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The AdS/CFT corresEondence

= AdS/CFT correspondence: two approaches

I. “top-down": concrete constructions in string theory

I E decoupling limit

CFT AdS
\ specific theories /

|

Il. "bottom-up”: universalist approach

V CFT, with large N (large gap) — gravity in AdSg;

Q. Gravity on = symmetries = asymptotic symmetries (Virasoro in 3d)

AdS = correlation functions — scattering

|
{2, energy scale = thermodynamics — black holes

= axiomatic description of CFTs, even at strong coupling



Beyond AdS/CFT

= non-AdS holography: hard — fFew concrete examples in string theory (funny decoupled asymptotics)

— often non-local theories, strongly coupled (hard to study independently)

= infer properties of dual QFT from spacetime: symmetries, thermodynamics, correlation functions

. e.g. celestial holography programme
symmetries

(asymptotic symmetries)
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= non-AdS holography: hard — fFew concrete examples in string theory (funny decoupled asymptotics)

— often non-local theories, strongly coupled (hard to study independently)

= infer properties of dual QFT from spacetime: symmetries, thermodynamics, correlation functions

. e.g. celestial holography programme
symmetries

(asymptotic symmetries)
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QFT
properties
/—\

entropy correlation functions

(black holes) (scattering)

= this datais: hard to assemble into a consistent whole w/o knowing the basic QFT structure/properties

- can be ambiguous «— boundary conditions

= having anin principle independent QFT description is valuable



Setup: non-AdS holography and irrelevant flows

decoupling limit

AdS

AdS

non-normalizable
deformation

UV complete

no UV CFT/ fixed point

(no cutoff)

+irrelevant
deformation

IR CFT
non-standard QFT setup

= holographic dual =) finely-tuned irrelevant flow -» UV-complete theory decoupled from gravity

(non-local QFT or string theory)

= string theory: concrete examples of such finely-tuned irrelevant flows dual to non-AdS backgrounds

non-commutative N=4 SYM, dipole-deformed N=4 SYM

= largely intractable : rely on bottom-up methods (holography) to study them

string theory: 3 and basic properties (local/non-local, # dimensions, where it lives, etc.)



Methodology

= combine the top-down set-ups ( 3 of decoupled theory & basic QFT properties)
with bottom-up approaches (symmetries, correlation functions, thermodynamics)

and explicit computations in field-theory toy models (possible QFT structure)

— more complete & consistent description

of the non-AdS holographic dictionary

AN ELEPHANT




A case study:

the Kerr/“CFT"” correspondence



The Kerr / CFT correspondence

» extreme Kerr black hole GM?~J  e.qg. GRS1915+105

dr?  sin®0

2 _ 20 |2 7.2 2 2
ds? = 2T Q) (9)[ P+ T+ iy 40+ ) +d9}
N
SL(2,R)p, U)r
'
infinite # of symmetries - Virasoro c¢=12J Near Horizon Extreme Kerr

= Kerr/CFT: P 1
Kerr entropy reproduced by Cardy  ~ % CFT, warpe 3

= universality ( all extremal black holes have Virasoro + entropy match)



The Kerr / CFT correspondence

» extreme Kerr black hole GM?~J  e.qg. GRS1915+105

dr?  sin®0

2 _ 20 |2 7.2 2 2
ds? = 2T Q) (9)[ At + 5+ iy (@0 + ) +d9}
N
SL(2?R)L U(l)R
'
infinite # of symmetries - Virasoro c¢=12J Near Horizon Extreme Kerr

= Kerr/CFT: P
Kerr entropy reproduced by Cardy  ~ % CFT, warpe 3

= universality ( all extremal black holes have Virasoro + entropy match)

Other observables?
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Abstract

The superradiant scattering of a scalar field with frequency and angular momentum
(w,m) by a near-extreme Kerr black hole with mass and spin (M, J) was derived in
the seventies by Starobinsky, Churilov, Press and Teukolsky. In this paper we show
that for frequencies scaled to the superradiant bound the full functional dependence
on (w,m,M,J) of the scattering amplitudes is precisely reproduced by a dual two-
dimensional conformal field theory in which the black hole corresponds to a specific
thermal state and the scalar field to a specific operator. This striking agreement
corroborates a conjectured Kerr/CFT correspondence.
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Finite temperature (T7,Tr) CFT, two-point function in momentum space (pr,pr) for Oy, 1,

The superradiant scattering of a scalar field with frequency and angular momentum
(w,m) by a near-extreme Kerr black hole with mass and spin (M, J) was derived in
the seventies by Starobinsky, Churilov, Press and Teukolsky. In this paper we show
that for frequencies scaled to the superradiant bound the full functional dependence
on (w,m,M,J) of the scattering amplitudes is precisely reproduced by a dual two-
dimensional conformal field theory in which the black hole corresponds to a specific
thermal state and the scalar field to a specific operator. This striking agreement
corroborates a conjectured Kerr/CFT correspondence.



arXiv:0907.3477v1 [hep-th] 21 Jul 2009

BLACK HOLE SUPERRADIANCE
FROM KERR/CFT

Irene Bredberg,” Thomas Hartman,” Wei Song™ and Andrew Strominger!

2
T ~ T2hL 1, 27{1 >| T2hR 1o QTIE

. 2
PR
I'( A
( nr 27TTR>‘

- non-local

F(hL+

27TTL

hi,r = hr r(PR)
"
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Kerr/“CFT” from different viewpoints

bottom-up

= universal warped AdSs

= isometry: SL(2,R);, x U(1)g

Virasorog

»
symmetries

/ ?2?
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Kerr/ 5
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entropy correlation F
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top-down

QFT toy model



Kerr/“CFT” from different viewpoints

bottom-up top-down
= universal warped AdSs = warped AdS3 can be easily
| modeled in string theory
= isometry: SL(2,R)L xU(l)r
- = e.g.dipole-deformed D1-D5 +
~ flowto IR - F.th. not tractable

Virasorop |
> |
symmetries UV complete
?? |
/
Kerr/ " (no cutoff)
IICFT" ‘ 3
/\ (1’ 2)
entropy correlation f. + i;relevapt
Cardy CFT - like CFT, deformation

hr r(PR)
f SL(2,R);, x U(l)g
%/_/ H_/

local & conformal non-local!

QFT toy model



A sharp puzzle

top-down bottom-up

(ASG analyses)
UV complete

SL(2,R)L x U()r Virasoro Virasoro
(no cutoff) N — \ Lo /1 R

local & conformal non-local!
SL(Z,R)L X U(l)R

+irrelevant
CFTZ deformation

Two options:

1) Virasorog is a by-product of the low-energy approximation/bnd. cond. are not correct

2
2) 3 non-local 2d QFTs that have Virasoro x Virasoro symmetry 00

~



Kerr/“CFT” from different viewpoints

bottom-up top-down

= universal warped AdSs = warped AdS3 can be easily
| modeled in string theory
= isometry: SL(2,R)L xU(l)r
- = e.g.dipole-deformed D1-D5 +

flow to IR — f.th. not tractable

Virasorog
. >
symmetries
/ 22
/

/
/

Kerr/
"CFT” <
T (1,2)

(no cutoff)

entropy correlation F +irrelevant
Cardy CET = like CFT, deformation
hp,r(p)
SL(Q, R)L X U(l)R
\ﬁf/ %f_/
local & conformal non-local!

QFT toy model

= JT-deformed CFTs

SL(2,R), x U(1)g
\ﬁf/ %f—/
local & conformal non-local!

UV/complete = (Virasoro-KM); x (Virasoro-KM),

= d analogues of primary operators

O(p)
* all their correlation functions are

entirely determined by original CFT

correlators; 2 & 3pf: CFT with

hr.r — hr r(D)



The field theory toy models



The field theory toy models:

TT & JT - deformed CFTs



What are the TT/ JT deformations?

= irrelevant deformations of 2d QFTs — UV complete QFTs that are non-local

QFT

no UV CFT/ fixed point

(no cutoff)

+irrelevant
deformation

integrability preserved

= finely tuned irrelevant flow

- bilinear of two conserved currents J4,J?

?}1_1;1:18 eo‘ﬂJf(a:)Jg(y) = Ojay8 + derivative terms

nice factorization properties

8g—ii”:/d2$0JAJB(ﬂ)

Smirnov & Zamolodchikov ‘16

- examples of universal deformations
TT: J}=T.,", J}=T5" (xeap) (2.2

JT: Jl=Jo, J§=Ts: rorentz (1,2)

SL(Q,R)L X U(l)R
- -
local & conformal non-local



Why are they interesting?

= irrelevant deformations of 2d QFTs — UV complete QFTs that are non-local

non-AdS
holography

no UV CFT/ fixed point integrability

cutoff p—
holography TT

(no cutoff) QCD

pheno-

+ irrelevant
: menolo
deformation v Dubovsky et al “12-'18

QFT



Why are they interesting?

= irrelevant deformations of 2d QFTs — UV complete QFTs that are non-local

non-AdS
holography

no UV CFT/ fixed point integrability

cutoff p—
holography TT

(no cutoff) QCD

pheno-

+ irrelevant menology

deformation

QFT

[exactly solvable]




Exact solvability of TT/JT deformations

= place SZ-deformed theory on a cylinder (R) & study flow of energies and eigenstates

Ea
m,|0,H|n
Opbn = <”M|?MHLnu> Oulny) = Z < 5}[ ﬁ E|u“> imy) = Xjagslng) f
N m;én n m
OJAJB J
Observables: /;
- deformed finite-size spectrum E,(R) = Eo(R+ pEy)

Su(Eyu) = So(Eo)

thermodynamics

- S-matrix S, (pi) = et i< “rap; So(ps)

- correlation Functions “momentum-dependent spectral flow”
seed = CFT

- extended symmetries “Virasoro x Virasoro”

are simple, universal, non-local deformations of the original CFT/QFT observables



Extended symmetries of TT and JT

- deformed CFTs



Extended symmetries of JT - deformed CFTs

= define flowed generators iﬁz,ifn, JA .. via Ix[nx) = Xjyplna)

~

LS e SR Y N S

J

= well-defined quantum-mechanically, unambiguous, conserved O,

= satisfy (Virasoro-KM)”2 algebra by construction, same ¢, k as undeformed CFT  CFT,
= flow equation can be solved explicitly in the classical limit, in_,—f known

= symmetry generators that act quasi-locally on fields are related to 1.* ... via ~spectral flow by AHg

_ _ 2172 _ ~ ~ )\2H2
L) = L)+ \HpJ) + %5@ IR, = L) + X : HpJ) : + 0 R, 0
- AH = MH
Ty =T+ 5 b Ty =)+ =5 o

= algebra of quasi-local generators (Virasoro — KM), x (non-linear modification of Virasoro — KM)p
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AT - AHp IR — > : X . N HE,
o Ly = Ln + )\HRJn + 1 5n,0 o nRv Ln + A HRJn D+ 1 6n,0
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~ - = ANH
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Correlation functions in JT - deformed CFTs

o0 non-local theories, which operator basis to choose?

~

= proposal: CFT-like Ward identities w.r.t. the quasi-local generators LN LN JN TN

= useinterplay of flowed (L,,, ...) and quasi-local (L, ---) gen. to write O({,p) in terms of/@(C, ¢)

flowed CFT operator
= all correlation functions of O((,p) are entirely determined by the original CFT correlators

i)

Q\x

(335 —qs

El[ )

wCij neii N\ #9195 —0id;) [ =&y "Cij
(O01(¢1,01) - - - On(Cny D)) /HdC e~ 2iPii o AH(G 7 e~ R >k <e 7 R )

1<j

T
|

QY
I
QN
_|_

X <OfFT(C17<_1)OsFT(Cn75n)> C]:q~—|‘

= for 2 & 3 —point functions, same as momentum-space CFT correlators, but with

A2p2 _ - NP
h
n + Apq + 1

h(p) = h+ \pg +

same behaviour as seen in black holes !!! v



Lessons

= explicit QFT toy model shows that it is possible to have both Virasoro symmetry and non-locality
= action of Virasoro generators is subtly modified* & non-locality of correlators highly structured**

* generators that act naturally on the fields are not the Virasoro ones, but ones that satisfy

a non-linear algebra

** “orimary analogues” defined w.r.t. L,..., whose correlation functions are non-local, yet

fully determined by the seed CFT

Questions:
1. Lagrangian interpretation of the symmetries?

W.i.p.
2. What is the signature of the non-linear algebra of the quasilocal generators in holography?

3. Is the JT -deformed CFT QFT structure the relevant one for Kerr/ “CFT"?



Extended symmetries of TT - deformed CFTs

= start in Hamiltonian formalism, define Virasoro generators on the cylinder by flowing the CFT ones

O, LY = [Xpp, LM LM

m

| =LGPT & It idem
u=0
- result LY = (R+ ZMHR)/daeim“/Ru%L un~ U+ 2u/HR

R,
— emergent field-dependent coordinates u,v

IR CFT,

= translate transformations to Lagrangian formalism:

— field-dependent coordinate shifts + Weyl transformation

— coord. rescalings with charge-dependent coefficients — nonlin algebra

= perfect match to holographic analysis (independent)

— asymptotic symmetries of AdSs with mixed boundary conditions

for the metric = windings necessary for consistency



TT deformations and non-AdS holography



The asymptotically linear dilaton background and TT

Giveon, Itzhaki, Kutasov ‘17

= k NS5and p F1 stringsinthe NS5 decoupling limit  9s =0, o' Ffixed p large

|

I bbbl oo . )
asympt. flat+ linear dilaton LST: UV complete, non-local

(no cutoff)

+(2,2) irrelevant

non-normalizable deformation

deformation
IR CFT

UV: Little String Theory : non-gravitational, non-local theory with Hagedorn growth »
~ 7TOé/ Z Tsz
=1
IR: CFT2 (~singular) Interpolating geometry : dual to irrelevant def. by a (2,2) single-trace operator

Giveon, Itzhaki, Kutasov ‘17

= stable ALD black holes g j ;thermodynamics S(E,J) identical to single-trace TT  Cardy - Hagedorn
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Asymptotic symmetries of the ALD background

@ What boundary conditions to impose and where?
= the decoupling limit of NS5 branes indicates the dual LST lives at spatial infinity J
= most minimalistic assumption:

W' (Leascg,0M) = w"(Leascg,dJ) =0

= define allowed diffeos > their radial symplectic fForm with the allowed modes is zero

~ Flux through the boundary

¢45C - same Functions of the TT field-dependent coordinates as in the double-trace case!

= same charges & non-linear algebra up to O(¢%)— backgrounds & bnd. conditions are entirely different!!

= result appears to generalise to a 21-parameter fFamily of linear dilaton-like backgnds in string theory



Conclusions

R0k
&

= argued it is useful to approach non-AdS holography from a multifaceted viewpoint /

vya:@@
SHET b
%@

LRSS
uide

o

= input from top-down approaches and QFT toy models are very useful, if not essential, to gu

and properly interpret the calculations — Kerr/“CFT"” example
= the QFT toy models: TT/JT — deformed CFTs show explicitly Virasoro symm. & non-locality can co-exist

= string theory realisations indicate 3 of classes of theories with TT - like properties (entropy & symm)

Future directions :

= 3 generalisations of single-trace TT/JT —deformed CFTs with the same universal properties?
= is Kerr/“CFT” in the JT universality class?

= 3 any otherinteresting physical applications of such theories?



Thank you'!



Fun fact

= consider non-extremal NS5-F1 system (asymptotically flat)
T
i T’YTLCLSC

« VT <Tnar two black string solutions: small & stable / large & unstable

v

= similarity between Tmas and the Hagedorn temperature of LST o

= studied asymptotic symmetries of this AF background, as defined via
w(Leasa,0M) = w(Leasc,0J) =0
TT - like

= background - dependent diffeomorphisms that break down precisely at E,,,, of the small black holes

— TT - like effective description of asymptotically flat small black strings?



Conclusions & future directions

= the bottom-up ASG - based approach is a powerful tool to obtain insights in non-AdS holography
= input from top-down approaches and QFT toy models appears necessary to guide and properly
interpret the calculations — Kerr/“CFT"” example

= what is the “QFT structure” of Kerr/ “CFT"?

- revisit black hole entropy calculations: Cardy or JT (modified Cardy)?

- do we need to revisit the Kerr/CFT ASG calculations?

= js there a universal rule For how to find the approriate boundary conditions on a given spacetime?



Warped AdS; and single-trace JT

= AdS3 x S? x T* with pure NS flux + TsT (z~and U(1) )
warped AdSs

= worldsheet o model solvable Apolo, Song ‘18
Chakraborty, Giveon, Kutasov ‘18

= long string sector well modelled by single-trace JT

\ _ —
AdS3 |~ Z JiT; Q: Are its universal properties also captured by JT?

entropy, ASG...

= ifyes, then expect entropy S(M, J, Jy, Jo) to agree with JT formula (modified charged Cardy) Ve
= How to parametrize this string background?

* important and can be very subtle (wrong thermodynamics!)

- study of NCOS decoupling in D1-D5 with critical electric B-field



Do warped AdS duals fall into the JT “universality class”?

(action of Virasoro generators is subtly modified & non-locality of correlators highly structured}

revisit symmetries of JT — deformed CFTs from spacetime point of view (ASG) & reproduce both sets
of symmetry generators

= use this intuition to revisit ASG calculations for warped AdSs (in string theory) — Virasoro or subtly #?

= revisit black hole entropy calculations: Cardy or single-trace JT (modified Cardy)?

» do we need to revisit the Kerr/CFT ASG calculations?

= universal properties of field theories dual to warped AdS3 (“dipole CFT axioms”)?



Example Il : TT and asymptotically

linear dilaton holography



The asymptotic linear dilaton background and TT

, _ k NS5and p F1stringsin the NS5 decoupling limit
asympt. flat+ linear dilaton

gs — 0, o fixed

p large

UV: Little String Theory / K3

non-gravitational, non-local theory with Hagedorn growth

IR: AdSs longstrings: described by (Me)?/S, orbifold

short strings: not ~

Interpolating geometry

p
* dual to CFT source for anirrelevant (2,2) single-trace operator ~ » T.T; Giveon. Itzhaki Kutasov ‘17
1=1

= worldsheet ¢ - model tractable
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The asymptotic linear dilaton background and TT

, _ k NS5and p F1stringsin the NS5 decoupling limit
asympt. flat+ linear dilaton

gs — 0, o fixed
p large

UV: Little String Theory / K3

non-gravitational, non-local theory with Hagedorn growth

IR: AdSs longstrings: described by (Me)?/S, orbifold

short strings: not ~

Interpolating geometry

p
* dual to CFT source for anirrelevant (2,2) single-trace operator ~ » T.T; Giveon. Itzhaki Kutasov ‘17
1=1

= long string subsector (only!) well-described by single-trace TT = <G [not exact TT ]

= black hole entropy and asymptotic symmetries perfectly match single-trace TT

(Cardy —» Hagedorn) (non-linear modif. Virasoro)



Details of the symmetry algebra calculation

explicitly solve flow equation 9, L% = [Xrs,L"] in the classical limit MG, Monten, Tsiares ‘22

translate result to Lagrangian formalism — field-dependent diffoemorphism & ~ o+t + 2;1,/ Hr

gUz—(ﬂm_f%%iiQQﬁ) gV:%%(/&ﬂ%@ﬂdG@—a%wMﬁ+%§@+%J&V0

UV =0+t

compare with asymptotic allowed diffeos in AdS; with mixed bnd. cond. dual to double-trace TT

lﬁ+U+ﬂm+u/%F xw%v+ﬂm+u/2f,
C

. . /
e, z; winding! j{[,fp — Qf;)
charge algebra: Virasoro x Virasoro or non-linear modification, depending on chosen basis
the asymptotic symmetries of the ALD background, fFixed by w(Leasag, M) = w(Leascg,6J) =0

are the same functions of field-dependent coordinates as in the double-trace case

charge algebra the same up to the order checked (single-trace version) Georgescu, MG 22



The asymptotic linear dilaton background and TT

, _ k NS5and p F1stringsin the NS5 decoupling limit
asympt. flat+ linear dilaton

gs — 0, o fixed
p large

UV: Little String Theory / K3

non-gravitational, non-local theory with Hagedorn growth

IR: AdSs longstrings: described by (Me)?/S, orbifold

short strings: not ~

Interpolating geometry

p
* dual to CFT source for anirrelevant (2,2) single-trace operator ~ » T.T; Giveon. Itzhaki Kutasov ‘17
1=1

= long string subsector (only!) well-described by single-trace TT

 black hole entropy and asymptotic symmetries perfectly match single-trace TT - [Tf — like !]

(Cardy —» Hagedorn) (non-linear modif. Virasoro)



Different viewpoints on ALD holographic dual

top-down s bottom-up

= decoupled bckgnd. interpolates b/w

. ) “Virasoro x Virasoro”
AdS; (IR) & flat w/ linear dilaton (UV) '
| symmetries

LST

/
/

L

(no cutoff)

(2,2) ‘Hagedorn CFT - like
+ irrelevapt | h(pz)
CFT2 deformation

= existence of decoupled theory
(string theory)

= hard to track down (! susy)

entropy correlation F.

QFT toy model

TT - deformed CFT

Hagedorn entropy 0”/!'

/ Ibetcb sel&

“Virasoro x Virasoro” symmetry
L' = (R+2uHR)Q, &RM

correlation Functions

OO ~ [ Eoer T

CFTwith h — h(p?) = h + up?/2

similar structure, but not the same
function as the spacetime



Different viewpoints on ALD holographic dual

top-down s bottom-up

= decoupled bckgnd. interpolates b/w

. ) “Virasoro x Virasoro”
AdS; (IR) & flat w/ linear dilaton (UV) '
| symmetries

LST

/
/

L

(no cutoff)

‘Hagedorn CFT - like
(27 2) } 2
+irrelevant ‘ h(p®)
CFT, deformation
e B N
= existence of decoupled theory compactified LST - same

(string theory) _ _ _
“universality class” as TT ?

= hard to track down (! susy) 3 \ /

entropy correlation F.

QFT toy model

TT - deformed CFT

Hagedorn entropy 0”/!'

/ Ibetcb sel&

“Virasoro x Virasoro” symmetry
L' = (R+2uHR)Q, &RM

correlation Functions

OO ~ [ Eoer T

CFTwith h — h(p?) = h + up?/2

similar structure, but not the same
function as the spacetime



Additional examples

= classify all maximally supersymmetric irrelevant deformations of the D1-D5 CFT (22 for K3 comp. sp.)

* in supergravity, they infinitesimally correspond to deformations of AdSs(H;™) char. by 3-form fluxes

OH;_ 3 OH?,—,OF?)—,OFB—,I

LST 19 F=F A
= full supergravity solutions 5 3 Wi
1
2 _ 342 2 A2 2 102 _ga
dsg = ——HAHA( dt* + do”) +  HyHM (dr* + r=dQ3) Hy = S te

= asymptotics degenerate if can®Zcs =0 (minimum amount of OH;)

= all such backgrounds correspond to known decoupling limits of string theory

open brane LST — NS5 branes in critical RR 2- & 4- form Ffields

= black hole entropy : Cardy - Hagedorn



Additional examples

= classify all maximally supersymmetric irrelevant deformations of the D1-D5 CFT (22 for K3 comp. sp.)

* in supergravity, they infinitesimally correspond to deformations of AdSs(H;™) char. by 3-form fluxes

OH;— 3 OH?,—,OF?)—’OFB—,I

N o g
. . LST 19 Fy = FS T AWr
= full supergravity solutions
1 q
dS% = W(—dt2 + dO'Z) + HAHA(dT2 + Tde?&) HA = T—g -+ CA

= asymptotics degenerate if can®Zcs =0 (minimum amount of OH;)

= all such backgrounds correspond to known decoupling limits of string theory

open brane LST — NS5 branes in critical RR 2- & 4- form Ffields

= black hole entropy : Cardy - Hagedorn < [Tf - like?]




Thank you'!



The primary condition

main idea: use interplay of the two sets of symmetry generators

P A2 H? ~ NH
LM =RL, - MHpJy+ —L5,0, Jt=J,— 6.0
2 assumed
X
- _ _ N2 2 - \H full quantum
\ L’Z = Ran — A HRJn : +TR5n’O y T/”LL = Jn — TR(Sn’O

= algebra LM (L,,, J,, ) : Virasoro-Kac-Moody ; algebra RM (L,,, J,,) : non-linear modification of Vir.-KM

= LM: operators should be primary w.r.t. Ln,Jn « implement conformal & affine U(1) transf.

_ )\2 =2
Wardid:  [Ln,O(w)] = €™ (nhO+8,0)  w/  h=h+\pG+
n>—1

= introduce auxiliary ops. O(w,w) defined via NO(w,w) = [X;7,O(w,w)] « identical correlation

~

functions and Ward identities w.r.t. L, etc., asthe operatorsin the undeformed CFT

e

O(w, —) = eV e P Linz= 6Wj—"C’~)(w, —)e AP 2n= e " RM




Conclusions

we have shown that, despite their non-locality, TT — deformed CFTs posess infinite symmetries

various perspectives: abstract QM, classical Hamiltonian, Lagrangian, holographic + single-trace

we have shown that the asymptotic symmetries of the asymptotically linear dilaton background
in string theory are precisely those of single-trace TT — deformed CFTs

this further suggests the relevant “QFT structure” for these bckgnds is closely related to that of

symmetries
Virasoro x Virasoro

//

ff-de
CFT
/\

entropy correlation functions

Hagedorn 7

» abetter understanding of both field theory and gravity (both doable!) may pave the way for

precision holography in this background



Setup

* as we anticipate field-dependent symmetries — turn on non-trivial background to see this

» we thus consider the asymptotically linear dilaton black hole backgrounds

* ALD x 8% xT* - use consistent truncation to 3d  ds® = ds? + (2ds%, , H=20Cwg +be*Pwy
ds? = e r2dUdV + L,dU? + L,dV? + Ll dUdv | + kd—ﬂ
 o'rt 4 Br2 4+ o'L, L, v Y r2 r2

kr?

Tt Br2 + o'L, L, B = VP +4a”LyLy

62(5

* classified linearized perturbations of this background: pure diffeos + propagating

* allowed diffeos: their symplectic form with the allowed modes, notably 5L, , must vanish

— charge conservation



Holographic dual of TT - deformed CFTs

« TT deformation : double trace holographic dictionary derived from Field theory

using Hubbard-Stratonovich trick
= seed CFT: large ¢, large gap

: , : , , 15t instance of mixed bnd. cond. on AdS 3metric
— Einstein gravity + low-lying matter fields

] ] — bulk & boundary have independent definitions
e — contrast standard situation where properties of
the boundary theory are inferred from the bulk

mixed boundary

conditions for change bnd. conditions on AdS3 metric — radical

modification of the bnd. theory: local = non-local

AdS3 metric
- = precision holography
. — perfect match of bulk/boundary spectrum +/
958 —neld+ 5 029056~ Fixed
MG, Monten ‘19 — symmetries s/
pure gravity ~ Dirichletat p = —u | — other observables?

McGough, Mezei & Verlinde ‘16



Example 1: Non-commutative N=4 SYM

T-duality, shift, T-duality

= D3 branesin aspatial B - field « induced by TsT + decoupling xﬁ
o =0 T
B — >

= == npon-commutative N =4 SYM - —x Moyalstar product

(2%, 2] = 6"

Seiberg, Witten ‘99

planar diagrams: same asin N =4 SYM up to phase factors involving the external momenta

— free energy (thermodynamics) same asin AN =4 SYM Filk '96

field redefinition NC A =4 SYM - ordinary AN =4 SYM + infinite # of irrelevant operators

with finely - tuned coefficients ~ 6" Oy 42,

— UV - completeness, properties of diagrams and thermodynamics mysterious in this picture



Holographic dual

dual background: obtained via TsT + decoupling

2

2 _ 1,2 2 2 r
ds —gNa r (—dt +d$1)+m

2 2 dr? 2
(dan ‘|‘ dx:))) _|_ ’]"_2 ‘|‘ dQ5

Maldacena, Russo ‘99

2
029 9

1 + b2

interpolates between AdSs x S° inthe IR - funny asymptotics in the UV (NC SYM)

— leading irrelevant deformation: dim 6

— can argue for UV completeness from decoupling limit

thermodynamics sameas N =4

correlation functions : non-locality - momentum-space
— gauge-invariant operators : “open Wilson lines”

— match between field theory and gravity

Azt = 0"k,

UV complete | non-local

(no cutoff)

+irrelevant
deformation

Gross, Hashimoto, Itzhaki ‘00

Rozali & van Raamsdonk ‘00



Example 2: Dipole-deformed N=4 SYM .

TsT along || and 1 direction to the branes

star-product deformation of dual field theory : dipole star product

1 1
d — L = qp\* (@1 x Do) (zH) = Py (2 — §L5) Py (" + §L§L) non-local

dipole length

planar diagrams unaffected up to a phase — large N free energy unaffected

Seiberg-Witten map: dipole theory= N =4 SY M + infinite number of irrelevant terentz operators

dual gravity background: TsT of original background + decoupling limit



Applications

holographic modeling of strongly-coupled systems with non-relativistic conformal invariance, a.k.a.
D.T. Son’ 08

Adams & Balasubramanian ‘08

AdS/cold atom correspondence

d—2 2 ) B
d82 — —>\2T4(d$+)2 _|_7,,2 <d33+d$_ +de2> T dL T — ¢ $+, r —

' —= cx’

Schr6dingerd+1 backgrounds «= NRCFT;_; codimension?2 holography (symmetries)

however, certain Schrédinger, xS° backgrounds <= null dipole-deformed ' =4 SY M A2~

non-local along =~
- N =4 + infinite # of Schrodinger-invariant irrelevant operators {
local and Schréd.-invar. along

zt, x

NR CFT: compactify z~ DLCQ of null dipole theory (additional reduction along non-local direction

Maldacena, Martelli, Tachikawa ‘08
this type of NR CFT has a very special structure



HoIograEhic Eersgective

holographic dual to double-trace TT —deformed CFTs: AdSs with mixed bnd. cond.

(0)
Jop .
gap(pa®) = = Rl R Gohd — Hgeg + 49(%)9(0”5 g3 = fixed = g

most general allowed backgrounds parametrized by two functions £(u)

), L(v
= / d’U ¥
zero modes

where the field-dependent coordinates u, v := ce,cp
V:v—,u/ L(u')du"”

large diffeomorphisms that preserve the mixed bnd. conditions <« » symmetries of dual field theory

under these diffeomorphisms, the TT coordinates change as & = o(f'(u) + F'(v)
ol r Y /
U U S+ [ £ V—>V+f(v)+u//:fc<_ windingt o § 21, + Q.
Cﬁf [,f— p
these symmetries are identical to the result of the Lagrangian analysis MG, Georgescu ‘22

charge algebra: Virasoro x Virasoro or non-linear modification, depending on chosen basis



Smirnov-Zamolodchikov deformations

= irrelevant deformations of 2d QFTs - bilinears of two (higher spin) conserved currents J4, J?

= define h -
Ojays lim *?J3 (2)JF (y) = Oyaye +  derivative terms Zamolodchikov ‘04
Yy X
r— SZ 16
- - nice factorization properties
= deformation: dS (1) )
W = /d x O yays(p)
4 _
= examples: TT: J=T,%, J§ =Ts3" (xean) (2,2)
universal — A
1 JT: J2=J,, Jgg = T3z Lepope= (1,2)
SL(Q,R)L X U(l)R ‘
\ﬁﬁ/ \ﬁf—/ OJAJB
local & conformal non-local! 1

= highly tractable : exact Finite -size spectrum, S-matrix, preserves integrability

« deformed theory non-local ( scale 1) but argued UV complete



Smirnov-Zamolodchikov deformations

= irrelevant deformations of 2d QFTs - bilinears of two (higher spin) conserved currents J4, J?

= define ~ |
Ojays lim *?J3 (2)JF (y) = Oyaye +  derivative terms Zamolodchikov ‘04
Yy—x
S SZ'16
- . nice factorization properties
» deformation: dS (1) )
Y /d x Ojaye(p)
o
4 —
= examples: TT: J=T,%, J§ =Ts3" (xean) (2,2)
universal - A
1 JT: Ji =Ja, Jég = Tpgs Lorentz (1,2)
SL(Q,R)L X U(l)R ‘
N _ S Ojags
same as extremal black holes « | local & conformal non-local! 10

= highly tractable : exact Finite -size spectrum, S-matrix, preserves integrability

« deformed theory non-local ( scale 1) but argued UV complete



Smirnov-Zamolodchikov deformations

= irrelevant deformations of 2d QFTs - bilinears of two (higher spin) conserved currents J4, J?

= define h -
Ojays lim *?J3 (2)JF (y) = Oyaye +  derivative terms Zamolodchikov ‘04
Yy X
r— SZ 16
- - nice factorization properties
= deformation: dS (1) )
W = /d x O yays(p)
4 _
= examples: TT: J=T,%, J§ =Ts3" (xean) (2,2)
universal — A
1 JT: J2=J,, Jgg = T3z Lepope= (1,2)
SL(Q,R)L X U(l)R ‘
\ﬁﬁ/ \ﬁf—/ OJAJB
local & conformal non-local! 1

= highly tractable : exact Finite -size spectrum, S-matrix, preserves integrability

« deformed theory non-local ( scale 1) but argued UV complete



The “QFT properties” of JT - deformed CFTs

local & conformal non-local

= JT-deformed CFTs are dipole CFTs SL(2,R), x U(1)g
symmetries ,
. . Bzowski, MG ‘18; MG, Monten ‘20,
. Virasoro x Virasoro MG'20, MG'21
non-standard //“
//
JT -de
/CFT\
entropy correlation functions
: CFT-like with A— A(p)
MG'17, universal €ardy MG 19, MG ‘21

Chakraborty, Giveon, Kutasov ‘18

= left: Flowed Virasoro explicitly different from generator of left conformal transformations

= J non-local analogues of primary operators whose correlators are entirely determined by seed CFT



Holograehic intereretation

= in AdS/CFT parlance, the Smirnov-Zamolodchikov deformations are double-trace - mixed boundary

conditions for the dual fields

TT : mixed boundary conditions on the asymptotic metric (FG coefficients)

pure gravity ~ Dirichlet at

Yap (1) = 950 — 19y + £ g&?g(o)”‘s ) = fized

4 p=—p

JT : mixed boundary conditions b/w the asymptotic metric and U(1) Chern-Simons gauge field

~ Compere-Song-Strominger bnd. cond. in metric sector, but ASG has different interpretation

* 1*instance of mixed bnd. cond. on AdS; metric — bulk & boundary have independent definitions

— precision check of the holographic dictionary

= change bnd. conditions on AdS3 metric — radical modification of the bnd. theory: local —» non-local

- TT,JT 7‘» non-AdS geometry b/c they are double-trace — need single-trace irrelevant deformations



Single-trace TT / JT - deformed CFTs

= AdS; /CFT, gauge group: S, (permutations) — consider symmetric product orbifold CFTs M”/S,
- standard TT: double-trace ) T;) T,
i j

p
- seed MP/S, :single-trace TT deformation > TT; = (TTues. M)?/S,
1=1

= exact partition function, spectrum, thermodynamics, correlation functions Apolo, Song * 23

Chakraborty, Georgescu, MG ‘23

= canalso show Virasoro & fractional Virasoro generators survive, as well as the fFlowed KdV charges

= the non-linear algebra of the unrescaled symmetry generators is (untwisted sector)

) 4N2Hi Qz Qz c 1
— _ __*min _ R¥m<n 4 —~ 2_ 1 _

= same as double-trace algebra, but with ¢ — u©/p inside expectation values L =R+ 2uH"

= dual to a stringy background
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