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Motivation

find a quantum theory of gravity

consider toy models in three dimensions

o simpler, yet contain black holes, propagating graviton waves ...

o in three dimensions we can use very powerful holographic methods
linking gravity to conformal field theories (CFT) in two dimensions

CFTs in two dimensions are well studied (and understood?!)

consider limits of these CFTs

CFTs degenerate to logarithmic conformal field theories (LCFT)

LCFTs appear in condensed matter physics
they describe systems with quenched disorder
(spin glasses, quenched random magnets, percolation)
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Outline

Holography & AdS/CFT correspondence

logarithmic CFTs
o logarithmic pair
o two-point correlators

Three dimensional gravity

o models of 3d gravity
o evidence for gravity duals to LCFTs

conclusion and outlook




How Holograms Work Inline Setup

the number of dimensions is a matter of perspective

physical systems can be described in different dimensions

theory with less (two) dimensions is a theory without gravity

theory with more (three) dimensions is a theory with gravity
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Holography — recipe

e set up a gravity theory we want to study in more detail

perform calculations in whichever regime is more convenient
o on the gravity side (AdS)
o on the field theory side (CFT)

calculations on the CFT side are easier

the gravity side tells us what to expect,
how to interpret the solutions




AdS/CFT — anti de Sitter spacetimes

e anti de Sitter spacetimes are maximally symmetric spacetimes

e in three dimensions

ghPdxtdx” = (2 [~ cosh? pd7? + sinh? pdg® + dp? | (1)




AdS/CFT — anti de Sitter spacetimes

e anti de Sitter spacetimes are maximally symmetric spacetimes

e in three dimensions

ghPdxtdx” = (2 [~ cosh? pd7? + sinh? pdg® + dp? | (1)

e theories of gravity that we consider have AdS solutions




AdS/CFT — anti de Sitter spacetimes

anti de Sitter spacetimes are maximally symmetric spacetimes

in three dimensions

ghPdxtdx” = (2 [~ cosh? pd7? + sinh? pdg® + dp? | (1)

theories of gravity that we consider have AdS solutions

we look for perturbations around AdS, i.e.

Euv = gﬁ\;js + Y (2)

for some small .
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-
AdS/CFT - linearize around AdS

e consider higher curvature gravity with action

Sou = | #x/=g {R -2+ O(RY)) 3)

calculate second variation of the action: 525bu|k/52glw

e put ansatz g = g + 1 into 6°Spu = 0 and solve for 1)

e pure gravity (R) yields two solutions 1t and ¢®
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AdS/CFT - gravitons and correlators

e equations of motion §2S,u(1) = 0

solutions 1) are gravitons

'interactions’ are given by two-point correlators

correlators are given by the second variation of the (full) action

5S@ (ot v2,) (4)

calculating correlators in this way is quite lengthy!
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AdS/CFT — conformal field theories

e consider two-dimensional CFTs

e CFTs are field theories that are invariant
under 'angle preserving' transformations
e CFT operators O

o are functions of the coordinates z,z
o the so-called conformal weights (h, h)
describe how O changes under a change of coordinates

e two-point correlators depend only on the conformal weights
and a normalization constant

Cm

(07(2,2)07(0,0)) = s

(5)

9 of 31



AdS/CFT — energy-momentum tensor

e conventions T(z) = T,,(z) = Ot
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AdS/CFT — energy-momentum tensor

e conventions T(z) = T (z) = OF
e special (holomorphic) function with h =2 and h =0

e their two-point functions yield the central charges

CL

(0H2)0H0)) = 55 (6)
(OR(2)0R(0)) =555 (7)
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AdS/CFT — correspondence

e lin. sol. around AdS are dual to operators in a CFT

buw(x)  ~  0O(z,2) (8)
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AdS/CFT — correspondence

e lin. sol. around AdS are dual to operators in a CFT

buw(x)  ~  0O(z,2) (8)

e duality of two-point functions

5@ (4, v2,) ~ (0Yz,2)0%0,0)) (9)

e two-point functions are given by constants (central charges)

11 of 31



LCFT - logarithmic pair

e two operators have degenerate conformal weights (Lo O ~ hO)
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LCFT - logarithmic pair

e two operators have degenerate conformal weights (Lo O ~ hO)
Hamiltonian (H = Lo + Lo) does not diagonalize

(@)-EHE)

multiple degenerations are possible

the rank of the Jordan cell denotes the level of degeneration

O'°8 |ogarithmic partner to O
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LCFT - two-point correlators

e there are logs in the correlators

(0(2)0(0)) = 505

(0(2)0°%(0,0)) = 5

(O(2,2) O'°5(0,0) ) = _ b log (mf|z]?)

z2h
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LCFT - two-point correlators

e there are logs in the correlators

e one state becomes zero norm

e if O = OF = T(z) the central charge ¢; vanishes

(0()0(0)) = 5 2
b

(0(z) 0°%(0,0)) = 57

orr o\ o b log (m?|z|?
<(’)1 %(z,2) O &(0, 0)> — _izhL)
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LCFT - two-point correlators

there are logs in the correlators

one state becomes zero norm

if © = OL = T(z) the central charge ¢; vanishes

non-vanishing correlators are given by the new anomaly b

(0(=)0(0)) = 5
b

(0(z) 0°%(0,0)) = 5=

(O(2,2) O'°5(0,0) ) = _ blog(m|z|?)

Z2h
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LCFT — types of LCFTs

e which operator acquires a logarithmic partner?
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LCFT — types of LCFTs

which operator acquires a logarithmic partner?

standard LCFTs: O™ — OL

o central charge vanishes
o Ol acquires a log partner

exotic LCFTs: O™ — (OMm2

o central charge does not vanish
o O™ acquires a log partner and becomes zero norm

two-point correlators in each (L)CFT
are characterized by a constant

non-vanishing correlators are given by the new anomaly b
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Einstein gravity/pure gravity

Seu=" [@x/g (R~ 3} (11)
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Einstein gravity/pure gravity

Seu=" [@x/g (R~ 3} (11)

e linearize around AdS (g =g + ¢)

e obtain equations of motion

G;(ul/)(w) =0 (DLDRw)m/ =0 (12)
L/RY v v av
(DYR),r =6, £, Vq (13)
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gravity duals to LCFTs

e b and ¢R are holographically dual to T(z) and T(2)
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gravity duals to LCFTs

Yt and R are holographically dual to T(z) and T(2)

3¢
2G

the central charges of the dual CFT are ¢, /g =

® ¢y /r can not be zero

for possible LCFT duals we need more metric modes
so that the operators on the CFT side can degenerate
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gravity duals to LCFTs

Yt and R are holographically dual to T(z) and T(2)

3¢
2G

the central charges of the dual CFT are ¢, /g =

® ¢y /r can not be zero

for possible LCFT duals we need more metric modes
so that the operators on the CFT side can degenerate

— need higher derivative gravity theories
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Topologically Massive Gravity (TMG)

1 2 1 Vo o 2 o T
57'MG = ; /d3X\/ —8 {R - 572 + ZEAH r)\(r [aﬂrazx + §rm—rzxa’]}
(14)
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1 2 1 2
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K 2 3
(14)
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Topologically Massive Gravity (TMG)

ST/\/[G = — /d3X\/ —& {R — 672 + 75)\'[‘ r)\o. [(%ral, + §ru7rya]}

K 2u
(14)

e third order in gy,
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1 2 1 2
Srwc = . | ExVTELR= 4 5 TR [0 + STl

2/
(14)

e third order in Og,,,
e not parity invariant
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Topologically Massive Gravity (TMG)

1 3 2 1 AUV Fo o 2 o T
5TMG = ; /d Xy _g{R - 572 =+ 2N€ " r)\a [8Mra1/ + gr,un'rya]}
(14)
e third order in Og,,,
e not parity invariant
e linearize around AdS (g = g + %)
e obtain EOMs
(D*D'DRy),,, =0 (15)
14 v 1 av
(D“)M :5u + ;Su Va (16)
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TMG - logarithmic solution

e new solution ™ (D™y™ = 0)
— new operator on CFT side
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TMG - logarithmic solution

new solution ™ (D™y™ = 0)
— new operator on CFT side

the central charges of the dual CFT are ¢ /g = 3¢ (1 F 77)
at ul =1

o ¢ vanishes
o D™ — D!, hence 1™ and ¢t degenerate (or O™ and O%)
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TMG - logarithmic solution

new solution ™ (D™y™ = 0)
— new operator on CFT side

the central charges of the dual CFT are ¢ /g = 3¢ (1 F 77)
at ul =1

o ¢ vanishes
o D™ — D!, hence 1™ and ¢t degenerate (or O™ and O%)

EOMs take the form (DLDEDR4),, =0

instead of ¥ we get another solution

DLDLyloe = — 2Dyt =0 (17)

%8 = lim i?/}’"(m) (18)

m— Meyit, d m
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-
TMG - LCFT

e at the critical point uf =1
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TMG - LCFT

e at the critical point uf =1

e Jordan cell appears
()=

() - (2 2) (%) 2

with H—L0+LoandJ—L0—

O N
N —
N———
N
< &
-
N——
—
-
O
N—r

o
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R
TMG - LCFT

e at the critical point uf =1
e Jordan cell appears
e two-point correlators match

(04(=z)0%(0)) =0 (19)

<OL(2) Olog(o’ 0)> -
(O"%(2,7) 0'°(0,0) ) = _ blog(|z]?)

z4

i — 3¢
with b = -3
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-
TMG - LCFT

at the critical point uf =1

Jordan cell appears

e two-point correlators match

partition function matches

Ztme = H |1 — H H ;maﬁ, (19)

Zicer = \1—q e\ l—q\z)
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New Massive Gravity (NMG)

1 1 v 3
SNI\/IG = K/d3X\/—7g{O'R - 2)\m2 + P(RHIIR# - éRz)} (21)
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New Massive Gravity (NMG)

1 1 L3
Snme = K/d3X\/—7g{UR —2xm® + p(RWR“ - ng)} (21)

e fourth order in dg.,
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New Massive Gravity (NMG)

SNMG = /d3x\/7{O'R 2>\m +— (R;LVRW/ 2R2)} (21)

e fourth order in dg.,

e linearization yields

(D*™D~"DLDRy),, =0 (22)
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NMG - logarithmic solution

e the central charges of the dual CFT are ¢ /g = %(a + leﬁ)
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NMG - logarithmic solution

e the central charges of the dual CFT are ¢ /g = 3—€(a + leﬁ)
e at 2m?(? = —¢

2G
o ¢; and cg vanish
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o ¢; and cg vanish
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NMG - logarithmic solution

the central charges of the dual CFT are ¢, /g = 3—G(a + m2Z2)

e at 2m?? = —¢o

o ¢; and cg vanish

o D™ — Dt and D= — DR, hence ¢ — L and 1~ — R
e EOMs become (DEDEDRDRy),, =0
e obtain log partners for ¥t and ¥ simultaneously
- Jordan cell structure

- two-point correlators match

- partition function matches
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General Massive Gravity (GMG)

1
Seme = - /d3xv —g{oR —2\} + STw + Swme~ (23)
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General Massive Gravity (GMG)

1
Seme = - /d3xv —g{oR —2\} + STw + Swme~ (23)

e fourth order in dg.,

(D™ D™ DEDRY),, =0 (24)
m?(? m* (4 1
€m1,2 = 2l + \/4/1252 — om?(2 + 5 (25)
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GMG - logarithmic solutions

e due to Scs the massive modes decouple
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GMG - logarithmic solutions

due to Sc¢s the massive modes decouple

2

e by i — 0o or m* — oo we can always get TMG or NMG

e two free massive modes 1™ and )™
which we can tune with the free parameters 1 and m?

the central charges of the dual CFT are ¢, /g = %%ﬁ?f@

— additional critical points

o both massive modes degenerate with 9t
o massive modes degenerate with each other but not with 1t/

23 of 31



GMG - parameter space

o D™ = D" cr =0
T(z) has log-partner! | |
e DM — pme. [ I
OM has log-partner! I I

e DM — pm — pL. | | 7 c =0
Rank three Jordan cell! ? _?

e ¢ =cr=0: Iog_—NMG .
Both T(z) and T(Z) logged! —/@’ | _,_ T =0

e PMG! ¢ =cg #0 y;
Enhanced gauge symmetry!
d | ' NMG
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GMG - parameter space

o Dnﬁl1 - DL CR = 0
T(z) has log-partner! _ | |
o DML — pma. I [
OM has log-partner! I I

e D™ = pm = pL. By |/ ¢ =0
Rank three Jordan cell! ? _?

e ¢ =cr=0: Iog_—NMG .
Both T(z) and T(Z) logged! _/Q/ | _,_ T =0

e PMG! ¢ =cg #0 y
Enhanced gauge symmetry!
s | | NMG
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GMG - rank two LCFT dual

(o) = (5 ) (o) = () =6 2)(&)

(05(z) 04(0))
(0t(2) 00,

S

0)) =
(0'%(z2,2) 0'%(0,0)) =




GMG - parameter space

o Dnﬁl1 - DL CR = 0
T(z) has log-partner! _ | |
e DML — pma. I [
OM has log-partner! I I

e DM — pm2 — pL. | | ~ c =0
Rank three Jordan celll ? _?

e ¢ =cr=0: Iog_—NMG .
Both T(z) and T(Z) logged! —/@’ | _’_ T =0

e PMG! ¢ =cg #0 y;
Enhanced gauge symmetry!
d | | NMG

26 of 31



GMG - rank three LCFT dual

and diag(2,2,2) for J.
(Ot(z) OH(0)) = (O'(2) ©"°%(0,0)) = 0

(0°%(2,2) 0%(0.0)) = (O*(2) 0¥ (0,0)) = -5
<Olog(z’ 2) Olng(O, 0)> _ aL |Z§ ‘2‘2
<O|0g2(2, 2) O|0g2(0,0)> _ ar |Ozg42 |z|2
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S
LCFT duals to GMG

e standard rank two LCFTs

o in the log TMG and log NMG limits
o new anomalies b;, bg
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LCFT duals to GMG

e standard rank two LCFTs

o in the log TMG and log NMG limits
o new anomalies b;, bg

e exotic rank two LCFT
o wml s wmg

e standard rank three LCFT
o PpmMm — pm qu/R

o generalized new anomaly a;, ar
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LCFT duals to GMG

e standard rank two LCFTs
e exotic rank two LCFT
e standard rank three LCFT

- Jordan cells
- two-point correlators match

- partition functions match
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Short-cut to new anomalies

e each LCFT has another value for the new anomaly
cL, br, ar
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e each LCFT has another value for the new anomaly
cL, br, ar

e different LCFTs arise via different degenerations
in parameter space, e.g. D" — DL or D™ — pm2

(26)
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Short-cut to new anomalies

e each LCFT has another value for the new anomaly
cL, br, ar

e different LCFTs arise via different degenerations
in parameter space, e.g. D" — DL or D™ — pm2

e is it possible to relate the new anomalies to each other —
via degeneration of parameters?

cL — b[_ — ar (26)
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GMG - possible LCFT duals and their anomalies

We find for GMG

e a3 'standard’ rank two LCFT when ©O™2 — OL

: 1—mp 10
with new anomaly b, = 6[—5’ 1+2n;722"11£.

e a 'standard’ rank three LCFT when O™ — O™ — OL
with generalized new anomaly a; = 4‘%.
e an 'exotic’ rank two LCFT when O™ — O™

. . _m2p2
with new anomaly b, = —S|gn(m)3‘%11+2’:’nfp.
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with generalized new anomaly a; = “7.
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Conclusion and outlook

e discussed candidate theories for gravity duals to LCFTs

e collected evidence for AdS-LCFT conjecture

* embed log-gravity in more fundamental theories

* AdS-(L)CFT/log-gravity in higher dimensions

Thank you for your attention!
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