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A thought experiment was recently discussed which involves is
the decoherence of a quantumsystem dueto a black hole is
Wald Satishandran Danielson 2205.06279 2301.00026

qubit
Gralla Wei 2311.11461 it

or
It hasbeen suggested that this effect may be unique to black

holes and or be of fundamental importancefor their quantum description
Ontheother hand we expect that a black hole when viewed from the outside

is described by an ordinary quantum system evolvingunitarily

Today we replace the black hole by an ordinary quantum system at finite temperature
and obtain the same qualitative effect

The idea is to analyze the problem in terms of an effective theory that appliesequally well

for the black hole case as for an ordinary mattersystem
















































































Reviewof setup fordecoherence thought experiment

9 Alice 1 I

PA

The black hole will destroy the coherence of thesuperposition at a constant rate
i e theoff diagonal elements of Alice's density matrix decay as e

t
for

some constant T Wald Satishandran Danielson 2205.06279 2301.00026

There is an analogous gravitational version of theeffect which involves the superposition of a massiveparticle










































































































blackquantumsystem AliceEffective theory picture
o on

Thefieldssourced byPa have wavelength T R so we can
b PIapproximate the black quantum system by a point particle in flat

space Interactions are captured bymultipole operators living on the
worldline

Rural
as

T b

i
classicalvector indicatingthe Operatoractingon theHilbertspace Paulimatrixacting on Alice's system
sizeofAlice'sdipole oftheblackquantumsystem parameterizing the two configurations

When we compute the time evolution of Alice'sdensity matrix under this interaction we find
a constant decoherence rate of the form

T α G Pa fat BH P Lo

In this framework thedecoherence is arising
from thermal or quantum fluctuations

of theelectricdipoleoperatordescribing the black quantum system








































































































The Fluctuation Dissipation Theorem

To determine Gw w Sdt e BH 1310 for various systems of interest we compute
the response function X t if t B t P 107 which is related to Gw w by
the fluctuation dissipation theorem

Busal
1

Gw w 2 n w 1 Im X w Mb w

epw βw
For an ordinary matter system w depends on transport coefficients such as

the conductivity and viscosity

For black holes the low frequency expansion of X w is given by the
static and dynamical Lovenumbers

w A IWB O w

A 0 for black holes in 4d but B 0

From a computation of the Lovenumbers one can read off Gw w and reproduce the

black hole decoherence rates of Wald Satishandran Danielson
















































Comparison to ordinary matter

The response functions set the decoherence rate so comparing By and matter

is the same as comparing the decoherence effects

We compare objects of the same size and at the same temperature

Response functionof spherical conductor with resistivity P

BH response function

To be comparable to a black hole p R e

A small ball of some impuremetal will do ex Al alloy



Comparison to ordinary matter gravitational case

We can make a similar comparison for the gravitational effect

Ex Compare to a self gravitatingfluid or an elastic solid with some viscosity

An ordinary object of the same mass as the BH typically has a larger
decoherence effect while the opposite is true for an object of the

same size when all comparisons aremade at the same temperature



Summary

Thedecoherenceeffect is consistent with the hypothesis that from the outside
black holes are describedby ordinary quantum systems

It is qualitatively present for ordinary matter at finitetemperature

The decoherence arises from thermal fluctuationsof the multipolemoments of
the blackhole matter system

For the electromagneticeffect the decoherencecan be of equalmagnitude for black holes an
ordinary objects

For the gravitational effect ordinary matter produces a weaker effect if we
compare objects of the same size and temperature



The connection to absorption

Gw w also governs the absorption of low frequency fields

Let us discuss scalar fields forsimplicity where
operatordescribingblackquantumsystem

Sint SatOct 0H
bulk scalar field

Amplitudefor transition from Ii to f of black quantumsystem

If I Mi if so

For Gabs divide f by T and incomingparticle flux

Gw w

Gaps is related to the classical absorption cross section 6 5 by
Gail w E Gw w for Burial



Comparison to ordinary matter_more details

Gravitational case

BH response function

2 Kinematicviscositya Same mass and same temperature comparison Rs Schwarzschild radiusoffluid
Responsefunction of selfgravitating fluid

Example self gravitatingballof water at room temp Ts 0.6mm R 5 105 m

A ballof water absorbs gravitons moreeasily than a black holeof the same mass

b same size and same temperature comparison

Response function ofelasticsolidwith someviscosity

Example lead ball at 5 K.rs 100mm Rs Ip Rs Schwarzschild radiusofthesolid
speedofsoundinsolid

Themetal absorbs fewergravitons than the black hole



Zero temperature black holes

Thenearhorizon geometry of an extremal black holedevelops an approximate SL 2 symmetry
that fixes the form of the correlators

Scalar effect the decoherence is not linear in T but α In T

AMasslessfield corresponds to an operatorof dimension Δ I so that

atfat OHOG α dt dt Gt.ie

α In T endpoints

Thisanswer was derived usingdifferentmethodsfor a Kerrblackhole in GrallaWei 2311.11461

For operatorswithdimension A 1

atfat OHOG α dt dt Gt.ie

α f endpoints

The T dependent term 0 in the T a limit

No T dependent contribution tothedecoherence at longtimes
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Big picture
Our world is non-supersymmetric

(at least at low energies)

It is crucial for phenomenology to understand String Theory (QG) in setups without supersymmetry!

How?
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10D Non-supersymmetric string theories
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Arguably the most natural
     way to study QG
       away  from SUSY !!

[Alvarez-Gaumé, 
Ginsparg, Moore, 

Vafa ‘86]

[Sugimoto ‘99] [Sagnotti ‘95]

There are three:



10D Non-supersymmetric string theories

 Matilda Delgado                                        IFT UAM-CSIC                                Strings 24 - Gong Show                                    04/06/24                                         7

Not a lot is known about these theories.. 

[Alvarez-Gaumé, 
Ginsparg, Moore, 

Vafa ‘86]

[Sugimoto ‘99] [Sagnotti ‘95]

There are three:



10D Non-supersymmetric string theories

 Matilda Delgado                                        IFT UAM-CSIC                                Strings 24 - Gong Show                                    04/06/24                                         8

Not a lot is known about these theories.. 

e.g. do gauge/gravitational anomalies cancel?
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10D Non-supersymmetric string theories
Not a lot is known about these theories.. 

e.g. do gauge/gravitational anomalies cancel?

 - local anomaly cancellation ✅

 - global anomaly cancellation ❓

Our work answers this question

HOW?
 

by computing the relevant bordism groups for 
these theories

[Alvarez-Gaumé, 
Ginsparg, Moore, 

Vafa ‘86]

[Sugimoto ‘99] [Sagnotti ‘95]

There are three:
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An anomaly in a gauge transformation or diffeomorphism is:

Global anomalies = associated to a transformation that cannot be deformed to the identity 

A crash course on GLOBAL Anomalies 
[e.g. Álvarez-Gaumé, Vázquez-Mozo ‘22] 
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A crash course on global anomalies
[eg. García-Etxebarria, Montero ‘18]
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The modern way of computing global anomalies of a theory on           is through a  
(d+1)-dimensional anomaly theory on              such that                             .
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The modern way of computing global anomalies of a theory on           is through a  
(d+1)-dimensional anomaly theory on              such that                             .

The anomaly theory is engineered to give the exact (opposite) anomaly of the one you started with.

—> the anomaly is much easier to compute this way because:
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Global anomalies = associated to a transformation that cannot be deformed to the identity 

In QG, allow for 
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⇒ Dai-Freed 
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The anomaly itself is a bordism invariant of these (d+1)-manifolds 
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The modern way of computing global anomalies of a theory on           is through a  
(d+1)-dimensional anomaly theory on              such that                             .

The anomaly theory is engineered to give the exact (opposite) anomaly of the one you started with.

—> the anomaly is much easier to compute this way because:

An anomaly in a gauge transformation or diffeomorphism is:

Global anomalies = associated to a transformation that cannot be deformed to the identity 

In QG, allow for 
topology-change 
⇒ Dai-Freed 

anomalies

The anomaly itself is a bordism invariant of these (d+1)-manifolds 
→ we “just” have to compute 11D bordism groups for our three 10D theories



What are the bordism groups?
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What are the relevant bordism groups for these theories? 
The  background must  satisfy:



SO the relevant bordism groups for our 3 theories  are twisted-string bordism groups

What are the bordism groups?
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(twisted-string) bordism 
groups are not easy to compute 
-  Use Adams spectral sequence

What are the relevant bordism groups for these theories? 
The  background must  satisfy:



SO the relevant bordism groups for our 3 theories  are twisted-string bordism groups

We find: 

What are the bordism groups?

 Matilda Delgado                                        IFT UAM-CSIC                                Strings 24 - Gong Show                                    04/06/24                                         20

(twisted-string) bordism 
groups are not easy to compute 
-  Use Adams spectral sequence

bordism groups are trivial ⇒  all global anomalies vanish!!!!

What are the relevant bordism groups for these theories? 
The  background must  satisfy:



SO the relevant bordism groups for our 3 theories  are twisted-string bordism groups

We find: 

What are the bordism groups?
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(twisted-string) bordism 
groups are not easy to compute 
-  Use Adams spectral sequence

bordism groups are trivial ⇒  all global anomalies vanish!!!!

 (up to a technical subtlety for the Sagnotti string)

* 

What are the relevant bordism groups for these theories? 
The  background must  satisfy:



conclusions

No Global Symmetries in QG implies that all of these bordism 
classes have to trivialize  in QG.

[Cobordism Conjecture by McNamara, Vafa ‘19]

We can predict the existence of new extended objects that 
trivialize these classes!

Example: Sugimoto

 Matilda Delgado                                        IFT UAM-CSIC                                Strings 24 - Gong Show                                    04/06/24                                         22

We showed there are no global anomalies for the three 10D non-supersymmetric string theories

Huge consistency check! 

But that’s not all…

➥ We used anomaly inflow to shed light on the chiral content of worldvolumes of branes in these theories

➥ We also computed lower-dimensional cobordism groups for these theories:

… more info on arXiv:2310.06895



thanks!
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A question

• Consider a quantum dynamical system. What is the

minimal amount of time T for which we need to look at the

system in order to be able to predict all the rest of its

evolution?

• For systems without information loss, any arbitrarily small

time works:

T = 0.

• For systems with information loss, it can be that

T 6= 0.
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Large N gauge theory

• Consider N = 4 SYM with SU(N) gauge group on a compact

space at finite (or zero) temperature.

• At finite N there is an equation of motion, and no

information loss:

T = 0.

• In the large N limit, the equation of motion disappears and

we have a generalized free field theory. Potentially

T 6= 0.

• Algebraically, T 6= 0 means that algebras of operators

supported on a time band may be inequivalent to the full

algebra of the theory.
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Holographic interpretation at strong coupling

• At strong ’t Hooft coupling the theory has a semiclassical

holographic dual.

• Below the Hawking–Page temperature T < THP :

• T = ⇡ 6= 0: emergence of a radial direction.
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Stringy horizons

• T is defined for all values of the ’t Hooft coupling!

• It can be computed as a subtle harmonic analysis invariant of

the large N two point function.

• Define a stringy horizon by T = 1.

• At weak nonzero coupling in large N N = 4 SYM:

T = ⇡ forT < THP ,

T = 1 forT > THP .

• There is an emergent stringy horizon at high temperature

even at weak coupling!
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Stringy holography

• T can be computed for a wide range of theories.

• It can also be used to detect violations of the

equivalence principle in the stringy regime.

• When applied to modular time instead of boundary time, T
can also be used to diagnose the presence of a stringy QES
rather than a stringy horizon.
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Stringy holography

• T can be computed for a wide range of theories.

• It can also be used to detect violations of the

equivalence principle in the stringy regime.

• When applied to modular time instead of boundary time, T
can also be used to diagnose the presence of a stringy QES
rather than a stringy horizon.



The jump to T 6= 0 at large N is the basic mechanism allowing for

the emergence of a radial direction and horizons in AdS/CFT, even

in the stringy regime.

Thank you!



Tensionless strings on  orbifoldsAdS3
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CFT

AdS

2

Tensionless string theory 
on  AdS3 × S3 × T4

CFT

  background                -cycles
A string with winding                      a -cycle
AdS3 × S3 × T4 ↔ 1

w ↔ w

(Eberhardt, Gaberdiel and Gopakumar, 18…)

ℓs ∼ ℓAdSTensionless strings on AdS3
Free symmetric orbifold 

  (D1D5 CFT) (T4)N /SN
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Other backgrounds?

Black hole?

Questions



CFT

AdS orbifold

CFT

  background            k-cycles
A string with winding  (in 1/k)              a k -cycle
(AdS3 × S3)/ℤk × T4 ↔

w ↔ w

44

Tensionless strings on  :  spectrum(AdS3 × S3)/ℤk × T4

Condensation of winding k strings in  produces 
.

AdS3 × S3 × T4

(AdS3 × S3)/ℤk × T4

(M. R. Gaberdiel, B. Guo and S. D. Mathur, 23)

(Eberhardt, 21)
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String worldsheet correlators                    BCFT correlators. 

Correlator

 Correlator of untwisted strings at genus-0

Intermediate strings are untwisted 

Semiclassical orbifold geometry: summing over images

ϕ2

ϕ1

ϕ1
ϕ′�2

ϕ′�′�2

ϕ′�′�′�2

(see also Bufalini, Iguri,                 
Kovensky and Turton, 22)

BCFT correlator at leading order in 1/N

(work in progress)
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 Correlator of untwisted strings at higher genus

Twisted intermediate strings contribute 

Beyond semiclassical orbifold geometry

From the BCFT,  the genus expansion parameter is   .
k
N

Twisted intermediate strings are important 
during BH formation.

k ∼ N

MAdS3/ℤk
= − N

2k2 ∼ − O(1)
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Future direction

 orbifolds by Kleinian group (multiple conical defects)

Bag of gold geometry (beyond semiclassical geometry due to 
twisted strings)

AdS3

(Martinec, 23)

Thank you!
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The Focus: 
Boundary Diagnostic of the Mass Gap

• Asymptotic free theories with dynamically generated mass 
gaps in the IR in flat space.

• In AdS, by choosing different boundary conditions, we
realize gapped and gapless phases.

• As we vary the AdS radius 𝐿, the theory interpolates 
between weak coupling and strong coupling.

• Consistency with flat space limit demands gapless phases 
to disappear at large enough 𝐿.

• Can we see this gapless-gapped transition from the 
boundary? How?
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𝑶(𝑵) NLSM at large 𝑵

• In flat space, 𝑂(𝑁) symmetric gap 𝑀~Λ. No SSB in 2d.
• In AdS, analog of SSB can happen due to IR regularity.
• At large 𝑁, bulk phases at all values of Λ𝐿 can be found by 

solving the gap equations.
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𝑶(𝑵) NLSM at large 𝑵

• What is the boundary signal?
• Look at the lightest operator in the boundary spectrum of 

the Hubbard–Stratonovich field 𝜎 which is a singlet.

Δ(𝜎) = 1 marginality
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Gross-Neveu at large 𝑵

• In flat space, vector symmetric gap 𝑀~Λ. The discrete 
axial symmetry is spontaneously broken.

• In AdS, we define massive vector boundary conditions and 
massless axial preserving boundary conditions.

• At large 𝑁, bulk phases at all values of Λ𝐿 can be found by 
solving the gap equations.

• No signal of gapless-gapped transition from the bulk gap 
equations.

• However, the gapless axial preserving boundary condition 
should disappear at large enough Λ𝐿.
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Gross-Neveu at large 𝑵

• Try to look at the boundary data!
• Look at the lightest operator in the boundary spectrum of 

the Hubbard–Stratonovich field 𝜎. 𝜎2 is axial singlet.

Δ(𝜎2) = 2Δ 𝜎 = 1
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The conjecture:

Boundary Singlet Marginal Gaps!

• Yang-Mills in four-dimensional Anti-de Sitter Space.
• Dirichlet boundary condition with boundary global 

symmetry and boundary conserved currents dual to gluons 
should disappear before the flat space limit.

• We conjecture that some singlet operator on the boundary 
will become marginal at some Λ𝐿 and destabilize this 
Dirichlet boundary condition, mediating a quantum phase 
transition to confinement. 



Thank you!



Towards a String theory for  
2D YM theory 

Suman Kundu


Weizmann Institute of Science, Israel


2312.12266


With Ofer Aharony, Tal Sheaffer (WIS)



Review: 2D Yang-Mills & large N

• 2D Yang-Mills is exactly solvable. (Migdal ’75, Kazakov-Kostov ’80, Rusakov ’90, Fine 
’90, Witten ’92, Blau ’91 …)


• Large N expansion of Partition function , and  organizes into sum 
over world sheet maps. (Gross-Taylor ’93)


• No known world sheet action.


• Only particular kind of maps contribute.

! ⟨WL⟩



Previous Attempts:  
Topological String theory at gYM = 0

• Localization to ‘holomorphic maps’.   


• Contributes to only ‘chiral’ part (chiral YM).

Cordes, Moore, Ramgoolam ’94

Horava ’96

• Localization to ‘Extremal area maps’.


• Solution to Nambu-Goto equation of motion.


• Includes ‘non-chiral’ maps.

Both gives vague proposal for finite ’t Hooft coupling .λ ( = g2
YMN)



Our work:  
Topological String theory at gYM = 0

Horava ’96• A term in Horava action vanishes identically.


• Moduli space integral is ill-defined.

We found a non-vanishing replacement: gives correct measure on the moduli 
space for  (topological YM theory).λ = 0

• We reformulated this action as a Polyakov-type path integral,

S = − i
t
2 ∫ d2σd2θ HHab∂aX . ∂bX + 1

2 ∫ d2σd2θ∂θXμKμν[X]∂θ̄Xν

• This regulates some of the ill-behaved non-chiral maps.

2312.12266



Future Directions:
•  : Adding boundaries to these string world-sheet maps we can 

match the Wilson loop expectation values.


• Finite  : Add corrections ( ) to the action to match the finite coupling 
contributions. Note, the theory is no longer topological.


• ’t Hooft meson spectrum;


• Adjoint particles: as an extra bid on the strings.


• Higher .

⟨WL⟩

λ ∝ λ

D

Thank you!
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Setup 

Local 
 AdSd+1 

Bulk
C(F)Td  

Ψ =“ ”
∑

Δ
μΔOΔ(x)

cf. [Bena] 
[Hamilton Kabat Lyfchitz Lowe]

1



Ψ=∑
Δ

μΔOΔ(x)
Setup O1

O2

⟨Ψ |O1O2⟩ = F(z) = ∑
Δ

cΔ gΔ(z) (cΔ = μΔ λ12
Δ )

1



Ψ=∑
Δ

μΔOΔ(x)
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Setup O1

O2

⟨Ψ |O1O2⟩ = F(z) = ∑
Δ

cΔ gΔ(z) (cΔ = μΔ λ12
Δ )

functionals 
θf[ − ] = ∮ dz f(z) ( − ) θf[F] = ∑

Δ
cΔ θf[gΔ] = 0

sum rules 
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Why? 
θf[F] = ∑

Δ
cΔ θf[gΔ] = 0

• Toy model for 1d crossing


         Want to understand “extremal” solutions
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• Additional constraints on top of crossing


[El-Showk Paulos] [Mazac] [Mazac Paulos] [Paulos Zan]
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Why? 
         Want to understand “extremal” solutions

basis of functionals θn[ − ] = ∮ dz fn(z) ( − )
1. Complete

2. Dual to a “sparse” spectrum:   θn[gΔm

] = δmn

“extremal” solution

FΔn
Δ = gΔ − ∑

n
θn[gΔ] gΔn

[El-Showk Paulos] [Mazac] [Mazac Paulos] [Paulos Zan]

2

Recipe



Result 
 for large ∼ n−ϵ n

analytic for large n

Explicit bases of functionals  θn

3

dual to any  Δn = 2Δϕ + 2n + γn



Result 
 for large ∼ n−ϵ n

analytic for large n

Explicit bases of functionals  θn

• Explicit functional actions: 

• Interacting “extremal” solutions:

FΔn
Δ = gΔ − ∑

n
[∏

m≠n
( Δ − Δm

Δn − Δm
)] gΔn

θn[gΔ] = ∏
m≠n

( Δ − Δm

Δn − Δm
)

3

dual to any  Δn = 2Δϕ + 2n + γn



How?  θn[F] = ∮ dz fn(z) F(z) = ( fn, Disc(F))

 {real-analytic on (1,∞)}  {hyperfunctions on (1,∞)}

 
∈

 
∈

distributions test functions 

Dual 

fn Disc(F)

4



How?  θn[F] = ∮ dz fn(z) F(z) = ( fn, Disc(F))

 {real-analytic on (1,∞)}  {hyperfunctions on (1,∞)} ⊂ L2 ⊂

 
∈

 
∈

distributions test functions 

Dual 

Constructed Schauder bases {fn} {Disc(gΔn
)}

fn Disc(F)

Paley-Wiener theorem:     entire functionθn(Δ) := θn[gΔ]

= ∏
m≠n

( Δ − Δm

Δn − Δm
)

Dual 

4
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h a n k    y o u !

2.  Analytic extremal solutions of 
     1d crossing equation?

Future 
directions… 1.  Numerics: Crossing+Locality

3.  Modified locality with  
     gauge or gravitational dressing
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How the Hilbert space of two-sides black 
holes factorise?

Guanda Lin

UC Berkeley

Gong Show Talk, Strings2024

Based on an upcoming work with Jan Boruch, Luca Iliesiu and Cynthia Yan



Motivation 

● In AdS/CFT, how does gravity know factorisation?

AdS                  CFT

                                                                 ?                                               

● More broadly, what is the algebra type for one-sided observables?

                  QFT                   Pert. Grav.             Full Quant. Grav.

                Type-III                    Type-II                       Type I?

What is the Hilbert space of a two-sided black hole?

The factoriSation puzzle



Main result
● “Puzzle” mostly at the perturbative level  

●  We prove that non-perturbative corrections will provide resolutions

        [non-pert.]       

       [non-pert.]
          

● In particular, Wormhole contributions to gravitational path integral are crucial



Set-up
● JT+matter

●  Basis of Hilbert space

●  The bulk trace and replica wormholes

break Hamiltonian constraint



Probing factorisation
● Bulk trace

more precisely



Probing factorisation
● Differential equation

Diff. Eq. satisfied



Thank you!



Extra slides



Barred v.s. unbarred

In general, the barred one is correct because of the non-trivial statistics of energy levels

Leading order in K

Dimension of the Hilbert Space

Note that even with a cut-off,            is infinite dimensional  
Irrelevance of UV divergence and higher dimensional generalization 
(1) very general symmetry property argument for diff. eq. 
(2) the matter supported wormholes are saddles and not the ones causing UV div. In JT+matter 
K independence
K is a parameter in the technique, irrelevant to the property of the actual 
checked 1/K expansions, no effect; expect exp. small # of outliers in which            is not spanned

About gauge symmetry
Want no energy degeneracy so that the bulk trace factorisation tells about factorised basis
No boundary global symmetry and no bulk gauge symmetry

Basis independence
checked using operators with different conformal dimensions, length basis, etc



The end of talk brane 
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Lifshitz field theory

LFTs are a class of non-relativistic field theories which are spatially isotropic,

homogeneous and admits the scaling symmetry

t æ ⁄zt, xi æ ⁄xi, ⁄ > 0.

For z = 2, Lifshitz scalar field theory in (2+1) dimensions known as Quantum

Lifshitz model (QLM) describe the critical point of the well-known

Rokhsar-Kivelson Quantum dimer model. [Moessner, Sondhi and Fradkin ’01]

[Ardonne, Fendley and Fradkin ’04]

Various entanglement measures such as entanglement entropy [Fradkin, Moore,

Hsu, Thorlacius....], entanglement negativity [Angel-Ramelli et al. ’20], reflected

entropy and Markov gap [Berthiere, Chen and Chen ’23] have been studied

mostly for integer z.

We employ the notion of fractional derivatives to study the massless Lifshitz

theory for arbitrary values of z in any dimensions.
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Massless Lifshitz scalar theory and Lifshitz ground state

Consider the action for the massless Lifshitz scalar field theory in

(1+1)-dimensions for arbitrary z > 1

S =
1

2

⁄
dtdx

#
(ˆt„)

2 ≠ Ÿ2
(Òz

x„)
2$

.

In our work, we use the following definition of fractional derivative Òz
x

Òz
xeikx © (ik)

zeikx.

Then, the fractional derivative of any arbitrary function can be obtained using

the Fourier analysis with appropriate choice of integral contour

Òz
xF (x) =

⁄

C

F(k)(ik)
zeikxdk.

The ground state of the Lifshitz theory is given by

|�0Í =
1Ô
Z

⁄
D„ e≠Scl[„]/2|„Í, Scl[„] = Ÿ

⁄ 1
Ò

z
2
x „

22
dx.
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This ground state takes the form of RK vacuum, it is given by a superposition

of quantum states with a quantum mechanical amplitude c[„] Ã e≠Scl[„]/2
.

The propagator of the theory is given by

K(„i, „f ; xi, xf ) =

⁄ „(xf )=„f

„(xi)=„i

D„ exp

3
≠Ÿ

⁄ xf

xi

1
Ò

z
2
x „

22
dx

4
.

Usually the integral can be evaluated by integrating out the fluctuations

around the classical solution „c and expressed as

K(„i, „f ; l) =

Ò
“

filz≠1 e≠“(„f ≠„i)2/lz≠1
.

Consider a subsystem A ©
tN

i=1 Ai

The trace Zn ©
s

D„A(fln
A)„A,„A is given by

Zn =
1

Zn

⁄ Œ

≠Œ
d–1d—1 · · · d–N d—N

NŸ

i=1

Kn
(ui, vi)

NŸ

i=1

Kn
(vi, ui+1).
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Entanglement entropy

For a finite subsystem A of length l in an infinite system, the trace Zn is given

by

Zn = Z≠n

⁄
d„1

⁄
d„2K(„1, „2; l)n.

Using the form of the propagator, the Rényi entropy may be expressed as

Sn(A) =
z ≠ 1

2
log

l
‘

+
cn

2
.

This is di�erent from the usual case of a conformal vacuum where the UV

parts are proportional with a nontrivial n-dependent coe�cient

[Sn(A)]UV =
1

2
(1 + 1/n)[S(A)]UV.

We observe that the Lifshitz vacuum is di�erent from the vacuum of the CFT.
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Mutual information

The mutual information between B1 and B2 is given by

I(B1 : B2) =
1

2
log

!
lz≠1
B1 + lz≠1

A

" !
lz≠1
B2 + lz≠1

A

"

lz≠1
A

!
lz≠1
B1 + lz≠1

A + lz≠1
B2

" =
1

2
log

1

1 ≠ ÷̃
.

Here the cross-ratio ÷̃(z) is given by

÷̃(z) :=
(lB1 lB2 )

z≠1
!
lz≠1
B1 + lz≠1

A

" !
lz≠1
B2 + lz≠1

A

" .

When lA π lBi , then ÷̃(z) æ 1. It happens same for lA < lBi and z ∫ 1.

The mutual information maximizes in these cases which is expected since the

interactions of the theory have increasing range while the length lA is small

compared to the rest subsystems sizes.
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Reflected entropy and Markov gap
The Markov gap for the configuration of disjoint intervals can be obtained as

h(B1 : B2) =
1Ô

1 ≠ ÷̃
log

3
1 +

Ô
1 ≠ ÷̃Ô
÷̃

4
≠ log

3
2(1 ≠ ÷̃)Ô

÷̃

4
.

5 10 15 20 25 30
z

0.05

0.10

0.15

0.20

0.25

0.30

h (B1 : B2)

For lA Æ min{lB1 , lB2 }, h(B1 : B2) increases up to a constant value whereas for

lA > min{lB1 , lB2 }, h(B1 : B2) decays to zero.

We observe that with increasing degrees of anisotropy of the Lifshitz field

theory, the tripartite entanglement can be enhanced or completely destroyed

depending on the sizes of the partitions.
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Massive fields at spatial infinity �! Holography

Holography of information : “In any theory of quantum gravity in flat space (massless
fields) & AdS, information that is available in the bulk of a Cauchy slice is also available
near its boundary.”

[Laddha, Prabhu, Raju, Shrivastava; 2002.02448]
[Raju; 2012.05770]

Massive particles go from i� to i+ (not natural for holography).

i0 is the boundary of the Cauchy slice.

https://arxiv.org/abs/2002.02448
https://arxiv.org/abs/2012.05770


Blow up of spatial infinity (̂i0)
i+

i�

i0i0 î0 î0

Take de Sitter slicing of flat space.

t = ⇢ sinh ⌧ , r = ⇢ cosh ⌧

ds
2 = d⇢2 + ⇢2 (�d⌧2 + cosh2 ⌧ d⌦2)| {z }

dS3 metric

The slice at ⇢ ! 1 is î0 (blue slice).



Free field theory at blow up of spatial infinity (̂i0)

Massive scalar field decays as
� ! ⇢�

3
2 e
�m⇢.

Define extrapolated boundary operators

Z(⌧,⌦) = lim
⇢!1

r
2
⇡

⇢
p

m⇢e
m⇢ �(⇢, ⌧,⌦).

We smear the fields with smearing function analytic in Im[⌧ ] 2 (�⇡
2 ,

⇡
2 ).

Z(g) =

Z
[dµ]⌧,⌦ g(⌧,⌦) Z(⌧,⌦)

In free theory, smeared two point function hZ(g)Z(f )i is well defined.

[Laddha, Prabhu, Raju, Shrivastava; 2207.06406]

https://arxiv.org/abs/2207.06406


Interacting field theory : Wightman functions
For perturbation theory we choose Wightman functions (as we are smearing over time).

Interacting Wightman correlators can have slowly decaying parts than e�m⇢.
Z
[dµ]⌧,⌦ g(⌧,⌦) W

 1, 2({⇢, ⌧,⌦}, . . .) !
Z

da G(a) ⇢�
3
2 e
�a⇢

Free
theory

Interacting
theory



On-shell Wightman functions
Proposal : Extract the on-shell part of the bulk Wightman functions, which has correct
extrapolate limit.

W
 1, 2(k1, . . . , kn) = G

 1, 2(k1, . . . , kn)(2⇡)�(k2
1 + m

2) . . . (2⇡)�(k2
n + m

2) + . . .

In the momentum space Feynman rules, replace all the external propagators with their
on-shell parts.

k

k0

ϕ+

i
^ 0

ϕ-

i
^ 0

Extract on-shell part �+
î0
(~k) & ��

î0
(~k) from the single Heisenberg operator �(k). Smeared

field can be written as

Z(g) =

Z
d3~k

(2⇡)32!k

⇣
�+

î0
(~k)eg+(~k) + ��

î0
(~k)eg�(~k)

⌘
.



Algebra at î0

The operators at î0 are average of “in” and “out” operators.

�+
î0
(k) =

1
2
(ak + bk )

��
î0
(k) =

1
2
(a†

k
+ b

†
k
)

i+

i-

i 0 i 0

bk, bk†

ak, ak†

1
2
(ak + bk)

1
2
(ak†+ bk† )

[Caron-Huot, Giroux, Hannesdottir, Mizera; 2308.02125]

https://arxiv.org/abs/2308.02125


Sample computations
4 point vacuum correlator :

h⌦|�+
î0
(k1)�

+
î0
(k2)�

�
î0
(k3)�

�
î0
(k4)|⌦iconnected

= �1
2
Im (T~k1~k2 ~k3,~k4

)

5 point vacuum correlator :

h⌦|�+
î0
(k1)�

+
î0
(k2)�

+
î0
(k3)�

�
î0
(k4)�

�
î0
(k5)|⌦iconnected

= �1
2
Im

⇣
T~k1~k2~k3 ~k4,~k5

⌘
+

1
4
Re

⇣X

X

(T
X ~k1,~k2

)⇤T~k3,X ~k4,~k5

⌘

h⌦|�+
î0
(k1)�

+
î0
(k2)�

�
î0
(k3)�

�
î0
(k4)�

�
î0
(k5)|⌦iconnected

= �1
2
Im

⇣
T~k1~k2 ~k3,~k4,~k5

⌘
+

1
4
Re

⇣X

X

(T~k3,X ~k1,~k2
)⇤T

X ~k4,~k5

⌘
.

where,
S = 1 + i T



Outlook

⌅ Holography for asymptotically flat space when massive fields couple with dynamical
gravity ?

⌅ Relation to celestial CFT amplitudes ?

⌅ Bootstrapping correlators at î0 and derive consequences about bulk theory ?

⌅ Relation to the recent understanding of S matrix from the perspective of path integral
by Jain, Kundu, Minwalla, Parrikar, Prabhu, Shrivastava [2311.03443] ?

https://arxiv.org/abs/2311.03443


Thank you

For details, please look at

arXiv:2405.20326

https://arxiv.org/abs/2405.20326


Backup slide 1: Standard Wightman function Feynman rules

ϕI(t4,x4

)

ϕI(t3,x3

)

ϕI(t2,x2

)

ϕI(t1,x1

)

- Im[t]

Re[t]
-∞

+∞

4

3

2

1

0

×
×

×
×

⌅ Consider propagator Dij(k) between
two points which are at i th contour &
j th contour. Momentum k is flowing
from j to i .

⌅ Propagator rules :

Tij(k) =
�i

k2 + m2 � i✏
+ . . . , i = j ; (n � i) = even

T ij(k) =
i

k2 + m2 + i✏
+ . . . i = j ; (n � i) = odd

Wij(k) = 2⇡✓(k0)�(k2 + m
2) + . . . i < j

W ij(k) = 2⇡✓(�k
0)�(k2 + m

2) + . . . i > j

⌅ Vertex Factor is (�iHI) for (n � i) is
even, (+iHI) for (n � i) odd.



Backup slide 2 : Modified Feynman Rules at î0

⌅ If we want to calculate

W
 1, 2

î0
(k1 . . . kn) = h 1|�î0

(k1) . . .�î0
(kn)| 2i

directly, we put external time-ordered and anti-time-ordered propagators on-shell.

±i

k2 + m2 ± i✏
= ±i

n
P.V

⇣ 1
k2 + m2

⌘
⌥ i⇡�(k2 + m

2)
o

⌅ New Feynman rules for the external propagators

Tij(k) = ⇡�(k2 + m
2) i = j ; (n � i) = even

Tij(k) = ⇡�(k2 + m
2) i = j ; (n � i) = odd

Wij(k) = 2⇡✓(k0)�(k2 + m
2) i < j

Wij(k) = 2⇡✓(�k
0)�(k2 + m

2) i > j


