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Some open issues in gravity

» IR (classical gravity)
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Some open issues in gravity

» IR (classical gravity)
» asymptotic symmetries
» soft physics
P near horizon symmetries
» UV (quantum gravity)
» numerous conceptual issues
» black hole evaporation and unitarity
> black hole microstates
» UV/IR (holography)
> AdS/CFT
P> precision holography
» generality of holography

» all issues above can be addressed in lower dimensions

» |ower dimensions technically simpler
» hope to find “hydrogen atom” of quantum gravity
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Gravity in various dimensions

: D2(D2-1
Riemann-tensor %

> 11D: 1210 (1144 Weyl and 66 Ricci)
» 10D: 825 (770 Weyl and 55 Ricci)
» 5D: 50 (35 Weyl and 15 Ricci)

» 4D: 20 (10 Weyl and 10 Ricci)

Caveat: just counting tensor components can be misleading as measure of complexity

Example: large D limit actually simple for some problems (Emparan et al.)

components in D dimensions:
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Gravity in various dimensions

. D2(D2—1) . . . .
Riemann-tensor ——{3—— components in D dimensions:

> 11D: 1210 (1144 Weyl and 66 Ricci)

10D: 825 (770 Weyl and 55 Ricci)

5D: 50 (35 Weyl and 15 Ricci)

4D: 20 (10 Weyl and 10 Ricci)

3D: 6 (Ricci)

2D: 1 (Ricci scalar)

1D: 0 (space or time but not both = no lightcones)

( y YVVVYYVY

Apply as mantra the slogan “as simple as possible, but not simpler” ]

Daniel Grumiller — Gravity and holography in lower dimensions Motivation 6/32



Gravity in various dimensions

. D2(D2—1) . . . .
Riemann-tensor ——{3—— components in D dimensions:

> 11D: 1210 (1144 Weyl and 66 Ricci)
» 10D: 825 (770 Weyl and 55 Ricci)
» 5D: 50 (35 Weyl and 15 Ricci)

» 4D: 20 (10 Weyl and 10 Ricci)

> 3D: 6 (Ricci)

» 2D: 1 (Ricci scalar)

» 2D: lowest dimension exhibiting black holes (BHs)
» Simplest gravitational theories with BHs in 2D
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Gravity in various dimensions

. D2(D2—1) . . . .
Riemann-tensor ——{3—— components in D dimensions:

> 11D: 1210 (1144 Weyl and 66 Ricci)
» 10D: 825 (770 Weyl and 55 Ricci)
» 5D: 50 (35 Weyl and 15 Ricci)

» 4D: 20 (10 Weyl and 10 Ricci)

» 3D: 6 (Ricci)

» 2D: 1 (Ricci scalar)

» 2D: lowest dimension exhibiting black holes (BHs)
» Simplest gravitational theories with BHs in 2D

» 3D: lowest dimension exhibiting BHs and gravitons*

» Simplest gravitational theories with BHs and gravitons in 3D

* at least off-shell; in higher derivative theories also on-shell
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Outline

Gravity in three dimensions
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Spectrum of BTZ black holes and related physical states
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Choice of theory

» Choice of bulk action
Pick Einstein—Hilbert action with negative cc (A = —1/¢2)

1 N 2

Usually choose also topology of M, e.g. cylinder

IEH[Q] = -
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Choice of theory

>
Pick Einstein—Hilbert action with negative cc (A = —1/¢2)

167G /Md A <R+£2>

Usually choose also topology of M, e.g. cylinder
Main features:

» no local physical degrees of freedom

> all solutions locally and asymptotically AdSs

> rotating (BTZ) black hole solutions analogous to Kerr

(r?2 — 7‘1)(7"2 —-r3) ., 02r2dr? 9 roT_ 2
02r2 di +(r2 —r2)(r2 —r2) o (dap— Or? dt)

> conserved mass M = (r3 +r2)/¢* and angular mom. J = 2r r_ /¢
» Bekenstein—Hawking entropy

_A_7TT+_ c 1+ [c1—
SBH_E_ﬁ_Qﬂ— gLO +27T ELO

Cardy formula with ¢ = 3£/(2G) and LE = (¢M + J)/(8G)

Ienlg] = -

ds? = —
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Choice of theory

P Choice of bulk action
Pick Einstein—Hilbert action with negative cc (A = —1/¢2)

1 2
e el R (R n 5)

Usually choose also topology of M, e.g. cylinder
» Choice of formulation
Pick Cartan formulation (R* = dw® + %eabc wb A w®)

1 1
Iguple?, w? = e / (ea AR* + o €ape €® N € A ec)
M

e®: dreibein, w® = %eabc wb: dualized spin-connection
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Choice of theory

» Choice of bulk action

Pick Einstein—Hilbert action with negative cc (A = —1/¢2)
» Choice of formulation

Pick Cartan formulation (R* = dw® + %e“bc wb A w®)

1 1
Iguple?, w? = e / (ea/\R“—i— @eabce“/\eb/\ec)
M

e®: dreibein, w® = %e“bc wb: dualized spin-connection
Rewrite as gauge theory of Chern—Simons type (k = ¢/(4G))
k
Ies[A] = — / (ANdA+ZANANA)
47 M
A: so(2,2) connection (Achucarro, Townsend '86; Witten '88)

A= eaPa+waJa [Pm Pb] = fabc Jc = [Jaa Jb] [Jaa Pb] = 6abc Pc

bilinear form: (Ju, Py) = Nap, (Ja, Jp) = (Pa, Pp) =0
EOM: FF=dA+ AN A =0 = gauge flat connections!
3d gravity = topological gauge theory
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Choice of theory

» Choice of bulk action
Pick Einstein—Hilbert action with negative cc (A = —1/¢2)
» Choice of formulation
Gauge theory of Chern-Simons type (k = ¢/(4G))
k
Ios[A] = — / (ANdA+ZANANA)
47 M
» Choice of boundary conditions
Crucial to define theory — vyields spectrum of ‘edge states’
Pick whatever suits best to describe relevant physics
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Choice of theory

| 2

| 2

Choice of bulk action
Pick Einstein—Hilbert action with negative cc (A = —1/¢2)

Choice of formulation
Gauge theory of Chern—-Simons type (k = ¢/(4G))
k
Ios[A] = — / (ANdA+ZANANA)
4 M

Choice of boundary conditions
Crucial to define theory — yields spectrum of ‘edge states’
Pick whatever suits best to describe relevant physics

‘holographic’ ansatz that often works in Chern—-Simons formulation:

A= b_l(d—i—a)b b=b(r) a=a(t, o) dt + ay,(t, ) dep
with variations constrained as
ob=0 d0a = 0O(1)

all info about physical state captured by boundary connection a!

group element b describes radial dependence of connection
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Choice of theory

» Choice of bulk action
Pick Einstein—Hilbert action with negative cc (A = —1/¢2)
» Choice of formulation
Gauge theory of Chern-Simons type (k = ¢/(4G))
k
Ios[A] = — / (ANdA+ZANANA)
47 M
» Choice of boundary conditions
Crucial to define theory — vyields spectrum of ‘edge states’
Pick whatever suits best to describe relevant physics

» Goal: apply this to specific set of boundary
conditions inspired by near horizon physics

» Explain first in general how edge states emerge
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Physics with boundaries
Science is a differential equation. Religion is a boundary condition. — Alan Turing

> Many QFT applications employ “natural boundary conditions”:
fields and fluctuations tend to zero asymptotically
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Physics with boundaries
Science is a differential equation. Religion is a boundary condition. — Alan Turing

> Many QFT applications employ “natural boundary conditions”:
fields and fluctuations tend to zero asymptotically

P> Notable exceptions exist in gauge theories with boundaries:
e.g. in Quantum Hall effect

» Natural boundary conditions not applicable in gravity:
metric must not vanish asymptotically

» Gauge or gravity theories in presence of (asymptotic) boundaries:
asymptotic symmetries

» Choice of boundary conditions determines asymptotic symmetries

Definition of asymptotic symmetries}

All boundary condition preserving gauge transformations
(bcpgt's) modulo trivial gauge transformations
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Asymptotic symmetries in gravity

» Impose some bc's at (asymptotic or actual) boundary:

TILI% g;w(T: 1'1) = guu(rln xz) + 5guu(rb, 551)
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Asymptotic symmetries in gravity

» Impose some bc's at (asymptotic or actual) boundary:

hm gull(ra xz) = guu("”bv xz) + 59;11/(""67 l'z)
r—Tp

r: some convenient (“radial”) coordinate

Daniel Grumiller — Gravity and holography in lower dimensions Gravity in three dimensions 11/32



Asymptotic symmetries in gravity
» Impose some bc's at (asymptotic or actual) boundary:

lim g, (7, z') = G (7, z') + 89 (13, z)

=T

r: some convenient (“radial”) coordinate
rp: value of r at boundary (could be )
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Asymptotic symmetries in gravity
» Impose some bc's at (asymptotic or actual) boundary:

Th_g}b Gy (T, T]) = Gy (70, T]) + g (1, ")

r: some convenient (“radial”) coordinate
. value of r at boundary (could be o)

x": remaining coordinates (“boundary” coordinates)
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Asymptotic symmetries in gravity
» Impose some bc's at (asymptotic or actual) boundary:

lim g;w(T: T]) = g,uu(rba J:Z) =+ 5guu(rb7 :L‘Z)

T—Tp

r: some convenient (“radial”) coordinate
. value of r at boundary (could be o)
x': remaining coordinates

guv: metric compatible with bc's
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Asymptotic symmetries in gravity
» Impose some bc's at (asymptotic or actual) boundary:

rh—>nrlb gul/(rv IEZ) = guu(rb: T]) + 5guu(rb7 :L‘Z)

r: some convenient (“radial”) coordinate
. value of r at boundary (could be o)
z': remaining coordinates

9wt metric compatible with bc's
G (asymptotic) background metric
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Asymptotic symmetries in gravity
» Impose some bc's at (asymptotic or actual) boundary:

rh—>nrlb g,ul/(rv IEZ) = g,LLI/(rbv l‘l) + 59;11/(77» T[)

r: some convenient (“radial”) coordinate
. value of r at boundary (could be o)
z': remaining coordinates

9wt metric compatible with bc's
Guv: (asymptotic) background metric
0gu: fluctuations permitted by bc's
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Asymptotic symmetries in gravity
» Impose some bc's at (asymptotic or actual) boundary:

lim g;w(ﬁ 737) = guu(rbv ml) + 69;11/(711)~ Tl)

T—Tp

r: some convenient (“radial”) coordinate
. value of r at boundary (could be o)
z': remaining coordinates
guv: metric compatible with bc's
Guv: (asymptotic) background metric
dguv: fluctuations permitted by bc's

P> bcpgt's generated by asymptotic Killing vectors ¢:

N ! -
Lig;w = O(()g/,,,)
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Asymptotic symmetries in gravity
» Impose some bc's at (asymptotic or actual) boundary:

lim g;w(ﬁ :137> = guu(rbv ml) + 69;11/(77» T[)

T—=7p
r: some convenient (“radial”) coordinate
. value of r at boundary (could be o)
z': remaining coordinates
guv: metric compatible with bc's
Guv: (asymptotic) background metric
dguv: fluctuations permitted by bc's
P> bcpgt's generated by asymptotic Killing vectors ¢:

- ! -
Legu = O(()Q/H/)
> typically, Killing vectors can be expanded radially
EH(ry, ') = i(:])(l'/,. +') + subleading terms

{é:)~)(/‘1,. x'): generates asymptotic symmetries

sUbIeading terms: generate trivial diffeos
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Asymptotic symmetries in gravity
» Impose some bc's at (asymptotic or actual) boundary:

lim g;w(ﬁ 737) = guu(rbv ml) + 69;11/(711)~ Tl)

T—Tp
guv: metric compatible with bc's
Guv: (asymptotic) background metric
dguv: fluctuations permitted by bc's
P> bcpgt's generated by asymptotic Killing vectors &:
- ! c
Liguu = O(Og/w)
> typically, Killing vectors can be expanded radially

H(ry, ') = (‘{:])(r/,, 2") + trivial diffeos

Definition of asymptotic symmetry algebra

Lie bracket quotient algebra of asymptotic
Killing vectors modulo trivial diffeos
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Canonical boundary charges
God made the bulk; surfaces were invented by the devil — Wolfgang Pauli

» changing boundary conditions can change physical spectrum
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» changing boundary conditions can change physical spectrum

simple example: quantum mechanics of free particle on half-line x > 0
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Canonical boundary charges
God made the bulk; surfaces were invented by the devil — Wolfgang Pauli

» changing boundary conditions can change physical spectrum

simple example: quantum mechanics of free particle on half-line x > 0
time-independent Schrodinger equation:

2
@) = By()

look for (normalizable) bound state solutions, £ < 0
» Dirichlet bc's: no bound states
» Neumann bc’s: no bound states
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Canonical boundary charges
God made the bulk; surfaces were invented by the devil — Wolfgang Pauli

» changing boundary conditions can change physical spectrum

simple example: quantum mechanics of free particle on half-line x > 0
time-independent Schrodinger equation:

2
@) = By()

look for (normalizable) bound state solutions, £ < 0
» Dirichlet bc's: no bound states

» Neumann bc’s: no bound states
» Robin bc's
(b+ay)], . =0 aecRF

lead to one bound state

2
CIENERG

with energy E = —1/a?, localized exponentially near x = 0
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Canonical boundary charges
God made the bulk; surfaces were invented by the devil — Wolfgang Pauli

» changing boundary conditions can change physical spectrum

P to distinguish asymptotic symmetries from trivial gauge trafos: either
use Noether's second theorem and covariant phase space analysis or
perform Hamiltonian analysis in presence of boundaries

Some references:
» covariant phase space: Lee, Wald '90, lyer, Wald '94 and Barnich,
Brandt '02
P> review: see Compere, Fiorucci '18 and refs. therein
» canonical analysis: Arnowitt, Deser, Misner '59, Regge, Teitelboim '74
and Brown, Henneaux '86
P review: see Bafiados, Reyes '16 and refs. therein
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https://aip.scitation.org/doi/10.1063/1.528801
https://arxiv.org/abs/gr-qc/9403028
https://arxiv.org/abs/hep-th/0111246
https://arxiv.org/abs/hep-th/0111246
https://arxiv.org/abs/1801.07064
https://arxiv.org/abs/gr-qc/0405109
https://www.sciencedirect.com/science/article/pii/0003491674904047?via%3Dihub
https://projecteuclid.org/euclid.cmp/1104114999
https://arxiv.org/abs/1601.03616

Canonical boundary charges
God made the bulk; surfaces were invented by the devil — Wolfgang Pauli

» changing boundary conditions can change physical spectrum

P to distinguish asymptotic symmetries from trivial gauge trafos:
perform Hamiltonian analysis in presence of boundaries

» in Hamiltonian language: gauge generator G|[e| varies as

0G[e] = /E(bulk term) e 0P — /(92 (boundary term) e 0P

not functionally differentiable in general (3: constant time slice)

®: shorthand for phase space variables
€: smearing function/parameter of gauge trafos
d: arbitrary field variation
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Canonical boundary charges
God made the bulk; surfaces were invented by the devil — Wolfgang Pauli

» changing boundary conditions can change physical spectrum

P to distinguish asymptotic symmetries from trivial gauge trafos:
perform Hamiltonian analysis in presence of boundaries

» in Hamiltonian language: gauge generator G|[e| varies as

0G[e] = /E(bulk term) e 0P — /(92 (boundary term) e 0P

not functionally differentiable in general (3: constant time slice)
» add boundary term to restore functional differentiability

ST[e] = 6Ge] + 6Q[e] = /2 (bulk term) e 5
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Canonical boundary charges
God made the bulk; surfaces were invented by the devil — Wolfgang Pauli

>
4

changing boundary conditions can change physical spectrum
to distinguish asymptotic symmetries from trivial gauge trafos:
perform Hamiltonian analysis in presence of boundaries

in Hamiltonian language: gauge generator G|e| varies as

0G[e] = /E(bulk term) e 0P — /(92 (boundary term) e 0P

not functionally differentiable in general (3: constant time slice)
add boundary term to restore functional differentiability

ST[e] = 6Ge] + 6Q[e] = /2 (bulk term) e 5

yields (variation of) canonical boundary charges

Qle] = [)Z(boundary term) € 6P
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Canonical boundary charges
God made the bulk; surfaces were invented by the devil — Wolfgang Pauli

P to distinguish asymptotic symmetries from trivial gauge trafos:
perform Hamiltonian analysis in presence of boundaries
» in Hamiltonian language: gauge generator G[e| varies as

dGle] = /E(bulk term) e 0P — /(92 (boundary term) e §®

not functionally differentiable in general (2: constant time slice)
» add boundary term to restore functional differentiability

ST[e] = 6G[e] + 6Q[e] = /E (bulk term) € 5

» yields (variation of) canonical boundary charges

Qle] = /(‘)Z(boundary term) € 6P

[ Trivial gauge transformations generated by some € with Q[e] =0
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Simple example: abelian Chern—-Simons

» abelian Chern—Simons action (on cylinder)
k

I[A] B E RxX

ANdA

Note: topological QFT with no local physical degrees of freedom
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Simple example: abelian Chern—-Simons

» abelian Chern—Simons action (on cylinder)
k

I[A] B E RxX

ANdA

> gauge trafos 6. A = de
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Simple example: abelian Chern—-Simons

» abelian Chern—Simons action (on cylinder)
k

= — ANdA
AT Jrxx

IA]

> gauge trafos 6. A = de
» canonical analysis yields boundary charges (background independent)

k
IQle] = by éEE(SA
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Simple example: abelian Chern—-Simons

» abelian Chern—Simons action (on cylinder)
k

I[A] B E RxX

ANdA

> gauge trafos 6. A = de
» canonical analysis yields boundary charges (background independent)

Qld = =

= — A
2 626

» choice of bc's

lim A= 7(p) dp+ pdt 0T =0(1) du=0

r—00

preserved by € = 7)(o)+ subleading
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Simple example: abelian Chern—-Simons

» abelian Chern—Simons action (on cylinder)
k

I[A] B E RxX

ANdA
> gauge trafos 6. A = de
» canonical analysis yields boundary charges (background independent)

k
IQle] = by éEE(SA

» choice of bc's

lim A= 7(p) dp+ pdt 0T =0(1) du=0

r—00
preserved by € = 7)(o)+ subleading
P asymptotic symmetry algebra has non-trivial central term

k

{Q['/JL Q[//z]} = 5/;‘Q[’/z] = o jg 12 ///| dp
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Simple example: abelian Chern—-Simons

» abelian Chern—Simons action (on cylinder)
k

= — ANdA
AT Jrxx

IA]

> gauge trafos 6. A = de
» canonical analysis yields boundary charges (background independent)

k
IQle] = by éEE(SA

» choice of bc's

lim A= 7(p) dp+ pdt 0T =0(1) du=0

r—00
preserved by € = 7)(o)+ subleading
P asymptotic symmetry algebra has non-trivial central term
k

{Q['/JL Q[//z]} = 5/;‘Q[’/z] = o jg 12 ///| dp

> Fourier modes J,, ~ ¢ J¢""* yield u(1)x current algebra, i{./,., Ji.} = &N 6nsm,o0
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Edge states
see e.g. Halperin '82, Witten '89, or Balachandran, Chandar, Momen '94

» changing boundary charges changes physical state
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https://journals.aps.org/prb/abstract/10.1103/PhysRevB.25.2185
https://projecteuclid.org/euclid.cmp/1104178138
https://arxiv.org/abs/gr-qc/9412019

Edge states
see e.g. Halperin '82, Witten '89, or Balachandran, Chandar, Momen '94

» changing boundary charges changes physical state
» boundary charges (if non-trivial) thus generate edge states
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https://journals.aps.org/prb/abstract/10.1103/PhysRevB.25.2185
https://projecteuclid.org/euclid.cmp/1104178138
https://arxiv.org/abs/gr-qc/9412019

Edge states
see e.g. Halperin '82, Witten '89, or Balachandran, Chandar, Momen '94

» changing boundary charges changes physical state

» boundary charges (if non-trivial) thus generate edge states
» back to abelian Chern—-Simons example:
> asymptotic symmetry algebra (with i{,} — [,])

_k
7 ) 5
[Jza Jm] 2 n5n+m 0

Daniel Grumiller — Gravity and holography in lower dimensions Gravity in three dimensions 14/32


https://journals.aps.org/prb/abstract/10.1103/PhysRevB.25.2185
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Edge states
see e.g. Halperin '82, Witten '89, or Balachandran, Chandar, Momen '94

P changing boundary charges changes physical state
» boundary charges (if non-trivial) thus generate edge states
» back to abelian Chern—Simons example:
P> asymptotic symmetry algebra
[']'11,7 J’m] = gn(anrm,O
> define (highest weight) vacuum

J0y=0  ¥n>0
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Edge states
see e.g. Halperin '82, Witten '89, or Balachandran, Chandar, Momen '94

» changing boundary charges changes physical state
» boundary charges (if non-trivial) thus generate edge states
» back to abelian Chern—-Simons example:
P asymptotic symmetry algebra
[Jna Jm] = %n(anrm,O
» define vacuum
J,10) =0 Vn >0
» descendants of vacuum are examples of edge states
ledge({n;i})) H J_0,10
{”1>0}

eg.
|edge({1a 1742})> = ']31‘1*42|0>
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Edge states
see e.g. Halperin '82, Witten '89, or Balachandran, Chandar, Momen '94

» changing boundary charges changes physical state
» boundary charges (if non-trivial) thus generate edge states
» back to abelian Chern—-Simons example:
P asymptotic symmetry algebra
[Jna Jm] = gn(anrm,O

» define vacuum
‘]II,‘O>:O VTLZO

» descendants of vacuum are examples of edge states

ledge({n;i})) H J_0,10

{”1 >0}

eg.
|edge({1a 1, 42})> = ']El‘]*“12|0>

» theories with no local physical degrees of freedom can have edge
states! = perhaps cleanest example of holography
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Outline

Near horizon soft hair
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Motivation for near horizon boundary conditions
Old idea by Strominger '97 and Carlip '98

Main idea

Impose existence of non-extremal horizon
as boundary condition on state space

Motivations:
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Motivation for near horizon boundary conditions
Old idea by Strominger '97 and Carlip '98

Main idea

Impose existence of non-extremal horizon
as boundary condition on state space

Motivations:

> Want to ask conditional questions “given a black hole, what are the
probabilities for some scattering process”
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Motivation for near horizon boundary conditions
Old idea by Strominger '97 and Carlip '98

Main idea

Impose existence of non-extremal horizon
as boundary condition on state space

Motivations:
> Want to ask conditional questions “given a black hole, what are the
probabilities for some scattering process”

> Want to understand Bekenstein—-Hawking entropy

A

SBH:E

+ O(In(4/Q))
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Motivation for near horizon boundary conditions
Old idea by Strominger '97 and Carlip '98

Main idea

Impose existence of non-extremal horizon
as boundary condition on state space

Motivations:
> Want to ask conditional questions “given a black hole, what are the
probabilities for some scattering process”
> Want to understand Bekenstein—-Hawking entropy

A
Spn = 10 + O(In(4/G))

Why only semi-classical input for entropy?
What are microstates?

Semi-classical construction of microstates?

4. Does counting of microstates reproduce Spy?

W=
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Explicit form of near horizon boundary conditions
See Donnay, Giribet, Gonzalez, Pino '15 and Afshar et al '16

Postulates of near horizon boundary conditions:
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Explicit form of near horizon boundary conditions
See Donnay, Giribet, Gonzalez, Pino '15 and Afshar et al '16

Postulates of near horizon boundary conditions:
1. Rindler approximation

ds? = —%r? df2 +dr? + Quy(t, 2°) dz®da® +
r — 0: Rindler horizon
k: surface gravity

Q,p: metric transversal to horizon
... terms of higher order in r or rotation terms
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Explicit form of near horizon boundary conditions
See Donnay, Giribet, Gonzalez, Pino '15 and Afshar et al '16

Postulates of near horizon boundary conditions:
1. Rindler approximation

d52 = — k22 dt2 —+ dT’2 + Qab(t, SEC) dz?® dl‘b + ...

r — 0: Rindler horizon

k: surface gravity

Q,p: metric transversal to horizon

... terms of higher order in r or rotation terms
2. Surface gravity is state-independent

ok =0
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Explicit form of near horizon boundary conditions
See Donnay, Giribet, Gonzalez, Pino '15 and Afshar et al '16

Postulates of near horizon boundary conditions:
1. Rindler approximation

ds? =~ A + dr” + oyt o) de®da® + ..

r — 0: Rindler horizon

k: surface gravity

Q,p: metric transversal to horizon

... terms of higher order in r or rotation terms
2. Surface gravity is state-independent

ok =0
3. Metric transversal to horizon is state-dependent

Qe = O(1)
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Explicit form of near horizon boundary conditions
See Donnay, Giribet, Gonzalez, Pino '15 and Afshar et al '16

Postulates of near horizon boundary conditions:
1. Rindler approximation

d52 = —Iﬂ?27’2 dt2 + dT’2 + Qab(t7 "EC) dxa dxb +..

r — 0: Rindler horizon

k: surface gravity

Q,p: metric transversal to horizon

... terms of higher order in r or rotation terms
2. Surface gravity is state-independent

ok =0
3. Metric transversal to horizon is state-dependent
Q4 = O(1)

4. Remaining terms fixed by consistency of canonical boundary charges
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Black holes can be deformed into black flowers Afshar et al. 16

Horizon can get excited by area preserving shear-deformations

k=4 k=5 k=6
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Near horizon symmetries = “asymptotic symmetries” for near horizon bc's
Restrict for the time being to AdSs black holes (BTZ)

Simplification in 3d:
ds? = [, i dt? 4 dr? 4+ 4% (@) dp? + 2nw(p)r? dt dgo} (1+ (9(7"2))

» Map from round S! to Fourier-excited S': diffeo () dp = dp
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Near horizon symmetries = “asymptotic symmetries” for near horizon bc's
Restrict for the time being to AdSs black holes (BTZ)

Simplification in 3d:
ds® = [— i dt? 4 dr? 4+ 4% (@) dp? + 2nw(p)r? dt dgp} (1 + O(rQ))

» Map from round S! to Fourier-excited S': diffeo () dp = dp
» Trivial or non-trivial?
Answer provided by boundary charges!
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Near horizon symmetries = “asymptotic symmetries” for near horizon bc's
Restrict for the time being to AdSs black holes (BTZ)

Simplification in 3d:
ds? = [ — w2t dt? + dr? + 4% () d? + 2r w(p)r? dt dgp} (1+ (9(72))
» Map from round S! to Fourier-excited S': diffeo () dp = dp

» Non-trivial diffeo!
» Canonical analysis yields

Q1] ~ f (o) (1) £ ul0)
where et are functions appearing in asymptotic Killing vectors
charge conservation follows from on-shell relations 0,y = 0 = Oyw

explains last word in title: v and w are hair of black hole
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Near horizon symmetries = “asymptotic symmetries” for near horizon bc's
Restrict for the time being to AdSs black holes (BTZ)

Simplification in 3d:
ds? = [— i dt? 4 dr? 4+ 4% (@) dp? + 2nw(p)r? dt dgp} (1+ O(rQ))

» Map from round S! to Fourier-excited S': diffeo () dp = dp
» Non-trivial diffeo!
» Canonical analysis yields

Q1] ~ f (o) (1) £ ul0)
» Near horizon symmetry algebra Fourier modes J; = Q*[eT = %]

[jﬁtv jn:lz:] = %n5n+m,0

Two u(1) current algebras! Afshar et al. 16
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Near horizon symmetries = “asymptotic symmetries” for near horizon bc's
Restrict for the time being to AdSs black holes (BTZ)

Simplification in 3d:
ds? = [7 i dt? 4 dr? 4+ 4% (@) dp? + 2nw(p)r? dt dgo} (1+ (9(7"2))

» Map from round S! to Fourier-excited S': diffeo () dp = dp
» Non-trivial diffeo!
» Canonical analysis yields

Q1] ~ f (o) (1) £ ul0)
» Near horizon symmetry algebra Fourier modes J; = Q*[eT = %]
[T T = 37 0nsm,0
» Isomorphic to Heisenberg algebras plus center
(X0, Pn] =10nm [Py, Xn] =0=[Xo, P]
Po=J) +Jy Xn =T+ =T, Po=2i/n(J5, + Ty ) forn #0
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Unique features of near horizon boundary conditions

1. All states allowed by bc's have same temperature

By contrast: asymptotically AdS or flat space bc's allow for black
hole states at different masses and hence different temperatures
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Unique features of near horizon boundary conditions

1. All states allowed by bc's have same temperature
2. All states allowed by bc's are regular
(in particular, they have no conical singularities at the horizon in the Euclidean

formulation)

By contrast: for given temperature not all states in theories with
asymptotically AdS or flat space bc's are free from conical
singularities; usually a unique black hole state is picked
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Unique features of near horizon boundary conditions

1. All states allowed by bc's have same temperature

2. All states allowed by bc's are regular
(in particular, they have no conical singularities at the horizon in the Euclidean
formulation)

3. There is a non-trivial reducibility parameter (= Killing vector)

By contrast: for any other known (non-trivial) bc's there is no vector
field that is Killing for all geometries allowed by bc's
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Unique features of near horizon boundary conditions

1. All states allowed by bc's have same temperature
2. All states allowed by bc's are regular

(in particular, they have no conical singularities at the horizon in the Euclidean

formulation)
3. There is a non-trivial reducibility parameter (= Killing vector)

4. Technical feature: in Chern—-Simons formulation of 3d gravity simple
expressions in diagonal gauge

AT = b (d+a™) bt
a* = Lo ((1(0) £ () g+ 1 at)
b=exp [(Ly+ — L-)r/2]

L. are sl(2, R) raising/lowering generators
Lo is sl(2, R) Cartan subalgebra generator
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Unique features of near horizon boundary conditions

5.

All states allowed by bc's have same temperature

All states allowed by bc's are regular
(in particular, they have no conical singularities at the horizon in the Euclidean

formulation)
There is a non-trivial reducibility parameter (= Killing vector)

Technical feature: in Chern—Simons formulation of 3d gravity simple
expressions in diagonal gauge

AT = b (d+a™) bt
a* = Lo ((1(0) £ () g+ 1 at)
b=exp [(Ly+ — L-)r/2]

L. are sl(2, R) raising/lowering generators
Lo is sl(2, R) Cartan subalgebra generator

Leads to soft Heisenberg hair (see next slides!)
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Soft Heisenberg hair for BTZ

» Black flower excitations = hair of black holes
Algebraically, excitations from descendants

[black flower) ~ ] J* ,J~ _|black hole)

nE>0

7
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Soft Heisenberg hair for BTZ

» Black flower excitations = hair of black holes
Algebraically, excitations from descendants

[black flower) ~ ] J* ,J~ _|black hole)

nE>0

7

> What is energy of such excitations?
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Soft Heisenberg hair for BTZ

> Black flower excitations = hair of black holes
Algebraically, excitations from descendants
+ -
|black flower) ~ [ T+, - black hole)

nE>0

7

> What is energy of such excitations?
» Near horizon Hamiltonian = boundary charge associated with unit

time-translations™
H = Q0] =r Iy

commutes with all generators 7.

* units defined by specifying
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Soft Heisenberg hair for BTZ

>

Black flower excitations = hair of black holes
Algebraically, excitations from descendants

[black flower) ~ ] J* ,J~ _|black hole)

nE>0

What is energy of such excitations?
Near horizon Hamiltonian = boundary charge associated with unit
time-translations

H=Q[o] =r 1y

commutes with all generators 7.
H-eigenvalue of black flower = H-eigenvalue of black hole
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Soft Heisenberg hair for BTZ

>

Black flower excitations = hair of black holes
Algebraically, excitations from descendants

[black flower) ~ ] J* ,J~ _|black hole)

nE>0

What is energy of such excitations?
Near horizon Hamiltonian = boundary charge associated with unit

time-translations
H = Q0] =r Iy

commutes with all generators 7.
H-eigenvalue of black flower = H-eigenvalue of black hole
Black flower excitations do not change energy of black hole!
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Soft Heisenberg hair for BTZ

>

Black flower excitations = hair of black holes
Algebraically, excitations from descendants

[black flower) ~ ] J* ,J~ _|black hole)

nE>0

What is energy of such excitations?
Near horizon Hamiltonian = boundary charge associated with unit
time-translations
H = Q[@t] =K P(J
commutes with all generators 7.
H-eigenvalue of black flower = H-eigenvalue of black hole
Black flower excitations do not change energy of black hole!

Black flower excitations = soft hair in sense of
Hawking, Perry and Strominger '16
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Soft Heisenberg hair for BTZ

>

Black flower excitations = hair of black holes
Algebraically, excitations from descendants

[black flower) ~ ] J* ,J~ _|black hole)

nE>0

What is energy of such excitations?
Near horizon Hamiltonian = boundary charge associated with unit
time-translations
H = Q[@t] =K P(J
commutes with all generators 7.
H-eigenvalue of black flower = H-eigenvalue of black hole
Black flower excitations do not change energy of black hole!

Black flower excitations = soft hair in sense of
Hawking, Perry and Strominger '16
Call it “soft Heisenberg hair”
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New entropy formula

Express entropy in terms of near horizon charges:
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New entropy formula

Express entropy in terms of near horizon charges:
S =27 P
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New entropy formula

Express entropy in terms of near horizon charges:
S =27 P

» Entropy = parity inv. combination of near horizon charge zero modes
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New entropy formula

Express entropy in terms of near horizon charges:
S =27 P

» Entropy = parity inv. combination of near horizon charge zero modes
» Obeys simple near horizon first law

55=""5(em) = 58 = 6H

with Hawking—Unruh-temperature

2

& refers to any variation of phase space variables allowed by the
boundary conditions
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New entropy formula
Express entropy in terms of near horizon charges:
S =27 P
» Entropy = parity inv. combination of near horizon charge zero modes
» Obeys simple near horizon first law

55=""5(em) = 58 = 6H

with Hawking—Unruh-temperature

T o
» Formula is universal (even when Bekenstein—Hawking does not apply)
higher derivative theories, higher spin theories, higher-dimensional
theories, (A)dS, flat space, warped AdS, ...
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New entropy formula

Express entropy in terms of near horizon charges:
S =27 P

» Entropy = parity inv. combination of near horizon charge zero modes
» Obeys simple near horizon first law

55=""5(em) = 58 = 6H

with Hawking—Unruh-temperature

27
» Formula is universal (even when Bekenstein—Hawking does not apply)
higher derivative theories, higher spin theories, higher-dimensional
theories, (A)dS, flat space, warped AdS, ...
> entropy in Cardy-like form (but linear in charges!)
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New entropy formula

Express entropy in terms of near horizon charges:
S =27 P

» Entropy = parity inv. combination of near horizon charge zero modes
» Obeys simple near horizon first law

55=""5(em) = 58 = 6H

with Hawking—Unruh-temperature

27
» Formula is universal (even when Bekenstein—Hawking does not apply)
higher derivative theories, higher spin theories, higher-dimensional
theories, (A)dS, flat space, warped AdS, ...
> entropy in Cardy-like form (but linear in charges!)

[ Can we understand entropy law microscopically? ]
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Semi-classical microstates?

Given our soft Heisenberg hair, attack now entropy questions
1. Why only semi-classical input for entropy?
2. What are microstates?
3. Semi-classical construction of microstates?
4. Does counting of microstates reproduce Sgy?

Regarding 1. and 3.: may expect decoupling of scales so that description
of microstates does not need info about UV completion, but rather only
some semi-classical “Bohr-like” input

Evidence for this: universality of BH entropy for large black holes

A
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Semi-classical microstates?

Given our soft Heisenberg hair, attack now entropy questions
1. Why only semi-classical input for entropy?
2. What are microstates?
3. Semi-classical construction of microstates?
4. Does counting of microstates reproduce Sgy?

Assume it is possible to construct microstates for large
black holes semi-classically using soft-hair excitations

Possible obstacles:
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Semi-classical microstates?

Given our soft Heisenberg hair, attack now entropy questions
1. Why only semi-classical input for entropy?
2. What are microstates?
3. Semi-classical construction of microstates?
4. Does counting of microstates reproduce Sgy?

Assume it is possible to construct microstates for large
black holes semi-classically using soft-hair excitations

Possible obstacles:
» TMI: no upper bound on soft hair excitations
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Semi-classical microstates?

Given our soft Heisenberg hair, attack now entropy questions
1. Why only semi-classical input for entropy?
2. What are microstates?
3. Semi-classical construction of microstates?
4. Does counting of microstates reproduce Sgy?

Assume it is possible to construct microstates for large
black holes semi-classically using soft-hair excitations

Possible obstacles:
» TMI: no upper bound on soft hair excitations
» possible resolution: cut-off on soft hair spectrum!

Daniel Grumiller — Gravity and holography in lower dimensions Near horizon soft hair 23/32


https://arxiv.org/abs/1607.03120
https://arxiv.org/abs/1706.00436
https://arxiv.org/abs/1706.03104

Semi-classical microstates?

Given our soft Heisenberg hair, attack now entropy questions
1. Why only semi-classical input for entropy?
2. What are microstates?
3. Semi-classical construction of microstates?
4. Does counting of microstates reproduce Sgy?

Assume it is possible to construct microstates for large
black holes semi-classically using soft-hair excitations

Possible obstacles:
» TMI: no upper bound on soft hair excitations
» possible resolution: cut-off on soft hair spectrum!
> TLI Mirbabayi, Porrati '16; Bousso, Porrati '17; Donnelly, Giddings '17: for
asymptotic observer no information from soft hair states
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Semi-classical microstates?

Given our soft Heisenberg hair, attack now entropy questions
1. Why only semi-classical input for entropy?
2. What are microstates?
3. Semi-classical construction of microstates?
4. Does counting of microstates reproduce Sgy?

Assume it is possible to construct microstates for large
black holes semi-classically using soft-hair excitations

Possible obstacles:
» TMI: no upper bound on soft hair excitations
» possible resolution: cut-off on soft hair spectrum!
> TLI Mirbabayi, Porrati '16; Bousso, Porrati '17; Donnelly, Giddings '17: for
asymptotic observer no information from soft hair states
P possible resolution: do not consider asymptotic but near horizon
observer (i.e., employ near horizon bc's and symmetry algebra)

Daniel Grumiller — Gravity and holography in lower dimensions Near horizon soft hair 23/32


https://arxiv.org/abs/1607.03120
https://arxiv.org/abs/1706.00436
https://arxiv.org/abs/1706.03104

Fluff proposal (with Afshar, Sheikh-Jabbari '16 and also with Yavartanoo '17)
Semi-classical BTZ black hole microstates as near horizon descendants of vacuum

Highest weight vacuum |0)
JE0)y=0 V¥n>0
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Fluff proposal (with Afshar, Sheikh-Jabbari '16 and also with Yavartanoo '17)
Semi-classical BTZ black hole microstates as near horizon descendants of vacuum

Highest weight vacuum |0)
JE0)=0 VYn>0
Black hole microstates:
Bl = T (77,75,
{nF>0}

subject to spectral constraint depending on black hole mass M and
angular momentum J (measured by asymptotic observer)
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Fluff proposal (with Afshar, Sheikh-Jabbari '16 and also with Yavartanoo '17)
Semi-classical BTZ black hole microstates as near horizon descendants of vacuum

Highest weight vacuum |0)
JE0)=0 VYn>0
Black hole microstates:
Bn ) = 11 (7 w5, 10)
{nF>0}

subject to spectral constraint depending on black hole mass M and
angular momentum J (measured by asymptotic observer)

Zn MiJ)
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Fluff proposal (with Afshar, Sheikh-Jabbari '16 and also with Yavartanoo '17)
Semi-classical BTZ black hole microstates as near horizon descendants of vacuum

Highest weight vacuum |0)
JE0)=0 VYn>0
Black hole microstates:
B = 1 7% -7,)10)
{nF>0}

subject to spectral constraint depending on black hole mass M and
angular momentum J (measured by asymptotic observer)

Zn MiJ)

derived from Bohr-type quant|zat|on conditions
» quantization of central charge ¢ = 3/(2@G) in integers
» quantization of conical deficit angles in integers over ¢
» black hole/particle correspondence
(black hole = gas of coherent states of particles on AdS3)
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Outline

Gravity in two dimensions

Daniel Grumiller — Gravity and holography in lower dimensions Gravity in two dimensions 25/32



Selected list of models
Black holes in (A)dS2, asymptotically flat or arbitrary spaces (Wheeler property)

| Model U(X) \ V(X)
1. Schwarzschild (1916) = %
2. Jackiw-Teitelboim (1984) 0 AX
3. Witten Black Hole (1991) -+ —20°X
4. CGHS (1992) 0 —2b*
5. (A)dS> ground state (1994) —% BX
6. Rindler ground state (1996) -% BX“
7. Black Hole attractor (2003) 0 BXx™!
8. Spherically reduced gravity (N > 3) _(NN—_Q?X N2 X (N=0)/(N=2)
9. All above: ab-family (1997) —2 BX*tt
10. Liouville gravity a be™™
11. Reissner-Nordstrom (1916) -5 -2\ 4 %2
12. Schwarzschild-(A)dS % -2 —iX
13. Katanaev-Volovich (1986) a BX?—A
14. BTZ/Achucarro-Ortiz (1993) 0 &L _ L AX
15. KK reduced CS (2003) 0 1X(c—X?)
16. KK red. conf. flat (2006) —1 tanh (X/2) Asinh X
17. 2D type OA string Black Hole —% —202X + %
18. exact string Black Hole (2005) lengthy lengthy
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Choice of theory (review: see hep-th/0204253)

» Choice of bulk action
Einstein—Hilbert action not useful

Daniel Grumiller — Gravity and holography in lower dimensions Gravity in two dimensions 27/32



Choice of theory (review: see hep-th/0204253)

» Choice of bulk action
Einstein—Hilbert action not useful

Dilaton gravity in two dimensions (X = dilaton):

1
I[X, = d? XR—-U(X)(VX)?—-2V(X
X, 0] = T [, v/l [XR-UO(VX ~2V(X)
> kinetic potential U(X) and dilaton potential V(X)
» constant dilaton and linear dilaton solutions
» all solutions known in closed form globally for all choices of potentials
>

simple choice (Jackiw—Teitelboim):
UX)=0 V(X)=AX
for negative A = —1/¢? leads to AdSs solutions

v
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Choice of theory (review: see hep-th/0204253)

» Choice of bulk action
JT model:

1
167 Go

Ln[X, 9] = /M d22+/lg] [XR — 2AX]

» Choice of formulation

Use again Cartan formulation
_ 1
~ 81Go

Tcaranle?; w, X9, X] / (XT, + XR — eqpe® A e’ AX)
M

torsion 2-form T% = de® + ¢%w A e” and curvature 2-form R = dw
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Choice of theory (review: see hep-th/0204253)

» Choice of bulk action
JT model:

1

» Choice of formulation

Use again Cartan formulation
1

Tcoranle®, w, X, X] = 837G /M (XaTa + XR — epe® Aed AX)

torsion 2-form T% = de® + ¢%yw A €’ and curvature 2-form R = dw

Rewrite as gauge theory of BF-type (k = 1/(4G2)):
k
M

T
F =dA+ AN A with A €5sl(2,R); co-adjoint scalars X
A = eP, +wJ with [P, J] = €,’Py and [Py, P)] = Aeqy, J
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Choice of theory (review: see hep-th/0204253)

» Choice of bulk action
JT model:

1
167 G2

Lie[X, 9] = /M d%z+/|g| [XR — 2AX]

» Choice of formulation
Gauge theory of BF-type (k = 1/(4G2)):

k
Isr X, A :gﬁ/ (XF) = Iee[X, A, =0
M

F =dA+ AN A with A €5l(2,R); co-adjoint scalars X
» Choice of boundary conditions
Analogous to AdSs:

A=b"Y(d+a)b X=blab
with b = b(p), a = a,(7)dr, x = 2(7), 0b =0 and da = O(1) = oz
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Outline

JT/SYK correspondence
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Interlude: SYK in one slide (Kitaev '15; Maldacena, Stanford '16)

Sachdev-Ye—Kitaev model = strongly interacting quantum system
solvable at large N (N is number of Majorana fermions %)
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Sachdev-Ye—Kitaev model = strongly interacting quantum system
solvable at large N (N is number of Majorana fermions %)

» Hamiltonian Hsyx = japcat® Py with a,b,c,d =1... N
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Interlude: SYK in one slide (Kitaev '15; Maldacena, Stanford '16)

Sachdev-Ye—Kitaev model = strongly interacting quantum system
solvable at large N (N is number of Majorana fermions %)

» Hamiltonian Hsyx = japcat® Py with a,b,c,d =1... N
> Gaussian random interaction (5%, ;) = J?/N3
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Interlude: SYK in one slide (Kitaev '15; Maldacena, Stanford '16)

Sachdev—Ye—Kitaev model = strongly interacting quantum system
solvable at large N (N is number of Majorana fermions %)

» Hamiltonian Hsyx = japcat® Py with a,b,c,d =1... N
> Gaussian random interaction (5%, ;) = J?/N3
» 2-point function G(7) = (*(7)y*(0))
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Interlude: SYK in one slide (Kitaev '15; Maldacena, Stanford '16)

Sachdev—Ye—Kitaev model = strongly interacting quantum system
solvable at large N (N is number of Majorana fermions %)

» Hamiltonian Hyyk = japeat®Ppcep? with a,b,c,d =1... N

> Gaussian random interaction (5%, ;) = J?/N3

» 2-point function G(7) = (Y*(1)*(0))

» sum melonic diagrams G(w) = 1/(—iw — X(w)) with %(7) = J2G3(7)
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Interlude: SYK in one slide (Kitaev '15; Maldacena, Stanford '16)

Sachdev—Ye—Kitaev model = strongly interacting quantum system
solvable at large N (N is number of Majorana fermions %)

» Hamiltonian Hyyk = japeat®Ppcep? with a,b,c,d =1... N
> Gaussian random interaction (5%, ;) = J?/N3

» 2-point function G(7) = (Y*(1)*(0))

» sum melonic diagrams G(w) = 1/(—iw — X(w)) with %(7) = J2G3(7)
» in IR limit 7J > 1 exactly soluble, e.g. on circle (7 ~ 7 + 3)

G(7) ~ sign(7)/sin'/?(n7/3)
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Interlude: SYK in one slide (Kitaev '15; Maldacena, Stanford '16)

Sachdev—Ye—Kitaev model = strongly interacting quantum system
solvable at large N (N is number of Majorana fermions %)

Hamiltonian Heyk = japea?®VPy?® with a,b,c,d =1... N
Gaussian random interaction (5%, ;) = J?/N3
2-point function G(1) = (¢*(7)¥*(0))
sum melonic diagrams G(w) = 1/(—iw — X(w)) with (1) = J2G3(7)
in IR limit 7J > 1 exactly soluble, e.g. on circle (7 ~ 7+ )

G(7) ~ sign(t)/sin’> (77 /) conformal weight A = 1/4

SL(2, R) covariant x — (azx + b)/(cx + d) with z = tan(n7/[)

VVvyYVyYVYY

v
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Interlude: SYK in one slide (Kitaev '15; Maldacena, Stanford '16)

Sachdev—Ye—Kitaev model = strongly interacting quantum system
solvable at large N (N is number of Majorana fermions %)

Hamiltonian Heyvk = japea?0®yh® with a,b,c,d=1... N
Gaussian random interaction (5%, ;) = J?/N3
2-point function G(7) = (¢*(7)*(0))
sum melonic diagrams G(w) = 1/(—iw — %(w)) with 3(7) = J2G3(7)
in IR limit 7J > 1 exactly soluble, e.g. on circle (7 ~ 7+ )

G(r) ~ sign(r)/sin'/?(n7/B)
SL(2, R) covariant x — (azx + b)/(cx + d) with z = tan(n7/[)
effective action at large NV and large J: Schwarzian action

VVvyYVyYVYY

vy

B
F[T]N—]j/du[ij—{—%{ﬂu}] {T;u}:; 27——2
0
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Boundary and integrability conditions for JT
See DG, McNees, Salzer, Valcdrcel, Vassilevich '17 and Gonzdlez, DG, Salzer '18

» Analogous to Brown—Henneaux bc's in AdSs:
ar=Li+L(1) L b= exp (p Lo)
L, usual sl(2) generators

[Lp, Liy) = (n—m) Lptm
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Boundary and integrability conditions for JT
See DG, McNees, Salzer, Valcdrcel, Vassilevich '17 and Gonzdlez, DG, Salzer '18

» Analogous to Brown—Henneaux bc's in AdSs:
ar=L1+ L(1) L b= exp (p Lo)
» bc-preserving gauge trafos € act on £ by infinitesimal Schwarzian

0. L=cL +2L + %5’”
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Boundary and integrability conditions for JT
See DG, McNees, Salzer, Valcdrcel, Vassilevich '17 and Gonzdlez, DG, Salzer '18

» Analogous to Brown—Henneaux bc's in AdSs:
ar =L+ L(1) Ly b= exp (p Lo)
P> bc-preserving gauge trafos ¢ act on L by infinitesimal Schwarzian
S L=cl +2L+ 5"
» integrability condition (f has fixed zero mode 1/7)
ar = frz+g '0rg
with g = exp (—3 ¥'L_1) exp (In(y) L) where f; =1/y
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Boundary and integrability conditions for JT
See DG, McNees, Salzer, Valcdrcel, Vassilevich '17 and Gonzdlez, DG, Salzer '18

» Analogous to Brown—Henneaux bc's in AdSs:
ar=L1+ L(1) L b= exp (p Lo)
» bc-preserving gauge trafos € act on £ by infinitesimal Schwarzian
6 L=cl +2L+ 5"
> integrability condition (f; has fixed zero mode 1/%)
ar = fra+g g
> rewrite f; = %&f, with well-defined diffeo, f(7+ 8) = f(7)+
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Boundary and integrability conditions for JT
See DG, McNees, Salzer, Valcdrcel, Vassilevich '17 and Gonzdlez, DG, Salzer '18

» Analogous to Brown—Henneaux bc's in AdSs:
ar =L+ L(1) Ly b= exp (p Lo)
P> bc-preserving gauge trafos ¢ act on L by infinitesimal Schwarzian
S L=cl +2L+ 5"
» integrability condition (f has fixed zero mode 1/7)
ar = frz+g '0rg

> rewrite f; = %&f, with well-defined diffeo, f(7 + ) = f(7)+
» finite on-shell action, I'|p—g = —k 5 C/ (27 y)

note: boundary action given by

IaM~/deTT&“(x2) ~/deTc
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Boundary and integrability conditions for JT
See DG, McNees, Salzer, Valcdrcel, Vassilevich '17 and Gonzdlez, DG, Salzer '18

» Analogous to Brown—Henneaux bc's in AdSs:
ar=L1+ L(1) L b= exp (p Lo)
» bc-preserving gauge trafos € act on £ by infinitesimal Schwarzian

0L =cl +2L + %5’”

v

integrability condition (f; has fixed zero mode 1/7)
ar = frx+ 97187'9

> rewrite f; = %&f, with well-defined diffeo, f(7 + ) = f(7) +
» finite on-shell action, I'|p—g = —k 5 C/ (27 y)

> defining inverse diffeo, f~!(u) := 7(u) and inserting into Casimir

F|F:0[T]——% du [T L+§{T, u}] {riu}=——-=-—=

0

yields Schwarzian action, with k ~ N and 1/y ~ J
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Summary

» Lower dimensional holography
» Gauge theory formulation convenient
» Boundary conditions crucial
> Asymptotic symmetries give clues about dual QFT
> Physical states in form of edge states can exist
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Summary

» Lower dimensional holography
» Gauge theory formulation convenient
» Boundary conditions crucial
> Asymptotic symmetries give clues about dual QFT
> Physical states in form of edge states can exist
» Specific recent topics
» Near horizon soft hair
> JT/SYK correspondence
» Selected challenges for the future
» Good model for flat space holography?
» Complete model of evaporating black hole?
» How general is holography?

» Numerous open questions in gravity and holography
» Many can be addressed in lower dimensions
» If you are stuck in higher D try D =3 or D =2
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Thank you for your attention!
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