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Motivation
How general is holography?

» Holographic principle, if correct, must work beyond AdS/CFT
holographic principle: 't Hooft '93; Susskind '94

AdS/CFT precursor: Brown, Henneaux '86
AdS/CFT: Maldacena '97; Gubser, Klebanov, Polyakov '98; Witten
'08

non-unitary holography:
AdS/log CFT '08-'13: review: DG, Riedler, Rosseel, Zojer '13
Vafa '14
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Motivation
How general is holography?

Holographic principle, if correct, must work beyond AdS/CFT

Does it work in flat space?

Can we find models realizing flat space/field theory correspondences?
Are there higher-spin versions of such models?
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part of larger program: non-AdS holography in higher spin gravity

Daniel Grumiller — Flat space higher spin holography Motivation (how general is holography?) 4/29



Motivation
How general is holography?

» Holographic principle, if correct, must work beyond AdS/CFT
» Does it work in flat space?
» Can we find models realizing flat space/field theory correspondences?

Are there higher-spin versions of such models?

v

v

Does this correspondence emerge as limit of (A)dS/CFT?
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v

Does it work in flat space?
Can we find models realizing flat space/field theory correspondences?

Are there higher-spin versions of such models?

v v v

Does this correspondence emerge as limit of (A)dS/CFT?

v

Relation between S-matrix and holographic observables?
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Motivation
How general is holography?
» Holographic principle, if correct, must work beyond AdS/CFT
» Does it work in flat space?
» Can we find models realizing flat space/field theory correspondences?
» Are there higher-spin versions of such models?

» Does this correspondence emerge as limit of (A)dS/CFT?

» Relation between S-matrix and holographic observables?
» Entanglement entropy in flat space (higher spin) gravity?
» possibly O(10%) other questions...

[ Many interesting open issues in flat space holography! ]
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Goals of this talk

1. Review (AdS and flat space) holography

2. Discuss flat space cosmologies (microstates, phase transitions)

3. Start flat space holographic dictionary (sources, 1-point functions)
4

. Generalize to higher spin gravity (avoid no-go's, unitarity)
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Goals of this talk

Review (AdS and flat space) holography
Discuss flat space cosmologies (microstates, phase transitions)
Start flat space holographic dictionary (sources, 1-point functions)

Generalize to higher spin gravity (avoid no-go's, unitarity)

SAEEEE S

List selected open issues

[ Address these issues in 3D! ]

\
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Outline

Simplification (3D)
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“Gravity 3D is a spellbinding experience”

DON'T LET GO
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Some properties of 3D gravity
AdSs3 gravity

» Lowest dimension with black holes and (off-shell) gravitons
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Some properties of 3D gravity
AdSs gravity

>

>

Lowest dimension with black holes and (off-shell) gravitons
Weyl = 0, thus Riemann = Ricci

Einstein gravity: no on-shell gravitons

Formulation as topological gauge theory (Chern—Simons)

Dual field theory (if it exists): 2D

Infinite dimensional asymptotic symmetries (Brown—Henneaux)
Black holes as orbifolds of AdS3 (BTZ)

Microstate counting from AdS3/CFTq

Hawking—Page phase transition hot AdS +» BTZ

Flat space analogues of these features?
Does naive A — 0 limit work?
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Flat space limit
Example 1: Limit of geometries

Global AdS metric (¢ ~ ¢ + 27):
ds3us = d(lp)” — cosh®(%F) dt* + ¢2 sinh® (F) d”
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Flat space limit
Example 1: Limit of geometries

Global AdS metric (¢ ~ ¢ + 27):
ds3us = d(lp)” — cosh®(%F) dt* + ¢2 sinh® (F) d”
Limit £ — oo (r = £p):
ds?,, = dr® — dt? +r? dp? = — du® — 2dudr + r? dp?
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Flat space limit
Example 1: Limit of geometries

Global AdS metric (¢ ~ ¢ + 27):
ds? o = d(tp)? - coshg(%”) dt? 4 (2 sinhQ(%p) dy?
Limit £ — oo (r = £p):
ds?,, = dr? — dt* + 72 dp? = —du® — 2dudr + r? dy?

Flat
BTZ metric:
(7 = ) =) > dr? £
2 T P2 - r— r r —-5 - 2
ds?,, = —~£ £ 5 dt*+ 5 +r? (de— £ dt)
2 r 2
' (5 - H)02 1) '
14 02 -
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Flat space limit

Example 1: Limit of geometries

Global AdS metric (¢ ~ ¢ + 27):
ds? o = d(tp)? - coshg(fp) dt? 4 (2 sinhQ(Tp) dy?
Limit £ — oo (r = £p):
ds?,, = dr® — dt? +r? dp? = — du® — 2dudr + r? dp?
BTZ metric:
iy =~ ;525 ) gy A

o
. T2 +T2 (dgp* gr —
(7 B0 —12)
Limit £ — oo (74 = =+ = finite):

at)*

2
dsZy, =71 (1- —) dt? — L dr

2 72+7‘7 2
T 23 +7r (dgo— 2 dt)
P — +

7«.2
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Flat space limit
Example 1: Limit of geometries

Global AdS metric (¢

~ 4+ 2m):
dsids =

d(ep)* — coshg(fp) dt? 4 (2 sinhQ(Tp) dy?
Limit £ — oo (r = £p):

ds? = dr? — dt? 4+ r? dy? du? — 2dudr + r? dp?
BTZ metric:
2 Tiye2 2 2 12 re
dngz == (62 £ )gr & dt?+ 2 :2 & +r? (def -
' (7 = )2 = 12) ’
Limit £ — oo (74 = =+ = finite):
1 dr? _
ds2eo =72 (1— ) di* — p ({2 +1r2 (dp— ”r dt)?
1--—= T+
Shifted-boost orbifold studied by

more than decade ago
Describes expanding (contracting) Universe in flat space (horizon r =1r_)
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FSC Penrose diagram (2D slice) (graphics from
. )
1

» |: expanding cosmology
relevant patch for thermodynamics

J* J*

» Il: contracting cosmology

> IlI, IV: regions with access to
singularity (wiggly line)

> ;T future time-like infinity
> J7T: future null infinity

> H*: horizon of expanding
cosmology (dashed line)

> H™: horizon of contracting
cosmology (dashed line)

> J7: past null infinity

7 > {7 : past time-like infinity
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Flat space limit
Example 2: Limit of asymptotic boundaries (ultra-relativistic boost)

AdS-boundary: Flat space boundary:

Limit £ — oo

Null infinity holography!
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Flat space limit
Example 3: Limit of asymptotic symmetries ( )

» Take two copies of Virasoro, generators L, L, central charges ¢, ¢
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Lyi=Ln—Loy  My=1(Cot L)
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Flat space limit
Example 3: Limit of asymptotic symmetries ( )

» Take two copies of Virasoro, generators L, L, central charges ¢, ¢

» Define superrotations L,, and supertranslations M,
Lyp:=~Ln—L_  My:=73(Ln+L_y)

» Make ultrarelativistic boost, ¢ — oo (inénU—Wigner contraction)

[Ly, L) = (n—m) Lptm + cL, % (n3 — n) Ont+m,0
Ly, My] = (n—m) Myim + cpr % (n3 - n) Sn+m,0
[M,,, M,,] =0
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Flat space limit
Example 3: Limit of asymptotic symmetries ( )

v

Take two copies of Virasoro, generators L,,, L, central charges ¢, ¢

» Define superrotations L,, and supertranslations M,
Lni=Ln—Lon My =1 (L0t L)
» Make ultrarelativistic boost, ¢ — oo (inénU—Wigner contraction)
Ln, L) =(n—m) L L (n*—n)o
[ ny m] = ( m) n+m + CL 12 (n TL) n+m, 0
Ly, My] = (n—m) Myim + cpr % (n3 - n) Sn+m,0
[M,,, M,,] =0
» |Is precisely the (centrally extended) BMS3 algebra!
» Central charges:
cp=c—¢ cy=(ct+a)/t
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Flat space limit
Example 3: Limit of asymptotic symmetries ( )

v

» Define superrotations L,, and supertranslations M,
Ln=Ln—Len M= (L0 + L)
» Make ultrarelativistic boost, ¢ — oo (inénU—Wigner contraction)
[Ly, L) = (n—m) Lptm + cL, % (n3 - n) Ont+m,0

(L, M) = (n—m) Myt + crr 15 (n° — 1) Snpm, 0
[M,,, M,,] =0

» |Is precisely the (centrally extended) BMS3 algebra!

» Central charges:

cp=c—¢ cy=(ct+a)/t

» BMS3; = GCA; = URCA;

Take two copies of Virasoro, generators L,,, L, central charges ¢, ¢
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Chern—Simons formulation of AdS gravity
CS with weird boundary conditions ( )

Ses = 1 / Cs(4) — - / CS(A)

CS(A) = (AANdA 4+ 2 SANANA)
Locally trivial (pure gauge), but globally non-trivial

» CS action:

with
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» Relation to gravity: k ~ 1/Gn
Dreibein: e/¢ ~ A — A, spin-connection: w ~ A+ A
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Locally trivial (pure gauge), but globally non-trivial
» Relation to gravity: k ~ 1/Gn
Dreibein: e/¢ ~ A — A, spin-connection: w ~ A+ A
» Boundary conditions for sI(2) connections A (A analogously):
Alp, 2) = b~ (p) (d+a(™) + o(1)) b(p)
» AdS boundary conditions: b(p) = exp (pLy) and

a(z®) = (L14 L(zF)L_y) da™

» CS action:

with
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Chern—Simons formulation of AdS gravity
CS with weird boundary conditions ( )

Ses = 1 / Cs(4) — - / CS(A)

CS(A) = (AANdA 4+ 2 SANANA)
Locally trivial (pure gauge), but globally non-trivial
» Relation to gravity: k ~ 1/Gn
Dreibein: e/¢ ~ A — A, spin-connection: w ~ A+ A
» Boundary conditions for sI(2) connections A (A analogously):
Alp, 2) = b~ (p) (d+a(™) + o(1)) b(p)
» AdS boundary conditions: b(p) = exp (pLy) and
a(zt) = (L14 L(zF)L_y) da™

» Virasoro charges and algebra:

Qle] ~ f&(aﬁ)ﬁ(ﬁ) SL=Le+2Le + ﬁa

» CS action:

with
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Chern—Simons formulation of flat space gravity
) (part of PhD thesis)

» CS action: L
Ses =-— [ CS
o= [ S
with iso(2, 1) connection
A=e*M, +wL,
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Chern—Simons formulation of flat space gravity
(part of PhD thesis)

» CS action:

k

with iso(2, 1) connection
A=e*M, +wL,

» Same type of boundary conditions:
A(r, t, ) = b71(r) (d+a(t, ¢) +o(1)) b(r)
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Chern—Simons formulation of flat space gravity
(part of PhD thesis)

» CS action: L
Soo = 1= / CS(A)
with iso(2, 1) connection
A=eM, +wL,
» Same type of boundary conditions:
A(r, t, p) = b_l(r) (d+a(t, )+ 0(1)) b(r)
> Flat space boundary conditions: b(r) = exp (3 rM_1) and
alt, o) = (My — M(p) M_y) dt + (L1 — M() L1 — L(p)M_1) dg
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Chern—Simons formulation of flat space gravity
(part of PhD thesis)

» CS action: L
Soo = 1= / CS(A)
with iso(2, 1) connection
A=eM, +wL,
» Same type of boundary conditions:
A(r, t, p) = b_l(r) (d+a(t, )+ 0(1)) b(r)
> Flat space boundary conditions: b(r) = exp (3 rM_1) and
a(t, ) = (M1 — M(o) M_1) dt + (Ly — M(¢)L_1 — L(p)M_1) de
» BMS charges and BMS/GCA algebra:

Qlens er] ~ f (enm ()M (p) +e(p)L(p))

6o, L =Lep+2Lep+55ef 6, M =M ep+2M e+ €7 6., M =0
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Flat space cosmologies
Graphics by

» Physical states characterized by two functions M () and L(p)
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Flat space cosmologies
Graphics by

» Physical states characterized by two functions M () and L(p)
» Geometric meaning:

ds? = M(p) du?® — 2dudr + 72 dp? + 2L(p) dude
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Flat space cosmologies
Graphics by

» Physical states characterized by two functions M () and L(p)
» Geometric meaning:

ds? = M(p) du?® — 2dudr + 72 dp? + 2L(p) dude

» Physical meaning: M ~ mass, £ ~ angular momentum
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Flat space cosmologies
Graphics by

v

Physical states characterized by two functions M(y) and L(y)
Geometric meaning:

ds? = M(p) du?® — 2dudr + 72 dp? + 2L(p) dude

Physical meaning: M ~ mass, £ ~ angular momentum
Ground state (global flat space): M = —1, L =10

v

vy
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Flat space cosmologies
Graphics by Barnich, Gomberoff, Gonzalez '12

> Physical states characterized by two functions M(y) and L(yp)
» Geometric meaning:

ds® = M(p) du? — 2dudr + 2 de?® + 2L(p) dudyp
» Physical meaning: M ~ mass, £ ~ angular momentum

» Ground state (global flat space): M =—1, L=0
» Flat space cosmologies: M =M >0, L=J

black holes
naked

singularities

naked
singularities

cosmological solutions

J
CTC’s CTC’s 5
_ angular defects
BN noular defects everywhere

1

8G s

Minkowski y
illlglllill' excess

angular excess
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Microstate counting
Cardy-like formula?

» Direct calculation of Cardy-like formula in GCAg with ¢z, =0 (

: )

CM
Saca = mhr,

6has
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Microstate counting
Cardy-like formula?

» Direct calculation of Cardy-like formula in GCAg with ¢z, =0 (

: )

» Limit from AdS results ( )
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Microstate counting
Cardy-like formula?

» Direct calculation of Cardy-like formula in GCAg with ¢z, =0 (

: )
» Limit from AdS results ( )
» Inner horizon Cardy-formula! ( )

mt
Smacro = SAint = =27 \l \/ mner = rmcro

Note the unusual sign between the two terms!
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Microstate counting
Cardy-like formula?

» Direct calculation of Cardy-like formula in GCAg with ¢z, =0 (

: )
» Limit from AdS results ( )
» Inner horizon Cardy-formula! ( )

mt
Smacro = SAim = 277\/ —27 \/ Sianer = Smicro

» Make Inonu-Wigner contraction as before

%(C—i—é) hp=h—h hy=

c,=c—C Cpy =
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Microstate counting
Cardy-like formula?

» Direct calculation of Cardy-like formula in GCAg with ¢z, =0 (

: )
Limit from AdS results ( )
Inner horizon Cardy-formula! ( )

mt
Smacro = SAim = 277\/ —27 \/ Sianer = Smicro

Make inb'nij—Wigner contraction as before

cp=c—¢C Clec—i—E hy =h—h hy =
l

v Yy

v

v

Get contracted Cardy-like formula:

lemhar (hr o cr
Sinner - < )
i 6 har * cM
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Microstate counting
Cardy-like formula?

» Direct calculation of Cardy-like formula in GCAg with ¢z, =0 (

: )

» Limit from AdS results ( )
» Inner horizon Cardy-formula! ( )
Smacro = SAint = lm =27 \l \/ mner = rmcro
» Make inb'nij—Wigner contraction as before
1 - 1 _
c, =c—=¢C CM:Z(C-FE) hy, =h—nh hM:Z(h-i-h)
» Get contracted Cardy-like formula:
leprhar 7 by cy, CM
Sirmer = (7 7) - h == S
cr,=0 T 6 hM + Cpnr/ e =0 L GhM GCA

v

Einstein gravity: ¢, = 0 reproduces correct formula for Sgca of
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Phase transitions

Statement of main result

Hot flat space (¢ ~p+2m)
ds® = £dt* + dr? + 72 dy?
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Phase transitions

Statement of main result

Hot flat space (o ~ ¢ +2m)

E7)? da? (ET)? 2

ds? = +dr? (— 1+ (ET)?) (d ——d

s T+1+(ET)2+( + ( T))(y+1+(E7_)2 )
Flat space cosmology (y ~y+2mrg)

Bagchi, Detournay, Grumiller, Simén '13
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Phase transitions

Derivation from Euclidean path integra
» Evaluate Euclidean partition function in semi-classical limit
Z(T, Q) - /Dg e_F[g] - Ze_r[gc(T7 Q)] X Zﬁuct.

e
boundary conditions specify temperature T, angular velocity 2
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Phase transitions

Derivation from Euclidean path integra
» Evaluate Euclidean partition function in semi-classical limit
Z(T, Q) - /Dg e_F[g] — ZG—F[QC(T7 Q)] X Zﬁuct
e

boundary conditions specify temperature T, angular velocity 2
» Leading contribution:

InZ(T, Q) = —T[§(T, Q)]

Jc is the most dominant classical saddle
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Phase transitions
Derivation from Euclidean path integra

» Evaluate Euclidean partition function in semi-classical limit

Z(T, Q) :l/iDge—F@1::j{je—FWJTVQ”><2amt
ge
boundary conditions specify temperature T, angular velocity 2
» Leading contribution:

InZ(T, Q) = —T[§(T, Q)]

Jc is the most dominant classical saddle
» Two Euclidean saddle points in same ensemble if
» same temperature T and angular velocity €2
» obey flat space boundary conditions
» solutions without conical singularities
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Phase transitions
Derivation from Euclidean path integra

» Evaluate Euclidean partition function in semi-classical limit

Z(T, Q) = /pg e Tlal — Ze—l“[gc(ﬂ D % Zaoer,
ge
boundary conditions specify temperature T, angular velocity 2
» Leading contribution:

InZ(T, Q) = —T[§(T, Q)]

Jc is the most dominant classical saddle
» Two Euclidean saddle points in same ensemble if
» same temperature T and angular velocity €2
» obey flat space boundary conditions
» solutions without conical singularities

» Determine saddle with lowest free energy (smallest on-shell action T")
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Phase transitions
Derivation from Euclidean path integral

» Evaluate Euclidean partition function in semi-classical limit

Z(T, Q) = / Dge ) =3 " e o@D 5 7,
ge
boundary conditions specify temperature T, angular velocity 2
» Leading contribution:

InZ(T, Q) = —T[§(T, Q)]

Jc is the most dominant classical saddle
» Two Euclidean saddle points in same ensemble if
» same temperature T and angular velocity €2
» obey flat space boundary conditions
» solutions without conical singularities
» Determine saddle with lowest free energy (smallest on-shell action T")

[ For this to work need full action I'! ]
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Towards a holographic dictionary
0-point function (Detournay, DG, Schéller, Simén '14)

» Full (holographically renormalized) action:

_ 3 _ 2
b=- 16G/d Vo R 16G/dfo
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Towards a holographic dictionary
0-point function (Detournay, DG, Schéller, Simén '14)

» Full (holographically renormalized) action:

_ 3 _ 2
b=- 16G/d R 160/(1fo

» Boundary term is half of Gibbons—Hawking—York!
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Towards a holographic dictionary
0-point function (Detournay, DG, Schéller, Simén '14)

» Full (holographically renormalized) action:

— 3 _ d2 K
16G/d VIR 16G x\f

» Boundary term is half of Glbbons—Hawklng—York!
» 0I' = 0 on-shell for all allowed variations dg
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Towards a holographic dictionary
0-point function (Detournay, DG, Schéller, Simén '14)

» Full (holographically renormalized) action:

_ 3 _ 2
b=- 16G/d R 16G Lev K

» Boundary term is half of Glbbons—Hawklng—York!
» 0I' = 0 on-shell for all allowed variations dg
> Free energy: F(T, Q) =TT(T, Q)
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Towards a holographic dictionary
0-point function (Detournay, DG, Schéller, Simén '14)

» Full (holographically renormalized) action:

— 3 _ 2
I'=- 16G/d z\/g R 16G d:n\fK

Boundary term is half of Glbbons—Hawklng—York!
6" = 0 on-shell for all allowed variations dg

Free energy: F(T, Q) =TT(T, Q)

Free energy of flat space cosmology solutions:
r%r B 272
8G 2602

vV vyyVvyYyy

FFSC (T7 Q)
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Towards a holographic dictionary
0-point function (Detournay, DG, Schéller, Simén '14)

» Full (holographically renormalized) action:

— 3 _ 2
I'=- 16G/d z\/g R 16G d:n\fK

» Boundary term is half of Glbbons—Hawklng—York!
» 0I' = 0 on-shell for all allowed variations dg
> Free energy: F(T, Q) =TT(T, Q)
» Free energy of flat space cosmology solutions:
2 7272
Frso(T, Q =+ =
wso(Th ) = —g0 = ~500
> Free energy of (hot) flat space:
1
Fups(T, Q) = ——
HFS( 9 ) 8G
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Towards a holographic dictionary
0-point function (Detournay, DG, Schéller, Simén '14)

» Full (holographically renormalized) action:

— 3 _ 2
I'=- 16G/d z\/g R 16G d:n\fK

» Boundary term is half of Glbbons—Hawklng—York!
» 0I' = 0 on-shell for all allowed variations dg
> Free energy: F(T, Q) =TT(T, Q)
» Free energy of flat space cosmology solutions:
2 7272
Frso(T, Q =+ =
wso(Th ) = —g0 = ~500
> Free energy of (hot) flat space:
1
Fups(T, Q) = ——
HFS( 9 ) 8G

v

Phase transition at self-dual point (r4 = 1):
2T, = Q T >1T,.:FSCstable T < T.:HFS stable
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Towards a holographic dictionary
Sources and 1-point functions (Detournay, DG, Schéller, Simén '14)

» Sources 1,,,: non-normalizable solutions to linearized EOM
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» Linearized solutions: locally pure gauge in Einstein gravity
Vv = V& + Vi€,
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Towards a holographic dictionary
Sources and 1-point functions (Detournay, DG, Schéller, Simén '14)

» Sources 1,,,: non-normalizable solutions to linearized EOM
» Linearized solutions: locally pure gauge in Einstein gravity
Vv = V& + Vi€,

» Gauge choice: axial gauge 1,,n" = 0 with n” = §/
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Towards a holographic dictionary
Sources and 1-point functions (Detournay, DG, Schéller, Simén '14)

» Sources 1,,,: non-normalizable solutions to linearized EOM

» Linearized solutions: locally pure gauge in Einstein gravity
Vv = V& + Vi€,

» Gauge choice: axial gauge 1,,n" = 0 with n” = §/

» Non-normalizable solutions with these choices:
Yrp = 2 9-£%4norm. Yop = 2r? 8¢§0—|—norm. Y-+ = 0+norm.

with

¢° =§J(<P)T+§/d<ﬁ§M(<P)
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Towards a holographic dictionary

Sources and 1-point functions (Detournay, DG, Schéller, Simén '14)

» Sources 1,,,: non-normalizable solutions to linearized EOM

» Linearized solutions: locally pure gauge in Einstein gravity
Vv = V& + Vi€,

» Gauge choice: axial gauge 1,,n" = 0 with n” = §/

» Non-normalizable solutions with these choices:
Prp = 12 9-6%+norm., Vpp = 212 9,6 +n0rm. Y77 = 0+norm.
with
& =¢&ilp) T+ %/dwa(@

» Result for 1-point functions then follow from usual holographic
dictionary:

Tloo = 4 [ & ($s6w - 3:6¢))
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Towards a holographic dictionary
Sources and 1-point functions (Detournay, DG, Schéller, Simén '14)

» Sources 1,,,: non-normalizable solutions to linearized EOM

» Linearized solutions: locally pure gauge in Einstein gravity
Vv = V& + Vi€,

» Gauge choice: axial gauge 1,,n" = 0 with n” = §/

» Non-normalizable solutions with these choices:
Prp = 12 9-6%+norm., Vpp = 212 9,6 +n0rm. Y77 = 0+norm.
with
& =¢&ilp) T+ %/dwa(@

» Result for 1-point functions then follow from usual holographic
dictionary:

Tloo = 4 [ & ($s6w - 3:6¢))

» M and J coincide precisely with zero-point canonical charges!
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Outline

Generalization (higher derivatives or spins)
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Flat space chiral gravity
Bagchi, Detournay, DG '12

Conjecture:

Conformal Chern-Simons gravity at level £ = 1 ~
chiral extremal CFT with central charge ¢ = 24

k
Icsa = o / (FAdI‘—l—%F/\F/\F) + flat space bc’s
T
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Flat space chiral gravity
Bagchi, Detournay, DG '12

Conjecture:

Conformal Chern-Simons gravity at level £ = 1 ~
chiral extremal CFT with central charge ¢ = 24

k
Icsa = o / (FAdI‘—l—%F/\F/\F) + flat space bc’s
T

» Symmetries match (Brown—Henneaux type of analysis)
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k
Icsa = o / (FAdI‘—l—%F/\F/\F) + flat space bc’s
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» Symmetries match (Brown—Henneaux type of analysis)
» Trace and gravitational anomalies match
» Perturbative states match (Virasoro descendants of vacuum)
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Flat space chiral gravity
Bagchi, Detournay, DG '12

Conjecture:

Conformal Chern-Simons gravity at level £ = 1 ~
chiral extremal CFT with central charge ¢ = 24

k
Icsa = o / (FAdI‘—l—%F/\F/\F) + flat space bc’s
T

Symmetries match (Brown—Henneaux type of analysis)
Trace and gravitational anomalies match

Perturbative states match (Virasoro descendants of vacuum)
Gaps in spectra match

v vyYyywy
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Flat space chiral gravity
Bagchi, Detournay, DG '12

Conjecture:

Conformal Chern-Simons gravity at level £ = 1 ~
chiral extremal CFT with central charge ¢ = 24

k
Icsa = o / (FAdI‘—l—%F/\F/\F) + flat space bc’s
T

Symmetries match (Brown—Henneaux type of analysis)

Trace and gravitational anomalies match

Perturbative states match (Virasoro descendants of vacuum)
Gaps in spectra match

Microscopic counting of Sgsc reproduced by chiral Cardy formula

vV vyVvyyvyy
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Flat space chiral gravity
Bagchi, Detournay, DG '12

Conjecture:

Conformal Chern-Simons gravity at level £ = 1 ~
chiral extremal CFT with central charge ¢ = 24

k
Icsa = o / (FAdI‘—l—%F/\F/\F) + flat space bc’s
T

Symmetries match (Brown—Henneaux type of analysis)

Trace and gravitational anomalies match

Perturbative states match (Virasoro descendants of vacuum)
Gaps in spectra match

Microscopic counting of Sgsc reproduced by chiral Cardy formula
No issues with logarithmic modes/log CFTs
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Flat space chiral gravity
Bagchi, Detournay, DG '12

Conjecture:

Conformal Chern-Simons gravity at level £ = 1 ~
chiral extremal CFT with central charge ¢ = 24

k
Icsa = o / (FAdI‘—l—%F/\F/\F) + flat space bc’s
T

Symmetries match (Brown—Henneaux type of analysis)

Trace and gravitational anomalies match

Perturbative states match (Virasoro descendants of vacuum)

Gaps in spectra match

Microscopic counting of Sgsc reproduced by chiral Cardy formula
» No issues with logarithmic modes/log CFTs

Missing: full partition function on gravity side

vV vyVvyyvyy

1
Z(q) = J(q) = p + 196884 ¢ + O(¢?)
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Flat space higher spin gravity
Afshar, Bagchi, Fareghbal, DG, Rosseel '13, Gonzalez, Matulich, Pino, Troncoso '13

» AdS gravity in CS formulation: spin 2 — spin 3 ~ sl(2) — sl(3)
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Flat space higher spin gravity
Afshar, Bagchi, Fareghbal, DG, Rosseel '13, Gonzalez, Matulich, Pino, Troncoso '13

» AdS gravity in CS formulation: spin 2 — spin 3 ~ sl(2) — sl(3)

» Flat space: similar!
St = — /CS

with isl(3) connection (e* = zuwelbem

A=e"Ty+w,  To=(Mn, Vi) Jo=(Ln, Un)
isl(3) algebra (spin 3 extension of global part of BMS/GCA algebra)

]

[Lns Min] = (n—m)Mp i

Ly, Un] = (2n — m)Up4m,

[My, Un] = [Ln, Vin] = (2n — m)Viim
Uy U] = (n —m)(2n* 4+ 2m? — nin — 8) Ly
[Un, Vin] = (n —m)(2n® + 2m* — nm — 8) My m

23/29
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Flat space higher spin gravity
Afshar, Bagchi, Fareghbal, DG, Rosseel '13, Gonzalez, Matulich, Pino, Troncoso '13

» AdS gravity in CS formulation: spin 2 — spin 3 ~ sl(2) — sl(3)

» Flat space: similar!
St = — /CS

with isl(3) connection (e* = zuwelbem
A=e'T, +wJ, Ty =My, Vi) Jo = (Ln, Up)
» Same type of boundary conditions as for spin 2:
A(r, t, ) = b~ 1(r) (d+al(t, ¢) + o(1)) b(r)
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Flat space higher spin gravity
Afshar, Bagchi, Fareghbal, DG, Rosseel '13, Gonzalez, Matulich, Pino, Troncoso '13

» AdS gravity in CS formulation: spin 2 — spin 3 ~ sl(2) — sl(3)

» Flat space: similar!
St = — /CS

with isl(3) connection (e* = zuwelbem
A=e"Ty+w,  To=(Mn, Vi) Jo=(Ln, Un)
» Same type of boundary conditions as for spin 2:
Alr, 1. ¢) = b7 (r) (d+alt, @) +o(1)) b(r)
> Flat space boundary conditions: b(r) = exp (3 rM_1) and
alt, ) = (My — M(p)M_y = V(p)V_p) dt
+ (L1 = M(@) L1 = V(p)U-2 — L(p)M_1 — Z(p)V_2) dy
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Flat space higher spin gravity
Afshar, Bagchi, Fareghbal, DG, Rosseel '13, Gonzalez, Matulich, Pino, Troncoso '13

» AdS gravity in CS formulation: spin 2 — spin 3 ~ sl(2) — sl(3)

» Flat space: similar!
St = — /CS

with isl(3) connection (e* = zuwelbem
A=e"Ty+w,  To=(Mn, Vi) Jo=(Ln, Un)
» Same type of boundary conditions as for spin 2:
Alr, 1. ¢) = b7 (r) (d+alt, @) +o(1)) b(r)
> Flat space boundary conditions: b(r) = exp (3 rM_1) and
a(t, ) = (M1 — M(p)M_1 — V(p)V_o) dt
+ (L1 = M(p)Lo1 = V(0)U-2 = L(p)M_1 = Z(p)V_2) dy
» Spin 3 charges:
Qlem; e, ev, eu] ~ }{ (em(@)M(p)+er(@)Lip)+ev )V (9)+eu (9)U(0))
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Flat space higher spin gravity
Asymptotic symmetry algebra at finite level k Afshar, Bagchi, Fareghbal, DG, Rosseel '13

» Do either Brown—Henneaux type of analysis or inénij—Wigner
contraction of two copies of quantum Wj-algebra
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Flat space higher spin gravity
Asymptotic symmetry algebra at finite level k Afshar, Bagchi, Fareghbal, DG, Rosseel '13

» Do either Brown—Henneaux type of analysis or int')nij—Wigner
contraction of two copies of quantum Wj-algebra
» Obtain new type of WW-algebra as extension of BMS (“BMW")

c
[an Lm] = (n—=m)Lytm + é (n3

[L'ru Mm] = (TL - m)M'rH»m + 617]\24 (TLB - n) 5n+m,0

- n) 6n+m, 0

[Un, Un] = (n —m)(2n* + 2m* — nm — 8) Lyt + gﬂ(n —m)Anim
M

96(c+ %)

S

- (n—=m)Ontm + L n(n® = 1)(n® —4) Snim.o
M

12
2 2 96
[Un, Vil = (n = m)(2n” + 2m~ — nm — 8) Mp4m + c—(n —m)Onim
CM
+ —61]; n(n® —1)(n® = 4) 6ntm,o0

A= Ly My p: — 2 (n+2)(n+3)M,  On=> M, M, ,
p P

other commutators as in isl(3) withn € Z
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Flat space higher spin gravity

Asymptotic symmetry algebra at finite level k Afshar, Bagchi, Fareghbal, DG, Rosseel '13

» Do either Brown—Henneaux type of analysis or int')nij—Wigner
contraction of two copies of quantum Wj-algebra
» Obtain new type of W-algebra as extension of BMS (“BMW")

(Lo, L] = (n — m) Lt + % (n® = 1) Snsm.o
(Lo, M] = (0 — m) My sm + % (n® = 1) Sngm. 0
2 2 192
[Un, Un] = (n —m)(2n" 4+ 2m” — nm — 8) Luym + B (n—m)Antm
°M
96(cp+ %
- @(n —m)Onim + L n(n? = 1)(n® = 4) dnim.0

Ciy 12

[Un, V] = (n — m)(2n2 +2m? —nm — 8) Mpt+m + S—G(n —m)Ontm
M

+ %4 n(n® — 1)(n® — 4) Spsm.o

» Note quantum shift and poles in central terms!
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Flat space higher spin gravity
Asymptotic symmetry algebra at finite level k Afshar, Bagchi, Fareghbal, DG, Rosseel '13

» Do either Brown—Henneaux type of analysis or int')nij—Wigner

contraction of two copies of quantum Wj-algebra
» Obtain new type of W-algebra as extension of BMS (“BMW")

[Lyny, Lin] = (n —m)Lptm + % (n® —n) dpim,o

(Lo, M] = (0 — m) My sm + % (n® —n
[Un, U] = (n —m)(2n° + 2m* — nm — 8) Ly +

_ 96(cr+7) cL

5 (0= M) Ot + = n(n? = 1)(n® = 4) Sntm,o
Ciy 12

) (Sn+m,7 0
192

CM

(n—m)Antm

[Un, Vin] = (n —m)(2n° + 2m* — nm — 8) My + 69—6(71 —m)Ontm
‘M

+ M (n? = 1)(n® — 4) 6npm.0
12
» Note quantum shift and poles in central terms!

» Analysis generalizes to flat space contractions of other W -algebras
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Unitarity in flat space
Unitarity leads to further contraction DG, Riegler, Rosseel '14

Facts:
» Unitarity in GCA requires ¢y = 0 (see paper for caveats!)
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» Non-triviality requires then ¢y, # 0
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Facts:
» Unitarity in GCA requires ¢y = 0 (see paper for caveats!)
» Non-triviality requires then ¢y, # 0
» Generalization to contracted higher spin algebras straightforward
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Unitarity in flat space
Unitarity leads to further contraction DG, Riegler, Rosseel '14

Facts:

Unitarity in GCA requires cpy = 0 (see paper for caveats!)
Non-triviality requires then cp, # 0

Generalization to contracted higher spin algebras straightforward
All of them contain GCA as subalgebra

v

vV vy
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Unitarity in flat space
Unitarity leads to further contraction DG, Riegler, Rosseel '14

Facts:

Unitarity in GCA requires cpy = 0 (see paper for caveats!)
Non-triviality requires then cp, # 0

Generalization to contracted higher spin algebras straightforward
All of them contain GCA as subalgebra

cyr = 0 is necessary for unitarity

v

vV v.vyy
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Unitarity in flat space
Unitarity leads to further contraction DG, Riegler, Rosseel '14

Facts:
» Unitarity in GCA requires ¢y = 0 (see paper for caveats!)
» Non-triviality requires then ¢y, # 0
» Generalization to contracted higher spin algebras straightforward
» All of them contain GCA as subalgebra
» cj; = 0 is necessary for unitarity
Limit cp;y — O requires further contraction: U,, — cp; Uy,
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Unitarity in flat space
Unitarity leads to further contraction DG, Riegler, Rosseel '14

Facts:
» Unitarity in GCA requires ¢y = 0 (see paper for caveats!)
» Non-triviality requires then ¢y, # 0
» Generalization to contracted higher spin algebras straightforward
» All of them contain GCA as subalgebra
» cj; = 0 is necessary for unitarity
Limit cp;y — O requires further contraction: U,, — cp; Uy,
Doubly contracted algebra has unitary representations:

[L’ﬂy Lm} - (TL - m)Ln+m + e (nB - ’I’L) 5n+m,0

12
[Ln, Myn] = (n—m)Mpnim
[Ln, Un] = (20 — m)Unm
(M, U] = [Ln, Vi] = (20 = m)Viym
[Uny Um]  [Un, Vin] = 96(n — m ZM M, _,
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Unitarity in flat space
Unitarity leads to further contraction DG, Riegler, Rosseel '14

Facts:
» Unitarity in GCA requires ¢y = 0 (see paper for caveats!)
» Non-triviality requires then ¢y, # 0
» Generalization to contracted higher spin algebras straightforward
» All of them contain GCA as subalgebra
» cj; = 0 is necessary for unitarity
Limit cp;y — O requires further contraction: U,, — cp; Uy,
Doubly contracted algebra has unitary representations:

[Lny Lm} - (TL - m)Ln+m + e (7L3 - TL) 5n+m,0

12
[Ln, Myn] = (n—m)Mpnim
[Ln, Un] = (20 — m)Unm
(M, U] = [Ln, Vi] = (20 = m)Viym
[Uny Um]  [Un, Vin] = 96(n — m ZM M, _,

Higher spin states decouple and become null states!
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Unitarity in flat space
Generic flat space W-algebras DG, Riegler, Rosseel '14

1. NO-GO:

Generically (see paper) you can have only two out of three:
» Unitarity
» Flat space
> Non-trivial higher spin states
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Unitarity in flat space
Generic flat space W-algebras DG, Riegler, Rosseel '14

1. NO-GO:

Generically (see paper) you can have only two out of three:
» Unitarity
» Flat space
» Non-trivial higher spin states

Example:

Flat space chiral gravity
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Unitarity in flat space
Generic flat space W-algebras DG, Riegler, Rosseel '14

1. NO-GO:

Generically (see paper) you can have only two out of three:
» Unitarity
» Flat space
» Non-trivial higher spin states

Example:

Minimal model holography

Gaberdiel, Gopakumar, 1011.2986, 1207.6697
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Unitarity in flat space
Generic flat space W-algebras DG, Riegler, Rosseel '14

1. NO-GO:
Generically (see paper) you can have only two out of three:
» Unitarity
» Flat space
» Non-trivial higher spin states
Example:
Flat space higher spin gravity (Galilean W3 algebra)
Afshar, Bagchi, Fareghbal, DG and Rosseel, 1307.4768
Gonzalez, Matulich, Pino and Troncoso, 1307 .5651
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Unitarity in flat space
Generic flat space W-algebras DG, Riegler, Rosseel '14

1. NO-GO:

Generically (see paper) you can have only two out of three:
» Unitarity
» Flat space
> Non-trivial higher spin states

Compatible with “spirit” of various
no-go results in higher dimensions!
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Unitarity in flat space
Generic flat space W-algebras DG, Riegler, Rosseel '14

1. NO-GO:

Generically (see paper) you can have only two out of three:
» Unitarity
» Flat space
> Non-trivial higher spin states

Compatible with “spirit” of various
no-go results in higher dimensions!

2. YES-GO:

There is (at least) one counter-example, namely a Vasiliev-type of theory,
where you can have all three properties!

Unitary, non-trivial flat space higher spin algebra exists!
Vasiliev-type flat space chiral higher spin gravity?
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Unitarity in flat space
Flat space W.-algebra compatible with unitarity DG, Riegler, Rosseel '14

» We do not know if flat space chiral higher spin gravity exists...
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Unitarity in flat space
Flat space W.-algebra compatible with unitarity DG, Riegler, Rosseel '14

» We do not know if flat space chiral higher spin gravity exists...
> ...but its existence is at least not ruled out by the no-go result!
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Unitarity in flat space
Flat space W.-algebra compatible with unitarity DG, Riegler, Rosseel '14

» We do not know if flat space chiral higher spin gravity exists...

..but its existence is at least not ruled out by the no-go result!
» If it exists, this must be its asymptotic symmetry algebra:

5]
[V:rzv Vrlz] = Z ggr(ﬁlﬂ 71) Vrlntzr;% + C%;(ﬁl,) 5 5771,+n,0

| %]
Vi Wi = g9 (m,n) WH];% WE WIT =0
2r +

m

<

where

Daniel Grumiller — Flat space higher spin holography Generalization (higher derivatives or spins) 27/29



Unitarity in flat space
Flat space W.-algebra compatible with unitarity DG, Riegler, Rosseel '14

» We do not know if flat space chiral higher spin gravity exists...

..but its existence is at least not ruled out by the no-go result!
» If it exists, this must be its asymptotic symmetry algebra:

5]
Vi, Vi = Z 93, (m, ) Vil ™+ ¢(m) 69 im0

| %]
Vi Wi = g9 (m,n) WH];% WE WIT =0
2r +

m

<

ﬁ
Il
o

where '
cy(m) =#(i, m) x ¢ and

» Vacuum descendants W |0) are null states for all i and m!
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Unitarity in flat space
Flat space W.-algebra compatible with unitarity DG, Riegler, Rosseel '14

» We do not know if flat space chiral higher spin gravity exists...
> ...but its existence is at least not ruled out by the no-go result!
» If it exists, this must be its asymptotic symmetry algebra:

5]
[V:rl,v Vrlz] - Z géjr(ﬂl, 71) anﬁ];% + CT]';(‘TTL) 6” 6771*”:0

r=0
= o o
(Vi Wi] = g (m, ) Wi 2 W W] =0
r=0

where
cy(m) =#(i, m) x ¢ and
» Vacuum descendants W |0) are null states for all i and m!

» AdS parent theory: no trace anomaly, but
(Like in conformal Chern—Simons gravity — Vasiliev type analogue?)
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Selected open issues

[ We have answered an ¢ of the open questions. ]
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Selected open issues

[ We have answered an ¢ of the open questions. ]

[ Here are a few more es: ]

» check 2- and 3-point correlators on (higher spin) gravity side
» check semi-classical partition function on (higher spin) gravity side
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[ Here are a few more es: ]

» check 2- and 3-point correlators on (higher spin) gravity side
» check semi-classical partition function on (higher spin) gravity side
» existence of flat space chiral higher spin gravity?
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Selected open issues

[ We have answered an ¢ of the open questions. ]

[ Here are a few more es: ]

check 2- and 3-point correlators on (higher spin) gravity side
check semi-classical partition function on (higher spin) gravity side
existence of flat space chiral higher spin gravity?

Bondi news and holography?

novel boundary conditions (both .#*)?

vV vyVvYyyvyy
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[ We have answered an ¢ of the open questions. ]

[ Here are a few more es: ]

check 2- and 3-point correlators on (higher spin) gravity side

check semi-classical partition function on (higher spin) gravity side
existence of flat space chiral higher spin gravity?

Bondi news and holography?

novel boundary conditions (both .#*)?

holographic entanglement entropy in flat space (higher spin) gravity
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Selected open issues

[ We have answered an ¢ of the open questions. ]

[ Here are a few more es: ]

check 2- and 3-point correlators on (higher spin) gravity side

check semi-classical partition function on (higher spin) gravity side
existence of flat space chiral higher spin gravity?

Bondi news and holography?

novel boundary conditions (both .#*)?

holographic entanglement entropy in flat space (higher spin) gravity

vV VvV vy VvV VvyYyvyywy

» Long way to go before fully understanding flat space holography
» Part of the path now seems clear and may lead to new insights

» Other parts probably will require novel techniques
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