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Introduction

Quantum Gravity

Einstein gravity is a theory of interacting massless spin 2 particles
around a Minkowski space-time background

This theory is non-renormalizable
Higher-derivative gravity is renormalizable but non-unitary

Stelle (1977)

except if you are in three dimensions .....
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Introduction

Generalizing Proca

° [(’)(m+)(’)(m_)]u” Ay = 0: two helicities with mass m;, m_

0 S = f d3x (iFWFW + %,u e"PALO,A, + %m2A”A“>

with g =2(my —m_), m?

= mym_
e my =m_: Proca
e my — 00 MSM
e my =0: massive topological spin 1

Deser, Jackiw, Templeton (1982)
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Introduction

Higher-derivative Maxwell

(my 6,7 + 6,70, )A, =0 ™50 A, o Fu=e, P 0,A,
@ Proca: (O+4+m?)A, =0, O, A" =0
oA, — F, = (O+m?)F,=0

o L ~ m? e"PAO0A, + €PF,0,F,: high.-deriv. Maxwell
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Gravity in Three Dimensions

Pure Gravity

Lpuwe ~ hGu(h), Guv(h) = %e(unp €))7 OnOr hys
8ng/(h) — 0, n“yg,ul/(h) — Rlin(h)
Guw(h)=0 = hu, = 0ua, + 0ya, : no dynamics
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Pauli-Fierz

o Lpp ~ hG,,(h) — 2m?(h* hy, — h?)

s EOM.: (04 m?)h,, =0 & hy =0, h=0

@ “Square root of PF": hy = %q/’"@,,hg,,, h=0

o L ~ ePh, 70, hpy + m(h hy, — B
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Topological Massive Gravity (TMG)

Take h,, —  Guu(h) in “square root of PF" =

G (h) = %677 8,Go (), Rin(h) =0 : “linearized TMG”

® Stvclg] = é f d3x {—\/—gR—i- %LLCS} with

Lics = 3 [rgﬁayrﬁa + grgvrzﬁrfm]

Eric Bergshoeff New Massive Gravity



Gravity in Three Dimensions

New Massive Gravity (NMG)

Take h,, —  Guu(h) in Pauli-Fierz =

Eric Bergshoeff New Massive Gravity



Gravity in Three Dimensions

New Massive Gravity (NMG)

Take h,, —  Guu(h) in Pauli-Fierz =

(O+ m?)G,u(h) =0, Rin(h) =0 : linearized NMG

Eric Bergshoeff New Massive Gravity



Gravity in Three Dimensions

New Massive Gravity (NMG)

Take h,, —  Guu(h) in Pauli-Fierz =

(O+ m?)G,u(h) =0, Rin(h) =0 : linearized NMG

o Ssuclel = L [ dx Vg [_ R+ #K] with

K = R R — 2R?
Hohm, Townsend + E.B. (2009)
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Generalization

The Cosmological Generalized Massive Gravity Model (CGMG)

1 1 1
SCGMG[g] = ? /d3X vV—g |:O'R + FK + ;ELCS —22m?

mym_

2
m = mym_ = -
+ ) w my —m_

special cases:

o my =m_: NMG

® my — 00! TMG
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Dynamics

@ Einstein-Hilbert (EH) : no dynamics

@ TMG: massive gravitons with one helicity around Minkowski

EH plus neg. cosm. constant: BTZ black holes/AdSs vacua

@ CTMG: massive gravitons plus BTZ black holes

NMG : massive gravitons with helicities £2 (same mass)

(]

GMG : massive gravitons with helicities £2 (different mass)
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The CGMG Model

Dynamics

@ Einstein-Hilbert (EH) : no dynamics

@ TMG: massive gravitons with one helicity around Minkowski
@ EH plus neg. cosm. constant: BTZ black holes/AdSs3 vacua
@ CTMG: massive gravitons plus BTZ black holes

@ NMG: massive gravitons with helicities +2 (same mass)

@ GMG: massive gravitons with helicities +2 (different mass)

@ CGMG: massive gravitons (m.), BTZ black holes and new
non-BTZ black holes
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The CGMG Model

Question

Can gravitons, BTZ black holes and the new non-BTZ-black holes
have positive energy all at the same time?

CTMG: either gravitons or BTZ black holes have positive energy.
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The CGMG Model

Maximally Symmetric Vacua

Guw=-Ngw = N +4m’°ch—4xm* =0

/\T/

CNMG with ¢ =—1, m* >0
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The CGMG Model

Special Points

A=-—1:

@ Enhanced gauge symmetry: partial masslessness
@ New static non-BTZ black hole solution and

New KK vacua AdS, x ST and dS, x St

Hohm, Townsend + E.B.; Oliva, Tempo and Troncoso; Clement

A=3:

@ Massive spin 2 — (Susy) Massive spin 1

@c=0
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Boundary CFT

3¢
‘726
Brown, Henneaux (1986)
U
L oL
¢ = EguuaTW

Kraus, Larssen (2005); Saida, Soda; Schwimmer (2000)
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The CGMG Model

Boundary CFT

Brown, Henneaux (1986)

14 oL

©T 265" 8R,,

Kraus, Larssen (2005); Saida, Soda; Schwimmer (2000)

c 3¢ n 1 n 1 c 3¢ 1 n 1
= — e _— = — o — — -
L= oG\ " T 2eem2 )0 R= 26 ul " 202m2
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Outlook

@ NMG is renormalizable Oda (2009)

we generalized gravity in three dimensions

Supersymmetry, finiteness ?

Properties new non-BTZ black holes

Relation to Ho¥ava-Lifshitz Gravity with z =47
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