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Quantum Gravity

Einstein gravity as a theory of interacting massless spin 2 fields
around a flat Minkowski background

@ The theory is non-renormalizable
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@ We can add higher derivative terms (Stelle, 1977)
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Introduction

Quantum Gravity

Einstein gravity as a theory of interacting massless spin 2 fields
around a flat Minkowski background

@ The theory is non-renormalizable
@ We can add higher derivative terms (Stelle, 1977)

L~ R+ a(Rux,)° + b(R,.)* + cR°

@ The theory is Renormalizable but not Unitary
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@ Dimensional reduction of Higher Dimensional Gravity
Theories

@ There are black hole solutions : BTZ BH

Soonkeon Nam New Massive Gravity

Wednesday, March 30,




Gravity in 3D

New Massive Gravity

Black Holes in NMG

Extended New Massive Gravity

New Massive Gravity

Why Three Dimensional Gravity

@ Quantum Gravity can be studied
@ Higher derivative terms can be added

@ Dimensional reduction of Higher Dimensional Gravity
Theories

@ There are black hole solutions : BTZ BH
@ Much easier to study AdS3/CFT>
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AdS

ds4 g = £%(— cosh? pdr? + sinh? pd¢? + dp?)

Constant curvature R < 0.

Asymptotic boundary
at p = 0.
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S =Ipp

3D gravity

Fairly boring... No black holes.
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3D gravity

Simple!

S = Ign — plcc HOT!

Achucarra and

Townsend . . '
Witten It is gauge theory with no local dofs!
ol nformal symmetry at the bound

Bafiados, Teitelboim Contains BT Z black holes!

and Zanelli
\ Relevant!

Wednesday, March 30,



3D gravity

Simple!

S = Ign — plcc HOT!

Achucarra and

Townsend . . '
Witten It is gauge theory with no local dofs!
X —=
5%2233} onformal symimetry at the bound

AW

Bafiados, Teitelboim Contains BT Z black holes!

and Zanelli
\ Relevant!

Wednesday, March 30,



AdS-CFT

Wednesday, March 30,



AdS-CFT

Wednesday, March 30,



AdS-CFT

Y Va




AdS-CFT

CFTo

Y Va




AdS-CFT

CFT,

AdS3




AdS-CFT

CFTo

AdS3




AdS-CFT

CFTo

AdS3

LOaLm et J37J:: @




AdS3




CFT

—— o — — -

— e o o o e o o om

Wednesday, March 30,



S

CFT

Lo|Y) = h|v)
L n|¢> =0

L_pn|Y) = new states

Wednesday, March 30,



S

CFT

J3|Y) = mz|1)
J4|Y) =0

J_|¢) = new states

Wednesday, March 30,



L_,|Y) = new states

Wednesday, March 30,



Wednesday, March 30,



L_,|Y) = new states
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CFT

Loly) = hl1)
A E+n|¢> =0

L_,|Y) = new states

~ density of states Hairiness...

CFT = quantization!

Identify the CFT!
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3D gravity

S = Ign — plcc HOT!

Achucarra and
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Witten
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Gravity in 3D
New Massive Gravity
Black Holes in NMG

New Massive Gravity

Extended New Massive Gravity

AdS/CFT : A Lightening Review

@ Maldacena’s AdS/CFT propsal
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Gravity in 3D
New Massive Gravity
Black Holes in NMG

New Massive Gravity

Extended New Massive Gravity

AdS/CFT : A Lightening Review

@ Maldacena’s AdS/CFT propsal

@ Strong coupling physics of Gauge Theory = Weak coupling
physics of Gravity

@ Finite Temperature Gauge Theory = Black Hole Physics

@ Applications :

@ Quark Gluon Plasma of Heavy lon Collision
e Strongly Correlated Condensed Matter System : QHE,
Superconductivity

Soonkeon Nam New Massive Gravity

Wednesday, March 30,



Gravity in 3D
New Massive Gravity
Black Holes in NMG

New Massive Gravity

Extended New Massive Gravity

Beyond Maldacena’'s AdS/CFT

@ Conformal Field Theory (CFT) is characterized by ¢
(central charge)

@ Conformal Symmetry = Local Scaling Symmetry
@ In 2 dim. CFT, ¢ counts the degrees of freedom
@ c=1:boson, c=1/2 : fermion

@ Gravity dual of conformal field theory is Gravity in anti-de
Sitter space

@ AdS = Spacetime with negative cosmological constant
@ However we live in de Sitter space (with dark energy)
@ Can we go beyond AdS/CFT?

@ So far not many examples. SUSY is comfortable with AdS.
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AdS/CFT correspondence

The quantum theory of a black hole in a 3+1-
dimensional negatively curved AdS universe is
holographically represented by a CFT (the theory of
a quantum critical point) in 2+1 dimensions

A 2+1
dimensional
system at 1ts

quantum

critical point

Maldacena, Gubser, Klebanov, Polyakov, Witte
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Conformal field theory
in 2+1 dimensions at 1" = 0

&

e.g Einstein gravity
Graphene AdS
at zero bias on 4




Conformal field theory
in 241 dimensions at 1" > 0

&

| " Einstein gravity on AdSy

Graphene with a Schwarzschild
at zero bias

black hole




Conformal field theory
in 241 dimensions at 1" > 0,
with a non-zero chemical potential, u
and applied magnetic field, B

|

Gr:;ﬁ‘e . " Einstein egravity on AdSy
2t non-zero | With a Reissner-Nordstrom
bias black hole carrying electric

and magnetic charges




Gravity in 3D

New Massive Gravity

Black Holes in NMG

Extended New Massive Gravity

New Massive Gravity

AdS/CMT

@ c=1/2 corresponds to Ising Model at the critical point

@ We can very easily calculate correlation functions of
physical quantities.

@ Compare this with extremely difficult calculation of
Onsager.

@ Recently there are some activities in String community to
use String theory for condense matter physics.

@ Quantum Phase Transition from Black Hole Physics

@ In this talk we will talk about Black Hole Physics slightly
beyond AdS Gravity

@ We will also find some possible applications of the dual
CFT.
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AdS/CFT correspondence

The quantum theory of a black hole in a 3+1-
dimensional negatively curved AdS universe is
holographically represented by a CFT (the theory of
a quantum critical point) in 2+1 dimensions

3+1 dimensional AR A YMES 2 25 e,
AdS space ,*“ ?* Quantum
b UM =% A criticality 1n
........................ g "5: "" " - \; T ‘ < o ‘ :: 3 \ 42 2_|_1
i Black hole :: =gy WY % <mw) | dimensions
entropy = : 5% i N
: entropy of
quantum e

Strominger, Vafa
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AdS/CFT correspondence

The quantum theory of a black hole in a 3+1-
dimensional negatively curved AdS universe is
holographically represented by a CFT (the theory of
a quantum critical point) in 2+1 dimensions

AdS space “*‘ %v T ‘ Quantum

B o 2 Py criticality 1n

Quantum =z Y7 (P Zeec) | dimensions

i critical e A
: dynamics = :
. waves in
icurved space:

Maldacena, Gubser, Klebanov, Polyakov, Witte
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Infrared physics of Fermi surface is linked to
the near horizon AdS; geometry of
Reissner-Nordstrom black hole

T. Faulkner, H. Liu, |. McGreevy, and D.Vegh, arXiv:0907.2694
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Gravity in 3D

New Massive Gravity

Black Holes in NMG

Extended New Massive Gravity

New Massive Gravity

Beyond AdS

@ We will study gravity theories beyond Einstein Grauvity.

@ We will find some solutions which are not AdS
asymptotically.

@ Moreover the dual CFT can have ¢ = 0.

@ Does c=0 mean an empty theory? (No degrees of
freedom)
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Gravity in 3D

New Massive Gravity

Black Holes in NMG

Extended New Massive Gravity

New Massive Gravity

Beyond AdS

@ We will study gravity theories beyond Einstein Grauvity.

@ We will find some solutions which are not AdS
asymptotically.

@ Moreover the dual CFT can have ¢ = 0.

@ Does c=0 mean an empty theory? (No degrees of
freedom)

@ Actually, c=0 CFT is a Logarithmic CFT (LCFT) !
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Gravity in 3D

New Massive Gravity

Black Holes in NMG

Extended New Massive Gravity

New Massive Gravity

Logarithmic CFT

@ It was noticed in 1993 (Gurarie) that c=0 actually is not an
empty theory.

@ Since then people found application of LCFT.

e Percolation, Self Avoiding Random Walk, Sand Piling
Problem

Turbulence (one of most challenging theoretical problem).
Network and scaling behavior (Social, Internet, etc)
Basically we can apply to disorder systems.

Perhaps we can apply to biology (protein - gene), medicine
etc.
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Some Background

1957— Broadbent & Hammersley: Percolation

1972— de Gennes, des Cloizeaux: Polymers

1986— Saleur, Duplantier: Conformal theory of polymers, percolation
1993— GQurarie: Logarithmic operators in CFT

1995— Kausch: Symplectic fermions

1992— Rozansky, Read, Saleur, Schomerus, etc: Supergroup Approach to Log CFT
1996— Rohsiepe, Flohr, Gaberdiel, Kausch, Feigin et al: Algebraic Approach to Log CFT
2006— Pearce, Rasmussen & Zuber: Lattice Approach to Log CFT

Lattice Approach: For Potts, RSOS models, ...

local symmetric diagonalizable no rank > 2 not
degrees of = transfer = transfer = indecomposable = logarithmic
freedom matrices matrices representations theory

Paradigm Shift:
® Statistical systems with local “point” degrees of freedom yield rational CFTs.

® Polymers and percolation do not have any local degrees of freedom only nonlocal “string”
degrees of freedom (polymers, connectivities) and are associated with Logarithmic CFTs ...

. . nonlocal
logarithmic
= degrees of
theory
freedom

0-2
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Percolation
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Power-law distribution & Scale-free Networ

Poisson distribution Power-law distribution
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Scale-free Networks in the Life
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Jeong et al.
Nature 407, 651 (2000).

Jeong et al.
Nature 411, 41 (2001)
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Scale-free Networks in the Body
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Consider electrons moving in a random potential:

V(x)

localized states

X=space
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Supersymmetric Disorder Averaging

Consider a free hamiltonian in a random potential V(x):

—

= S SR A

2m

We are interested in disorder averaged Green functions:

<@ @) > = / DVP[V] < (@) (') >v

The problem: properly normalize the Green function at fixed V by Z(V):
The trick: represent Z with bosonic ghosts:

1
_ [ pg e~5W—8V)
Z(V) / ik

We can now perform the functional integral over the random potential V:

(t N

@) = / DyDBe5 (z)i(y)

\_ J

Seff 1S an interacting quantum field theory of fermions and ghosts.
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Gravity in 3D

New Massive Gravity New Massive Gravity

Black Holes in NMG
Extended New Massive Gravity

@ With is motivation, we will talk about 3 dimensional
guantum gravity.

@ We will first discuss gravity beyond Einstein Gravity - New
Massive Gravity

@ Then we will talk about the ‘New Type black hole’ solution
in New Massive Gravity

@ We will study some physical properties of the New type
black solutions

@ This is to introduce to you we basic tools of BH physics
@ Black Holes = Hydrogen Atoms of Quantum Gravity

Soonkeon Nam New Massive Gravity
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New Massive Gravity

3D Einstein Gravity

@ Locally flat outside sources
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Gravity in 3D

New Massive Gravity

Black Holes in NMG

Extended New Massive Gravity

New Massive Gravity

3D Einstein Gravity

@ Locally flat outside sources
@ No massless graviton in Einstein theory

@ We can add higher-derivative terms to have propagating
DOF

@ We can also study massive gravity

e Topologically Massive Gravity(parity violating) : Deser,
Jackiw, Templeton, Ann. Phys. (1982), (3rd order)
Gravitational Chern-Simons
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Gravity in 3D

New Massive Gravity

Black Holes in NMG

Extended New Massive Gravity

New Massive Gravity

3D Einstein Gravity

@ Locally flat outside sources
@ No massless graviton in Einstein theory

@ We can add higher-derivative terms to have propagating
DOF

@ We can also study massive gravity

e Topologically Massive Gravity(parity violating) : Deser,
Jackiw, Templeton, Ann. Phys. (1982), (3rd order)
Gravitational Chern-Simons

e New Massive Gravity (parity preserving) . Bergshoeff,
Hohm, Townsend , Ann. Phys. (2010) (4th order)
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Topological Massive Gravity [peser, Jackiw, Templeton)

@ Topologically massive gravity is obtained by adding to
the Einstein gravity the gravitational CS term,

S:/d3x ((R—Z/\) | 1 (rdr+r3))

2/1

where I is the 1-form Christoffel symbol.

@ This theory admits asymptotically AdS solutions, for
example the BTZ black hole solves its equations of
motion and has perturbative massive modes.

@ When 11 # 1 however, the massive modes have
negative energy and the theory Is unstable.




The "chiral point”, = 1.

@ When 1. = 1 the negative energy modes disappear,
the left moving gravitational modes become pure
gauge and the theory seems to only contain a purely
right moving sector.

@ This led to the conjecture that the theory is stable and
consistent when ¢ = 1 and dual to a 2d chiral CFT

@ This created a lot of controversy as other authors
found non-chiral modes and instabilities at the chiral
point
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Log Solutions

* Log solution make this theory more interesting.

* Two more solutions broken Brown-Henneaux
boundary conditions appears.

ot =y G O U
peo m2(2—1/2 m2(? — ]_/2 ST PIY v
MR 2 2 R
newR __ lim L (TTZ { ) B ZZV _ y(’r /O) mR
wro m2(2—1/2 m2(? — 1/2 j HY

y(7,p) = (—iT — Incosh p)/2

* We could relax the boundary condition to include
these interesting modes.
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We now move to apply this methodology to the
topologically massive gravity. We first discuss the theory
at the "chiral point". There is one new element compared
to previous discussions:

@ The field equations are third order in derivatives, so
there are two independent boundary data: one can
fix the metric and the extrinsic curvature.

@ The boundary metric g/ Is the source for the energy
momentum tensor ;.

@ The boundary field b ; parametrizing the extrinsic
curvature is a source for a new operator f;.
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@ Topologically massive gravity at the "chiral point" is
dual to Logarithmic CFT and therefore it is not

unitary.

@ One may try to restrict to the right-moving sector of
the theory, which could yield a consistent chiral
theory.

This requires (tT T) = 0, which holds for certain

LCFTs. It would be interesting to compute this 3-point
function holographically for TMG at 1 = 1.




Results: 2-point functions

From the most general solution of the linearized equations
of motion we extracted the following non-zero 2-point
functions:

(.(2. 2)6(0)) (—3/Gn)log |2 |

Z4
_ _ (—3/Gn)
(t2(2,2) T2(0)) = 5,4
 fa AT _ (3/Gn)
(T3:(2,2)T3:(0)) = 554
These are precisely the non-zero 2-point functions of a
Logarithmic CFT with
c. =0, Cr = i b= :

Kostas Skenderis TMG and AdS/CFT




Gravity in 3D

New Massive Gravity

Black Holes in NMG

Extended New Massive Gravity

New Massive Gravity

New Massive Gravity

Simplest version of NMG of which action is given by

" [ By alope 2 1k
8_2/{2/0')(\/ g_O'R| 2t ek
where n and o take 1 or —1, and K is defined by
K =R,R" — gRZ.

Soonkeon Nam New Massive Gravity
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Gravity in 3D

New Massive Gravity

Black Holes in NMG

Extended New Massive Gravity

New Massive Gravity

New Massive Gravity

Simplest version of NMG of which action is given by

I - B N B
8—2/{2/0' X/ g_an’ rh mZK_
where n and o take 1 or —1, and K is defined by
K =R,R" — gRZ.
The EOM of NMG &, = 1|0 Gy — G + o2 K| = 0.
where
o 13 2 9 Qv
Ko = Qoo (3/?@5/? R ) + SRR — 8RR

1

5 (4V2RW ~V,V,R - gWVZR)
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Auxiliary Field

New Massive Gravity

Gravity in 3D

New Massive Gravity

Black Holes in NMG

Extended New Massive Gravity

We can introduce auxiliary field f.

1
Slo. 1= = [ d*x/lg

Soonkeon Nam

—2Am* + oR + "' G, —

New Massive Gravity

1m
4

21 — £
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Gravity in 3D

New Massive Gravity

Black Holes in NMG

Extended New Massive Gravity

New Massive Gravity

Auxiliary Field

We can introduce auxiliary field f.

1
Slg, f] = % / d°x+/|g| | -2 Am* + o R + " G, — ZmZ(foW — f?)

The auxiliary field f,, can be eliminated by

2 1
f = —5 (RW — ZRQW)

m?2
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Fierz-Pauli

Consider the Fierz-Pauli equation for symmetric field ¢,,,

( o m2)¢,ul/ — 07 77'[“/¢,LW — 07 0V¢V,UJ — 07
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Fierz-Pauli

Consider the Fierz-Pauli equation for symmetric field ¢,,,

( o m2)¢,ul/ — 07 77'[“/¢,LW — 07 0V¢V,UJ — 07
Number of propagating modes:

N:%D(D+1)—1—D.

N = 2in 3D. Only in 3D it has non-linear generalization. =>
New Massive Gravity
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Renormalizability

S|gl = /ddx\/\g|[aR + aR" R, + bR?], d =3.4, 0 = -
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Renormalizability

S|gl = /ddx\/\g|[aR + aR" R, + bR?], d =3.4, 0 = -

@ Gauss-Bonnet term : total derivative in D =4, zeroin D = 3
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Renormalizability

S|gl = /ddx\/\g|[aR + aR" R, + bR?], d =3.4, 0 = -

@ Gauss-Bonnet term : total derivative in D =4, zeroin D = 3

@ D=4,a=0, by Bicknell's theorem (1974), unitary but
non-renormalizable.
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Renormalizability

S[g] a /ddX\/ \g|[aR+aRWF?W+bR2], d=3,4, 0 =+1.

@ Gauss-Bonnet term : total derivative in D =4, zeroin D = 3

@ D=4,a=0, by Bicknell's theorem (1974), unitary but
non-renormalizable.

@ D = 4. non-unitary if a ## 0, but if a # 3b then renormalizable.
(Stelle, 1977)
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Renormalizability

S[g] a /ddX\/ \g|[aR+aRWF?W+bR2], d=3,4, 0 =+1.

@ Gauss-Bonnet term : total derivative in D =4, zeroin D = 3

@ D=4,a=0, by Bicknell's theorem (1974), unitary but
non-renormalizable.

@ D = 4. non-unitary if a ## 0, but if a # 3b then renormalizable.
(Stelle, 1977)

@ D =3 and o = 1. Unitary but non-renormalizable for a = 0.
(Scalar massive gravity)
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Renormalizability

S[g] a /ddX\/ \g|[aR+aRWF?W+bR2], d=3,4, 0 =+1.

@ Gauss-Bonnet term : total derivative in D =4, zeroin D = 3

@ D=4,a=0, by Bicknell's theorem (1974), unitary but
non-renormalizable.

@ D = 4. non-unitary if a ## 0, but if a # 3b then renormalizable.
(Stelle, 1977)

@ D =3 and o = 1. Unitary but non-renormalizable for a = 0.
(Scalar massive gravity)

@ D=3and o = —1. Unitary for 3a = 8b. (New Massive gravity)

Since D = 4 theory is renormalizable and a(a — 3b) # 0, we
expect super-renormalizable. (Oda 2009, Deser 2009)
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SZ/de\@[R 1 R?]

IS equivalent to

S= /de\/\g\[Fu’ — R+ %meZ],

where f is an auxiliary scalar field.

Soonkeon Nam
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Maximally symmetric solutions

Consider the metric ansatz of the following form:

for some functions (a, b, p) of r.

ds® = —ab’dt® + a ' dr? + p°db?
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Maximally symmetric solutions

Consider the metric ansatz of the following form:
ds® = —ab’dt® + a ' dr? + p°db?

for some functions (a, b, p) of r.
The Einstein’s tensor is
ab? 2, p'(ba + 2ab’)

_ ! &/ 2 //d
G >, [p'a+2ap”] >aby

o p?(ba +2ab)

2
ar- b do

We also have static ansatz for the auxiliary field. From EOM, it
has to be diagonal.
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Maximally symmetric solutions

Consider the metric ansatz of the following form:
ds® = —ab’dt® + a ' dr? + p°db?

for some functions (a, b, p) of r.
The Einstein’s tensor is

G- o 0age P02 +280) o p(bE +23D)

20 2abp ar 2b
We also have static ansatz for the auxiliary field. From EOM, it

has to be diagonal.
For convenience sake we eliminate f" and f and introduce

one new function

do?

c(r) = m?rifo(r)
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We need to minimize the energy functional

Ela, b, c, p] = /dr {2)\m2bp —ca(p'b’ — p"b) +

1

2m?2p

Soonkeon Nam

_(ba’ 1 2ab’) ({a(p’)z}/ 1 pc’) + bec + 2(abp’)' ¢
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New Massive Gravity

Energy Functional

We need to minimize the energy functional

Ela, b, c, p] = /dr {2)\m2bp —ca(p'b’ — p"b) +

_(ba’ 1 2ab’) ({a(p’)z}/ 1 pc’) + bc? + 2(abp’)’c_ }

2mep

Gauge transformations

55,0 — fp/, 5§b - (fb)/, 553 — 53/ — 25/3, 550 — fC/
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Equations of Motion

First fix the gauge invariance by setting p(r) = r.
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First fix the gauge invariance by setting p(r) = r.

_L / AY/
C = 2b(ba + 2ab’)

r(2mfob + bc” — b'c)+ ba’' — b'd +2bc =0

0 =—4 xm*r} + (—2om?d + dc’ +2ac’)r?

— {(a’)2 +2a(d’ +c)—c?|r—2a(d +c)

Soonkeon Nam

(ab)
b

New Massive Gravity

Wednesday, March 30,




New Massive Gravity

Gravity in 3D

New Massive Gravity

Black Holes in NMG

Extended New Massive Gravity

Equations of Motion

First fix the gauge invariance by setting p(r) = r.

r

C:%

(ba + 2ab’)’

(ab)
b

r(2mfob + bc” — b'c)+ ba’' — b'd +2bc =0

0 =—4 xm*r} + (—2om?d + dc’ +2ac’)r?

— {(a’)2 +2a(d’ +c)—c?|r—2a(d +c)

We consider simple case of b = 1. The the solutions are

1

1

a=ag+air+ =ar°—a(rlogr—r), c= §ra”—a’

2

Soonkeon Nam
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Extended New Massive Gravity

Black Hole Solutions of NMG

Substituting into EOM, we get

a =0, 31(32—4m20') =0, a :4I772 [U:
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Black Hole Solutions of NMG

Substituting into EOM, we get

a =0, 31(32—4m20') =0, a :4I772 [U:

@ For A < —1, no solution.
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Black Hole Solutions of NMG

Substituting into EOM, we get

a =0, 31(32—4m20') =0, a :4I772 [U:

@ For A < —1, no solution.
@ For A > —1 we must have a; = 0.
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Black Hole Solutions of NMG

Substituting into EOM, we get

a =0, 31(32—4m20')20, 32:4m2 [O'::\/1 —I—)\}

@ For A < —1, no solution.
@ For A > —1 we must have a; = 0.

@ In this case when ay = 1 we get (A)dS vacua.
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Black Hole Solutions of NMG

Substituting into EOM, we get

a =0, 31(32—4m20')20, 32:4m2 [O'::\/1 —I—)\}

@ For A < —1, no solution.
@ For A > —1 we must have a; = 0.

@ In this case when ay = 1 we get (A)dS vacua.
e When gy < 0 we have BTZ solution.
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Black Hole Solutions of NMG

Substituting into EOM, we get

a =0, 31(32—4m20')20, 32:4m2 [O'::\/1 —I—)\}

@ For A < —1, no solution.
@ For A > —1 we must have a; = 0.

@ In this case when ay = 1 we get (A)dS vacua.
e When gy < 0 we have BTZ solution.

@ For A = —1 we need not put a; = 0, and we get a New
black hole solution.

These solutions are not locally (A)dS.
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Properties of New Black Hole

Static new type black holes are given by

ar?
(r2 + br + c)

ds® = L° | —(r* + br + ¢)dt |

- redet |

which have horizons at ry. = (—b £ vb? — 4¢)/2.
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Properties of New Black Hole

Static new type black holes are given by

ar?
(r2 + br + c)

ds® = L° | —(r* + br + ¢)dt |

- redet |

which have horizons at ry. = (—b £ vb? — 4¢)/2.

The surface gravity of this black holes at the outer and inner
horizons is given by

1 ON? 1 re—r_
— — I — b2 —4c =+
T 2LNYOr |, oY 2L
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Properties of New Black Hole

Static new type black holes are given by

ar?
(r2 + br + c)

ds® = L° | —(r* + br + ¢)dt |

- redet |

which have horizons at ry. = (—b £ vb? — 4¢)/2.

The surface gravity of this black holes at the outer and inner
horizons is given by

1 ON? 1 r.—r_
— — I — b2 —4c =+
T 2LNYOr |, 2L\/ oL
The scalar curvature of this metric is givenby R = — 5 — 22,

so we have singularity at r = 0 when b # 0.
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Extended New Massive Gravity

Proposals to extend NMG to even higher curvature terms.
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Extended New Massive Gravity

Proposals to extend NMG to even higher curvature terms.
@ R3-terms : consistency with holographic c-theorem (Sinha)
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Proposals to extend NMG to even higher curvature terms.

@ R3-terms : consistency with holographic c-theorem (Sinha)

@ Born-Infeld type extension : ldentical to R° to that order
e Related to counter term in gravity in AdS,.
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Extended New Massive Gravity

Proposals to extend NMG to even higher curvature terms.
@ R3-terms : consistency with holographic c-theorem (Sinha)

@ Born-Infeld type extension : ldentical to R° to that order
e Related to counter term in gravity in AdS,.

@ Relation to Quasi-topological Gravity in D > 5. (In D=3
Gauss-Bonnet term vanishes, but NMG is the analog.)
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New Massive Gravity

Consider the action

E?zzQz—//cﬁxxﬁ—g ocR
2 K2

Gravity in 3D
New Massive Gravity

Black Holes in NMG
Extended New Massive Gravity

2 1 K

/2|m2

3

K=R,R" - ZR°

8

§

1244

K'=17R° - 72R,,R"" R+ 64R"R/R} .

Soonkeon Nam
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Consider the action

i 3 _ 2 1 q ,

= ' V=g |ocR+ - + —KH K

° = 5.2 / FXV=g |ofi+ g+ ek 157K
K=R,R" - gl-?3

K'=17R° - 72R,,R"" R+ 64R"R/R} .

There are interesting relations between K and K.
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EOM that we would like to solve is the following:

1 1 &
/
- | _
7 G = @ 5 K = 35 77 K =0,
where
s 13 9 o ,
Kiv = Guw (8RapR™’ — ERZ) + RRuy — 8Rua Ry + 5(4VZRW ~ VuVuR = g VR),
1

K, = 17| —8R°Ru, +3V, V., R + Eg,“,/a’3 — 30, V2R

—72[ — 2RRua Ry — RagRYPRuy — VE(RRL) + Vu Vi (RagRP) + 2V 0 V(, (RS R)
1
+§gMVRa5RO‘BR — 9, VaV3(RRYP) — guyvz(RaﬁRo‘ﬁ)]

3
+64{ — SRIprO Rov — EVZ(RMQRS) + 3VQV(M(R5)RS)

1 3
20w RagR™ — ngvavﬁ(/?apﬁpﬁ)] .
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The Born-Infeld Extension of New Massive Gravity

The Born-Infeld extension of the new massive gravity (BI-NMG)

2m2 3 i o O [ 1 _
S = 77/{2 /dXH_\/det(5y| mZGV)_1 2m2/2_7

where G,,,, denotes the Einstein tensor, and n, o = +1.
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Equations of motion for the BI-NMG with 2 = 1 are given by

- : 1
0 = VdetA|2B%,R,) — BRu, | — 20mPg,, (Vdet A1 2m2/2)

G V.V 5 (\/det A Baﬁ) Vi (\/det A B)_

+V,V, (Vdet AB) + V2(Vdet A B,, ) - vc;vu (Vdet A B, )

—vavy(met/l Bw) ,

where A and B are defined by

B =(AY), B=B

o
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New Type Black Holes Warped AdS BH
New Type Black Hole

Black Hole Solutions

Use dimensional reduction procedure of Clement and find
solutions with stationary circular symmetry.
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Black Hole Solutions

Use dimensional reduction procedure of Clement and find
solutions with stationary circular symmetry.
Take a metric ansatz with two Killing vectors 0; and 0, as

ds® = Aap(p)ax?dx® + ((p) °R(p)"2dp°

x? =t,x" = ¢, R(p)? = —det )\, {(p) is the scale factor for
arbitrary reparametrizations of p.

Soonkeon Nam New Massive Gravity

Wednesday, March 30,
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Black Hole Solutions

Use dimensional reduction procedure of Clement and find
solutions with stationary circular symmetry.
Take a metric ansatz with two Killing vectors 0; and 0, as

ds® = Aap(p)ax?dx® + ((p) °R(p)"2dp°

x? =t x' = ¢, R(p)? = —det ), ((p) is the scale factor for
arbitrary reparametrizations of p.

SL(2, R) =~ SO(2, 1)Lorentz Group suggests the parametrization
of the matrix A

\ — ( T(p)+X(p)  Y(p) )

Y(p) T(p) — X(p)
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New Type Black Hole

For the chosen metric ansatz, we can obtain the Ricci tensor
components

a 1 —
RY,= 5 (CRRY1+(c0) )" Re,= —C(CRRY + 5C3(X?).

where ¢ represents the matrix defined in terms of the
components of the vector L = (L7, L%, L) = X A X’

,_ _LY —LT—I—LX
S\ LT+ LK LY '

— —

X-Y = XY, (XANY) =nlegXKY!,

with ¢g1o = +1 for the wedge product.
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R = o(?< —2(RR’)’+%()?’2)>—20§§’RR’,

\ /

_ 4(1_’/2_1 IN(YWI2Y |
K = ¢*95(L%) = 2(RRY(X?)H

5
32(

)?/2)2 \>
. )

(LT - JRRI(X?) 4 ().

K — <6< _g(RR/)/()?/Z)Z 4 2(2/2)3 _|_24(RR/)/(Z/2) B 18()_(’/2)([’/2) y

\

+¢5¢ <(—g(RR’)’()?’2)2 + 24(RR')(L"?) + 48(RR'Y (L - L)

\

~36(X?)(L- L)} + ¢*¢? {24(RR') (L?) ~ 18(X?)(L- ') }
+24¢3¢"3(RR')([?).
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Equation of motion for R® case

Q1

i 33 ut (17 ut
0= §<—§b4 +30b22+2422> e (sz +22> —ZFO'

f 3 §) 2 2 4 3\
0:12M4 {—gb — 216b222 + 36b*z — 384z f
e N 9 2

LI Y- S S Y-l G

C2m2 32 C4 D €2C6 ’

\ /
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Black Hole Solutions in (E)NMG
New Type Black Holes Warped AdS BH
New Type Black Hole

BTZ Black Hole

If we consider the condition & = 0, then the vector ansatz

reduces to B
X=p0p+7.
~ 2 2 R M(1+02) M(1—¢2
For § = [ 135, — 1, 0] and 7 = [P, MUZE) ], we
get rotating BTZ BH
2 M M2 d p?
2 _ | = o 2 | 2
ds _< ah 2>dt Jdtdgb+<2p. 5 )dqb ey =a

for ( =1 and b® = 4/¢?.
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Black Hole Solutions in (E)NMG
New Type Black Holes Warped AdS BH
New Type Black Hole

Hawking Temperature

19N

o= (- avuevre)”

T )
r=ry L v Grr r=ry

¢ . null Killing vector at the Horizon with the normalization as
£2 — —r?forr — oc.
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Hawking Temperature

19N
r=ry L v Grr r=ry |

¢ . null Killing vector at the Horizon with the normalization as
£2 — —r?forr — oc.

o= (- avuevre)”

Soonkeon Nam New Massive Gravity

Wednesday, March 30,
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R3-NMG case

a = 0 gives the BTZ black hole solution. This solution has to
satisfy, with b> = 4/¢? and ¢ = ¢/L, L2,

L2 1 S

2 4mel2  ALA =0

O

The entropy Is Sy = j‘_gn<a | 2m12L2 | qu4> , Ay =2rLr_, where

L2 is given by the solution above condition.
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New Type Black Hole

R3-NMG case

a = 0 gives the BTZ black hole solution. This solution has to
satisfy, with b> = 4/¢? and ¢ = ¢/L, L2,

L2 1 S

2 4mel2  ALA =0

O

The entropy Is Sy = j‘_gn<a | 2m12L2 | qu4> , Ay =2rLr_, where

L2 is given by the solution above condition. The mass and angular
momentum

M:r§+r2n(0 S >J:Lr+r_ (al 1 ¢ >

8G om2l2 " AL 4G '\ TomRL2 " ALA
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Black Hole Solutions in (E)NMG
New Type Black Holes Warped AdS BH
New Type Black Hole

R3-NMG case

a = 0 gives the BTZ black hole solution. This solution has to
satisfy, with b> = 4/¢? and ¢ = ¢/L, L2,

L2 1 S

2 4mel2  ALA =0

O

The entropy Is Sy = j‘_gn<a | 2m12L2 | qu4> , Ay =2rLr_, where

L2 is given by the solution above condition. The mass and angular

momentum
i+t R Lrir 1€
=35 ’7(0' 2m2L2” M4L4>’J_ 4G "\ T 2mr2 T A4 )
The central charge for of the dual CFT as
c_ st 1 ¢
— 2G| Tomr2 T ALE |
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Warped AdS Black Hole Solutions

Put 32 = b% = 1 (5 v) = 0, then we have

R2 = (1-22)2+72 = (2 —fR), (72 = — B8, (1—22) = B2).
In addition, we can choose vectors as follows
(U= (P’/4z + 22)

—(1/2,-1/2,0), B=(w,—w,—1), Y=(z2+Uu,z—u, —2wz)

which lead to the metric form

2( 2 2 2 2 2
> B —10) e dp A2 p+(1— 05w >
asc = 2 at '<252(p2—pg) A <d¢ N at |

where A? is defined by
2 2
A = p? +2wp +2U = p° 4 2wp + (1 — B%)w* 1 f_'aﬂoz .
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New Type Black Holes Warped AdS BH

New Type Black Hole

By a suitable coordinate transformation with parameters relations

po— (=), (1= Py = 3 (re+ - —20ymr), g2 = 22,
we get

ds? = [ :— N(r)2dt2 + R(r)2(d6 + N°(r)adt)? - R(r)(zrlfl(r)Q_ ,
where
vof = )
NO(r) — 2ur — \élr;(/;)éﬂ + 3) |
AP = 4 (302 = Dr+ 02 +3)(r + 1)~ dnJrr (2 49) ).
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Black Hole Solutions in (E)NMG
New Type Black Holes Warped AdS BH

New Type Black Hole

If we take the values b =1,z = (1 — 3%)/2 and

(2 =3/(43% — 1) - 4/L?, then we obtain warped black holes
solution and L and 3 has to satisty (from EOM)

v 348° —21) 1 g27(452 — 3)(48% — 15) 1
2(48% — 1) m2L2 (484 — 1) phLh
v 482 — 1 [? . 3(163* — 8032 +63) 1 . 9(43% — 3)(328% — 10882 +75) ¢ |
3 2 432 — 1 4m?2 |2 (484 — 1)2 pé L4

Note that L can be solved as

o)

L2

{(452 — 21)M2 + \/(452 — 21)2u4 + 48£0(432 — 3)(432 — 15)m4} :

T (482 — 1) 4m2 2
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Black Hole Solutions in (E)NMG
New Type Black Holes Warped AdS BH

New Type Black Hole

Using Wald’s formula, one obtains

o _ Au [ 3(5-45) 9(3 — 442)(13 — 12/32)”
BH = 4G"|” T 2(4p2 — 1)mPL2 ¢ (454 — 1244 |
3

Ay = 2nLR(r.) = 27TL\/4ﬁ2 — (r+ — ﬁ\/qr_) ,

where 3 and L? are given by the solutions of the above equation.
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Black Hole Solutions in (E)NMG
New Type Black Holes Warped AdS BH

New Type Black Hole

Using Wald’s formula, one obtains

o _ Au [ 3(5-45) 9(3 — 442)(13 — 12/32)”
BH = 4G"|” T 2(4p2 — 1)mPL2 ¢ (454 — 1244 |
3

Ay = 2nLR(r.) = 27TL\/4ﬁ2 — (r+ — ﬁ\/qr_) ,

where 3 and L? are given by the solutions of the above equation.
The central charges for the warped AdS black holes by the Cardy

formula , 2
[
S = %(CLTL -+ CRTR) — %C(TL -+ TR)7

which leads to

- L \/3(46%2 —1) [ 3(5 — 43°)

9(3 —43%)(13 — 1252)°

©= 2G 32 _U I 2(43°2 —1)meL? : (46% — 1)2p4L4
Different from what can be derived from the central charge function
formalism.
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Black Hole Solutions in (E)NMG
New Type Black Holes Warped AdS BH
New Type Black Hole

Central Charge Function Formalism

. L 0L
= 2G7"9R,,
gives
3L [ 1 3(45° —3)(43% —7)°
C = ~~10 | g ’
2G| 2m2l2 (434 —1)2p4L4

which gives the different answer. This is not unexpected since
the central charge function formalism is developed for the AdS
space not warped AdS space.
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Black Hole Solutions in (E)YNMG
New Type Black Holes Warped AdS BH
New Type Black Hole

New Type Black Hole

ds® = [°

ar?

— (r® + br + c)dt* -

re + br + c
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Black Hole Solutions in (E)YNMG
New Type Black Holes Warped AdS BH
New Type Black Hole

New Type Black Hole

ds® = [°

ar?

— (r® + br + c)dt* -

re + br + c

- rédo?

When b is zero, this reduces the BTZ case of r_ = 0.
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Black Hole Solutions in (E)YNMG
New Type Black Holes Warped AdS BH
New Type Black Hole

New Type Black Hole

ar?
_ re+br+c
When b is zero, this reduces the BTZ case of r— = 0.
To satisfy the EOM’s, we must have
2 _ (1206m* + u*)L? 4+ 66m?
m2(8¢m2 + u4L2) 7

ds® = L?| — (r* + br + ¢)dt? -

- redo? |

and L? is given by

2 O 2 4 4

2= oo (12 &/ + 48oEm?)
Note that in the NMG limit (or ¢ — 0) these conditions become
2 _ 1 2 _ 1 _
=%, c=55,0=1.
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Black Hole Solutions in (E)YNMG
New Type Black Holes Warped AdS BH

New Type Black Hole

For the b # 0 case, the black hole horizon is at
r. = (—b+ Vb2 —4c)/2 and the entropy and the temperature
of the black holes are given by

S 7L Vb2 — 4c¢ _2 | 1
5H ™ 2@ 3 77_ 7 2meL? |’
o Vb2 —d4c _r—r
A 4l Al
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Black Hole Solutions in (E)YNMG
New Type Black Holes Warped AdS BH
New Type Black Hole

ADT formalism - Mass and Angular Momenta

Around a background metric g,, we expand an arbitrary metric
as

g,uu — Q,uu =+ h,uy :

The background metric : the solution of equations of motion
(EOM) &,,.(g9) = 0.
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Black Hole Solutions in (E)YNMG
New Type Black Holes Warped AdS BH
New Type Black Hole

ADT formalism - Mass and Angular Momenta

Around a background metric g,, we expand an arbitrary metric
as

g,uu — Q,uu =+ h,uy :

The background metric : the solution of equations of motion
(EOM) &,.,(9) = 0.

The general covariance of gravity — the Bianchi identity for an
arbitrary metric g,,,,

V. EM =0.

We have the linearized Bianchi identity on the linearized EOM
expression, o&”, through EOM for the background metric g, as
V,0EM = 0.
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Black Hole Solutions in (E)YNMG
New Type Black Holes Warped AdS BH

New Type Black Hole

The ADT currents : the contraction of the linearized EOM
expression, o€ and a Killing vector £ as J* = §EHYE, .

Soonkeon Nam New Massive Gravity

Wednesday, March 30,



Black Hole Solutions in (E)YNMG
New Type Black Holes Warped AdS BH

New Type Black Hole

The ADT currents : the contraction of the linearized EOM
expression, o€ and a Killing vector £ as J* = §EHYE, .
Conserved covariantly by the linearized Bianchi identity of €+
and the Killing property of &,.
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Black Hole Solutions in (E)YNMG
New Type Black Holes Warped AdS BH

New Type Black Hole

The ADT currents : the contraction of the linearized EOM
expression, o€ and a Killing vector £ as J* = §EHYE, .
Conserved covariantly by the linearized Bianchi identity of €+
and the Killing property of &,.

Under EOM of the background metric, antisymmetric tensor
potential, Q*” for this current can defined by

J'=V,Q",

which guarantees current conservation by the antisymmetric

property of the potential Q*”. To define the potential, Q without
EOM, we have Q"

1 1
JH = §EPVE, = _g,uozhayfl/ 2§,ugozﬁha6 . éhgzﬁbfy VVQ,LLI/7

which reduces the previous definition of the potential when EOM is
iImposed.
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Black Hole Solutions in (E)YNMG
New Type Black Holes Warped AdS BH
New Type Black Hole

ADT Charges

1
Q) = 5,5 [ IEW™(€)

where 2x? = 167G is the Newton’s constant. Mass and angular
momentum are

M = —¢ detg Q" (¢7) , J = lV— detg Q" (¢R) ,
— 00 4G F—o0
10 0
Tt P ag
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Black Hole Solutions in (E)YNMG
New Type Black Holes Warped AdS BH
New Type Black Hole

EOM for New Massive Gravity

1 1
gMV =1 {O'GILW — /—zg,uy | 2m2 K,UJV} — O,
where
13 9
Kuv = Qoo (3/?@5/?@5 - RZ) + SRR, — 8R..RC

.

+5 (4v2RW ~V,V.,R - QWVZR) .
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Black Hole Solutions in (E)YNMG
New Type Black Holes Warped AdS BH
New Type Black Hole

Clement’s superangular momentum

Let us take the three dimensional metric ansatz as

dp?

ds® = \ap(p)dx3dx® x? = (t, ).

CCRU3(p)

where all variables are functions only of the radial coordinate p.
Explicitly, one may parameterize generic symmetric two by two

(XO+X1 X? )
)\ab: ’

matrix \ as

X7 X0 — X1
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Black Hole Solutions in (E)YNMG
New Type Black Holes Warped AdS BH

New Type Black Hole

define the inner and cross product of SO(1,2) vectors in the
standard way as

A-B= 77//'AiBj> (A % B)i — nimemjkAjBka (€o12 = 1)

and note that the product of two matrices dual to vectors A and
B is given by

(A)(B) =(A-B)1+ (A x B).

L and X are defined by

L=Xx X, Y = X x 6X.
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Black Hole Solutions in (E)YNMG
New Type Black Holes Warped AdS BH

New Type Black Hole

1
5*]2 -+ ACor :

ploast+ Laopt| =1 c”
_ R m2 K—iT L_ 2

_ L ,
n|oQ mza,’;" :%5(JO—J1),

- 1 &R
where J = (J°, J', J?) is given by

o _
Jn(aL S 2L><L’+X2L”+1(X’2—4X-X”)L )

m-2 8
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Black Hole Solutions in (E)YNMG
New Type Black Holes Warped AdS BH

New Type Black Hole

Finally, mass and angular momentum in NMG can be obtained
oy

- 1 rt | 1 rt
M_E\/—detgn{ga,q | mZQK} ,

§T, r—00

- 1 re 1 rt
J—E\/—detgn[(fa,q | mZQK}

Mass of New Type black hole can be calculated

&R, r—oo

-2 2 _
v — 1 (AJZZb 4c

ACGL| 27| 16G

which is consistent with the result by AdS/CFT
correspondence and satisfies the simple form of the first law of
black hole.
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QNM of New type black holes

New Type Black Holes in NMG

> ol o0 > > 0
= [“|— ate - - red

as _ (r" + br +¢) (ré + br + ¢) ?

where P
1
> _”
L= ome 2
with outer and inner horizons at r. = 5(—b+ vb? — 4c¢).
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QNM of New type black holes

New Type Black Holes in NMG

dr?
2 _ 2| _(,2 2 202
dsc =L |—(r°+ br+ c)dt (721 br 1 ©) r<dae
where P
1
o _ "
L S 2m2 2

with outer and inner horizons at r. = 5(—b+ vb? — 4c¢).
The scalar curvature of this metric R = — 5 — 28
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QNM of New type black holes

New Type Black Holes in NMG

dr?
2 _ 2| _(,2 2 202
dsc =L |—(r°+ br+ c)dt (721 br 1 ©) r<dae
where P
1
o _ "
L S 2m2 2

with outer and inner horizons at r. = 5(—b+ vb? — 4c¢).
The scalar curvature of this metric R = — 5 — 28

There is a curvature singularity at r = 0 when b # 0.
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QNM of New type black holes

New type black holes may be classified according to signs of
parameters b and c. This classification may be tabulated by
introducing a new parameter g = r_/r,, as follows:

q=r_/ry band c roand r_

q =1 b<0,c>0(Mb*=4c)| rr>0,r—->0(r.=r_)
0<g< b<0,c>0 ro >0,r—>0(ry >r)
qg=20 b<0,c=0 r >0, r-=20
-1 <g<0 b<0,c<0 ro >0, r— <0 (rp > |r-|)
qg=— b=0,c<0 ro >0, r-<0(rp=-r_)
q < —1 b>0,c<0 re >0, r— <0 (rp <|r-|)

Note that g = —1 cases are nothing but non-rotating BTZ BHs.
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QNM of New type black holes

Exact QNMs of New Type Black Hole

The EOM of scalar fields (mass m on new type black hole
backgrounds V2V — m?¥ = 0,
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QNM of New type black holes

Exact QNMs of New Type Black Hole

The EOM of scalar fields (mass m on new type black hole

backgrounds V2V — m?¥ = 0,

By the separation of variables W = R(r)e/“!*/1¢ with the
change of variable, z = == , the radial equation of the EOM

1 1

R"(z) + |

1

- R'(z) 1

z z—1 z—2Zzy

m

z2(zg—1)2 r2  (z—-1) (z—20) r=_

withzg=r./r- =1/gand’ = d/dz.

Wednesday, March 30,
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QNM of New type black holes

Define R(z) = z*(1 — z)”(zy — z)"H(z) and choosing
parameters «, 5 and ~ without loss of generality as

%,

O =

B=1—v1+m? and v:ﬂﬁ,

(1—=1/z0)ry " Iy
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QNM of New type black holes

Define R(z) = z*(1 — z)”(zy — z)"H(z) and choosing
parameters «, 5 and ~ without loss of generality as

fw L4
1= 1/z0)r, B=1-—+14+m? an Y r+\/z ,

We get a differential equation for H(z) in the form of

O =

H//(Z) | 2CVZ—|—1 } 25:11 | 22’7—4_2; H/(Z)_|_ ZO(&+6_2&6_62)
| H
—a—y-2a7-2+{(a+B+7)7-a?}z 2(2_1)((22)_20):0,
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QNM of New type black holes

Define R(z) = z*(1 — z)”(zy — z)"H(z) and choosing
parameters «, 5 and ~ without loss of generality as

fw L4
CB=1—-v14+m? and v = /7,
A1z, " 2

We get a differential equation for H(z) in the form of

2a+1 23-1 2v41

O =

M@+ | ==+ 57 + 75 |@+ |2la+ B -2a6 - 5
1 H
—a—y-2a7-2+{(a+B+7)7-a?}z 2(2_1)((22)_20):0,

Heun'’s differential equation.

I I_VI 0 | € / | ()\52_77)
H(2)A 'z z—1 'z—Zo_H(Z)IZ(Z_”(Z_ZO)

H(z) =0,

with the conditione = A+ & —v — 90 + 1.
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QNM of New type black holes

@ The asymptotic QNM frequencies of scalar fields on new
type black holes.

@ Use Stokes line method : matching the approximate
solutions of the radial equation by the analytic continuation
of the radial coordinate to the complex plane.

@ It is sufficient to consider the asymptotic solutions near the
infinity, the origin and the event horizon.

@ The approximate solutions are matched with appropriate
boundary conditions.

@ Through these matchings, one can read off the QNM
frequencies of scalar fields on new type black holes.

Soonkeon Nam New Massive Gravity

Wednesday, March 30,



QNM of New type black holes

@ Solve the scalar perturbation equation in each region.

@ The tortoise coordinates x as follows & = ————.

With x(r = 0) = xp, one obtains

1 r—r
X = I i - Xp
ro—r_ r—r_

where

1 r_ 1 r_
Xp = In (—):—In (—)
rv —r_ ry 2K+ ry

In each region, the tortoise coordinate x behaves like
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QNM of New type black holes

r

o r— 0
— 0 rﬁr_|_
X0—17 r — oo

By denoting ®(x(r)) = +/rR(r), the radial equation of scalar
field equation can be written as

d2

ax?

where the potential term is given by

U(x) = (

Iy
r

)(

1=
r

Soonkeon Nam

y

12 +mPre

w? + U(X)_

1

4

d(x) =0,

(3r2—(r++r_)r—r+r_)_ .
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QNM of New type black holes

The potential term in each region becomes

2

e (WP ) = e P = ril;_ r—0 (x—0)
UXx)~< O r—ry (X — —o0)
Gam)rt= ol ju=2VT+m 1= (x— X)

The radial function, ®(x):

A V2mwxd j(wx) +A- V2rwxd_ 1 (wX). r—0 (x — 0)
Civ/2mw(Xo — X)Jie (w(Xo — X))

+C_+/21w(Xo — X)J—joe (w(Xo — X)), I — 00 (X — Xo)
D, e“X + D_e~'wX, 2 r—r, (x — —oo)

d(x) =

where A1,C. and D, are complex constants and J J (wx) and
J i (w(Xo — X)) represent first kind Bessel functions.
2

Soonkeon Nam New Massive Gravity

Wednesday, March 30,



QNM of New type black holes

@ The Dirichlet boundary condition near the spatial infinity :
C_=0.

@ The condition of D_ = 0 comes from the boundary
condition for QNMs near the event horizon r: ®(x) should
contain only ingoing mode e'“* at there.
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QNM of New type black holes

We consider r_ < 0 case only.
Using the asymptotic expansion of the first kind Bessel function
in the region of |wx| — oo, we get

Po(x) ~ e T (AT + ATV + T (AT +A_e T )e X,
O (X) ~ ol % (CJFe—iwxoeijo‘%)eiwx_I_e—i%(c+eiwxoe—ib‘%)e—iwx.
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QNM of New type black holes

Matching these two functions gives us a relation

A, COS |wXp

+ A_cos |wXg U A_rj)ﬂ —0.

(oo +J)7
4
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QNM of New type black holes

Matching these two functions gives us a relation

AL COS |wXp UOOII)W + A_ COS |wXp U ;j)ﬂ —0.

By matching this solution near the origin with the solution near
the event horizon one obtains

: 3/ 7T : 3/ 7T

Are"® +A_e+ =0.
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QNM of New type black holes

Matching these two functions gives us a relation

(oo +J)7
4

oo =) | _
| =0

+ A_ COS |wX(

A, COS |wX

By matching this solution near the origin with the solution near
the event horizon one obtains

: 3/ 7T : 3/ 7T

Are"® +A_e+ =0.

The existence of nontrivial solutions implies

WXy = (n | 1 | joo)w—éln [Zcos (%)}

2 4

Since we know the exact form of xo we can obtain the QNM
frequencies analytically.
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QNM of New type black holes

Substituting k.. = (1 — q)r.. /2 = 27 Ty we obtain

1 1 1
Rewriting J In terms of g as

1—67 u

/= \/W 2m Ty

QNM frequencies of scalar perturbation on new type black
holes can be written as

473 Ty 1 1 27Ty In|q| 1—q u
g N4+ — 4+ —\/14+m2) +j In |2 cosh
QN I7T2+(|”|Q|)2( 2 2 ) w2 + (In|q|)? | (\/|q‘| 4TH)}

472 Ty | 1 27T, 1 —
_ AmTnindal (n+—+—\/1+m2)+ T H [ZCosh( 1H )]
m + (In]ql) 2 2 m= + (In|q])?

V19| 4T
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QNM of New type black holes

In the limit of the non rotating BTZ black hole case i.e. g = —1
QNM frequencies become the simple form such as

:
2

W +m2) + 2Ty 1IN [2cosh ( & )}

WQNM = 147 T/_/ (n | ZTH

This is exactly the same as form as the BTZ QNM.
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Conclusion
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Conclusion

Summary

@ Three dimesional gravity is very interesting. (Quantum
Gravity)
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Conclusion

Summary

@ Three dimesional gravity is very interesting. (Quantum
Gravity)

@ Black holes in 3D : BTZ, Warped BTZ, New Type BH

@ New Type Black Holes have many properties to be
calculated (Mass, Angular Momentum)

@ Quasinormal modes of New Type Black Hole

@ Outlook

e Quantization of New Type Black Hole Area
e Beyond AdS/CFT
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