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(perturbative) gauge theories from the dual string theory?
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Three Motivations

e Understand (classical) string theory on strongly curved AdS
backgrounds. Can we reproduce features of weakly coupled
(perturbative) gauge theories from the dual string theory?

@ Are there simpler (non-supersymmetric) examples of AdS/CFT than
gauge-string dualities? Yes - for vector-like large N theories.
Potentially more tractable.

o Can tractable holographic examples teach us about stringy geometry?
- black holes and their thermodynamics in a theory with much larger
gauge invariances. Resolution of singularities?

@ We will focus on some of the recent progress in answering the second
and third questions. | find the first question very interesting but not
much progress has been made on this front and in the rest of the
introduction will make some remarks about this.
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@ Classical limit Gy — 0 <+ N — oo

@ Conventional Einstein theories (with small higher derivative
corrections) are dual to large N CFTs with A — oo.

Most bulk calculations in AdS/CFT are in this regime - ultra strong
coupling in the CFT.

@ What if we are interested in the CFT with A\ ~ O(1)?

. - . 1
We need to quantize string theory on AdS with Rz‘sds ~ A3,

Currently outside analytic control even for SUSY theories.
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Introduction
@ Theories of gravity on AdS are dual to CFTs on the boundary
@ Classical limit Gy — 0 <+ N — oo

@ Conventional Einstein theories (with small higher derivative
corrections) are dual to large N CFTs with A — oo.

@ Most bulk calculations in AdS/CFT are in this regime - ultra strong
coupling in the CFT.

@ What if we are interested in the CFT with A\ ~ O(1)?

. - . 1
@ We need to quantize string theory on AdS with Rz‘sds ~ \%.
@ Currently outside analytic control even for SUSY theories.

@ We need a different expansion point rather than A — oo
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@ Consider the free field point A = 0.

@ This has a much larger set of global symmetries than generic
interacting theory.

@ An infinite number of conserved currents of arbitrary spin.
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k=0

o ®(x) is an adjoint scalar for instance. Therefore A(J(*)) =5+ 2 -
twist two currents. (ind =3, A=s+1.)
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@ Consider the free field point A = 0.

@ This has a much larger set of global symmetries than generic
interacting theory.

@ An infinite number of conserved currents of arbitrary spin.

Jpirpie)(X) = ch Tr[0; - - - O @' (X)0pey - - - Oy ®(x)] — (Traces)

o ®(x) is an adjoint scalar for instance. Therefore A(J(*)) =5+ 2 -
twist two currents. (ind =3, A=s+1.)

(s)

@ ¢, ’ are some combinatorial coefficients.

® 0" J(uyir...1is)(x) = 0 by free equations of motion: 9?®(x) = 0.

.
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all spin (i.e. symmetric tensors of rank) s =2...00.
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The bulk gravitational dual should have gauge fields corresponding to
these global symmetries in the boundary theory.

qb(oq...oa;) ~ ¢(o¢1...a5) + V(a1£a2...a5)'

We need a generalization of Einstein's theory with the above
(linearised) gauge invariances and therefore "massless” gauge fields of
all spin (i.e. symmetric tensors of rank) s =2...00.

These fields believed to lie on the leading Regge trajectory (which
contains the graviton) of the string spectrum on AdS (with A = 0).

M1 Hs ~ (1
Analogue of o} ... a5 4 .

.’ |p) in flat space.
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@ The bulk gravitational dual should have gauge fields corresponding to
these global symmetries in the boundary theory.

qb(oq...oa;) ~ ¢(o¢1...as) + V(a1£a2...a5)'

@ We need a generalization of Einstein's theory with the above
(linearised) gauge invariances and therefore "massless” gauge fields of
all spin (i.e. symmetric tensors of rank) s =2...00

@ These fields believed to lie on the leading Regge trajectory (which
contains the graviton) of the string spectrum on AdS (with A = 0).

o Analogue of o/ .../ &M, ... a" |p) in flat space.
@ Prediction for the tensionless limit (45 ~ A% — 0) of the AdS string
theory (Sundborg, Witten, Sezgin- Sundell)
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@ There are many more states in the Yang-Mills theory (therefore the
dual AdS string theory) than these twist two operators.

@ A Hagedorn density of stringy states as opposed to a single Regge
trajectory with a single field for a given spins s.

@ Nevertheless, the sector of twist two operators in the free theory are
closed amongst themselves under the OPE.

@ This should therefore describe a closed subsector of the dynamics of
the full theory.

@ Reasonable to expect that there is a closed subsector for the
dynamics of the dual higher spin gauge fields.

@ A consistent truncation like that to supergravity (when A > 1).
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@ In fact, dynamics highly constrained by the higher spin gauge
symmetries - an alternative to the power of supersymmetry?

@ An almost unique, consistent, classical theory of interacting higher
spin gauge fields in AdSp exists (D = 3,4,5) - constructed by
Vasiliev.

@ Of intermediate complexity between supergravity and full fledged
String Theory.

Rajesh Gopakumar (HRI) Higher Spin Theories and Holography CERN Winter School

8 /52
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What is this consistent truncation?

o Might expect dynamics of this subsector to be simpler compared to
the full "string field theory” of highly curved AdS.

@ In fact, dynamics highly constrained by the higher spin gauge
symmetries - an alternative to the power of supersymmetry?

@ An almost unique, consistent, classical theory of interacting higher
spin gauge fields in AdSp exists (D = 3,4,5) - constructed by
Vasiliev.

@ Of intermediate complexity between supergravity and full fledged
String Theory.

@ Higher spin symmetry is a vast extension of diffeomorphism invariance
and presumably part of the enhanced symmetries of string theory.
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@ Is the full spectrum of the Free Yang-Mills theory organized by the
higher spin symmetry of the twist two operators? Some evidence
(Bianchi et.al.)
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@ What about going away from A\ = 0?7 Difficult to have higher spin
symmetry exactly preserved in an interacting CFT in d > 2.
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@ Is the full spectrum of the Free Yang-Mills theory organized by the
higher spin symmetry of the twist two operators? Some evidence
(Bianchi et.al.)

@ What about going away from A\ = 0?7 Difficult to have higher spin
symmetry exactly preserved in an interacting CFT in d > 2.

@ Analogue of Coleman-Mandula Theorem (Maldacena-Zhiboedev). All
correlation functions of higher spin currents J(8) that of a free theory
(either bosons or fermions). This is true for any finite N but need not
be true at infinite V.
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@ Is the full spectrum of the Free Yang-Mills theory organized by the
higher spin symmetry of the twist two operators? Some evidence
(Bianchi et.al.)

@ What about going away from A\ = 0?7 Difficult to have higher spin
symmetry exactly preserved in an interacting CFT in d > 2.

@ Analogue of Coleman-Mandula Theorem (Maldacena-Zhiboedev). All
correlation functions of higher spin currents J(8) that of a free theory
(either bosons or fermions). This is true for any finite N but need not
be true at infinite V.

@ Indications that the higher spin symmetry is higgsed in the bulk.
(Porrati et.al.) Thus higher symmetry might be broken in a controlled
way.
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@ Is the full spectrum of the Free Yang-Mills theory organized by the
higher spin symmetry of the twist two operators? Some evidence
(Bianchi et.al.)

@ What about going away from A\ = 0?7 Difficult to have higher spin
symmetry exactly preserved in an interacting CFT in d > 2.

@ Analogue of Coleman-Mandula Theorem (Maldacena-Zhiboedev). All
correlation functions of higher spin currents J(8) that of a free theory
(either bosons or fermions). This is true for any finite N but need not
be true at infinite V.

@ Indications that the higher spin symmetry is higgsed in the bulk.
(Porrati et.al.) Thus higher symmetry might be broken in a controlled
way.

@ However, in d = 2, we know there are interacting theories with higher
spin conserved currents (both massive and conformal).

4
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Vasiliev Theories

General Features of the Vasiliev Theory

@ Very non-linear realization of the higher spin symmetry - vast
generalization of diffeomorphism invariant theories.

V.
Rajesh Gopakumar (HRI) Higher Spin Theories and Holography CERN Winter School 10 / 52




Motivations Introduction Vasiliev Theories AdS, /CFT3 Ad.

General Features of the Vasiliev Theory

@ Very non-linear realization of the higher spin symmetry - vast
generalization of diffeomorphism invariant theories.

@ Necessarily contains an infinite tower of higher spin fields (excepting
for special cases in D = 3).

V.
Rajesh Gopakumar (HRI) Higher Spin Theories and Holography CERN Winter School 10 / 52




Overview Motivations Introduction Vasiliev Theories AdS, /CFT3

Checks/Generalis
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@ Does not appear to reduce (in any limit) to Einstein's equations for
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General Features of the Vasiliev Theory

@ Very non-linear realization of the higher spin symmetry - vast
generalization of diffeomorphism invariant theories.

@ Necessarily contains an infinite tower of higher spin fields (excepting
for special cases in D = 3).

@ Does not appear to reduce (in any limit) to Einstein's equations for
D > 3.

@ Appears to contain an infinite number of derivatives - non-local on
the scale of the AdS radius.

@ No action principle known, as of now (except for special cases in
D = 3) - though believed to exist.

@ The flat space limit appears to be singular - though the theory can be

defined in dS as well. )
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Vasiliev Theories

Free Higher Spin Theory

@ Start with non-interacting theory of massless higher spin fields
P(as...as) IN @ curved background (Fronsdal).

B

PByar...os—a — 0 Pay...os ™~ Pog...as T Valfag...as

Rajesh Gopakumar (HRI) Higher Spin Theories and Holography CERN Winter School 11 / 52



Vasiliev Theories

Free Higher Spin Theory

@ Start with non-interacting theory of massless higher spin fields
P(as...as) IN @ curved background (Fronsdal).

B o / / 3
@3701_”(]5 e 0 Gay...as ~ Pay..as T Var€ay...as
o Gauge parameter is traceless ¢, — 0.

Rajesh Gopakumar (HRI) Higher Spin Theories and Holography CERN Winter School 11 / 52



Motivations Introduction Vasiliev Theories AdS, /CFT3 C o Checks/General

Free Higher Spin Theory

@ Start with non-interacting theory of massless higher spin fields
P(as...as) IN @ curved background (Fronsdal).

B - ‘\ ,
937(}1_“(\5 e 0 Pay...as ™~ Poy...os T+ v(jxlérj\gu.as
o Gauge parameter is traceless ¢, — 0.

@ Linearised equation of motion consistent with gauge invariance

Foras = Vigboros — Ver V'Oraras + Vor Voo Bras .
1

- R (35 D¢a1 -Os + 2g0¢170¢2¢/\043 ocs) =0.
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Motivations Introduction Vasiliev Theories AdS, /CFT3

Free Higher Spin Theory

@ Start with non-interacting theory of massless higher spin fields
P(as...as) IN @ curved background (Fronsdal).

B o g / g
PByat..cs—a — 0 Gay...as ~ Pay..as T Var€ay...as

o Gauge parameter is traceless ¢ = 0.

Os—1

@ Linearised equation of motion consistent with gauge invariance

Foras = Vigboros — Vor Vraras + Vor VorPas ..
1
- R (35 D¢a1 -Os + 2g0¢1,0¢2¢/\a3 ocs) =0.

@ Generalisation of Maxwell and linearised (about AdS) Einstein
equations.
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Vasiliev Theories

@ Follows from the free action given by

1 A

50 = /dDX(z)almas(gdalu.as - §g011,0¢25t)\a3...045)‘

4
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@ Follows from the free action given by

1 A

50 =S /dDX(ﬁalmas(é\:al“.as — §g011,0l25t)\a3...as)‘

@ Challenge is to generalize action/equations of motion to the
interacting theory preserving (" non-abelian”) gauge invariance.
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Introduction Vasiliev Theories AdS, /CFT3

@ Follows from the free action given by

1 A

50 =S /dDX(ﬁalmas(g:al“.as — §ga1,a25t)\a3...as)‘

@ Challenge is to generalize action/equations of motion to the
interacting theory preserving (" non-abelian”) gauge invariance.

@ First recast Fronsdal (linearised) theory by moving to a frame like
formulation : generalization of vielbein and connection

ab
«

...as—1,b

a aj...ds—1 al
e, wg — € , Wer .

4
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Motivations Introduction Vasiliev Theories AdS, /CFT3

@ Follows from the free action given by

1 A

50 =S /dDX(ﬁalmas(g:al“.as — Egal,OQH:)\a}..as)‘

@ Challenge is to generalize action/equations of motion to the
interacting theory preserving (" non-abelian”) gauge invariance.

@ First recast Fronsdal (linearised) theory by moving to a frame like
formulation : generalization of vielbein and connection

ab
«

...as—1,b

a aj...ds—1 al
e, wg — € , Wer .

o Enlarged gauge invariance - generalized local lorentz rotations —
more gauge fields.
5£e;1...as_1 = aaéal...as_l

5/\6;1...35_1 _ éa,b/\almas_l’b; 5Aw;1.,.as_1,b _ 8aAal"'as_1’b

v
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Vasiliev Theories

@ Leads to a whole set of "extra fields” le'"as‘l’bl'”bt, (I<t<s-—1).
Two row Young tableaux - traceless in (a) or (b) indices.

y
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Introduction Vasiliev Theories AdS, /CFT3

@ Leads to a whole set of "extra fields” le'"as‘l’bl'”bt, (I<t<s-—1).
Two row Young tableaux - traceless in (a) or (b) indices.

@ Generalised (linear) curvature tensors defined as

Ra(s—l),b(t) _ dwa(s—l),b(t) + & /\wa(s—l),b(t)c

y
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Overview Motivations Introduction Vasiliev Theories AdS, /CFT3 C o Checks/General

@ Leads to a whole set of "extra fields” le'"as‘l’bl'”bt, (I<t<s-—1).
Two row Young tableaux - traceless in (a) or (b) indices.

@ Generalised (linear) curvature tensors defined as
Ra(s—l),b(t) _ dwa(s—l),b(t) + & /\wa(s—l),b(t)c

@ This is invariant under §.w3(s—1):b(t) — deals—1),b(t) 4 g A eals—1).b(t)c

y
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Motivations Introduction Vasiliev Theories AdS, /CFT3 S3/CFTy Checks/Generalis

@ Leads to a whole set of "extra fields” le'”as‘l’bl'”bt, (I<t<s-—1).
Two row Young tableaux - traceless in (a) or (b) indices.
@ Generalised (linear) curvature tensors defined as
Ra(s=1)b(8) _ g a(s=1b(e) 4 5 p ya(s—D)b(t)e
@ This is invariant under §.w3(s—1):b(t) — deals—1),b(t) 4 g A eals—1).b(t)c

@ The equations of motion equivalent to Fronsdal theory are:

RAG=1EE) = 0 (t<s—1)
Ra(s—l),b(s—l) _ éc/\édca(s—l)c,b(s—l)d

where C2(s—1)e:b(s=1)d is the generalized Weyl tensor.
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Motivations Introduction Vasiliev Theories AdS, /CFT3 Ad. Checks/Genera

@ Leads to a whole set of "extra fields” le'”as‘l’bl'”bt, (I<t<s-—1).
Two row Young tableaux - traceless in (a) or (b) indices.
@ Generalised (linear) curvature tensors defined as
Ra(s=1)b(8) _ g a(s=1b(e) 4 5 p ya(s—D)b(t)e
@ This is invariant under §.w3(s—1):b(t) — deals—1),b(t) 4 g A eals—1).b(t)c

@ The equations of motion equivalent to Fronsdal theory are:

RAG=1EE) = 0 (t<s—1)
Ra(s—l),b(s—l) _ éc/\édca(s—l)c,b(s—l)d

where C2(s—1)e:b(s=1)d is the generalized Weyl tensor.

@ In the case of s = 2, these are T2 = 0 (torsion free) and
R3> = &. A 84C?%b9 (vanishing of Ricci tensor).
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Vasiliev Theories

@ The (generalized) Weyl tensor is constrained by Bianchi identities but
otherwise arbitrary.

v
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Vasiliev Theories

@ The (generalized) Weyl tensor is constrained by Bianchi identities but
otherwise arbitrary.

@ This is captured by the "unfolded formalism” - express e.o.m. in
terms of constraints on an infinite number of auxiliary fields.

v
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Introduction Vasiliev Theories AdS, /CFT3

@ The (generalized) Weyl tensor is constrained by Bianchi identities but
otherwise arbitrary.

@ This is captured by the "unfolded formalism” - express e.o.m. in
terms of constraints on an infinite number of auxiliary fields.

o E.g. for massless scalar fields (s = 0) satisfying 9°C = 0, define a
tower of symmetric traceless zero form fields C(@1--2") and the chain
of equations between them

dC =8, A C?, dC™ =&, AC3% etc.
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Motivations Introduction Vasiliev Theories AdS, /CFT3

@ The (generalized) Weyl tensor is constrained by Bianchi identities but
otherwise arbitrary.

@ This is captured by the "unfolded formalism” - express e.o.m. in
terms of constraints on an infinite number of auxiliary fields.

o E.g. for massless scalar fields (s = 0) satisfying 9°C = 0, define a
tower of symmetric traceless zero form fields C(@1--2") and the chain
of equations between them

dC =8, A C?, dC™ =&, AC3% etc.

@ This simply defines the successive derivatives of C and the e.o.m.
follows from the tracelessness of the C(a1n) je. n, ,, C%% = 0.
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Motivations Introduction Vasiliev Theories AdS, /CFT3 a CFT, Checks/Genera

@ The (generalized) Weyl tensor is constrained by Bianchi identities but
otherwise arbitrary.

@ This is captured by the "unfolded formalism” - express e.o.m. in
terms of constraints on an infinite number of auxiliary fields.

o E.g. for massless scalar fields (s = 0) satisfying 9°C = 0, define a
tower of symmetric traceless zero form fields C(@1--2") and the chain
of equations between them

dC =8, A C?, dC™ =&, AC3% etc.

@ This simply defines the successive derivatives of C and the e.o.m.
follows from the tracelessness of the C(a1n) je. n, ,, C%% = 0.

@ One can do something similar with gauge fields (s=1) and gravity
(s=2) using Bianchi identities.

v

Rajesh Gopakumar (HRI) Higher Spin Theories and Holography CERN Winter School 14 / 52



Vasiliev Theories

e For gravity, Bianchi identity DR = &. A 84DC3P9 = 0.

v
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Vasiliev Theories

e For gravity, Bianchi identity DR = &. A 84DC3P9 = 0.

@ An analysis of the symmetries of the RHS implies
Dcac,bd — éf(zcacf,bd + Cacb,df + Cacd,bf)_

v
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Motivations Introduction Vasiliev Theories AdS, /CFT3

For gravity, Bianchi identity DR = &. A 84DC2P9 = (.

An analysis of the symmetries of the RHS implies
Dcac,bd — éf(zcacf,bd + Cacb,df + Cacd,bf)_

@ The new auxiliary fields C<f+9 parametrise the non-vanishing first
derivatives of the Weyl tensor. But they are not completely arbitrary.

v
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Motivations Introduction Vasiliev Theories AdS, /CFT3 Ad.

e For gravity, Bianchi identity DR = &. A 84DC3P9 = 0.

@ An analysis of the symmetries of the RHS implies
Dcac,bd — éf(zcacf,bd + Cacb,df + Cacd,bf)_

@ The new auxiliary fields C<f+9 parametrise the non-vanishing first
derivatives of the Weyl tensor. But they are not completely arbitrary.

@ Repeating the Bianchi identity (essentially d? = 0) on the first
derivatives gives a constraint on the non-vanishing second derivatives
and so on

DC3(2+k),b(2) _ éf<(k 4 2)Ca(k+2)f,bd 4 calk+2)b,df | Ca(k+2)d,bf>
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Overview Motivations Introduction Vasiliev Theories AdS, /CFT3 d. CFT, Checks/Genera

e For gravity, Bianchi identity DR = &. A 84DC3P9 = 0.

@ An analysis of the symmetries of the RHS implies
Dcac,bd — éf(2cacf,bd + Cacb,df + Cacd,bf)_

@ The new auxiliary fields C<f+9 parametrise the non-vanishing first
derivatives of the Weyl tensor. But they are not completely arbitrary.

@ Repeating the Bianchi identity (essentially d? = 0) on the first
derivatives gives a constraint on the non-vanishing second derivatives
and so on

DCa2+k),b(2) _ éf<(k 1 2)Ca(k+2)f,bd 4 calk+2)b,df | Ca(k+2)d,bf>

@ So we have the derivatives of the Weyl tensor captured by auxiliary
field labelled by two row Young Tableaux with (k + 2) and two boxes
respectively.

v
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Vasiliev Theories

@ More generally, for the higher spin s fields we have the generalized
Weyl tensor and derivatives consisting of two row Young tableaux
with (k4 s) and s boxes respectively - C2(k+5).b(s)
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Vasiliev Theories

More generally, for the higher spin s fields we have the generalized
Weyl tensor and derivatives consisting of two row Young tableaux
with (k4 s) and s boxes respectively - C2(k+5).b(s)

@ They obey the relations

Dca(s+k),b(s) _ éf((k + 2)Ca(s+k)f,b(s) + SCa(erk)(bl,b(sfl))f)
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Overview Motivations Introduction Vasiliev Theories AdS, /CFT3 Ad

@ More generally, for the higher spin s fields we have the generalized
Weyl tensor and derivatives consisting of two row Young tableaux
with (k4 s) and s boxes respectively - C2(k+5).b(s)

@ They obey the relations

DC3(s+k).b(s) — éf< (k +2)C3(sTRFL(S) 4 SCa(erk)(bl,b(sfl))f)

@ Thus the content of the linearised Fronsdal equations are contained in
the two infinite (for each s) set of equations which are for a)
generalized torsion b) covariant constancy of generalized Weyl tensor.

o
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Weyl tensor and derivatives consisting of two row Young tableaux
with (k4 s) and s boxes respectively - C2(k+5).b(s)

@ They obey the relations

DC3(s+k).b(s) — éf< (k +2)C3(sTRFL(S) 4 SCa(erk)(bl,b(sfl))f)

@ Thus the content of the linearised Fronsdal equations are contained in
the two infinite (for each s) set of equations which are for a)
generalized torsion b) covariant constancy of generalized Weyl tensor.
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Motivations Introduction Vasiliev Theories AdS, /CFT3

@ More generally, for the higher spin s fields we have the generalized
Weyl tensor and derivatives consisting of two row Young tableaux
with (k4 s) and s boxes respectively - C2(k+5).b(s)

@ They obey the relations
DC3(s+k).b(s) — éf< (k +2)C3(sTRFL(S) 4 sCa(erk)(bl,b(sfl))f)

@ Thus the content of the linearised Fronsdal equations are contained in
the two infinite (for each s) set of equations which are for a)
generalized torsion b) covariant constancy of generalized Weyl tensor.

.

RAG=DEO () = 0, (t<s—1)
Ra(s—l),b(s—l)(w) _ éc/\édca(s—l)c,b(s—l)d

pDCals+k)b(s)  _ éf<(k+2)ca(s+k)f,b(s)+SCa(s+k)(b1,b(s—l))f)
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Vasiliev Theories

@ The next step is to move to a spinor basis. E.g. in D = 4, we have
XH# — XP9 (In D = 3 we have X* — X7).

v
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Motivations Introduction Vasiliev Theories AdS, /CFT3

@ The next step is to move to a spinor basis. E.g. in D = 4, we have
XH# — XP9 (In D = 3 we have X* — X7).

@ Then we can go between the bases Ag(y)4(m) D €.C. <> Ay(p)b(q) With
OES %|n+m| and g = [n—m|.
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Overview Motivations Introduction Vasiliev Theories AdS, /CFT3

@ The next step is to move to a spinor basis. E.g. in D = 4, we have
XH# — XP9 (In D = 3 we have X* — X7).

@ Then we can go between the bases Ag(y)4(m) D €.C. <> Ay(p)b(q) With
OES %|n+m| and g = [n—m|.

@ Thus we have for spin s, wés()n)é(m) fields with n+m = 2(s — 1) and
with n — m = 2s and n+ m = 2(s + k).

s)

o (
n— m= 2t and Cﬂ(n)é(m)

v
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Motivations Introduction Vasiliev Theories AdS, /CFT3

The next step is to move to a spinor basis. E.g. in D = 4, we have
XH# — XP9 (In D = 3 we have X* — X7).

@ Then we can go between the bases Ag(y)4(m) D €.C. <> Ay(p)b(q) With
OES %|n+m| and g = [n—m|.

@ Thus we have for spin s, wés()n)é(m) fields with n+m = 2(s — 1) and
n— m =2t and Céii)é(m) with n — m = 2s and n+ m = 2(s + k).
@ We now package together all these individual fields of fixed s into a

"superfield”" using (grassmann even) spinor oscillators Y#, Y9.
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Motivations Introduction Vasiliev Theories AdS, /CFT3

@ The next step is to move to a spinor basis. E.g. in D = 4, we have
XH# — XP9 (In D = 3 we have X* — X7).

@ Then we can go between the bases Ag(y)4(m) D €.C. <> Ay(p)b(q) With
OES %|n+m| and g = [n—m|.

@ Thus we have for spin s, wé() \i(m) fields with n+m =2(s — 1) and
n— m =2t and C[g()) 5(m )Wlth n—m=2sand n+ m=2(s + k).

@ We now package together all these individual fields of fixed s into a
"superfield” using (grassmann even) spinor oscillators Y#, Yo,

@ Thus we have a "connection superfield” (1-form):

JLY=3 % WX) g, by .o

S n,m;n+m=2(s—1)
x  YPyBeyh

v
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Vasiliev Theories

e We similarly have another "Weyl tensor superfield” (0-form):

cvix = COX)p,...8dr..

s n,m;n—m=2s

%  YP yBayh  yom
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Vasiliev Theories

e We similarly have another "Weyl tensor superfield” (0-form):

cvix = COX)p,...8dr..

s n,m;n—m=2s

%  YP yBayh  yom

@ We define
9 0
D = D 55Y— Y:i—
. 52
D = D- YV + ———
(Y 3viays

which obey (D?9)? = (D)? = 0.
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Motivations Introduction Vasiliev Theories

e We similarly have another "Weyl tensor superfield” (0-form):

cvix = COX)p,...8dr..

s n,m;n—m=2s

%  YP yBayh  yom

@ We define
9 0
D = D 55Y— Y:i—
. 52
D = D- YV + ———
(Y 3viays

which obey (D?9)? = (D)? = 0.
o Then the (linearised) curvature is R(Y, Y|X) = D24Q(Y|X).
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Vasiliev Theories

@ Then we can re-express the linearised equations in the unfolded
formalism as
_ .
R(Y,Y|X) = &%)

ic O,Y/X + c.c.
) i S oviars (O V)
bc(y,¥Y|X) = 0
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Vasiliev Theories

@ Then we can re-express the linearised equations in the unfolded
formalism as
_ .
R(Y,Y|X) = &%)

ic O,Y/X + c.c.
) i S oviars (O V)
bc(y,¥Y|X) = 0

@ But we want to go beyond the linearised equations and write down
nonlinear equations for these fields.
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Vasiliev Theories

@ Then we can re-express the linearised equations in the unfolded
formalism as
_ .
R(Y,Y|X) = &%)

ic O,Y/X + c.c.
) _ S oviars (O V)
bc(y,¥Y|X) = 0

@ But we want to go beyond the linearised equations and write down
nonlinear equations for these fields.

@ For that we use the higher spin algebra as captured by the algebra of
spinor oscillators.

[Y2, Y] = 2iP7; [V9, V7] =2ie; [YP, V] =0.
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Vasiliev Theories

@ The AdS, isometries O(3,2) captured by this oscillator construction.

1 1
Mgy = —={Ys, Y5 }; Pgs = =Y3Y;
2i i
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Motivations Introduction Vasiliev Theories AdS, / C

@ The AdS, isometries O(3,2) captured by this oscillator construction.
1 1. -
Mg~ = E{Yﬂv Yob Pgs= 7YBY5
o More generally, the elements T("m) = y5(n) ¥9(m) form a basis for

the higher spin algebra in D = 4 - note that n+ m = 2(s — 1) (in
D = 3, only one set of oscillators).
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Overview Motivations Introduction Vasiliev Theories AdS, /CFT3

@ The AdS, isometries O(3,2) captured by this oscillator construction.

1 1
Mgy = —={Ys, Y5 }; Pgs = =Y3Y;
2i i

o More generally, the elements T("m) = y5(n) ¥9(m) form a basis for
the higher spin algebra in D = 4 - note that n+ m = 2(s — 1) (in
D = 3, only one set of oscillators).

@ They generate the algebra which is schematically

min(sy,s2)—1
[-,—517 Tsz] _ Z T51+52_2/.
=1

i.e. maximum spin s; + s, — 2 and minimum |s; — 5| + 2.
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Overview Motivations Introduction Vasiliev Theories AdS, /CFT3 S3/CFTy Checks/Generalis

@ For realizing the symmetry non-linearly we need to construct the
nonabelian field strength
R(Y,Y|X)=dQ(Y,Y|X)+Q(Y, Y|X)xQ(Y, Y|X) and write
equations in terms of this field and the superfield C(Y, Y|X).
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Overview Motivations Introduction Vasiliev Theories AdS, /CFT3 Ad.

@ For realizing the symmetry non-linearly we need to construct the
nonabelian field strength
R(Y,Y|X)=dQ(Y,Y|X)+Q(Y, Y|X)xQ(Y, Y|X) and write
equations in terms of this field and the superfield C(Y, Y|X).

o It turns out that to do this consistently requires another set of
oscillators Z”, Z% and another auxiliary superfield
S(Y,Z|X) = SpdZ’ + S;dZ°
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Motivations Introduction Vasiliev Theories AdS, /CFT3 AdS3 /CFT,

@ For realizing the symmetry non-linearly we need to construct the
nonabelian field strength
R(Y,Y|X)=dQ(Y,Y|X)+Q(Y, Y|X)xQ(Y, Y|X) and write
equations in terms of this field and the superfield C(Y, Y|X).

o It turns out that to do this consistently requires another set of
oscillators Z”, Z% and another auxiliary superfield
S(Y,Z|X) = SpdZ’ + S;dZ°

@ We also promote Q(Y|X) — W(Y,Z|X) and C(Y|X) — B(Y, Z|X).
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Introduction Vasiliev Theories AdS, /CFT3

@ For realizing the symmetry non-linearly we need to construct the
nonabelian field strength
R(Y,Y|X)=dQ(Y,Y|X)+Q(Y, Y|X)xQ(Y, Y|X) and write
equations in terms of this field and the superfield C(Y, Y|X).

o It turns out that to do this consistently requires another set of
oscillators Z”, Z% and another auxiliary superfield
S(Y,Z|X) = SpdZ’ + S;dZ°

@ We also promote Q(Y|X) — W(Y,Z|X) and C(Y|X) — B(Y, Z|X).

@ The oscillator algebra (of Y and Z) induces a x-product (Moyal).
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Introduction Vasiliev Theories AdS, /CFT3 AdS3 /CFT,

@ For realizing the symmetry non-linearly we need to construct the
nonabelian field strength
R(Y,Y|X)=dQ(Y,Y|X)+Q(Y, Y|X)xQ(Y, Y|X) and write
equations in terms of this field and the superfield C(Y, Y|X).

o It turns out that to do this consistently requires another set of
oscillators Z”, Z% and another auxiliary superfield
S(Y,Z|X) = SpdZ’ + S;dZ°

@ We also promote Q(Y|X) — W(Y,Z|X) and C(Y|X) — B(Y, Z|X).

@ The oscillator algebra (of Y and Z) induces a x-product (Moyal).

@ The generalized gauge symmetry acts (linearly) as
oW = dyxet+texW —Wxe

0S = dze+exS—Sxe
0B = exB—Bxm(e)
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Vasiliev Theories

@ The non-linear Vasiliev equations take the form

dA+AxA = B*xK dZ%Z,+c.c.
dB+ A% B — Bxm(A) 0
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Vasiliev Theories

@ The non-linear Vasiliev equations take the form

dA+AxA = B*xK dZ%Z,+c.c.
dB+AxB — Bxm(A) 0

oA=W+S K= e?" Yo ("Kleinian”) and
w(F(Y,Y,Z,Z1X)) = f(~Y,Y,~Z,.Z|X).
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Vasiliev Theories

@ The non-linear Vasiliev equations take the form

dA+AxA = B*xK dZ%Z,+c.c.
dB+AxB — Bxm(A) 0

oA=W+S K= e?" Yo ("Kleinian”) and
w(F(Y,Y,Z,Z1X)) = f(~Y,Y,~Z,.Z|X).

o Actually, the RHS of the first equation can in general be (B x K)
which by field redefinition can be put in the form f(w) = wexp if(w).
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Motivations Introduction Vasiliev Theories

@ The non-linear Vasiliev equations take the form

dA+AxA = B*xK dZ%Z,+c.c.
dB+A+«B—-Bxm(A) = 0

oA=W+S K= e?" Yo ("Kleinian”) and
w(F(Y,Y,Z,Z1X)) = f(~Y,Y,~Z,.Z|X).

o Actually, the RHS of the first equation can in general be (B x K)
which by field redefinition can be put in the form f(w) = wexp if(w).

o If we demand parity invariance then f(w) = 0,5 - type A or type B.
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Motivations Introduction Vasiliev Theories AdS, /CFT3

@ The non-linear Vasiliev equations take the form

dA+AxA = B*xK dZ%Z,+c.c.
dB+A+«B—-Bxm(A) = 0

oA=W+S K= e?" Yo ("Kleinian”) and
w(F(Y,Y,Z,Z1X)) = f(~Y,Y,~Z,.Z|X).

o Actually, the RHS of the first equation can in general be (B x K)
which by field redefinition can be put in the form f(w) = wexp if(w).

o If we demand parity invariance then f(w) = 0,5 - type A or type B.

@ Recovers the linearised equations when expanded around AdS.
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Vasiliev Theories
@00

3d Higher Spin Theory

Vasiliev theories in AdS;

@ In AdSs, gravity does not have propagating d.o.f. Neither do the
higher spin fields.
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Overview Motivations Introduction Vasiliev Theories AdS, /CFT3
@00

3d Higher Spin Theory

Vasiliev theories in AdS;

@ In AdSs, gravity does not have propagating d.o.f. Neither do the
higher spin fields.

o Nevertheless, a rich classical (and quantum) theory which includes
black holes and other solitonic solutions.
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@00 6

3d Higher Spin Theory

Vasiliev theories in AdS;

@ In AdSs, gravity does not have propagating d.o.f. Neither do the
higher spin fields.

o Nevertheless, a rich classical (and quantum) theory which includes
black holes and other solitonic solutions.

e Family of Vasiliev theories with inequivalent symmetry algebras hs(\)
- one (real) parameter deformation of oscillator algebra.
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@00

3d Higher Spin Theory

Vasiliev theories in AdS;

@ In AdSs, gravity does not have propagating d.o.f. Neither do the
higher spin fields.

o Nevertheless, a rich classical (and quantum) theory which includes
black holes and other solitonic solutions.

e Family of Vasiliev theories with inequivalent symmetry algebras hs(\)
- one (real) parameter deformation of oscillator algebra.

o The Vasiliev equations of motion (with B = 0) reduce to F(A) =0
for gauge fields A, A € hs(\). Scalars are optional (with mass
M? = —1+ \?).
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Overview Motivations Introduction Vasiliev Theories AdS, /CFT3
@00

3d Higher Spin Theory

Vasiliev theories in AdS;

@ In AdSs, gravity does not have propagating d.o.f. Neither do the
higher spin fields.

o Nevertheless, a rich classical (and quantum) theory which includes
black holes and other solitonic solutions.

e Family of Vasiliev theories with inequivalent symmetry algebras hs(\)
- one (real) parameter deformation of oscillator algebra.

o The Vasiliev equations of motion (with B = 0) reduce to F(A) =0
for gauge fields A, A € hs(\). Scalars are optional (with mass
M? = —1+ \?).

@ Hence the action (for A, A, B = 0) is a sum of Chern-Simons terms
with gauge group hs()). (Blencowe; Blencowe-Bergshoeff-Stelle)
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Motivations Introduction Vasiliev Theories AdS, /CFT3
@00

3d Higher Spin Theory

Vasiliev theories in AdS;

@ In AdSs, gravity does not have propagating d.o.f. Neither do the
higher spin fields.

o Nevertheless, a rich classical (and quantum) theory which includes
black holes and other solitonic solutions.

e Family of Vasiliev theories with inequivalent symmetry algebras hs(\)
- one (real) parameter deformation of oscillator algebra.

o The Vasiliev equations of motion (with B = 0) reduce to F(A) =0
for gauge fields A, A € hs(\). Scalars are optional (with mass
M? = —1+ \?).

@ Hence the action (for A, A, B = 0) is a sum of Chern-Simons terms
with gauge group hs()). (Blencowe; Blencowe-Bergshoeff-Stelle)

@ When A = N, hs(\) = sI(N). Therefore " hs(\) = s/(\)".
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Vasiliev Theories
(o] lo}

3d Higher Spin Theory

@ The spin content of the gauge fields is now truncated. Have spins
s=2...N.

v
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Vasiliev Theories
(o] lo}

3d Higher Spin Theory

@ The spin content of the gauge fields is now truncated. Have spins
s=2...N.

o S(A,A) = Scs[A] — Scs[A] with level kcs = Fae.
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Vasiliev Theories
(o] lo}

3d Higher Spin Theory

@ The spin content of the gauge fields is now truncated. Have spins
s=2...N.

o S(A,A) = Scs[A] — Scs[A] with level ks = 'jgd;.

@ Recognise as a generalization of formulation of classical 3d gravity in
terms of SL(2, R) x SL(2, R) Chern-Simons theory.
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Vasiliev Theories
(o] lo}

3d Higher Spin Theory

@ The spin content of the gauge fields is now truncated. Have spins
s=2...N.

o S(A,A) = Scs[A] — Scs[A] with level ks = 'jgd;.
@ Recognise as a generalization of formulation of classical 3d gravity in
terms of SL(2, R) x SL(2, R) Chern-Simons theory.

o In that case, we had €2, w2’ = 2w

©
« a”

v
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Overview Motivations Introduction Vasiliev Theories AdS, /CFT3
(o] lo}

3d Higher Spin Theory

@ The spin content of the gauge fields is now truncated. Have spins
s=2...N.

o S(A,A) = Scs[A] — Scs[A] with level ks = 'jgd;.

@ Recognise as a generalization of formulation of classical 3d gravity in
terms of SL(2, R) x SL(2, R) Chern-Simons theory.

o In that case, we had €2, w2’ = ?P°w¢.
°
Ag, Aq = (w2 + el)t?
Rads

are the SL(2, R) x SL(2, R) gauge fields.

v
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Overview Motivations Introduction Vasiliev Theories AdS, /CFT3
(o] lo}

3d Higher Spin Theory

@ The spin content of the gauge fields is now truncated. Have spins
s=2...N.

o S(A,A) = Scs[A] — Scs[A] with level ks = 'jgd;.

@ Recognise as a generalization of formulation of classical 3d gravity in
terms of SL(2, R) x SL(2, R) Chern-Simons theory.

o In that case, we had €2, w2’ = ?P°w¢.

°
A, Ay = el)t
Rads )
are the SL(2, R) x SL(2, R) gauge fields.
o Now have (wa'"* ' + RLegf "%~1) which can be combined together

(s=2...N) into SL(N, R) x SL(N, R) (or hs[A] x hs[\], more
generally) gauge fields.

v
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Vasiliev Theories
ooe

3d Higher Spin Theory

Asymptotic Symmetries in 3d

@ AdS;3 gravity has an asymptotic symmetry algebra larger than the
isometries SL(2, R) x SL(2, R) - full Virasoro (two copies) with

c = ¢ = 3£ _Brown-Henneaux.
2Gpn

y
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Overview Motivations Introduction Vasiliev Theories AdS, /CFT3

ooe

3d Higher Spin Theory

Asymptotic Symmetries in 3d

@ AdS;3 gravity has an asymptotic symmetry algebra larger than the
isometries SL(2, R) x SL(2, R) - full Virasoro (two copies) with
c=C=5¢5 -Brown-Henneaux.

o Analysis generalized to SL(N, R) x SL(N, R) higher spin theories
(Campoleoni et.al., Henneaux-Rey).

Result: W) extended symmetry algebra - containing holomorphic
currents W()(z) of spins s — 2. N. (W®)(z) = T(2))
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Overview Motivations Introduction Vasiliev Theories AdS, /CFT3 AdS3 /CFT, Checks/Generalis

ooe
3d Higher Spin Theory

Asymptotic Symmetries in 3d

@ AdS;3 gravity has an asymptotic symmetry algebra larger than the
isometries SL(2, R) x SL(2, R) - full Virasoro (two copies) with
E=C= % -Brown-Henneaux.

o Analysis generalized to SL(N, R) x SL(N, R) higher spin theories
(Campoleoni et.al., Henneaux-Rey).

Result: W) extended symmetry algebra - containing holomorphic
currents W()(z) of spins s — 2. N. (W®)(z) = T(2))

@ More generally, for hs(\) theories, the asymptotic symmetry algebra
is Woo[A] = hs(\) is its "wedge algebra”. (Gaberdiel-Hartman).
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Motivations Introduction Vasiliev Theories AdS, /CFT3

ooe
3d Higher Spin Theory

Asymptotic Symmetries in 3d

@ AdS;3 gravity has an asymptotic symmetry algebra larger than the
isometries SL(2, R) x SL(2, R) - full Virasoro (two copies) with
E=C= % -Brown-Henneaux.

o Analysis generalized to SL(N, R) x SL(N, R) higher spin theories
(Campoleoni et.al., Henneaux-Rey).

Result: W) extended symmetry algebra - containing holomorphic
currents W()(z) of spins s — 2. N. (W®)(z) = T(2))

@ More generally, for hs(\) theories, the asymptotic symmetry algebra
is Woo[A] = hs(\) is its "wedge algebra”. (Gaberdiel-Hartman).

@ Thus any dual CFT must have W,[\] symmetry.
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Motivations Introduction Vasiliev Theories AdS, /CFT3
ooe

3d Higher Spin Theory

Asymptotic Symmetries in 3d

@ AdS;3 gravity has an asymptotic symmetry algebra larger than the
isometries SL(2, R) x SL(2, R) - full Virasoro (two copies) with
E=C= % -Brown-Henneaux.

o Analysis generalized to SL(N, R) x SL(N, R) higher spin theories
(Campoleoni et.al., Henneaux-Rey).

Result: W) extended symmetry algebra - containing holomorphic
currents W()(z) of spins s — 2. N. (W®)(z) = T(2))

@ More generally, for hs(\) theories, the asymptotic symmetry algebra
is Woo[A] = hs(\) is its "wedge algebra”. (Gaberdiel-Hartman).

@ Thus any dual CFT must have W,[\] symmetry.

@ For A = 0,1, it reduces to a lie algebra which governs higher spin
currents of free fermions/bosons in 2d. (Pope-Romans-Shen).

V.
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AdS; / CFT;

Klebanov-Polyakov Duality for 3d Vector Models

@ Dual to a Vasiliev theory needs a much smaller infinity of single
particle operators compared to a gauge theory. Not a hagedorn
density of states.

v
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AdS; / CFT;

Klebanov-Polyakov Duality for 3d Vector Models

@ Dual to a Vasiliev theory needs a much smaller infinity of single
particle operators compared to a gauge theory. Not a hagedorn
density of states.

@ Vector like models have far fewer degrees of freedom oc N, rather
than gauge theories oc N2.
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Motivations Introduction Vasiliev Theories AdSy /CFT3

Klebanov-Polyakov Duality for 3d Vector Models

@ Dual to a Vasiliev theory needs a much smaller infinity of single
particle operators compared to a gauge theory. Not a hagedorn
density of states.

@ Vector like models have far fewer degrees of freedom oc N, rather
than gauge theories oc N2.

@ The only single particle operators are the symmetric bilinears
i ck [() (i1 -+ - O @i (X)0pyy - - - O )0i(x)] — (Traces).
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Motivations Introduction /asiliev Theories AdS, /CFT3 7 Checks/General

Klebanov-Polyakov Duality for 3d Vector Models

@ Dual to a Vasiliev theory needs a much smaller infinity of single
particle operators compared to a gauge theory. Not a hagedorn
density of states.

@ Vector like models have far fewer degrees of freedom oc N, rather
than gauge theories oc N2.

@ The only single particle operators are the symmetric bilinears
i ck [() (i1 -+ - O @i (X)0pyy - - - O )0i(x)] — (Traces).

@ Therefore dual bulk fields are only the Vasiliev gauge fields (together
with the scalar). (Klebanov-Polyakov, Sezgin-Sundell)
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Overview Motivations Introduction Vasiliev Theories AdSy /CFT3

Klebanov-Polyakov Duality for 3d Vector Models

@ Dual to a Vasiliev theory needs a much smaller infinity of single
particle operators compared to a gauge theory. Not a hagedorn
density of states.

@ Vector like models have far fewer degrees of freedom oc N, rather
than gauge theories oc N2.

@ The only single particle operators are the symmetric bilinears
3 0N - 0 Di(X) gy - - Oy )bi(x)] — (Traces).

@ Therefore dual bulk fields are only the Vasiliev gauge fields (together
with the scalar). (Klebanov-Polyakov, Sezgin-Sundell)

@ In d = 3, vector models have nontrivial quantum behavior when one
includes interactions. E.g. O(N) vector models and U(N)
Gross-Neveu model.

v
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AdS; / CFT;

@ In O(N) vector models can add to the free action
So = [ d3x0,¢:(x)9,4i(x) an interaction ("double trace”) term
S1= X [ d3x(gi(x)9i(x))>.

v
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Motivations Introduction Vasiliev Theories AdSy /CFT3 Ad

° In O(N) vector models can add to the free action
fd3xau¢,(x)8#¢,(x) an interaction ("double trace”) term

= XA [ d?x(¢i(x)¢i(x))*.

@ There is a nontrivial fixed point (" Wilson-Fisher”) of the RG in the
infrared. Can be analyzed exactly in the large N limit.
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° In O(N) vector models can add to the free action
fd3xau¢,(x)8#¢,(x) an interaction ("double trace”) term

= A [ &®x(¢i(x)i(x))>.

@ There is a nontrivial fixed point (" Wilson-Fisher”) of the RG in the
infrared. Can be analyzed exactly in the large N limit.

o The scalar bilinear ¢;(x)¢;(x) has dimension A = 2+ O(+;) instead
of the canonical A = 1 at the free (UV) fixed point.
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Motivations Introduction Vasiliev Theories AdS, /CFT3 AdS3 /CFT; Checks/Generalis

° In O(N) vector models can add to the free action
fd3xau¢>,(x)8ugb,(x) an interaction ("double trace”) term

= A [ &®x(¢i(x)i(x))>.

@ There is a nontrivial fixed point (" Wilson-Fisher”) of the RG in the
infrared. Can be analyzed exactly in the large N limit.

o The scalar bilinear ¢;(x)¢;(x) has dimension A = 2+ O(+;) instead
of the canonical A = 1 at the free (UV) fixed point.

@ Proposal (KP): The free and interacting CFTs are both dual to the

type A Vasiliev theory with spins s = 0.2.4 ... on AdS; but with the

bulk scalar (m? = R22 ) quantized in two inequivalent ways.
AdS

V.
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Motivations Introduction Vasiliev Theories AdS, /CFT3

° In O(N) vector models can add to the free action
fd3xau<b,(x)8ugb,(x) an interaction ("double trace”) term

= A [ d3x(i(x)¢i(x))>.

@ There is a nontrivial fixed point (" Wilson-Fisher”) of the RG in the
infrared. Can be analyzed exactly in the large N limit.

o The scalar bilinear ¢;(x)¢;(x) has dimension A = 2+ O(+;) instead
of the canonical A = 1 at the free (UV) fixed point.

@ Proposal (KP): The free and interacting CFTs are both dual to the
type A Vasiliev theory with spins s = 0,2,4 ... on AdS4 but with the

bulk scalar (m? = ) quantized in two mequwalent ways.

R2

@ Proposal (SS): The free and interacting U(N) Gross-Neveu model is
dual to the Type B Vasiliev theory (with scalar again quantized in two
ways).

V.
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AdS; / CFT;

Checks and Generalisations

@ Spectrum matches to leading order in N.

v
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AdS; / CFT;

Checks and Generalisations

@ Spectrum matches to leading order in N.

@ Three point functions of arbitrary currents J() in the boundary match
with that in the bulk - from cubic interaction term (Giombi-Yin).
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Checks and Generalisations

@ Spectrum matches to leading order in N.

@ Three point functions of arbitrary currents J() in the boundary match
with that in the bulk - from cubic interaction term (Giombi-Yin).

@ Legendre transformation in boundary between correlation functions of
free and interacting theories. Reflected in change of boundary
conditions for scalar in bulk.
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Checks and Generalisations

@ Spectrum matches to leading order in N.

@ Three point functions of arbitrary currents J() in the boundary match
with that in the bulk - from cubic interaction term (Giombi-Yin).

@ Legendre transformation in boundary between correlation functions of
free and interacting theories. Reflected in change of boundary
conditions for scalar in bulk.

@ Generalisation (GMPTWY): Couple Chern-Simons gauge field to
vector fermions and take A = % to be non-zero. Line of interacting
CFTs. What is the bulk dual of these CFTs? (Also see Aharony,
Gur-Ari, Yacobyfor scalar case)
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Overview Motivations Introduction Vasiliev Theories AdS, /CFT3

Checks and Generalisations

@ Spectrum matches to leading order in N.

@ Three point functions of arbitrary currents J() in the boundary match
with that in the bulk - from cubic interaction term (Giombi-Yin).

@ Legendre transformation in boundary between correlation functions of
free and interacting theories. Reflected in change of boundary
conditions for scalar in bulk.

@ Generalisation (GMPTWY): Couple Chern-Simons gauge field to
vector fermions and take A = % to be non-zero. Line of interacting
CFTs. What is the bulk dual of these CFTs? (Also see Aharony,
Gur-Ari, Yacobyfor scalar case)

@ Spectrum identical to that of the A = 0 theory. However, correlation
functions of the current no longer those of the free theory. Currents
are not conserved - consistent with MZ theorem.

v
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AdS3/CFT,

Minimal Model Holography

@ Can sidestep MZ theorem in 2d CFTs. Hence proposal for a Vasiliev
dual to a class of interacting CFTs with higher spin (i.e. Wy)
symmetries. (Gaberdiel-R.G.)
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@ Can sidestep MZ theorem in 2d CFTs. Hence proposal for a Vasiliev
dual to a class of interacting CFTs with higher spin (i.e. Wy)
symmetries. (Gaberdiel-R.G.)

@ The CFT: a coset WZW model. W - Wy minimal models.
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Minimal Model Holography

@ Can sidestep MZ theorem in 2d CFTs. Hence proposal for a Vasiliev
dual to a class of interacting CFTs with higher spin (i.e. Wy)
symmetries. (Gaberdiel-R.G.)

@ The CFT: a coset WZW model. W - Wy minimal models.

@ Take the 't Hooft large N limit, keeping 0 < \ = NLH <1 fixed. A

line of CFTs with central charge cy()\) = N(1 — A2) - vector like
model.
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Minimal Model Holography

@ Can sidestep MZ theorem in 2d CFTs. Hence proposal for a Vasiliev
dual to a class of interacting CFTs with higher spin (i.e. Wy)
symmetries. (Gaberdiel-R.G.)

@ The CFT: a coset WZW model. W - Wy minimal models.

@ Take the 't Hooft large N limit, keeping 0 < \ = NLH <1 fixed. A
line of CFTs with central charge cy()\) = N(1 — A2) - vector like
model.

@ The Bulk Dual: Vasiliev hs[\] higher spin theory (including spins
2,3...00) in AdS3 coupled to two equally massive complex scalar
fields with V12 = —(1 — )\?).
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Introduction Vasiliev S AdS, /CFT3

Minimal Model Holography

@ Can sidestep MZ theorem in 2d CFTs. Hence proposal for a Vasiliev
dual to a class of interacting CFTs with higher spin (i.e. Wy)
symmetries. (Gaberdiel-R.G.)

@ The CFT: a coset WZW model. W - Wy minimal models.

@ Take the 't Hooft large N limit, keeping 0 < \ = NLH <1 fixed. A
line of CFTs with central charge cy()\) = N(1 — A2) - vector like

model.

@ The Bulk Dual: Vasiliev hs[\] higher spin theory (including spins
2,3...00) in AdS3 coupled to two equally massive complex scalar
fields with V12 = —(1 — )\?).

@ The two scalars quantized oppositely <> basic primaries with
he = 3(1+\). Also ¢ = 3fass.

v
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AdS3/CFT,
900000000

Coset Models

Coset Models

@ A G/H coset theory is defined in terms of a G WZW theory in which
a subgroup H is gauged (without kinetic term).
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AdS3/CFT,
900000000

Coset Models

Coset Models
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o Therefore Tg/y(z) = Te(z) — Th(z) and cg/py = cc — cn

@ Building block for rational CFTs for different G and H.
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Coset Models

@ A G/H coset theory is defined in terms of a G WZW theory in which
a subgroup H is gauged (without kinetic term).

o Therefore Tg/y(z) = Te(z) — Th(z) and cg/py = cc — cn
@ Building block for rational CFTs for different G and H.
@ Basic case: G = SU(N)y x SU(N); and H = SU(N)x, (diagonal).
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Coset Models

@ A G/H coset theory is defined in terms of a G WZW theory in which
a subgroup H is gauged (without kinetic term).

Therefore T¢/1y(z) = Te(z) — Tr(z) and cg/y = cc — cn

Building block for rational CFTs for different G and H.

Basic case: G = SU(N)x x SU(N); and H = SU(N)4, (diagonal).

e We will consider the case / = 1 (in the large N limit, additional / is
like adding flavour)
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@ A G/H coset theory is defined in terms of a G WZW theory in which
a subgroup H is gauged (without kinetic term).

Therefore T¢/1y(z) = Te(z) — Tr(z) and cg/y = cc — cn

Building block for rational CFTs for different G and H.

Basic case: G = SU(N)x x SU(N); and H = SU(N)4, (diagonal).

e We will consider the case / = 1 (in the large N limit, additional / is
like adding flavour)

@ Thus the class of models to focus on is W - Wy minimal
k+1

model series.
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@ For this family,

N(N +1)

CN(k) = (N_l)[]'_ ( +1)

——— < (N-1)

where p=k+ N.ie. (p=N+1,N+2,...).

4
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@ For this family,

N(N +1)

CN(k)Z(N_l)[]'_ ( +1)

——— < (N-1)

where p=k+ N.ie. (p=N+1,N+2,...).
@ In the case N = 2, this is the coset construction of the unitary
Virasoro discrete series (GKO).
6
okl=1-—+-<1
(k) p(p+1)

with p=3,4....

Rajesh Gopakumar (HRI) Higher Spin Theories and Holography CERN Winter School 31 /52



Overview Motivations Introduction Vasiliev Theories AdSy/CFT3 AdS3/CFT, Checks/Generalis

0®0000000
Coset Models

@ For this family,

N(N +1)

CN(k)Z(N_l)[]'_ ( +1)

——— < (N-1)

where p=k+ N.ie. (p=N+1,N+2,...).
@ In the case N = 2, this is the coset construction of the unitary
Virasoro discrete series (GKO).
6
okl=1-—+-<1
(k) p(p+1)
with p=3,4....

@ Special cases - k =1 :Zy parafermion theory.

4
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@ For this family,

N(N +1)

en(k) = (N —1)[1 - o(p +1)]_(N—1)

where p=k+ N.ie. (p=N+1,N+2,...).
@ In the case N = 2, this is the coset construction of the unitary
Virasoro discrete series (GKO).
6
okl=1-—+-<1
(k) p(p+1)
with p=3,4....

@ Special cases - k =1 :Zy parafermion theory.

@ Special cases - k =00 : cy(00) = (N — 1). Delicate limit to take.

Essentially theory of (N — 1) free bosons in singlet sector - with
twisted sectors from a continuous orbifold (Gaberdiel-Suchanek).

v
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@ Spectrum of Primaries are labelled by two integrable representations
(AT,A7) of SU(N)k and SU(N)k1 respectively.
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@ Spectrum of Primaries are labelled by two integrable representations
(AT,A7) of SU(N)k and SU(N)k1 respectively.

@ (AT,A7) can be parametrised by Dynkin labels, Young Tableaux etc.
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Coset Models

@ Spectrum of Primaries are labelled by two integrable representations
(AT,A7) of SU(N)k and SU(N)k+1 respectively.

@ (AT,A7) can be parametrised by Dynkin labels, Young Tableaux etc.

@ Dimensions of primaries given explicitly by:

2

BT A) = \<p+1 JA* 1 ) — p(A™ + p)

(p +1)
p is the Weyl vector for SU(N).
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Coset Models

@ Spectrum of Primaries are labelled by two integrable representations
(AT,A7) of SU(N)k and SU(N)k+1 respectively.

@ (AT,A7) can be parametrised by Dynkin labels, Young Tableaux etc.
@ Dimensions of primaries given explicitly by:
2

~ )

hm#A)ziag;ﬁ(kp+nm++m—pm+m

p is the Weyl vector for SU(N).

@ In the case, N = 2 reduces to usual Feigin-Fuchs expression

(r(p+1)—sp)® -1
4p(p +1)

h(r,s) = —h(p—r,p+1-s)
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@ Particular cases: h(0;f) = (’\é,_vl) (1 = N’_ﬁh);
N—1
h(f;0) = ( 2N ) <1+ %)
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@ Particular cases: h(0;f) = (’\é,_vl) (1 = N’f,fh);
N—1
h(f;0) = ( 2N ) <1+ %)

o h(0;adj) =1— gz h(adj;0) = 1+ .
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@ Particular cases: h(0;f) = (’\é,_vl) (1 = N’f,fh);

h(t:0) = St (1+ ¥4 ).

o h(0;adj) =1— gz h(adj;0) = 1+ .

@ The partition function of the coset theory given in terms of
contributions from each of these primaries.
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@ Particular cases: h(0;f) = (’\é,_vl) (1 = N’_ﬁh);

h(t:0) = St (1+ ¥4 ).

o h(0;adj) =1— gz h(adj;0) = 1+ .

@ The partition function of the coset theory given in terms of
contributions from each of these primaries.

@ Captured by "branching functions” in the decomposition of G WZW
characters in terms of those for H.
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@ Branching functions also known explicitly:

L 2505 (PN +p)=p(A~+7))?
bin+a-(q) = QN1 Z e(w) g2 P ? o

weWw
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@ Branching functions also known explicitly:

1 5o (P 1) w(At +p)—p(A~+1))?
by (@) = =g D €(w)qPeD .
(AN )(q) n(q)N_l ot ( )q

o W is the affine Weyl group (affine translations and usual Weyl
reflections).
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Coset Models

@ Branching functions also known explicitly:

1
barin)(9) = ——x—
n(q) o

o W is the affine Weyl group (affine translations and usual Weyl
reflections).

@ Analogue of Rocha-Caridi characters for Virasoro minimal models.

Z 6(W)qm((p+1)W(A++p)—p(/\—+p))2‘
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@ Branching functions also known explicitly:

Z 6(W)qm((p+1)W(A++p)—p(/\—+p))2‘

1
barin)(9) = ——x—
n(q) o

o W is the affine Weyl group (affine translations and usual Weyl
reflections).

@ Analogue of Rocha-Caridi characters for Virasoro minimal models.

o (Diagonal) modular invariant partition function given by

Zerr = ) Ibariny(@)P
A+ A=
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Coset Models

Symmetries

@ The SU(N) cosets have an extended Wy symmetry. In addition to
T(z), higher spin conserved currents W®)(z), ... WN)(z).
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Coset Models

Symmetries

@ The SU(N) cosets have an extended Wy symmetry. In addition to
T(z), higher spin conserved currents W®)(z), ... WN)(z).

@ Constructed using higher order Casimir invariants. For Instance:

WO(z) d**[a1 (4 Iy 6 (2) + a2(98y Iy Iy (2)
+ a3y Ja)(@) + U I I (2)-
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Symmetries

@ The SU(N) cosets have an extended Wy symmetry. In addition to
T(z), higher spin conserved currents W®)(z), ... WN)(z).

@ Constructed using higher order Casimir invariants. For Instance:

WO(z) d**[a1 (4 Iy 6 (2) + a2(98y Iy Iy (2)
+ a3y Ja)(@) + U I I (2)-

o Similarly, W(™(z) from mth order Casimir combinations of the
currents J("l’z)(z) of SU(N), and SU(N); respectively.
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Coset Models

Symmetries

@ The SU(N) cosets have an extended Wy symmetry. In addition to
T(z), higher spin conserved currents W®)(z), ... WN)(z).

@ Constructed using higher order Casimir invariants. For Instance:

WO(z) d**[a1 (4 Iy 6 (2) + a2(98y Iy Iy (2)
+ a3y Ja)(@) + U I I (2)-

o Similarly, W(™(z) from mth order Casimir combinations of the
currents J3 2)(z) of SU(N), and SU(N); respectively.

@ The Wy OPE gives rise to a non-linear symmetry algebra - rather
than a Lie Algebra.

Rajesh Gopakumar (HRI) Higher Spin Theories and Holography CERN Winter School
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@ One can flow between the minimal models with different k or p (for
fixed N).
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Coset Models

RG Flows

@ One can flow between the minimal models with different k or p (for
fixed N).

@ The relevant operator of the pth minimal model, (0; adj), induces the
RG flow. The IR fixed point is the p — 1th model.

v
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RG Flows

@ One can flow between the minimal models with different k or p (for
fixed N).

@ The relevant operator of the pth minimal model, (0; adj), induces the
RG flow. The IR fixed point is the p — 1th model.

RG-flow by (0; adj)\

(0; adj), (adj; 0)p_1.

v
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Coset Models

RG Flows

@ One can flow between the minimal models with different k or p (for
fixed N).

@ The relevant operator of the pth minimal model, (0; adj), induces the
RG flow. The IR fixed point is the p — 1th model.

(0; adj)p RG-flow by (0; adj)\

(adj; 0)p—1.

@ Analogue of (1,3) operator flowing to (3,1) operator for Virasoro
minimal models.

v
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Coset Models

RG Flows

@ One can flow between the minimal models with different k or p (for
fixed N).

The relevant operator of the pth minimal model, (0; adj), induces the
RG flow. The IR fixed point is the p — 1th model.

RG-flow by (0; adj)\

(0; adj), (adj; 0)p_1.

Analogue of (1, 3) operator flowing to (3,1) operator for Virasoro
minimal models.

e Similar analogues of (1,2) operator flowing to (2,1) operators

(O; f)p RG-flow by (0; adj)

(f; 0)p—l-

v
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"tHooft Limit
@ The 'tHooft limit: N, k — oo with 0 < )\ = k w <1 fixed.

V.
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"tHooft Limit
@ The 'tHooft limit: N, k — oo with 0 < )\ = k w <1 fixed.

@ In this limit, the central charge cy(\) ~ N(1 — )\2) — 00.
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Coset Models

"tHooft Limit
@ The "tHooft limit: N,k — co with 0 < A = ;i < 1 fixed.

o In this limit, the central charge cy(\) ~ N(1 — \?) — oo.

@ Dimensions of operators simplify remarkably:

h(0;f) = (Nle) (1 - /\//X:il) - %(1 ~ )
h(f;0) = (Nle) (1+ //://Ll() — %(1+/\)
h(0;adj) = 1-— /\/—&-Nk—i—l —1-A
h(adj;0) = 1+N/Xk—>1+A.

V.
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"tHooft Limit
@ The 'tHooft limit: N, k — oo with 0 < )\ = k w <1 fixed.

@ In this limit, the central charge cy(\) ~ N(1 — )\2) — 00.

@ Dimensions of operators simplify remarkably:

h(0;f) = (/\/2N1) ( - N’X:il) - %(1 ~ )
h(f;0) = (N2N1) ( + //://ID - %(1+/\)
h(0;adj) = 1-— /\/—&-Nk—i—l —1-A
h(adj; 0) = 1+%—>1+/\

@ In general, representations which are finite tensor powers of the

fund./anti-fund. have finite scaling dimensions in the 'tHooft limit.

Rajesh Gopakumar (HRI) Higher Spin Theories and Holography CERN Winter School
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@ However, there is a large (exponential) degeneracy in this limit. Many
operators with almost the same dimension.

V.
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@ However, there is a large (exponential) degeneracy in this limit. Many
operators with almost the same dimension.

e E.g. the (A;\) primaries are almost degenerate with the vacuum

state h(A;A\) = (N+k§fl(VA—|)—k+1) — 5(2/\) 47 — 0-"light states”. (B(A)

is the number of boxes in A.)

V.
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@ However, there is a large (exponential) degeneracy in this limit. Many
operators with almost the same dimension.

e E.g. the (A;\) primaries are almost degenerate with the vacuum

state h(A;A\) = (N+k§fl(vlk+1) — 5(2/\) 47 — 0-"light states”. (B(A)

is the number of boxes in A.)

@ Does a good large N limit exist then?
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@ However, there is a large (exponential) degeneracy in this limit. Many
operators with almost the same dimension.

e E.g. the (A;\) primaries are almost degenerate with the vacuum

state h(A;A\) = (N+k§fl(v-gk+1) — 5(2/\) 47 — 0-"light states”. (B(A)

is the number of boxes in A.)

@ Does a good large N limit exist then?

@ Nevertheless, correlation functions of the Wy minimal model seem to
behave well at large IV - expected factorization behavior in the four
point function and % suppression of interactions.
(Papadodimas-Raju, Chang-Yin)

V.
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Coset Models

@ However, there is a large (exponential) degeneracy in this limit. Many
operators with almost the same dimension.

e E.g. the (A;\) primaries are almost degenerate with the vacuum

state h(A; \) = (N+k§fl(v-|)-k+1) — 5(2/\) a7 — 0-"light states”. (B(A)

is the number of boxes in A.)

@ Does a good large N limit exist then?

@ Nevertheless, correlation functions of the Wy minimal model seem to
behave well at large IV - expected factorization behavior in the four
point function and % suppression of interactions.
(Papadodimas-Raju, Chang-Yin)

@ The large degeneracy does not spoil the large N behaviour because
thefusion rules between the states are very special. Strong selection
rules (at finite V) lead to most of the light states exactly decoupling

in any k-point correlation function.
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Checks/Generalisations

Checks of the Proposal

Now try to check various aspects of the proposed duality between the
'tHooft limit of the Wy minimal models and the hs[A] higher spin theory
on AdSs:

@ Symmetries and Spectrum
@ Correlation Functions

@ Properties of Black Holes (and other solitons)
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Symmetries

@ The bulk hs[A] theory has an asymptotic Wi [A\] symmetry. Naively,
seems different from the large N limit of the W) algebra.

—_—nmm—m o
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Symmetries

@ The bulk hs[A] theory has an asymptotic Wi [A\] symmetry. Naively,
seems different from the large N limit of the W) algebra.

@ However, there is now a lot of evidence that the two are the same -
from matching of representations. (Gaberdiel-Hartman;
Gaberdiel-R.G-Hartman-Raju)
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Symmetries

@ The bulk hs[A] theory has an asymptotic Wi [A\] symmetry. Naively,
seems different from the large N limit of the W) algebra.

@ However, there is now a lot of evidence that the two are the same -
from matching of representations. (Gaberdiel-Hartman;
Gaberdiel-R.G-Hartman-Raju)

e Motivated by a generalized (to non integer) level-rank duality:

SU(N)k X SU(N)1 _ SU()\)/ X 5U(>\)1

SU(N) k41 SU(A) 141

where \ = NLH( and / = % — \. (Kuniba et.al.)
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Motivations Introduction Vasiliev Theories AdS,/CFT3 AdS3 /CFT; Checks/Generalisations

Symmetries
@ The bulk hs[A] theory has an asymptotic Wi [A\] symmetry. Naively,
seems different from the large N limit of the W) algebra.

@ However, there is now a lot of evidence that the two are the same -
from matching of representations. (Gaberdiel-Hartman;
Gaberdiel-R.G-Hartman-Raju)

e Motivated by a generalized (to non integer) level-rank duality:

SU(N)k X SU(N)1 _ SU()\)/ X 5U(>\)1
SUNkyr  SUN)im

where \ = NLH( and / = % — \. (Kuniba et.al.)

@ The symmetry group of the RHS is the extension of the wedge
algebra s/(\) = hs[\] while that that of the LHS is the Wy. Indeed,
there is evidence for this equality at finite N, k as well.

Y
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Checks/Generalisations

Spectrum (Bulk)

Can the linearised fluctuations of the higher spin gauge fields (and two
scalars) account for all the states in the CFT (to leading order in large N)?
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Checks/Generalisations

Spectrum (Bulk)

Can the linearised fluctuations of the higher spin gauge fields (and two
scalars) account for all the states in the CFT (to leading order in large N)?

v

Perturbative bulk spectrum given by
Zbulk = chasszl—loop = (qa)_c/24ZHSZscal(h+)2zscal(h—)2'

where Zys, Zs..; are the bulk one loop determinants from the higher spin
fields (s =2,3...,00) and scalars resp.

Rajesh Gopakumar (HRI) Higher Spin Theories and Holography CERN Winter School 41 /52
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HH

52ns

ql2

(e.e] 0 1 ~
1= 0" x [] rg—ayrz = 1@
-1 L fa=aye

Gaberdiel-R. G.-Saha
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Checks/Generalisations

HHH q!2 H|1—q|2xH‘1_ E|M(Q)\2~

s=2 n=s

Gaberdiel-R. G.-Saha

Zscal(h) = H w
1=0,1'= o(1—a )

Z Zsingpar(h7 q ) 77")

n

= Zx (2) xs@) (=gt

= exp

where Zing par(h, 9. G) = % (Giombi-Maloney-Yin)

v
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Putting it all together:

Zouik = (q8)" M) D Ixr (57) x5, (57) xr_(27) xs_ (7))

Ry,S+
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Checks/Generalisations

Putting it all together:

Zoune = (q8) UM D Ixr.(57) x5.(z7) xr_(27) xs_ (7).
Ry,S+

Ry, Sy are representations of U(co) with a finite number of boxes in the
Young Tableaux. (z* = ¢/*h+-1).

View this as the combined contribution from (weakly coupled)
multi-particle states of the complex scalar with dimension h (the pieces
Ry, S4), and that of the scalar with dimension h_ (the pieces R_, S_) all
dressed with the boundary graviton excitations in M(q).
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Checks/Generalisations

Spectrum (CFT)

The branching functions simplify considerably in the 't Hooft limit
(Gaberdiel-R.G.-Hartman-Raju)

o Soo

2 A
g2(B+=B) )" NA A q~25™ biroy(a) ,
A

1

using the Verlinde formula. (By = B(A+) = B(R+) + B(S4)).
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Checks/Generalisations

AdS, / CFT3 AdS3 / CFT,

Spectrum (CFT)

The branching functions simplify considerably in the 't Hooft limit
(Gaberdiel-R.G.-Hartman-Raju)

oy S
binoay(@) = g % M(q) g2 B+ B-) g+ GA-) /;;27
2(Bu= X

q2(B+ B—) ; N//\\+K_ q 2B(/\) b(/\’o)(q) 7

1

using the Verlinde formula. (By = B(A+) = B(R+) + B(S4)).

Further simplifying the RHS

biro)(a) g~ 0= 1(q) - q2BM g&N) . dimg(A)

N—1 ~
q = X)) M(q) - xrr(z") xs7(2")

112
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Checks/Generalisations

If we drop the contribution from the extra light (degenerate) states in the
branching functions then it turns out that the modified CFT character is

c ~

chiis r s (a) = g2 - M(q) - xpr (2" WxsT(2 )XR7 (2 )xs7(2) -

so that the modified CFT partition function is

Zerr(N) = Y [chE's ks (q))
R.SiR_S_
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If we drop the contribution from the extra light (degenerate) states in the
branching functions then it turns out that the modified CFT character is

c ~

chiis r s (a) = g2 - M(q) - xpr (2" WxsT(2 )XR7 (2 )xs7(2) -

so that the modified CFT partition function is

Zerr(N) = Y [chE's ks (q))
R.SiR_S_

This agrees with the contribution from the perturbative excitations in the
bulk

Zou(Y) = (a@)"*M(q)1* D Ixr.(z7) x5, (57) xr_(27) x5 (7).
R+,S5+

v
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@ Actually, both sides are expressed in terms of characters of hs[)\] -
indicates that the Wy , models have hs[\] symmetry in the "tHooft
limit.

v
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indicates that the Wy , models have hs[\] symmetry in the "tHooft
limit.

@ But we need the additional light states at finite NV for a modular
invariant CFT.
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invariant CFT.
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v

Rajesh Gopakumar (HRI) Higher Spin Theories and Holography CERN Winter School 46 / 52



Motivations Introduction Vasiliev Theories AdS, /CFT3 d CFTy Checks/Generalisations

@ Actually, both sides are expressed in terms of characters of hs[)\] -
indicates that the Wy , models have hs[\] symmetry in the "tHooft
limit.

@ But we need the additional light states at finite NV for a modular
invariant CFT.

@ Where are they in the bulk hs[A] theory?

@ A complete accounting of all the additional states has not yet been
done. But strong indications that these are related to light
non-perturbative states in the bulk theory.
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limit.

@ But we need the additional light states at finite NV for a modular
invariant CFT.

@ Where are they in the bulk hs[A] theory?

@ A complete accounting of all the additional states has not yet been
done. But strong indications that these are related to light
non-perturbative states in the bulk theory.

@ Special feature of the Vasiliev theory - can have smooth conical
defect geometries. These states form a discretuum stretching all the
way to the vacuum! (Castro-R.G.-Gutperle-Raeymakers)
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@ Actually, both sides are expressed in terms of characters of hs[)\] -
indicates that the Wy , models have hs[\] symmetry in the "tHooft
limit.

@ But we need the additional light states at finite NV for a modular
invariant CFT.

@ Where are they in the bulk hs[A] theory?

@ A complete accounting of all the additional states has not yet been
done. But strong indications that these are related to light
non-perturbative states in the bulk theory.

@ Special feature of the Vasiliev theory - can have smooth conical
defect geometries. These states form a discretuum stretching all the
way to the vacuum! (Castro-R.G.-Gutperle-Raeymakers)

@ For instance, the (A, A\) primaries are perfectly accounted for by these
novel solutions (after an analytic continuation).

v
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Correlation Functions
@ Compare CFT three point function of two scalar primaries and one
spin s current J() (9104 J()) with bulk three point function of two
scalars and one spin s gauge field.
(Chang-Yin, Ahn, Ammon-Kraus-Perlmutter)
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Correlation Functions
@ Compare CFT three point function of two scalar primaries and one
spin s current J() (9104 J()) with bulk three point function of two
scalars and one spin s gauge field.
(Chang-Yin, Ahn, Ammon-Kraus-Perlmutter)

@ This has now been matched for any value of the spin s and parameter
A

(-1t T(s)®> T(s£)\)
2 T(2s—=1)T(1+N)

( ak )S<oi(z1)6i(zz)>
2232713

(02(21)0(22) SN (z3)) =
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Correlation Functions

@ Compare CFT three point function of two scalar primaries and one
spin s current J() (9104 J()) with bulk three point function of two
scalars and one spin s gauge field.

(Chang-Yin, Ahn, Ammon-Kraus-Perlmutter)

@ This has now been matched for any value of the spin s and parameter
A

(-1t T(s)®> T(s£)\)
2 T(2s—=1)T(1+N)

( ak )S<oi(z1)©i(zz)>
223713

(02(21)0(22) SN (z3)) =

@ The CFT answer follows from assuming hs[A] symmetry in the
'tHooft limit.

v
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Checks/Generalisations

Black Holes
@ 3d Vasiliev theories have a novel set of black holes - generalizations of
BTZ black holes - which carry higher spin charges. (Gutperle-Kraus;
Ammon et.al.)
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Black Holes

@ 3d Vasiliev theories have a novel set of black holes - generalizations of
BTZ black holes - which carry higher spin charges. (Gutperle-Kraus;
Ammon et.al.)

@ Original construction was in SL(N) Vasiliev theory (i.e. A = N), in
particular N = 3.
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Black Holes

@ 3d Vasiliev theories have a novel set of black holes - generalizations of
BTZ black holes - which carry higher spin charges. (Gutperle-Kraus;
Ammon et.al.)

@ Original construction was in SL(N) Vasiliev theory (i.e. A = N), in
particular N = 3.

@ The notion of singularity is now a gauge dependent concept. Since
curvature tensor is not gauge covariant under higher spin gauge
transformations.
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Black Holes

@ 3d Vasiliev theories have a novel set of black holes - generalizations of
BTZ black holes - which carry higher spin charges. (Gutperle-Kraus;
Ammon et.al.)

@ Original construction was in SL(N) Vasiliev theory (i.e. A = N), in
particular N = 3.

@ The notion of singularity is now a gauge dependent concept. Since
curvature tensor is not gauge covariant under higher spin gauge
transformations.

@ Thus a solution that has a singularity maybe smooth after a gauge
transformation. Singularities are gauge artifacts! (GK, Castro, Hirano
et.al.)
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Black Holes

@ 3d Vasiliev theories have a novel set of black holes - generalizations of
BTZ black holes - which carry higher spin charges. (Gutperle-Kraus;
Ammon et.al.)

@ Original construction was in SL(N) Vasiliev theory (i.e. A = N), in
particular N = 3.

@ The notion of singularity is now a gauge dependent concept. Since
curvature tensor is not gauge covariant under higher spin gauge
transformations.

@ Thus a solution that has a singularity maybe smooth after a gauge
transformation. Singularities are gauge artifacts! (GK, Castro, Hirano
et.al.)

e Gauge invariant quantity in SL(N) CS theory are holonomies -
Pexp [ A along some cycle.
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Checks/Generalisations

@ A black hole in Euclidean AdS3 can be taken to be one which has a

contractible loop in the time direction. Smoothness demands this
must be trivial.

v
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@ A black hole in Euclidean AdS3 can be taken to be one which has a

contractible loop in the time direction. Smoothness demands this
must be trivial.

@ Prescription (GK): Take the holonomies in the time direction to be the
same as for the BTZ black hole. ((0,427/) eigenvalues for N = 3)
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@ A black hole in Euclidean AdS3 can be taken to be one which has a
contractible loop in the time direction. Smoothness demands this
must be trivial.

@ Prescription (GK): Take the holonomies in the time direction to be the
same as for the BTZ black hole. ((0,427/) eigenvalues for N = 3)

@ Gives two relations amongst four quantities (Mass, Temperature, W3
charge, (). Analogue of smoothness at horizon determining one
relation between M and f3.
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@ A black hole in Euclidean AdS3 can be taken to be one which has a
contractible loop in the time direction. Smoothness demands this
must be trivial.

@ Prescription (GK): Take the holonomies in the time direction to be the
same as for the BTZ black hole. ((0,427/) eigenvalues for N = 3)

@ Gives two relations amongst four quantities (Mass, Temperature, W3
charge, (). Analogue of smoothness at horizon determining one
relation between M and f3.

@ First law of thermodynamics then follows! Non geometric way of
obtaining black hole entropy.
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A black hole in Euclidean AdS3 can be taken to be one which has a
contractible loop in the time direction. Smoothness demands this
must be trivial.

@ Prescription (GK): Take the holonomies in the time direction to be the
same as for the BTZ black hole. ((0,427/) eigenvalues for N = 3)

@ Gives two relations amongst four quantities (Mass, Temperature, W3
charge, (). Analogue of smoothness at horizon determining one
relation between M and f3.

@ First law of thermodynamics then follows! Non geometric way of
obtaining black hole entropy.

e Construction generalized to higher spins (Tan) especially to Wo. ()
(Kraus-Perlmutter). Partition function (in a series exp. in ) agrees
with CFT answer for A = 0,1. Appears to now also agree for arbitrary
A (Gaberdiel-Hartman-Jin).
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Where to?

@ Understand completely the role of HS symmetry in organizing the
spectrum of free Yang-Mills theory - i.e. all the higher twist
operators. (Bianchi et.al). What is the role of massive higher spin
theories in string theory (Sagnotti et.al.)

@ Understand better the role of the higher spin algebra in Yang-Mills
theory for A\ # 0. (Porrati et.al.) How exactly does the higgsing of
the gauge invariance in the bulk take place? What constraints does it
place on the theory?

@ Can we use MZ techniques to see how "softly broken” higher spin
symmetry might still be usefully studied?

@ Use these insights to develop systematic methods of expansion about
A =0 in the bulk and learn something about the string theory on
AdSs?
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@ Under what conditions are Vasiliev theories dual to CFTs? Do they
have to be embeddable in a string theory? How do vector model
dualities fit into the general class of AdS/CFT examples?

e Can we construct more non-SUSY examples of AdS/CFT using
Vasiliev(-like) theories? (GMPTYW, Aharony et.al. examples?) Are
there generically new qualitative features in non-SUSY AdS/CFT
examples (like light states)? What can vector dualities teach us about
non-SUSY gauge theories in 4d?

@ Generalizations to other 2d cosets (Ahn, Gaberdiel-Vollenweider).
Other RCFTs (Kiritsis). Supersymmetric CFTs
(Creutzig-Hikida-Ronne).

@ Can we generalize the dualities to massive theories? A large space of
2d integrable QFTs related by RG flows.
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@ Study other classical solutions of higher spin e.o.m. More black
holes? With scalar Hair?

@ Role of integrability in black hole dynamics. Short Poincare
recurrence time in these 2d CFTs (Chang-Yin). Understand black
hole puzzles in a toy model.

o de Sitter Holography? dSs/CFT3 (Anninos-Hartman-Strominger).
dS3/CFT, (Ouyang).

@ Can we prove these vector model dualities? Might be the simplest
examples of holography. (Douglas-Mazzucato-Razamat).
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