is not direct,
to some sense it relies on the evolution behavior of the vis-
ible companion. Whether a black hole itself has a charac- !l. PERTURBATIONS IN ASYMPTOTICALLY FLAT
teristic ‘sound’, which can tell us its existence, is a question SPACETIMES
we want to ask. Performing numerical studies of perturba-
tions around black holes, it was found that during a certain A great deal of effort has been devoted to the study of
time interval the evolution of the initial perturbation is dom- the quasinormal modes concerned with black holes immersed
inated by damped single-frequency oscillation. The frequenin an asymptotically flat spacetime. The perturbations of
cies and damping of these oscillations relate only to the blaclschwarzschild and Reissner-Nordstrom (RN) black holes can
hole parameters, not to initial perturbations. This kind of perbe reduced to simple wave equations which have been ex-
turbation which is damped quite rapidly and exists only in aamined extensively [2][3]. However, for nonspherical black
limited time interval is referred to as the quasinormal modesholes one has to solve coupled wave equations for the radial
They will dominate most processes involving perturbed blackpart and angular part, respectively. For this reason the non-
holes and carry a unique fingerprint which would lead to thespherical case has been studied less thoroughly, although there
direct identification of the black hole existence. Detection ofhas recently been progress along these lines [21]. In asymptot-
these quasinormal modes is expected to be realized througtally flat black hole backgrounds radiative dynamics always
gravitational wave observations in the near future. In ordeproceeds in the same three stages: initial impulse, quasinor-
to extract as much information as possible from gravitationamal ringing and inverse power-law relaxation.
wave signal, it is important that we understand exactly how the Introducing small perturbatioh,, on a static spherically

quasinormal modes behave for the parameters of black holegmmetric background metric, we have the perturbed metric
in different models. (see [2][3] for a review and referenceswith the form

therein)
Besides the astronomical interest, the perturbations around Ow = gﬁv + hy. 1)
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In vacuum, the perturbed field equations simply reduce to

3Ry = 0. @

) o ) 62 2
These equations are in linearhn ﬁxé’ + <_02
For the spherically symmetric background, the perturbation e
is forced to be considered with complete angular dependence. ) ] ) ) ] )
From the 10 independent components ofiaeonly hy, hy, wherer, is the “tortoise” radial coordl_nate. This equation
andhy, transform as scalars under rotations. Tig hg, hre, k_eeps the same form for both the aX|_aI and polar perturba-
andh, transform as components of two-vectors under rotations. The difference between the axial and polar perturba-
tions and can be expanded in a series of vector Spherica| hay.'ons exists in their EffeCUV.e potentlals. For the a.Xl.a.I perturbg-
monics while the componentsg, heg, andhg, transform as tion around a Schwarzschild black hole, the effective potential
components of & x 2 tensor and can be expanded in a seried€ads
of tensor spherical harmonics [2][3]. There are two classes of
tensor spherical harmonics (polar and axial). The differences ZM) V(EJF 1) +
are their parity under space inversit ) — (11— 0, T+ @). r r2
After the inversion, for the function acquiring a factor1)!
refers to polar perturbation, and the function acquiring a factoHowever for the polar perturbation, the effective potential has
(—1)'*1is called the axial perturbation. the form

The radial component of a perturbation outside the event
horizon satisfies the following wave equation,

+wm)m:a 3)

(4)

V() = <1_ 20|\/|:|

r3 |

2r2(n+ 1)r3 + 6n°Mr? 4 18nM?r + 18M3

r3(nr+3M)2 ®)

Vy(r) = (17 2TM)

Apparently these two effective potentials look quite different, [n|{=2 (=3 (=4 _
however if we compare them numerically, we will find that [0]0-37367 -0.08896/0.59944 -0.09270 D.80918 -0.09416)i
they exhibit nearly the same potential barrier outside the black ; 8'23%% '8'2?3% g'ggigg 'g'i%gg S;ggsi '8'2%"3? :
hole horizon, especially with the increasd of hus polar and 31025150 -0.705141D.51196 -0.69034D.73984 -0.68392i

axial perturbations will give us the same quasinormal modes
around the black hole.

Solving the radial perturbation equation here is very similarTABLE I: The first four QNM frequencieso) of the Schwarzschild
to solving the Schrodinger equation in quantum mechanicsblack hole for/ = 2,3, and4[3].
We have a potential barrier outside the black hole horizon, and
the incoming wave will be transmitted and reflected by this

barrier. Thus many methods developed in quantum mechaniGgaginary part increases. This corresponds to say that for the
can be employed here. In the following we list some main reigher modes, the perturbation will have less oscillations out-
sults of quasinormal modes in asymptotically flat spacetimesijde of the black hole and die out quicker. With the increase of
obtained before. the multipole index, we found that both real part and imag-
(a) It was found that all perturbations around black holesnary part of quasinormal frequencies increase, which shows
experience damping behavior. This is interesting, since it tellshat for the biggei the perturbation outside the black hole
us that black hole solutions are stable. will oscillate more but die out quicker in the asymptotically
(b) The quasinormal modes in black holes are isospectraflat spacetimes. This property will change if one studies the
The same quasinormal frequencies are found for different peAdS and dS spacetimes, since the behavior of the effective
turbations for example axial and polar perturbations. This igpotential will be changed there.
QUe to the uniqueness in which black holes react to perturba- All previous works on quasinormal modes have so far been
tions. restricted to time-independent black hole backgrounds. It
(c) The damping time scale of the perturbation is proporshould be realized that, for a realistic model, the black hole
tional to the black hole mass, and it is shorter for higher-ordeparameters change with time. A black hole gaining or losing
modes (ini1 > win). Thus the detection of gravitational mass via absorption (merging) or evaporation is a good ex-
wave emitted from a perturbed black hole can be used to diample. The more intriguing investigation of the black hole
rectly measure the black hole mass. guasinormal modes calls for a systematic analysis of time-
(d) Some properties of quasinormal frequencies can beependent spacetimes. Recently the late time tails under the
learned from the following table influence of a time-dependent scattering potential has been ex-
We learned that for the same with the increase of, plored in [22], where the tail structure was found to be mod-
the real part of quasinormal frequencies decreases, while thiéed due to the temporal dependence of the potential. The
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of AdS black holes have direct interpretation in terms of the

-5 dual conformal field theory.
M=05+0.001v The first study of the QNMs in AdS spaces was performed
- —-M=05 by Chan and Mann [4]. Subsequently, Horowitz and Hubeny
——M=050001 suggested a numerical method to calculate the QN frequen-
AP cies directly and made a systematic investigation of QNMs

for scalar perturbation on the background of Schwarzschild
AdS (SAdS) black holes [5]. They claimed that for large AdS
black holes both the real and imaginary parts of the quasinor-
mal frequencies scale linearly with the black hole temperature.
However for small AdS black holes they found a departure
from this behaviour. This was further confirmed by the object
picture obtained in [12].

Considering that the Reissner-Nordstrom AdS (RNAdS)
black hole solution provides a better framework than the
SAdS geometry and may contribute significantly to our un-
derstanding of space and time, the Horowitz-Hubeny numeri-
cal method was generalized to the study of QNMs of RNAdS
black holes in [6] and later crosschecked by using the time
evolution approach [7]. Unlike the SAdS case, the quasinor-
isM(v) = 0.5+ 0.001v. The field evolution foM(v) = 0.5+ 0.001v mal frequencies do not scale linearly with th? b.laCk. hole tem-
andM(v) = 0.5— 0.001v are shown as the top curve and the bottom perature, and _the approach to thermal equmbrlur_n in the CFT
curve respectively. For comparison, the oscillationsNoe=05is ~ Was more rapid as the charge on the black hole increased. In
given in the middle line. addition to the scalar perturbation, gravitational and electro-
magnetic perturbations in AdS black holes have also attracted
attention [8, 9]. Other works on QNMs in AdS spacetimes

exploration on the modification to the quasinormal modes irfan be found in [10-15]. Recently in [9] Berti and Kokkotas
time-dependent spacetimes has also been started. Insteadused the frequency-domain method and restudied the scalar
plotting an effective time-dependent scattering potential byperturbation in RNAS black holes. They verified most of our
hand as done in [22], we have introduced the time-dependeiff€vious numerical results in [6, 7].
potential in a natural way by considering dynamical black As was pointed out in [6] and later supported in [9], the
holes, with black hole parameters changing with time dudiorowitz-Hubeny method breaks down for large values of the
to absorption and evaporation processes. We have studiéiarge. To study the QNMs in the near extreme and extreme
the temporal evolution of massless scalar field perturbatiofRNAdS backgrounds, we need to count on time evolution ap-
[23][24]. proach. Employing an improved numerical method, we have
We found that the modification to the QNMs due to the shown that the problem with minor instabilities in the form
time-dependent background is clear. When the black hol€f “plateaus”, which were observed in [7], can be overcome.
massM increases linearly with time, the decay becomesVVe obtained the precise QNMs behavior in the highly charged
slower compared to the stationary case, which correspond3NAdS black holes. . . .
to saying thatiwx| decreases with respect to time. The os- T0 illustrate the properties of quasinormal modes in AdS
cillation period is no longer a constant as in the stationanlack holes, we here briefly review the perturbations around
Schwarzschild black hole. It becomes longer with the increas&NAdS black holes. The metric describing a charged, asymp-
of time. In other words, the real part of the quasinormal fre-totically Anti-de Sitter spherical black hole, written in spheri-
quencywy decreases with the increase of time. Widmle-  cal coordinates, is given by
creases linearly with respect to time, compared to the station- N )
ary Schwarzschild black hole, we have observed that the de- ds® = —h(r)dt?+ h(r)*dr* +r*(d6* +sir*6d¢?) ,  (6)
cay becomes faster and the oscillation period becomes shorterh the functiom(r) i
thus botHwy| andwy increase with time. The objective picture where the functiom(r) is
can be seen in Fig.1.

Infy|

40 50

FIG. 1: Temporal evolution of the field in the background of Vaidya
metric @=0) forl = 2, evaluated at = 5. The mass of the black hole

2m  Q? Ar?
hirn=1-—+—5%—-——. 7
(N=1-""45 - )
lll.  PERTURBATIONS IN ADS AND DS BLACK HOLE We are assuming a negative cosmological constant, usually
SPACETIMES written asA = —3/R?. The integration constants and Q

are the black hole mass and electric charge respectively. The
Motivated by the recent discovery of the Anti-de Sit- extreme value of the black hole char@max is given by the
ter/Conformal Field Theory (AdS/CFT) correspondence, théunction of the event horizon radius in the fo@g,a=r2 (1+
investigation of QNMs in Anti-de Sitter (AdS) spacetimes be—Sri/Rz). Consider now a scalar perturbation figddobeying
came appealing in the past years. It was argued that the QNMke massless Klein-Gordon equation
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In terms of the ingoing Eddington coordinatésr) and
separating the scalar field in a product form as

O¢ =0. (8)
The usual separation of variables in terms of a radial field and
a spherical harmonic Yn(8,6), = ; r)Ym(6,9)e” 12)
®= W(t,r)Ym(® 9
; (0.9) ®) the minimally-coupled scalar wave equation (8) may thereby

be reduced to
leads to Schidinger-type equations in the tortoise coordinate
for each value of. Introducing the tortoise coordinaté by

dr ~ — h(r)~ and the null coordinatas=t —r* andv=t+r*, h(r )azm( ) + [W(r) —2iw] ow(r) —V(r)y((r)=0, (13)
the field equation can be written as ar2 or '
0°W - 5
—4m =V(n¥, (10)  whereV(r) =V(r)/h(r) =h(r)/r+£(£+1)/r°
. e Introducing x = 1/r, Eq.(13) can be re-expressed as
where the effective potentia is Egs.(15-18) in [6]. These equations are appropriate to di-
rectly obtain the QN frequencies using the Horowitz-Hubeny
(0+1) 2m 2Q?
V(r) =h(r) ( - ) S-St R2 . (11)  method.

We have used two different numerical methods to solve the
Wave equation (10) is useful to study the time evolution of thewave equations. The first method is the Horowitz-Hubeny
scalar perturbation, in the context of an initial characteristicmethod. The second numerical methods we have employed

value problem. is the discretization for equation (10) in the form
N2 N2
|1 TeVI9)| M) = W(E) + W) — 4(S)~ T V(SIS +VEW(E) +V (Wpw)]. (a4)

The pointsN, S, W andE are defined as usual = (u+A,v+  turbation to die out. Besides the oscillation starts to disappear
A, W= (u+A,v), E=(uv+A) andS= (u,v). The local atQ;=0.3898nax These points can be directly seen in the
truncation error is of the order @(A%). wave function plotting from Fig.3 and Fig.4.

Figure 2 demonstrates the behaviors of the field with the in- In addition to the study of the lowest lying QNMs, it is
crease of the charge in RN AdS black hole background. Sinciteresting to study the higher overtone QN frequencies for
the imaginary and real parts of the quasinormal frequenciescalar perturbations. The first attempt was carried out in [15].
relate to the damping time scale; (= 1/wy) and oscillation  We have extended the study to the RNAdS backgrounds. It
time scale ; = 1/wx), respectively. We learned that was argued that the dependence of the QN frequencies on the
increasesy increases as well, which corresponds to the deangular index is extremely weak [9]. This was also claimed
crease of the damping time scale. According to the AdS/CF1n [15]. Using our numerical results we have shown that this
correspondence, this means that for bigQeit is quicker for  weak dependence on the angular index is not trivial.
the quasinormal ringing to settle down to thermal equilibrium. For the same value of the charge, we have found that both
From figure 2 it is easy to see this property. Besides, figure 2eal and imaginary parts of QN frequencies increase with the
also tells us that the bigg€) is, the lower frequencies of os- overtone numben, which is different from that observed in
cillation will be. If we perturb a RN AdS black hole with high asymptotically flat spacetimes [25] whesg approaches a
charge, the surrounding geometry will not “ring” as much andconstant whilewy tends to infinity in the limitn — . In as-
as long as that of the black hole with sm@ll It is easy for  ymptotically flat spacetimes, the constaptwas claimed as
the perturbation on the highly charged AdS black hole backjust the right one to make loop quantum gravity give the cor-
ground to return to thermal equilibrium. rect result for the black hole entropy with some (not clear yet)

However this relation seems not to hold well when thecorrespondence between classical and quantum states. How-
charge is sufficiently big. We see that over some criticalever such correspondence seems do not hold in AdS space.
value of Q, the damping time scale increases with the in- For the large black hole regime the frequencies become
crease ofQ, corresponding to the decrease of imaginary fre-evenly spaced for high overtone numimei~or lowly charged
guency. This means that over some critical valu€ptthe = RNAdS black hole, choosing bigger values of the charge, the
larger the black hole charge is, the slower for the outside pereal part in the spacing expression becomes smaller, while the
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have been obtained above, while quantitive examinations are
difficult to be done in usual four-dimensional black holes due
to the mathematical complicacy. Encouragingly, in the three-
dimensional (3D) BTZ black hole model [26], the mathemat-
ical simplicity can help us to understand the problem much

10 better. A precise quantitative agreement between the quasi-
normal frequencies and the location of poles of the retarded

5 correlation function of the corresponding perturbations in the
dual CFT has been presented [27]. This gives a further evi-
o dence of the correspondence between gravity in AdS space-

time and quantum field theory at the boundary.

FIG. 2: Semi-log graphs df¥| withr. = 0.4 and small values a®.
The extreme value fdp? is 0.2368.

There has been an increasing interest in gravity on de Sitter
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FIG. 3: Semi-log graphs of the scalar field in the event horizon
showing the transition from oscillatory to non-oscillatory asymptotic
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imaginary part becomes bigger. This calls for further under

standing from CFT.

Qualitative correspondences between quasinormal mod

0 005 01 015 0.2
v

(D-1)-sphere has been proposed [28]. It is of interest to ex-
tend the study in [27] to dS space by displaying the exact so-

lution of the quasinormal mode problem in the dS bulk space

and exploring its relation to the CFT theory at the boundary.
This could serve as a quantitative test of the dS/CFT corre-
spondence. We have used the nontrivial 3D dS spacetimes
as a testing ground to examine the dS/CFT correspondence
[18][19]. The mathematical simplicity in these models ren-

&ers all computations analytical.

in AdS spaces and the decay of perturbations in the due CFT The metric of the 3D rotating dS spacetime is given by

2 J2

r2 J2 J
- (M- — ~ 2 M— — ~ o \-14,2 2 _ 2 15
A8 = —(M — 13 + 25)dC+ (M — 55 + 25) 7dr +r%(dg — o dt)?, (15)
\
wherel is associated to the angular momentum. The horizon of such spacetime can be obtained from
r2 JZ
M — 2 + T 0 (16)
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The solution is given in terms of. and—ir_, wherer cor-  the radial part of the wave equation can be written as
responds to the cosmological horizon anit — here being
imaginary, has no physical interpretation in terms of a hori-

zon. Usingr, andr_, the mass and angular momentum of

spacetime can be expressed as

1 1 d r2dR 1
r2 —r2 —2r,r_ — PR = orar‘eo ) T P — S (M —
M= = J= — a7) Orr Qrr FAr Qe rar r
| P R 20
Scalar perturbations of this spacetime are described by the ﬁ)_ﬁm] ’ (20)
wave equation
1
—0u(v/=gg" 9, ®) — PP =0, (18)
Ve . ? 2712 2 1
whereg,y = —r [<+J</(4r Employing (17) and
wherep is the mass of the field. Adopting the separation i _g" (M 2y / /(42)” ploying (17)
definingz= W’ the radial wave equation can be sim-
d(t,r,¢) = R(r) e &M (19) plified into
|
18 R [ 1 (e i ? [ —wlir_+imir, 2+ T -
dz " dz z\ 2(r7+r?) 2(r2 +12) 4(1—Z)u o
[
We now set the Ansatz and Eq.(21) can be transformed into
R(z) =2(1-2)PF(2), (22)
|
d2F dF w221 1/ +mir\?
z(1—z)ﬁ+[1+2a (1+2a+2[3)]—+{(( 1)+ T)T—ZJFE (Z(rin) ) +a
P il A2 (23)
—iol“r_+imlr 2
- —=——— 1+2 -1 |}F=0.
Comparing with the standard hypergeometric equation Without loss of generality, we can take
d?F dF 2
21-2) 5 +[c~ (L+a+b)d . —abF=0,  (24) q = —i (‘*’”;“‘;”)
z 2(re +r2)
we have B = %(1, /1,u2|2), (26)
¢ = ltz which leads t
a+b = 20+203 chleadsto
2 . .
o [ W?r +mir_ i fwl?+iml
——————] =0 = —— | ———+il—-V1-212
a +< 2(r2 +r2) ) a 2<r++ir i % )
212 i 12 —j mI
BE-1+H - — o b = '(‘” LU VE P u2|2>
4 2 r+—|r_
—l2ir_ +imir, \? ) (?r+mir
—_————— .= ab 25 =1-i|l ———— 27
(Foimy ) et m @ e - iR @
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and the solution of (21) reads

R(z) = 2(1—2)P oF,(a,b,c,2)

(28)

Riz) =2 (1-2P(1-2)

+2(1-2)P

The first term vanishes at= 1, while the second vanishes

provided that

c—a=—n, or

rcyr(c-a—b)
Mc—a)f(c—b)

c—b=-n, (30)

S\c-a-b reyr(a+b—c
r(ar(b)

1035

Using basic properties of the hypergeometric equation we

write the result as

oF (c—a,c—b,c—a—-b+1,1-2)
(29)

F.(a,b,a+b—c+1,1-2)

For a thermodynamical system the relaxation process of a
small perturbation is determined by the poles, in the momen-
tum representation, of the retarded correlation function of the
perturbation. Let's now investigate the quasinormal modes
from the CFT side. Define the invariant distance between two

wheren=0,1,2,... Employing Eqs (27), it is easy to see that points defined by andx’ reads [28][29]
the quasinormal frequencies are

m o1 —ir_ h
WR = |r|n_2|<r+|2|r >(n+2+)
W = —irl—n—2i <r+|+2">(n+h2*), (31)

whereh. = 1+ /1 — 212, Taking other values ofi and
satisfying (25), we have also the frequencies

m _ /r.—ir_ h
Wr = i +2 <+I2> (n+7+)
m_ ry4ir_ h
W = _||+2.( +|2 )(n+2+), (32)
_oam T —ire h_
=15 2i < 2 >(n+ > )
m ry—ir_ h_
w = —iT-2("H%—)(h+=), (33
I I 2
. . - h_
A LU (L 2” (n+—)
I I 2
.m ry—ir_ h_
W=~ 42 T (n+—) (34)
I I 2
|
z (rrl)Z — — z
dtdddt’d¢’ @0, Gor, 9= dtdpdt’dd’e

|12

whererx in (39) is the tortoise coordinate.

d = larccod (35)
whereP = XAnaeX’®. In the limitr,r’ — oo,
P~ 2Sinh(iu—I—r,)(lAq) —iAt)
212
><Sinh(|r+fr,)ZEIZAthIAt) (36)

This means that we can find the Hadamard Green’s function as
defined by [29] in terms oP. Such a Green'’s function is de-
fined asG(u,u') =< 0| {g(u), ®(u')} |0 > with (02 — )G =
0. It is possible to obtain the solution
in the limitr,r’ — oo,

Following [28] [29], we choose boundary conditions for the
fields such that

lim @(r,t,0) — 1" ¢_(t,0) (38)

Then, for larger,r’, an expression for the two point function
of a given operato® coupling tog has the form

1

[Zsinh(iuﬂ,)zgleq)—iAt) sinh (e )(B0-+80 1,

¢ (39)

2l

For quasinormal modes, we have
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z iy eyt i i
exp(—im'¢p’ —iat’ +imd +ict)
dtdpdt’de’ , . . .
[Zsinh(|r++r,)25I2A¢—|At) Sinh(|r+7r,)2$I2A¢+|At)W+
~ o im/2l + w/2 _im/2 + w/2 im/2l —w/2 (40)
~ Bm(@— W) (hy /24 =5 5T (h. /2 oI (/24 =5 )
im/2l —w/2
xr(m/z—vzﬂ )

where we changed variables ¥o= ¢ +it,v=1¢ —it, and

T= "ﬁ}*,f: 25=. The poles of such a correlator are

im iry —r_
i (n+hy/2),

?iz”ﬂ%(mm/z),

(41)

WR =

corresponding to the quasinormal modes (31,34) obtained b

fore.

The quasinormal eigenfunctions thus correspond to excit
tion of the corresponding CFT, being exactly those that appe
in the spectrum of the two point functions of CFT operators i

dS background for large valuesmfthat is at the boundary.

The poles of such a correlator correspond exactly to th
QNM'’s obtained from the wave equation in the bulk. This pro-
vides a quantitative test of the dS/CFT correspondence. Th
work has been extended to four-dimensional dS spacetim

[19].

IV. CONCLUSIONS AND OUTLOOKS

a_

situations with colliding black holes since they may produce
stronger gravitational wave signals which may be easier to be
detected.

Besides astronomical interest, perturbations around black
holes can also serve as a testing ground to examine the re-
cent theories proposed in string theory, such as the relation
between physics in (A)dS spaces and Conformal Field Theory
an its boundary. Very recently, it was even argued that qua-
Sinormal modes could be a way to detect extra dimensions.
String theory makes the radial prediction that spacetime has
extra dimensions and gravity propagates in higher dimensions.

r?wsing the black string model as an example, it was shown that

different from the late time signal-simple power-law tail in

he usual four-dimensions, high frequency signal persists in
he black string [20]. These frequencies are characters of the
I@assive modes contributed from extra dimensions. This pos-
Sible way to detect extra-dimensions needs further theoretical

es

eéxaminations and it is expected that future gravitational wave
observation could help to prove the existence of the extra di-
mensions so that can give support to the fundamental string
theory.

Perturbations around black holes have been a hot topic in

general relativity in the last decades.

The main reason is

its astrophysical importance of the study in order to foresee
gravitational waves. To extract as much information as pos-
sible from the future gravitational wave observations, the ac-
curate quasinormal modes waveforms are needed for differ- This work was supported by NNSF of China, Ministry of
ent kinds of black holes, including different stationary black Education of China, Shanghai Science and Technology Com-
holes (especially interesting with rotations), time-dependeniission and Shanghai Education Commission. We acknowl-
black hole spacetimes which can describe the black hole aledge many helpful discussions with C. Y. Lin, C. Molina and
sorption and evaporation processes and extremely interestirigy Abdalla.
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