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Motivation

3D Einstein gravitg has no bulk Propagating dof
TMG, NMG and 3D-Bl allow massive graviton excitations

-From AdS/CFT Point of view 3D-Bl gravitg can be used
to studg intermediate coupling behaviour

~What is the QNM structure for BTZ black holes in 5D-Bl theorg?
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Introduction to 3D-B) gravitg

| inearized equations of motion

Analgtical analgsis (review)

Numerical studies

lnsiglﬂt to new analgtical results

Summarg and outlook
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BI-3D gra\/ity

4m? _
Ipr = Trzl d?’af;\/—detg \/det(l | ,n‘,jgg_lG)—)\

K3

& — R, - Rg, w20 o

Expansion Nn1/m? :

INMG_—ﬂ d3z\/— det g (1) o

e = (8RapR*” — 3R*) +O(R?)]

J

NMG +extensions |

Effective cosmological cotietant: A — Jom (1

Bl has a single vacuum solution while truncated models

may have several vacual!
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BI-3D gravity

Equations of motion:

o - : o ]
)2 ,uuaﬁv 5"‘9#1/ \/det(]- | m2.g 1G)_)\ =

Buvap = G Bap — Jopgpy(R+0) +98,VaVy + 98, VaVy — 90 Va Ve + Guvgasl — 9apVuVy

1 )MV
L+t—0 G

i \/det(l S e

1
Loca“g AdS sl:)acetime: Rapuw = —g—z(gaugﬁy = gﬁugau)

A= /1+ 585 = 1+ nfm —gzhar + O(1/m)

NMG
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| inearized equations of motion

& . 0, T h, tTTeause: VL hH — b= ()  fteciol: o ioe

L

— |~ 21+ 3553w — 1+ 257)0hyy — ;5 0%, ] |

\/1 o Ve g = f
]

= = ( —|—0m2—|—£%)( ‘l‘g%)h/u/:o |
\/1 0 el |
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Massless mode

Massive mode: m? = —om?(1 + —%5) = —om?)?

To find the mass for NMG and its generalization one has to start from the

linearized equation and the Prc—ﬂcactor l:)lags a role!




i Linearized equations of motion

NMG: B g e

mie = —omilF o)

NMGH (D4 o0m?® + 3 + govz + O(2)) (O + 2 )by =

8m?2 ¢4
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NMGT MRyae = o (1+ 28 + i) en| <1

~/—\n9 truncation leads to onlg 3 terms in the mass exPansion

_For ml>land n— imqnitg we recover the BI-3D with onlg 2 terms
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In all cases (Paritg even theories )

the linearized massive mode is given bg

(ElLalh, — 0

v

a(m?, (?)
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; Analgtica analgsis

One can decompose the massive mode ec]uation N TT~gauge as

f Ga’uyvyhuﬁ s % ha5 — M = \/3 —a /? Migm = —om? (1 * (gqf{Szn)
i
1 Using the Fo”owing form of the BTZ metric 1
; ds? = 0? (— sinh? pdt? + cosh? pdg? + dpQ)
* L@Ct/ Right MoV ng ONMs:
.; 2
4 h;u % 6—ik(t+¢)e—2hrt(sinhp)—2hr(tanp)—z'k: ( é 8 sin§2p ) e %(:FM _1)

sinh 2p sinh? 2p

| TR N S PR

0 0 0
h,luy i e—ik(t+¢)e~2hzt(sinh p)—2hz (tan p)zk ( 0 1 Sin}212p ) : e —(:l:M it ]_)
> 4
sinh2p  sinh? 2p

hgrf/) =L b oy g = —i(M — 1+ 2n) L

M >0 - stable lcrec]uencies ;
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| Numerical calculation

{

Tackle the 2nd order differential equation

(H+ a)hu, =0 o (r,8,8) = 2, () 50758

|

s Using the Edclington»—l:inkelstein form of the BTZ metric

62 2
ds* = — [—(1 - r'q—z)dt2 — 2dtdr + d¢?
r ’I“O
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k=0 = two sets of Perturbations ey e vy Bors ey L5

TT~gauge —  two clecouplecl equations for = hrqba Zo = h¢¢

Dirichlet b.c. & lngoing b.c. = QONMs
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Numerical calculation

Tackle the 2nd order differential equation

U s=wlry

(M —3)(M 4+ 1)(M —1)°u — iMw (—2M? + 3(M — 3)u” +3M — 1) 4+ 3(2M — 1)uw?] Z1(u)
+ [20uw (—M° + 3(M — 2)u® — 3M +1) + (1 - M?) ((2M — 5)° — 2M + 1) — 6u’w?] Z1(u)
+ [(M? =1 u (v’ —1) —3iv’ (v’ — 1) w] Z{(u) =0

(M2 —1)° u (u? — (M — 2)M) + w? (= M? (u® + 2) u + 2Mu + v?)
+i(M? —1)w(—2M°+ M? + 2Mu® +u*) —i(2M + 1)u2w3} Z5(u) + [27) (M? — 1) uw (M? — u?)
5 + (M? —1) (—2M° + M? + (2M° — 3M? + 2M + 1) u* + (1 — 2M)u?) + 2iv’w®

+ u’w? ((2M — Du? —2M — 1) | Z5(u) + [(M? = 1) u (u® = 1) (v* — M?) + (v® —u’) w?] 25 (u) =0
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Numerical calculation (k=0)

QNMs Chebgshev Polgnomials (with N~ 250, Precision~1000)
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- w3 = 4 (1—M2)_

The first two sets in Z2 channel coincide with the two sets of Z] channel and, the first set is

in perfect agreement with the analytical expressions
Except the first two modes in o(@1) set there is a degeneracy in other modes between first and second sets
namely ,m(l’l)zm(l’z) for n=0gkF %=

For 0 < M < 1, the zeroth mode in the first family, (x)(i’l), 1s unstable and all other modes are stable.
For M > 1, the single mode in the third family ®(2.3) is unstable and all other modes are stable.

The results are TOO accurate!lll
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Numerical calculation (k=0)
2nd QNM equation simpliﬁes for single mode  w——i(1- M3

(2M2u—'2M(u2—1)—|—(u—2)u—1)
u(u?—1)

(M?—1)(—2M (u+1)+u>+1)

2" (u) + u=T)u(us1)?

Z'(u) + Z(u)=0

This has analgtical solutions (with ingoing bc):

Z(w) =M (u+1)M 1R (M(Azﬂl), SRS u2)

For other modes one can also find the analgtic solutions

after Plugging the modes in the QNM ec]uations.
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Numerical calculation (k>0)

Perturbations are coupled even in TT~gauge

) = (M S L2k e ) s (M E3 IRk D
w® = (1—M2+(ik:)2).

The third set has completely different dependency not only in the parameter M
but also in angular momentum k such that they are purely imaginary

for any value of the parameters in the domain of our interest.

1 V< \/1 + (£k)? all QNMs are stable!!!

| ~Magbe rotating BTZ is stable for k=01
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Summarg and outlook

~-Non- rotatmg BTZ is not stable in 5D Parltg even massive gravxtg theorg
(regar&less of bu”«-boundarg clash)

“There is a new SINGLE QNM which is not in a Christmas tree
This unstable BTZ decag b0
~What about rotatin g BTZ7?

_Is this unique for 3D massive gravitg (Paritg even)

~-How can we unclerstancl this N ﬁrst orcler Formulation?
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Thank you for your
attention
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BI-3D gravitg

Boun&arg theorg:
/ oL 3/

—

e el BT

wald formula: c

Unitaritg of the bounclary theorg > og=1 & X

Hamilton-Jacobi analgsis:

g A0 - hIR RS

/¥

Extrinsic curvature Boundarg metric

T

— E‘xpansion in1/m% agrees with NMG and its extension.
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| inearized c—:c:]uations of motion

Juv

=0 T h, rilewee OB - b 0 tedious massage
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1= 20 +35%2)hw — 1+ 257)0hy — ;5 0%, ]

m2
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Massless mode

2

Massive mocle m? = —om? 1 G m2e2) — omi)E ! Mg — —1/€2
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Bu”eboundary clash
:m? <mj, unitary bclrg theorg |




