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Holography — Main Idea
aka gauge/gravity duality, aka AdS/CFT correspondence

How Holograms Work Inline Setup

One of the most fruitful ideas in contemporary theoretical physics:
» The number of dimensions is a matter of perspective
» We can choose to describe the same physical situation using two
different formulations in two different dimensions
» The formulation in higher dimensions is a theory with gravity
» The formulation in lower dimensions is a theory without gravity
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Why Gravity?
The holographic principle in black hole physics

Boltzmann/Planck: entropy of photon gas in d spatial dimensions
Sgauge X volume o e

Bekenstein/Hawking: entropy of black hole in d spatial dimensions
Seravity O0C area o Lét

Daring idea by 't Hooft/Susskind in 1990ies:

Any consistent quantum theory of gravity could/should have a holo-
graphic formulation in terms of a field theory in one dimension lower

Discovery by Maldacena 1997:

[ Holographic principle is realized in string theory in specific way ]

e.g8. (Tu)gauge = Tfl,y daction = /dd:m/ |h TMBVY ohH*
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Why should | care?
...and why were there > 6300 papers on holography in the past 12 years?
» Many applications!
» Tool for calculations
» Strongly coupled gauge theories (difficult) mapped to semi-cassical
gravity (simple)
» Quantum gravity (difficult) mapped to weakly coupled gauge theories
(simple)
> Sometimes both limits accessible: integrability of N =4 SYM

» Examples of first type: heavy ion collisions at RHIC and LHC,
superfluidity, type Il superconductors (?), cold atoms (?), ...

» Examples of the second type: microscopic understanding of black
holes, information paradox, Kerr/CFT (?), 3D quantum gravity (?), ...

[ We can expect many new applications in the next decade! ]
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Why gravity in three dimensions?
“As simple as possible, but not simpler”

[ Gravity simpler in lower dimensions ]

11D: 1144 Weyl, 66 Ricci, 5D: 35 Weyl, 15 Ricci, 4D: 10 Weyl, 10 Ricci
3D: no Weyl, 6 Ricci, 2D: no Weyl, 1 Ricci

[ 2D gravity: black holes! ]
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Why gravity in three dimensions?
“As simple as possible, but not simpler”

[ Gravity simpler in lower dimensions ]

11D: 1144 Weyl, 66 Ricci, 5D: 35 Weyl, 15 Ricci, 4D: 10 Weyl, 10 Ricci
3D: no Weyl, 6 Ricci, 2D: no Weyl, 1 Ricci

[ 3D gravity: black holes and gravitons! ]

Applications:
» Solve conceptual problems of (quantum) gravity

» Approximate geometry of cosmic strings/particles confined in plane
» Holographic tool for 2D condensed matter systems

pioneering work by Deser, Jackiw and Templeton in 1980ies
2007 Witten rekindled interest in 3D gravity
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Attempt 1: Einstein—Hilbert
As simple as possible... but not simpler!

Let us start with the simplest attempt. Einstein-Hilbert action:

1 3
IEH—W /d ZE\/*gR

Equations of motion:
R/u/ =0

Ricci-flat and therefore Riemann-flat — locally trivial!
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Attempt 1: Einstein—Hilbert
As simple as possible... but not simpler!

Let us start with the simplest attempt. Einstein-Hilbert action:

1 3
IEH—W /d ZE\/*gR

Equations of motion:
R/u/ =0

Ricci-flat and therefore Riemann-flat — locally trivial!

Properties of Einstein-Hilbert |

)

» No gravitons (recall: in D dimensions D(D — 3)/2 gravitons)
» No BHs

» Einstein-Hilbert in 3D is too simple for us!
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Attempt 2: Topologically massive gravity
Deser, Jackiw and Templeton found a way to introduce gravitons!

Let us now add a gravitational Chern—Simons term. TMG action:

2
Itye = Ign + ﬁ / Ty — )\#V I 5\o (a,ur vpt 3 3

Equations of motion:

T p)

1
Ru[/ + - Cl“’ — 0
W
with the Cotton tensor defined as

1
Cuw = 9 e VaRsy + (1 < v)
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Attempt 2: Topologically massive gravity
Deser, Jackiw and Templeton found a way to introduce gravitons!

Let us now add a gravitational Chern—Simons term. TMG action:

2
)\
Itye = Ign + m / TN — m FpAU (a/tr vp T 35 3 FU/M'FTVP)

Equations of motion:
1
Ruu + — C;w =0
1
with the Cotton tensor defined as

1
Ch = 3 £,V o Rp, + (1 v)

Properties of TMG]

» Gravitons! Reason: third derivatives in Cotton tensor!
» No BHs
» TMG is slightly too simple for us!
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Attempt 3: Einstein—Hilbert—AdS

Bafiados, Teitelboim and Zanelli (and Henneaux) taught us how to get 3D BHs

Add negative cosmological constant to Einstein-Hilbert action:

1 . 2
Thow = — | Boe/—=g(R+ =
Aen 167TG/ =g (B+ )
Equations of motion:

1 1
G;w - R;w - 5 guuR - ﬁ Juv = 0

Particular solutions: BTZ BH with line-element

0
er

2 2, .2 T
dsgry, = — e ri)(lz — Ii) dre +7 (dd) —
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Attempt 3: Einstein—Hilbert—AdS

Bafiados, Teitelboim and Zanelli (and Henneaux) taught us how to get 3D BHs

Add negative cosmological constant to Einstein-Hilbert action:

1 . 2
Ingy = —— | Bav—g(R+ =
AEH 670G / x g( +€2>
Equations of motion:

1 1
le - R;w - 5 !]WR - ﬁ Juv = 0
Particular solutions: BTZ BH with line-element

(r? — ri)(rz —r2) 0272

2 2 2 LTy
2,2 de® + . T‘i)(’Q — Ii) dre +7 (dq 2

2 _
dspr, = —

dz‘,) ’

Properties of Einstein-Hilbert-AdS}

» No gravitons
» Rotating BH solutions that asymptote to AdS3!

» Adding a negative cosmological constant produces BH solutions!
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Cosmological topologically massive gravity
CTMG is a 3D theory with BHs and gravitons!

We want a 3D theory with gravitons and BHs and therefore take CTMG
action

1 2
Icrve = e / Ty — R + 5 T 5 2 MV TP, (aur(rup + 3 FUuTFTup)}
Equations of motion:

G/IV + - 0/11/ =0

D. Grumiller — 3D gravity Which 3D theory?

13/30



Cosmological topologically massive gravity
CTMG is a 3D theory with BHs and gravitons!

We want a 3D theory with gravitons and BHs and therefore take CTMG
action

1 2
Icrve = e / Ty — R + 5 T 5 2 MV TP, (aur(rup + 3 FUuTFTup)}
Equations of motion:

G/IV + - 0/11/ =0

Properties of CTMG}

» Gravitons!
» BHs!

» CTMG is just perfect for us. Study this theory!
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Einstein sector of the classical theory
Solutions of Einstein's equations
fuw =0 — R=——
also have vanishing Cotton tensor
Cuw =0

and therefore are solutions of CTMG.
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Einstein sector of the classical theory

Solutions of Einstein's equations

G =0 — R=-
also have vanishing Cotton tensor
Cuw =0

and therefore are solutions of CTMG.
This sector of solutions contains

» BTZ BH
» Pure AdS
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Einstein sector of the classical theory

Solutions of Einstein's equations
Gw=0 & R=——
also have vanishing Cotton tensor
Cuw =0

and therefore are solutions of CTMG.
This sector of solutions contains

» BTZ BH
» Pure AdS

Line-element of pure AdS:
ds3as = G dat da”’ = £2< — cosh? pdr? + sinh? pdg? + dpQ)

Isometry group: SL(2,R)r x SL(2,R)r
Useful to introduce light-cone coordinates u =7+ ¢, v =7 — ¢
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Cotton sector of the classical theory
Solutions of CTMG with
G/u/ 7& 0

necessarily have also non-vanishing Cotton tensor

Cy # 0

Few exact solutions of this type are known.
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Cotton sector of the classical theory

Solutions of CTMG with
G/I,I/ 7& 0

necessarily have also non-vanishing Cotton tensor

Cuw #0
Few exact solutions of this type are known.
Perhaps most interesting solution:
» Warped AdS (stretched/squashed), see Bengtsson & Sandin
Line-element of space-like warped AdS:

[2 . . ‘,,,11/2
— cosh? pdr? + —
cosn par 1/2 +3

Sidenote: null-warped AdS in holographic duals of cold atoms:

ds?

e arped AdS = m ( (du + sinh pdr)? + (1/)2)

9
(1'51“111 warped AdS

_ FQ <(](/2 + 2 (1,’17+ dx— n ((]"/1/.)‘2>

y? yt
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CTMG at the chiral point
...abbreviated as CCTMG

Definition: CTMG at the chiral point is CTMG with the tuning
ul=1

between the cosmological constant and the Chern—Simons coupling.
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Definition: CTMG at the chiral point is CTMG with the tuning
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between the cosmological constant and the Chern—Simons coupling.
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CTMG at the chiral point
...abbreviated as CCTMG

Definition: CTMG at the chiral point is CTMG with the tuning
ul=1

between the cosmological constant and the Chern—Simons coupling.
Why special?
Calculating the central charges of the dual boundary CFT yields

3 1 3 1
CL:ﬁ(l_ﬁ)7 CR:%(l“‘i)

ut
Thus, at the chiral point we get

3
cr, =0, CRZE
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CTMG at the chiral point
...abbreviated as CCTMG

Definition: CTMG at the chiral point is CTMG with the tuning
ul=1
between the cosmological constant and the Chern—Simons coupling.
Why special?
Calculating the central charges of the dual boundary CFT yields
3 1 3 1
= (1- — - (1+ —
=550~ en=550+7)

ut
Thus, at the chiral point we get
3
cp, =0, CR= G
Notes:

> Abbreviate “CTMG at the chiral point” as CCTMG
» CCTMG sometimes called “chiral gravity” (misnomer!)
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Gravitons around AdS3 in CTMG
Linearization around AdS background

Juv = gul/ + h[.LV
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Gravitons around AdS3 in CTMG
Linearization around AdS background
Juv = g/ﬂ/ + h,u,u
leads to linearized EOM that are third order PDE

GiL)+ - CLY) = (D*DMDM 1), =0

nv Qv

with three mutually commuting first order operators

(DHR)Y =64 £0e,*Vo, (DY) =0/+

av
—£,"Vgq
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Gravitons around AdS3 in CTMG
Linearization around AdS background
G = Guv + Py
leads to linearized EOM that are third order PDE
G o 0< ) = (DEDLDMp),, =0

nv Qv

with three mutually commuting first order operators

(DL/R)MV — 5;: + Ea“auﬁom (DM)MV — 6,5 + *Eumjva
I
Three linearly independent solutions to linearized EOM:
(pERt) =0,  (DFRM) =0,  (DMAM) =0

nv nz jng
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Gravitons around AdS3 in CTMG
Linearization around AdS background
G = Guv + Py
leads to linearized EOM that are third order PDE
G o 0< ) = (DEDLDMp),, =0

nv Qv

with three mutually commuting first order operators

(DL/R)MV — 5;: + Ea“auﬁom (DM)MV — 6,5 + *Eumjva
I
Three linearly independent solutions to linearized EOM:
(pERt) =0,  (DFRM) =0,  (DMAM) =0

nv nz jng

[ At chiral point left (L) and massive (M) branches coincide! ]
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Degeneracy at the chiral point

Li, Song & Strominger found all regular nonrmalizable solutions of
linearized EOM for pf # 1.
» Primaries: Lo, Lg eigenstates 1=/ /M with
Ly RILM — [ RILIM _
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» Primaries: Lo, Lg eigenstates 1=/ /M with
Ly RILM — [ RILIM _
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Degeneracy at the chiral point

Li, Song & Strominger found all regular nonrmalizable solutions of
linearized EOM for pf # 1.
» Primaries: Lo, Lg eigenstates 1=/ /M with
Lle/L/M — Ele/L/M =0
» Descendants: act with L_; and L_; on primaries

» General solution: linear combination of f/L/M
» Linearized metric is then the real part of the wavefunction

huw = Re
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Degeneracy at the chiral point

Li, Song & Strominger found all regular nonrmalizable solutions of
linearized EOM for pf # 1.
» Primaries: Lo, Lg eigenstates 1=/ /M with
Ly RILM — [ RILIM _

» Descendants: act with L_; and L_; on primaries
» General solution: linear combination of f/L/M
» Linearized metric is then the real part of the wavefunction

huw = Re

» At chiral point: L and M branches degenerate. Get new regular
normalizable solution (Grumiller & Johansson)

100 1 /11/ (M () ,ur/
/11/ = n )
m%l wl—1

with property

(/DL,U]OQ,'> _ (D“JT’(,.I]OQ’) x ’(;b[/ 7 ((DL)Q'lJlOg)/”/ -0

pv nv

D. Grumiller — 3D gravity Which 3D theory? 18/30



Sign oder nicht sign?
That is the question. Choosing between Skylla and Charybdis.

» With signs defined as in this
talk: BHs positive energy,
gravitons negative energy
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Sign oder nicht sign?
That is the question. Choosing between Skylla and Charybdis.

» With signs defined as in this
talk: BHs positive energy,
gravitons negative energy

» With signs as defined in
Deser-Jackiw-Templeton
paper: BHs negative energy,
gravitons positive energy

» Either way need a mechanism to
eliminate unwanted negative
energy objects — either the
gravitons or the BHs
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Sign oder nicht sign?

That is the question. Choosing between Skylla and Charybdis.

>

With signs defined as in this Energy for all branches:

talk: BHs positive energy,

gravitons negative energy E

With signs as defined in
Deser-Jackiw-Templeton
paper: BHs negative energy,
gravitons positive energy

Either way need a mechanism to
eliminate unwanted negative
energy objects — either the

gravitons or the BHs

Even at chiral point the problem
persists because of the
logarithmic mode. See Figure.
(Figure: thanks to N. Johansson)
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Logarithmic CFT dual
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The LCFT conjecture

Observation:

mll

()
N
—_—
©)
= 02
~_

Il
N
o O
O DN =
~_
N
—_—
@
FPO%
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The LCFT conjecture

I log \ (2 log
O et )~ \ 0 left )
- logy (0 log
b )= (0 6) (i)
Such a Jordan form of Lg, Lg is defining property of a logarithmic CFT!
Logarithmic gravity conjecture (Grumiller & Johansson 2008):

Observation:

O~ N I—

[ CFT dual to CTMG exists and is logarithmic ]
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The LCFT conjecture

I log \ (2 log
O\left )~ \ 0 left )
- logy (0 log
Lo )= (0 6) ()
Such a Jordan form of Lg, Lg is defining property of a logarithmic CFT!
Logarithmic gravity conjecture (Grumiller & Johansson 2008):

Observation:

O~ N I—

[ CFT dual to CTMG exists and is logarithmic ]

Grumiller, Jackiw, Johansson, Henneaux, Maloney, Martinez,
Song, Strominger, Troncoso, ... 2008/2009:

Several non-trivial consistency checks that LCFT conjecture could be
correct.
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Towards a proof of the LCFT conjecture
Calculate correlators on the gravity side

If AdS3/LCFT, works then the following algorithm must work:
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Towards a proof of the LCFT conjecture
Calculate correlators on the gravity side

If AdS3/LCFT, works then the following algorithm must work:
» Construct non-normalizable modes related to left-, right- and

log-branches
DL/R,(/}L/R =0 ,(/}L/R ~ e?p

(DL>2¢log =0 ,¢10g ~ pe2p
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Towards a proof of the LCFT conjecture
Calculate correlators on the gravity side

If AdS3/LCFT, works then the following algorithm must work:

» Construct non-normalizable modes related to left-, right- and
log-branches
DL/R,(/}L/R =0 ,(/}L/R ~ e?p

(DL)2¢log =0 ¢log ~ pe2p
» Take the n-th variation of the full on-shell action

5S@ (1, 12) = boundary 85 (11,1, ..., 1) = bulk
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Towards a proof of the LCFT conjecture
Calculate correlators on the gravity side

If AdS3/LCFT, works then the following algorithm must work:
» Construct non-normalizable modes related to left-, right- and

log-branches
DL/R,(/}L/R =0 ,(/}L/R ~ e?p

(DL)2¢log =0 ,¢10g ~ p62p
» Take the n-th variation of the full on-shell action
5S@ (1, 12) = boundary 85 (11,1, ..., 1) = bulk

» Insert above n non-normalizable modes as sources
» Compare with LCFT correlators, e.g.

(0% (2, 2) O%(0)) = _% b

Skenderis, Taylor & van Rees 2009: n =2
Grumiller & Sachs 2009: n=2,3
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Non-normalizable modes

Constructed with Ivo Sachs in global coordinates:
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Non-normalizable modes

Constructed with Ivo Sachs in global coordinates:
» Separation Ansatz with SL(2,R) weights h, h:

¢#V — e—ihu—ihv F;Ll/(p) IDL/R/Mw -0
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Non-normalizable modes

Constructed with Ivo Sachs in global coordinates:
» Separation Ansatz with SL(2,R) weights h, h:

w‘m/ — e—ihu—ihv F;Ll/(p) IDL/R/M¢ -0

» Obtain two integration constants: one fixed by regularity at origin
p = 0, the other fixed by overall normalization
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Constructed with Ivo Sachs in global coordinates:
» Separation Ansatz with SL(2,R) weights h, h:

w‘m/ — e—ihu—ihv F;Ll/(p) IDL/R/M¢ -0

» Obtain two integration constants: one fixed by regularity at origin
p = 0, the other fixed by overall normalization

» No free parameters! For given weights (h, h) modes are either
normalizable or non-normalizable (up to degenerate cases)
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Non-normalizable modes

Constructed with Ivo Sachs in global coordinates:
» Separation Ansatz with SL(2,R) weights h, h:

w‘m/ — e—ihu—ihv F;Ll/(p) IDL/R/M¢ -0

» Obtain two integration constants: one fixed by regularity at origin
p = 0, the other fixed by overall normalization

» No free parameters! For given weights (h, h) modes are either
normalizable or non-normalizable (up to degenerate cases)

» Normalizable: (2 +n,m) and (n,2 +m)
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Non-normalizable modes

Constructed with Ivo Sachs in global coordinates:
» Separation Ansatz with SL(2,R) weights h, h:

w‘m/ — e—ihu—ihv F;Ll/(p) IDL/R/M¢ -0

» Obtain two integration constants: one fixed by regularity at origin
p = 0, the other fixed by overall normalization

» No free parameters! For given weights (h, h) modes are either
normalizable or non-normalizable (up to degenerate cases)

» Normalizable: (2 +n,m) and (n,2 +m)

» Non-normalizable: (-1 4 n,—1—m) and (-1 —n,—1+m)
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Non-normalizable modes

Constructed with Ivo Sachs in global coordinates:
» Separation Ansatz with SL(2,R) weights h, h:

w‘m/ — e—ihu—i?w F;Ll/(p) IDL/R/M¢ -0
» Obtain two integration constants: one fixed by regularity at origin

p = 0, the other fixed by overall normalization

» No free parameters! For given weights (h, h) modes are either
normalizable or non-normalizable (up to degenerate cases)

» Normalizable: (24 n,m) and (n,2 + m)
» Non-normalizable: (—1+4+n,—1 —m) and (=1 —n,—1+m)
» Exploit SL(2,R) algebra to related modes of different weights:

[DL/R,Li]¢L — [DL/Raii] ,lz)L =0

(D)7, La]ye = [(D1)?, Ex]y'*s = 0

In words: L, L. act as ladder operators
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Second and third variation of action

Straightforward but lengthy; some useful tricks:
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Second and third variation of action

Straightforward but lengthy; some useful tricks:
> Second variation:

58P (1, 1h2) ~ /(DL%) 6G(t2) + boundary
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Second and third variation of action

Straightforward but lengthy; some useful tricks:
> Second variation:

88 (41, 1ha) ~ / (DE4y1) 6G(1)2) + boundary
» Exploit
DLl/}L =0 DLwR — 2¢R DLQ/JIOg _ leog

and reduce most correlators to correlators in Einstein gravity (get
boundary terms for free!): ¢; — 0, cg — 2¢gy
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Second and third variation of action

Straightforward but lengthy; some useful tricks:
> Second variation:

58P (1, 1h2) ~ /(DL%) 6G(t2) + boundary

» Exploit
DLTZ}L =0 DLTZ)R — 2¢R DLQZJIOg — leog

and reduce most correlators to correlators in Einstein gravity (get
boundary terms for free!): ¢; — 0, cg — 2¢gy
» Third variation:

3S® (11,12, 13) ~ / (D 41) 6P G (aha, 1b3) + - - - + boundary
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Second and third variation of action

Straightforward but lengthy; some useful tricks:
> Second variation:

88 (41, 1ha) ~ / (DE4y1) 6G(1)2) + boundary
» Exploit
DLI/}L =0 DLwR — 2¢R DLQ/JIOg _ leog

and reduce most correlators to correlators in Einstein gravity (get
boundary terms for free!): ¢; — 0, cg — 2¢gy
» Third variation:

5S® (1,42, 13) ~ /(DL@Dl) 5(2)G(¢2> ¥3) + - - - + boundary

» Show that all boundary terms are contact terms!
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Second and third variation of action

Straightforward but lengthy; some useful tricks:
> Second variation:

58P (1, 1h2) ~ /(DL%) 6G(t2) + boundary

» Exploit
DLI/)L =0 DLQZJR — 2¢R DLQ/JIOg — leog

and reduce most correlators to correlators in Einstein gravity (get
boundary terms for free!): ¢; — 0, cg — 2¢gy

» Third variation:
38E) (41, 1o, 3) ~ / (DF41) 6P G (s, 3) + - - + boundary

» Show that all boundary terms are contact terms!
» Exploit trick above and partial integrations to simplify 3-point
correlators
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Example for 2-point correlator

Interesting correlator between left- and log-modes for weights h, h
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Example for 2-point correlator

Interesting correlator between left- and log-modes for weights h, h

- h(h? —1)

(Llog) ~ 6 S(L,1og) ~ 6 Sen(L, L) ~ cpxy -
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Example for 2-point correlator

Interesting correlator between left- and log-modes for weights h, h

| 2
2 _
(Llog) ~ 6@ S(L,log) ~ 6@ Sen(L, L) ~ cux h(hhl)

» Consider limit of large weights (small separations z) and make Fourier
transformation

B3 88
L1 ~bh—~bh—
(Llog) = 5
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Example for 2-point correlator

Interesting correlator between left- and log-modes for weights h, h

| 2
2 _
(Llog) ~ 6@ S(L,log) ~ 6@ Sen(L, L) ~ cux h(hhl)

» Consider limit of large weights (small separations z) and make Fourier
transformation 5 o
h
Llog) ~b— ~b—
{Llog) ~b— 5

» Use standard methods to convert result into more familiar form:

o b

D. Grumiller — 3D gravity Logarithmic CFT dual 25/30



Example for 2-point correlator

Interesting correlator between left- and log-modes for weights h, h

| 2
2 _
(Llog) ~ 6@ S(L,log) ~ 6@ Sen(L, L) ~ cux h(hhl)

» Consider limit of large weights (small separations z) and make Fourier
transformation 5 o
h
Llog) ~b— ~b—
{Llog) ~b— 5

» Use standard methods to convert result into more familiar form:

o b

> Keep track of all numerical factors:

(Llog) = — 573 = (O%(2,9) 0*%(0))
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Examples for 3-point correlators

Without log insertions reduce to Einstein gravity correlators:
(RRR) ~6®S(R,R,R) ~ 20 Sz (R, R, R)

(LLL) ~6®S(L,L,L) ~08®Spy(L,L,L) =0

With single log insertions after some manipulations reduce to Einstein
gravity correlators:

(L Llog) ~ 63 S(L, L,log) o 6®) Spy(L, L, L)

(L Rlog) ~ 6 S(L, R,log) ~ 0 + contact terms

With multiple log insertions calculations still very lengthy:

(log loglog) ~ 6 S(log, log, log) = lengthy!
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Comparison with LCFT correlators
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Comparison with LCFT correlators

» 2-point correlators (keep only leading divergences):

(OF(z,2) OF(0)) = 2(OF (2, 2) OF(0))y = 2 ;Zj = 2% (1)
(0% (2,2) OF(0)) = (0"(2,2) 0'8(0)) = (0" (2,2) O"(0)) =0 (2)
(0L (2, 2) 08 (0)) = —% (3)
(052, 2) 0% (0)) = L2 (75!2\2) )
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Comparison with LCFT correlators

» 2-point correlators (keep only leading divergences):

(OF(z,2) OF(0)) = 2(OF (2, 2) OF(0))y = 2 ;Zj = 2% (1)
(0% (2,2) OF(0)) = (0"(2,2) 0'8(0)) = (0" (2,2) O"(0)) =0 (2)
(0L (2, 2) 08 (0)) = —% (3)
(052, 2) 0% (0)) = L2 (Zf!zP) )

All correlators above reproduced on gravity side!

Skenderis, Taylor and van Rees (2009)
>
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Comparison with LCFT correlators

» 2-point correlators (keep only leading divergences):

(OF(z,2) OF(0)) = 2(OF (2, 2) OF(0))y = 2 ;Zj = 2% (1)
(0% (2,2) OF(0)) = (0"(2,2) 0'8(0)) = (0" (2,2) O"(0)) =0 (2)
(0L (2, 2) 08 (0)) = —% (3)
(095, 2) 0¥ = D) "

All correlators above reproduced on gravity side!

Skenderis, Taylor and van Rees (2009)
>

» 3-point correlators:
Calculated 7 of 10 correlators so far — all of them match precisely.
Plan to calculate one more. Will not calculate (L loglog) and

(logloglog) (lengthy!)
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Outline

Open issues
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Quantum gravity or condensed matter physics?

Original idea (Li, Song & Strominger 2008):
> Take CCTMG as starting point
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Quantum gravity or condensed matter physics?

Original idea (Li, Song & Strominger 2008):

Take CCTMG as starting point

Take its LCFT dual (non-chiral, non-unitary)

Truncate (consistently?) the logarithmic modes

Obtain a chiral CFT (“chiral gravity”, “extremal CFT")
Calculate its partition function

v

vV v.yYyy
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Quantum gravity or condensed matter physics?

Original idea (Li, Song & Strominger 2008):

Take CCTMG as starting point

Take its LCFT dual (non-chiral, non-unitary)

Truncate (consistently?) the logarithmic modes

Obtain a chiral CFT (“chiral gravity”, “extremal CFT")
Calculate its partition function

v

vV vy Vvyy

Exploit results for quantum gravity applications
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Quantum gravity or condensed matter physics?

Original idea (Li, Song & Strominger 2008):
Take CCTMG as starting point
Take its LCFT dual (non-chiral, non-unitary)

v

Truncate (consistently?) the logarithmic modes

Obtain a chiral CFT (“chiral gravity”, “extremal CFT")
Calculate its partition function

Exploit results for quantum gravity applications

vV v.v vVVvYYy

Problem 1: Extremal CFTs may not exist for arbitrary ¢
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Quantum gravity or condensed matter physics?

Original idea (Li, Song & Strominger 2008):

> Take CCTMG as starting point

» Take its LCFT dual (non-chiral, non-unitary)
Truncate (consistently?) the logarithmic modes
Obtain a chiral CFT (“chiral gravity”, “extremal CFT")
Calculate its partition function
Exploit results for quantum gravity applications
Problem 1: Extremal CFTs may not exist for arbitrary ¢

vV v.vy vVVvYYy

Problem 2: Truncation may be inconsistent at quantum level
(Andrade & Marolf 2009)
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Quantum gravity or condensed matter physics?

Original idea (Li, Song & Strominger 2008):

> Take CCTMG as starting point

» Take its LCFT dual (non-chiral, non-unitary)
Truncate (consistently?) the logarithmic modes
Obtain a chiral CFT (“chiral gravity”, “extremal CFT")
Calculate its partition function
Exploit results for quantum gravity applications
Problem 1: Extremal CFTs may not exist for arbitrary ¢

vV v.vy vVVvYYy

Problem 2: Truncation may be inconsistent at quantum level
(Andrade & Marolf 2009)

» Problem 3: If instead of truncation we attempt unitary completion we
are probably back to string theory
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Quantum gravity or condensed matter physics?

Original idea (Li, Song & Strominger 2008):

> Take CCTMG as starting point

» Take its LCFT dual (non-chiral, non-unitary)
Truncate (consistently?) the logarithmic modes
Obtain a chiral CFT (“chiral gravity”, “extremal CFT")
Calculate its partition function
Exploit results for quantum gravity applications
Problem 1: Extremal CFTs may not exist for arbitrary ¢

vV v.vy vVVvYYy

Problem 2: Truncation may be inconsistent at quantum level
(Andrade & Marolf 2009)

» Problem 3: If instead of truncation we attempt unitary completion we
are probably back to string theory

[ CTMG might not be a good toy model for quantum gravity! ]

D. Grumiller — 3D gravity Open issues 29/30



Quantum gravity or condensed matter physics?

New twist to the 3D story (Grumiller & Johansson 2008):
» Take CCTMG as starting point
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Quantum gravity or condensed matter physics?

New twist to the 3D story (Grumiller & Johansson 2008):
» Take CCTMG as starting point
» Take its LCFT dual (non-chiral, non-unitary)
» Establish AdS3/LCFT, dictionary
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Quantum gravity or condensed matter physics?

New twist to the 3D story (Grumiller & Johansson 2008):
» Take CCTMG as starting point
» Take its LCFT dual (non-chiral, non-unitary)
» Establish AdS3/LCFT, dictionary

> Relate observables on LCFT side with observables on gravity side
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Quantum gravity or condensed matter physics?

New twist to the 3D story (Grumiller & Johansson 2008):

Take CCTMG as starting point

Take its LCFT dual (non-chiral, non-unitary)

Establish AdS3/LCFT, dictionary

Relate observables on LCFT side with observables on gravity side
Apply this to certain condensed matter systems
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Quantum gravity or condensed matter physics?

New twist to the 3D story (Grumiller & Johansson 2008):
Take CCTMG as starting point

Take its LCFT dual (non-chiral, non-unitary)

Establish AdS3/LCFT, dictionary

Relate observables on LCFT side with observables on gravity side

v

Apply this to certain condensed matter systems

vV vy VvVvyy

LCFT in condensed matter physics: turbulence, critical polymers,
sandpile models, ...
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Quantum gravity or condensed matter physics?

New twist to the 3D story (Grumiller & Johansson 2008):
» Take CCTMG as starting point
» Take its LCFT dual (non-chiral, non-unitary)
Establish AdS3/LCFT, dictionary
Relate observables on LCFT side with observables on gravity side
Apply this to certain condensed matter systems

vV v.yYyy

LCFT in condensed matter physics: turbulence, critical polymers,
sandpile models, ...

» Indication 1: Lg, Lo non-diagonalizable
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Quantum gravity or condensed matter physics?

New twist to the 3D story (Grumiller & Johansson 2008):
» Take CCTMG as starting point
» Take its LCFT dual (non-chiral, non-unitary)
Establish AdS3/LCFT, dictionary
Relate observables on LCFT side with observables on gravity side

Apply this to certain condensed matter systems

vV v.yYyy

LCFT in condensed matter physics: turbulence, critical polymers,
sandpile models, ...

v

Indication 1: Lg, Lo non-diagonalizable

» Indication 2: Passes consistency checks (asymptotic AdS, finiteness of
charges, finiteness of energy, Hamiltonian analysis)
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Quantum gravity or condensed matter physics?

New twist to the 3D story (Grumiller & Johansson 2008):

| 4

Take CCTMG as starting point

» Take its LCFT dual (non-chiral, non-unitary)

vV v.yYyy

v

Establish AdS3/LCFT, dictionary
Relate observables on LCFT side with observables on gravity side
Apply this to certain condensed matter systems

LCFT in condensed matter physics: turbulence, critical polymers,
sandpile models, ...

Indication 1: Lg, Lo non-diagonalizable

» Indication 2: Passes consistency checks (asymptotic AdS, finiteness of

charges, finiteness of energy, Hamiltonian analysis)
Indication 3: 2- and 3-point correlators match
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Qua

ntum gravity or condensed matter physics?

New twist to the 3D story (Grumiller & Johansson 2008):
» Take CCTMG as starting point
» Take its LCFT dual (non-chiral, non-unitary)

vV v.yYyy

v

Establish AdS3/LCFT, dictionary
Relate observables on LCFT side with observables on gravity side
Apply this to certain condensed matter systems

LCFT in condensed matter physics: turbulence, critical polymers,
sandpile models, ...

Indication 1: Lg, Lo non-diagonalizable

» Indication 2: Passes consistency checks (asymptotic AdS, finiteness of

charges, finiteness of energy, Hamiltonian analysis)
Indication 3: 2- and 3-point correlators match

[ CTMG might be a good gravity dual to strongly coupled LCFTs! ]
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[ Thank you for your attention! ]

Thanks to Bob McNees for providing the IATEX beamerclass!
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