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Investigate quantum gravity aspects of string theory

Insights into

— notion of background independence

— spacetime structure of string theory

— symmetries of string theory > Long term goal:
— black holes in string theory use holography

singularity resolution, firewalls, soft hairs

— resolution of black hole paradox Y,

What is the dual description of a simple QFT?

Simple = Free or Solvable ...
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Higher Spin AdS/CFT Dualities

What is the dual description of a simple QFT?

(2+1)-dimensional
O(N) vector models

dual to

Higher spin gravity
In AdS4

(1+1)-dimensional
Wx minimal models

dual to

Higher spin gravity
In AdS3

Higher spin gravity (Vasiliev)

Infinite set of massless gauge fields with spin s=2,3,4,..., N, N+1, ...

+ scalar fields
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Why is higher spin gravity interesting?

» Dual description of “simple” QFTs
« Higher spin gravity may be sub sector of tension-less
string theory
Massive string states get massless for o/ — oo
2 n

m°~ — — 0
Oé/

New gauge symmetries present due to higher spin fields

— Hidden symmetries within string theory?

Page 4



Higher Spin Gravity in 3D AdS spacetimes

Interacting higher spin gravity in AdS possible:

Higher spin gravity (Vasiliev)

Infinite set of massless gauge fields with spin s=2,3,4,..., N, N+1, ...
+ scalar fields
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Higher Spin Gravity in 3D AdS spacetimes

Interacting higher spin gravity in AdS possible:

Higher spin gravity (Vasiliev)

Infinite set of massless gauge fields with spin s=2,3,4,..., N, NH\\
+ SC ields

> In 3D: truncation to finitely many higher spin
fields possible

> Formulation in terms of Chern — Simons theory
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Spin-Two Gravity as Chern — Simons theory

Action with negative cosmological constant

S = ! /d%f(RJrLQQ)

160G

Metric may be written in terms of a Vielbein g, = ¢ ¢} 7

. . 1
(Dual) spin connection  wyj = - ¢ wyp

- Package into gauge fields A, A € si(2,R)
A, = (WZ + QZ) L, , Zu — (WZ — e/‘j) L,
> L, are the generators of si(2,R)

[La, Lb] (a — b) a+b s Tl“(LaLb) = —TNab
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Spin-Two Gravity as Chern — Simons theory

Action with negative cosmological constant e .
G = A
1 3 2 ¢ Iur =35 Tr(ey 65)/
S = d°x\/— R e I
167G / : ( i L2> —

-

Metric may be written in terms of a Vielbein g, = ¢/, el; Nab

. . 1
(Dual) spin connection  wyj = - ¢ wyp

- Package into gauge fields A, A € si(2,R)
A, = (WZ + QZ) L, , Zu — (WZ — e/‘j) L,
> L, are the generators of si(2,R)

[La, Lb] (a — b) a+b s Tl”(LaLb) = —TNab
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Spin-Two Gravity as Chern — Simons theory |l

Following actions are classically equivalent: [Witten, '88]

167TG / doy/=g (R i L2>

_ k 2
S = ScslA] — Sos[A]  Scs|A] = 47T/Tr<A/\dA+§A/\A/\A>

where A, A <€ si(2,R) A= (w,+e,) dz", A= (w, —e,)dz*
1

Metric  g,, = §Tr(eu ey)
Equations of motion

F=dA+ANA=0, F=dA+ANA=0
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Higher Spin Gravity as Chern — Simons theory
(spin-two and spin-three fields)
Following actions are classically equivalent:

P7070707
— k 2
S:SCs[A]—Scs[A] SCS[A] :E/TI‘ (A/\dA—'—gAAAAA)
where A, A c si(3,R) A= (w,+e,) dz", A= (w, —e,)dz*

. 1 . . 1
Metric ¢, = §Tr(eu ey) Spin-3 field ¢,., = ETI‘(H(,L%%))

Equations of motion
F=dA+ANA=0, F=dA+ANA=0
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Higher Spin Gravity as Chern — Simons theory I/

Metric-like formalism:

action only known to quadratic order in spin-3 field  [Fredenhagen, "14,"15]

Generalizations with more higher spin fields possible

field cont. gauge algebra asymptotic symmetry algebra
s =2 sl(2,R) ® sl(2, R) Vir @ Vir

s=2,3 sl(3,R) ® sl(3, R) Ws @ W3

s=2,....,.N Sl(N,R)®sl(N,R) Wxn& Wy

s=2,...,00 hs(\) @ hs(\) W (A) & Weo(N)

[Brown, Henneaux '86;
Campeleoni, Fredenhagen, Pfenninger, Theisen, '10, '11

Henneaux, Rey, '10] Page 8



Higher Spin Gravity as Chern — Simons theory I/

Metric-like formalism:

action only known to quadratic order in spin-3 field

Generalizations with more higher spin fields possible

field cont. gauge algebra asymptotic symmetry algebra
s =2 sl(2,R) & sl(2, R) Vir @ Vir

s=2,3 sl(3,R) ® sl(3, R) Ws @ W3

s=2,....,.N Sl(N,R)®sl(N,R) |Wn& Wy

s=2,...,00 hs(\) @ hs(\) W (A) & Weo(N)

Examples of extended symmetries
for higher spin gravity
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Black holes within higher spin gravity

Novel black hole solutions

Generalization of BTZ black hole carrying higher spin charge
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Black holes within higher spin gravity

Novel black hole solutions [MA, Gutperle,Kraus, Perimutter, '11]

Generalization of BTZ black hole carrying higher spin charge

Gauge-invariant characterization Iﬂ ]

Trivial holonomies \\ |
P exp (]{ ATCZT> U i

Partition and correlation functions agree with CFT —

[Kraus, Perlmutter, '11; Gaberdiel et al '12,'13]
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Black holes within higher spin gravity

Novel black hole solutions [MA, Gutperle,Kraus, Perimutter, '11]

Generalization of BTZ black hole carrying higher spin charge

Gauge-invariant characterization i 1
Trivial holonomies \ |

P exp (%Aﬂh‘) U |
Partition and correlation functions agree with CFT —

[Kraus, Perlmutter, '11; Gaberdiel et al '12,'13]

Causal structure not gauge-invariant

Notion of spacetime?
—

A - Entanglement entropy
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Flat space limit of higher spin gravity
l

So far: Higher Spin Gravity in AdS / CFT

Similar duality for asymptotically flat
spacetimes?

+
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So far: Higher Spin Gravity in AdS / CFT

Similar duality for asymptotically flat
spacetimes?

* Naive approach: take limit L — oo

: 1
cosmological constant A= ~73 — 0

+
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Flat space limit of higher spin gravity
l

So far: Higher Spin Gravity in AdS / CFT

Similar duality for asymptotically flat
spacetimes?

* Naive approach: take limit L — oo

: 1
cosmological constant A= ~73 — 0

« Works straightforwardly sometimes, otherwise fails

No No-Go-Theorems for Topological sector of
Higher Spin gravity

+

Higher spin gravity (Vasiliev)

Infinite set of massless gauge fields with spin s=2,3,4,..., N, N+1, ...

+S ields
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Flat space limit of higher spin gravity Il

Does the naive limit from AdS to flat spacetime work?

e Contraction of asymptotic symmetry algebra works!

Take linear combination of Virasoro generators
1
L,=L,—L_, M, = 7 (L, +L_,)

- Wigner-InGnu contraction gives BMS algebra (or GCA, URCA)

CL

[Ln, Lm: — (n — m)Ln+m 4+ —n(n2 — 1)5n+m’0
12
. C
(L, Mol = (n—m)Myysm + 1—]‘2%(712 — 1) ntm.0
‘M, M,,] = 0
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Flat space limit of higher spin gravity 1l

Does the naive limit from AdS to flat spacetime work?

e Chern — Simons formulation

Scs[A] for connection A € isi(2) for spin-2 case and A € isl(3) for spin-3

in particular A = ¢e“T, +w"J, To = My, Vi) Jo=(Ln,Up)
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Flat space limit of higher spin gravity 1l

Does the naive limit from AdS to flat spacetime work?

e Chern — Simons formulation

ScslA] for connection A < isi(2) for spin-2 case and A <€ isl(3) for spin-3
in particular A = ¢e“T, + w"J, T, = (M,,Vy) Jo=(Ln,Upn)
Boundary conditions A =b""(r) (a(v, ¢) + d)b(r) b(r) = exp (gM_l)
with  ag =L, — 242y Ny L Y@ 4 z4)v,

aU:Ml—%M_1+@V_2—|—...

e Spin-2 and spin-3 charges O = Qﬁ /dgb (e/\/ + %/\/l +8aZ + 4k V)
70

giving rise to novel W-algebra extending BMS

[Gonzalez, Matulich, Pino, Troncoso, '13] Page 12



Flat space cosmological solutions

Analogue of Hawking-Page transition:

two different solutions with the same boundary conditions

« Hot flat spacetime (HFS)
ds® = dr? + dr® + r?d¢?

» Flat space cosmology (FSC)

2 _ 2.2
r r o

2 2 2
ds? = (1 - lg) dr? + s dr® + 7 (dg — 5 dr)
r

« Obey: same boundary conditions, no conical singularities, same
temperature 7' = 5~ ! and angular momentum ()

(7, ¢) ~ (7,0 4 2m) ~ (7 + B, ¢ + 5Q)
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Flat space cosmological solutions Il

e Thermodynamics in the semi-classical limit:

For 7" > T. with 7. = Q/27 FSC thermodynamically preferred

o Satisfies first law

» Entropy of flat space cosmologies

N (2R -6+ 3PVR)

SVM(R —3),/1— 2

with — — P

STh = 21k

Page 14



Near horizon geometry and asymptotic symmetry
[MA, Grumiller, Prohazka, Riegler, Wutte, '17]

Near horizon geometry of the FSC is given by
1

A = b_l(aer)b, b = exp (M—P M1> e2M-1 with a = avdv—|—a¢d¢

and a¢:jL0+77Mo+j(3) U0+73(3) Vo,

%ZMPL0+MJM0+M§§)U0+M§))V0.

« Asymptotic symmetry algebra: four copies of u(1) Kac-Moody algebra

4k
[Jna Pm] — kn5n+m,07 [qug)a Pfr(r?)} — ? n5n+m,0-

e “Vacuum definition”

Jn|0) = P,|0) = J0) = PB®0Yy =0, Vn>D0.
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Near horizon geometry and asymptotic symmetry Il

e “Soft hairs” may form a highest weight representations

lw({n,L’n?(:S) mg, m O< H J _n, H ‘](3)(3) H P_p, H P(3 (3)‘0

“Soft hairs” commutate with H

4 4
H = (MJO + ppPo + BM(B)J(B) 3u§§’)Pc§3)>

and hence have the same energy as the vacuum!
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Near horizon geometry and asymptotic symmetry lll
[MA, Grumiller, Prohazka, Riegler, Wutte, '17]

« We can relate both asymptotic symmetry algebras:

Higher Spin Four U(1) Kac
BMS algebra <:> Moody algebras

1 3
Ln = > (Jn_ppp + ZJ,S”pP;?ﬂ) —inP,
PEZL

(Higher spin) BMS algebra is composite with respect to near horizon ASA
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Near horizon geometry and asymptotic symmetry lll
[MA, Grumiller, Prohazka, Riegler, Wutte, '17]

« We can relate both asymptotic symmetry algebras:

Higher Spin Four U(1) Kac
BMS algebra <:> Moody algebras

1 3
Ln = > (Jn_ppp + ZJﬁpP;?’)) —inP,
PEZL

(Higher spin) BMS algebra is composite with respect to near horizon ASA

« Higher Spin entropy in terms of BMS generators simplifies

N (2R -6+ 3PVR)
Sth = 27k

STh — 27TPO
8VM(R —3)4/1— 2%
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Conclusions & Summary

 Investigate quantum gravity aspects of
holography / string theory

e Higher spin gravity a convenient playground

Insights into symmetries and spacetime notion of string theory
(tensionless limit)

e Flat space limit in subsector of higher spin gravity possible

— higher spin flat space cosmologies
— Soft hair proposal and near horizon asymptotic algebra

- BMS3 is composite

How general is holography?
Page 18






Appendix: Flat space cosmological solutions

Black holes do not exist in 3d flat spacetimes!

iInstead flat space cosmological solutions

BTZ in AdS

ds® = —

2 2N\(n2 .2 272 7.2 2
(r* =ri)(rs—r2) e r* L dr do ror_ o
r2 [2 (r?2 — ri)(fﬂ — 7“2_) 2 p2

Consider region between the two horizons r— <r <r, andtake L[ — oo

Result in Euclidean signature

2 2d2 2
ds2:7«1( T)dT + o 72 (dp — “dr)

’ +(7“2 _7”0) r?

Note: no conical singularity, but asymptotic conical defect!
A-1
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