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Holographic Entanglement Entropy and Mutual Information in
Deformed Field Theories at Finite Temperature

Monireh Ahmadpour

Department of Physics, University of Tehran

Based on the work by H. Ebrahim, M. Ahmadpour
"Entanglement Entropy in Presence of TT",
to appear on arXiv[2210...].

Conference on Quantum Gravity Around the Corner
Perimeter Institute, October 2022
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Outline

@ Motivation
® T T deformation of CFT
@ Holographic Entanglement Entropy (HEE)
@ Holographic Mutual Information (HMI)

© Our Results
e HEE Main Results
e HMI Main Results

M. Ahmadpour EE In Presence of T T
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g T T deformation of CFT
Motivation H e Sl HEE)

Holographic Mutual Information (HM|
T T deformation represents a geometric cutoff at finite distance z = zc in the bulk.

[McGough, Mezei,Verlinde 2018],[Taylor 2018],[Hartman, Kruthof, Shaghoulian, Tajdini 2019]

@ Removes the asymptotic region of AdS.
@ Places the QFT on the new boundary of AdS.

d
Sd('i{:T:/ddxﬁX( ), A=0,

5 — 8WG§+1 R (
2d

dz?

(1-Gy)

Z
= (—)"') di? +dx3_q +

M. Ahmadpour EE In Presence of T T
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I''T deformation of CF1
Holographic Entanglement Entropy (HEE)
Holographic Mutual Information (HMI

Motivation

Entanglement Entropy

A measure of entanglement in a given pure quantum state [¢)

Ryu-Takayanagi (RT) Prescription [Ryu-Takayanagi 2006]

Area(va)
4G+

Sp=—tr (PA In pA) = min

Where Area(ya) is a minimal codimension-2 surface.

oy~ . /
/.// /

¢ £

4

Cutoff — AdS4,,

M. Ahmadpour EE In Presence of T T
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A measure of correlations for two disjoint intervals

I(A:B)=54+ 58 — Sae . [CasiniHuerta 2007]

e /|A:B) J.
® It is finite and Scheme-independent.
@ there are two choices for the S,4 &
e x (S0 l(A: B)
e x&fl, A B 25(1) S(x) §5(2 x).

Finite temperature case: dimensionless parameter is [x .

Page 8 sur 20
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Holographic Mutual Information (HMI)

Motivating Question:

How measures of quantum entanglement are affected by this
deformation?

Expansion Parameters:

Field theory parameters: (T,\,¢). i
Dimensionless expansion parameters:T¢ and A\/{ . A = A1/d

™

Where z, is turning point of the minimal surface in the bulk.

On the gravity side expansion parameters are:(?) and (j—H) :

M. Ahmadpour EE In Presence of T T
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HEE Main Results

Qur Results 1M

Outline

© Our Results
@ HEE Main Results

M. Ahmadpour EE In Presence of T T
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HEE Main Results
Qur Results HMI Main Result

Area and Length of entangling surface

A — opd—1 (i)d_zi I’(k+1> (2)kd[ r(d2k;_111+2)

Mk+1) \ zy 2(d — 1) (flj:kd,,)

Zy J
L k=0 2(d—17,

1 'i) dk-nt2 (1 dk-1)+2 d(k+1) [z
—ﬁ'(d(k_l)u)( \2 T2 -1) '2(d—1)’(

Zx . Ly

zxm;)( )*d (G
S [(

(k+1)

o0 1+ k)l ( 325

(d—1)

1 2.\ d(k+1) 1 d(k+1) d3+k) =2 (z.\A-D
a \,/Ed(k+1)(:) 2Fl(%‘z(dgl)' 2(d - 1) (2) N '
We consider three different thermal limits at finite cutoff. Our analytic
calculations are similar to the methods of [Fischler,Kundu 2013].

Q zy > 2z, > 2,
® Zy>2Z,~22Z
® 2y Z 2

M. Ahmadpour EE In Presence of T T
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HEE Main Results
Qur Results HMI Main Result

2 2R4-1 ( (zc)d e\ 3 (ZC)M J
A 4G§Ud+1] z: ¢ zy 8(d+2) \ £, i
. L)d*2 . :Zc)d -ZC)2d+ . :Zc)d+ X " s ¢
- s +al—) —;|— as+ a5 | — a
(f, ! 2(5’ 3(£. ¢ 5({‘. 6(£
2 (Zc)d (Zc)zd ¢ 2d
+|ar+a — + a == — -
7+ (- 4 iy ry

Where coefficients a; depend on the dimension of the spacetime.
@ Leading term shows Area Law behaviour.

@ All corrections are finite and do not cause divergent pieces.

M. Ahmadpour “YEE In Presence of TT
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HEE Main Results
Qur Results HMI Main Result

Sa=

4vad+1)

e HEE is a decreasing function of z..
@ Leading term shows volume law behaviour.
@ This special limit just appears in the finite cutoff AdSq441.

M. Ahmadpour "EE In Presence of T T

Pirsa: 22100047 Page 23/70



HEE Main Results
Qur Results HMI M Result

g 3
) T 8(d +2)

‘Sh eh = Z

ko [(k

7.\ A 1 dk+1) dk+3)—2 [z
) 2F1 ("‘. ' .(
o' Sd~1) d—1)

(e e ()

r(k'*'l)r(%) kd +1

k=1
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HEE Main Results
Qur Results HMI M Result

@ Leading term shows volume law behaviour.

n
@ Corrections appear as series with expansion parameter (ﬁ) ;
ZH

@ Isolated divergences are in ¢4 relation.

‘liL'l#'_' 2 SUM<
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Qur Results HMI Main Results

Outline

© Our Results

e HMI Main Results
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Qur Results HMI Main Results

(20 > £, x) N\ (x < 2 <€)

B) =
G(d+1)

Zc

1 Ze e 3 Ze -
d—2 4 zH 8(d +2) \ zy,
Zc X )3
2Zc H 2ZC

ZH_

7 d d » 2d
(34+33 (—) ) Fa(2 (—) + ag Fa(d +2) (—c) }
H zy

Where Fi(n) = 2! (EA - (inx ) and Fa(n) = z_" (26" — (2 + x)").

d d
(31 + axg (—f) + ag ( ) ) Fi(d — 2) + (32 + ag (zc ) ) Fi(2d — 2) + a3 F1(3d — 2)
H

(14)

@ Corrections are expansions with parameter (fﬁ)

@ Also, corrections depend on functions of entangling regions length

M. Ahmadpour EE In Presence of T T
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| lain R
Qur Results HMI Main Results

-3 " 2
x3 4 34(x + &) )} (15)

z3

@ |t still shows a first-order phase transition.
@ Critical separation x..; depends on the cutoff.
@ HMI is a decreasing function of the cutoff z..

@ When x — 0, in contrast to the zero cutoff case, the HMI
remains finite.

M. Ahmadpour EE In Presence of T T
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Qur Results HMI Main Results

s 7y < A (x < z. < )

+
' 1
Shigh — e (2¢¢ — €204x)

d 1 z 2d-2 3 2z, :
+ — — oy i
2d Zp S(d + 2) ZHV

@ We see corrections in the form of (;—;) and (2’;).

@ There exist special isolated divergent terms for each disjoint
regions as expressed in the e.

M. Ahmadpour EE In Presence of T T
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Motivation

What is BV(-BFV)?

The BV formalism is a mathematical tool to describe and quantize gauge theories. It is a
generalization of the Faddeev-Popov ghosts and BRST construction for more general types
of symmetries.

Giovanni Canepa (SNSF/CPT) BV-BFV GR on corners October 3, 2022 QGatC 2/8
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Motivation

What is BV(-BFV)?

The BV formalism is a mathematical tool to describe and quantize gauge theories. It is a
generalization of the Faddeev-Popov ghosts and BRST construction for more general types
of symmetries.

Why BV-BFV?

® The BV-BFV formalism comes with a quantisation scheme for theories with gauge
symmetries defined on manifold with boundary and corners.

® Furthermore, the classical BV-BFV formalism provides a cohomological description of
the reduced phase space and gives rise to a Poisson structure on corners.

Giovanni Canepa (SNSF/CPT) BV-BFV GR on corners October 3, 2022 QGatC 2/8
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Motivation

What is BV(-BFV)?

The BV formalism is a mathematical tool to describe and quantize gauge theories. It is a
generalization of the Faddeev-Popov ghosts and BRST construction for more general types
of symmetries.

Why BV-BFV?

® The BV-BFV formalism comes with a quantisation scheme for theories with gauge
symmetries defined on manifold with boundary and corners.

® Furthermore, the classical BV-BFV formalism provides a cohomological description of
the reduced phase space and gives rise to a Poisson structure on corners.
In this talk

® Brief introduction to classical BV-BEFV
® Reduced phase space of gravity

® Poisson structure on the boundary

Giovanni Canepa (SNSF/CPT) BV-BFV GR on corners October 3, 2022 QGatC 2/8
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BV-BFV formalism [

Definition
A BV theory is a quadruple
§=(F,8,Q)

where

F is a graded manifold (called space of fields);

w is a degree-(—1) exact symplectic form on F;

S : F = R is a degree k functional (the action);

Q is an odd vector field on F such that [Q,Q] =0
such that

Giovanni Canepa (SNSF/CPT) BV-BFV GR on corners October 3, 2022 QGatC 3/8
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Example: Palatini—-Cartan gravity

F= T'[-1] (QL,(MV) & AM) & Q°[1)(M,A*V)&T[1]TM )

delde + dwtow + dctée + L5£6§f

® Cohomological vector field @, from tgw = 9.

Giovanni Canepa (SNSF/CPT) BV-BFV GR on corners October 3, 2022 QGatC 4/8
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Example: Palatini—-Cartan gravity

Cotangent bundle (antifields) Connection (w)

K‘ Tetrad (e) Q Ghosts encoding symmetries (¢, §)

\' /

i
F= T'[-1] (QL,(MV) & AM) & Q°[1](M,A*V)@T[1|TM )

delde + dwtow + dctée + L5£6§f
M

® Cohomological vector field @, from tgw = 9.

Giovanni Canepa (SNSF/CPT) BV-BFV GR on corners October 3, 2022 QGatC 4/8
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Plan and Motivations

Study of the classical phase space of 3D asymptotically AdS gravity:

Select the allowed metric fluctuations at infinity [Brown-Henneaux '86]

No requirement to fix any particular gauge but it is often convenient

For example: Fefferman—Graham, Bondi gauge

In this talk: covariant Bondi gauge, allow for a smooth flat-space limit
Originally from fluid /gravity correspondence

Study holographically Lorentz and Carroll-boost anomalies

Arnaud DELFANTE Holographic Lorentz and Carroll Frames
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ll. Covariant Bondi gauge in AdS

e Key idea: relax the AdS Bondi gauge — dependence on the boundary dyad

> 8
dsaes = 2" (dr + rA) + r’gy, dxtdx” + ka u(eu+ x *u)

e Boundary metric and Cartan frame:

1

Buvr — ﬁ (—U,u u, + *uu*uu)

Weyl connection: [Loganayagam '08]

1

AZF

(@ xu—0©u), & = Vi, 0" =V, *u*

L Energy-momentum tensor: [Brown-York '93]

R

T=Tl%) » THY — (. TH —
(&:) Vi 0, ® = 167Gk

Arnaud DELFANTE Holographic Lorentz and Carroll Frames
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|l. Covariant Bondi gauge in AdS: residual symmetries

L Asymptotic Kllllng vectors: [Ciambelli-Marteau-Petropoulos-Ruzziconi '20]

1 1 4
v = (&-u — E?)*U“) 8!-L + (r0+ ﬁ (*UVBH'U-F(-)*I]) + kﬂ-Tf,\f]) 8,—

<> bdy diffeomorphisms £#(x), Weyl rescalings o(x) and Lorentz boosts 7)(x)

deomu=Leu+ou+n*u, d¢sn*xu=~Le*u+0*u+nu

where
5(5,0‘,7})8}41} — ,ng,_,-,y -+ ZUgH_U

u"\ _ [coshn sinhy u
xu’ )~ \sinh7 coshy u

e Question: What are the asymptotic symmetries?

and

Arnaud DELFANTE Holographic Lorentz and Carroll Frames
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lI. Covariant Bondi gauge in AdS: symplectic structure

e Einstein—Hilbert presymplectic potential: [Iyer-Wald '94]

V=G

@EH[G;(SG] = 327rg

Radial divergences: need for renormalization

@g}l[G; (SG] = r? @(2) =t r@(l) -+ @(0) + O (r_l)

Ambiguous definition:
Oen[G; IG] — On[G;0G] + 4Z[G] — dY][G; iG]

e Choices of prescription:

I. same results as obtained in FFG [de Haro-Solodukhin-Skenderis (2000)]

ii. presymplectic potential that remains finite in the flat-space limit

Arnaud DELFANTE Holographic Lorentz and Carroll Frames

[VN6Gpy GPM — YM5Gpy GPV] epqs dx9 A dx®
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lI. Covariant Bondi gauge in AdS: surface charges

e Conformal gauge: conformally flat bdy metric (x* = ¢ + k u)
ds® = e2¥ dxTdx~
Parametrization of the Cartan frame: (¢ = ¢(x",x7), ¢ = ¢(xt. x7))
_ ko (gt _ eC K ol dnt L e dxm
“-“Ee (e dx" —e dx)_, *U-Ee (edx +e dx)

e Charges associated with the Weyl-Lorentz symmetries: (5,4 = =, 6.¢ = h)

1 27 ) . X
Q(w,h) = InGk /0 do (h(() -4,) g)

— integrable and non-conserved: Lorentz is anomalous, Weyl is pure gauge

Arnaud DELFANTE Holographic Lorentz and Carroll Frames
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Outline

Plan and Motivations

Covariant Bondi gauge in AdS and holographic frames

Flat limit and boundary Carroll frames

Arnaud DELFANTE Holographic Lorentz and Carroll Frames
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[Il. Flat limit: surface charges and anomalies

e Key idea: timelike AdS bdy m null manifold, Carrollian geometry
—

e Conformal gauge: parametrization of the Carrollian dyad (5 = lim, ., %)

*U
K k[p() k e”d¢

Charges associated with the Weyl-boost symmetries: (5.4 = =, 6.5 = h)

Qi) = ﬁ /:r do (0.55)

< integrable, non-conserved: Carroll boost is anomalous, Weyl is pure gauge

e Anomalies: (A =limy_oA Fo, = 8,4, — 8, A,, A= lim_o %)

6(5*,__,‘)\)5@ = / ()\ %) Vol

< new holographic prediction, calling for further investigation

Arnaud DELFANTE Holographic Lorentz and Carroll Frames
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V. Summary

Main goal:
e Explore the charges of 3D (AdS or flat) gravity in covariant Bondi gauge

< bdy diffeomorphisms, Weyl rescalings and local frame boosts

Results:

e Divergences in the symplectic structure
Renormalization via ambiguities
Surface charges and anomalies

New holographic Carrollian prediction

Future possibilities:
e Relate to asymptotic corner group [Donnelly-Freidel ‘16, Freidel-Geiller-Pranzetti ‘20,
Ciambelli-Leigh-Pai '21]
Connect to the celestial holography proposal [Strominger '17, Pasterski-Pate-Raclariu
'21, Donnay-Fiorucci-Herfray-Ruzziconi '22
Extension to higher dimensions [Petkou-Petropoulos-Betancour-Siampos '22]

Arnaud DELFANTE Holographic Lorentz and Carroll Frames
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V. Summary

"I'm Late”, Alice in Wonderland, White Rabbit, by Sir John Tenniel

Thank you for listening!

Arnaud DELFANTE Holographic Lorentz and Carroll Frames
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Motivation

2D dilaton gravity as a playground for

e (Classical and quantum gravity

@ Black holes

e Holography

— Explore specific model with interesting features

Florian Ecker October 3, 2022 2/9
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Outline

@ A 2D gravity model with state-dependent curvature

© Solution space

© Thermodynamics

Florian Ecker

i

October 3, 2022

3/9
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2D dilaton gravity with state-dependent curvature

e Dilaton gravity models: The UV-family (k? = 87G)

1 .
Ta=5— d *2/—g (XR—U(X)(VX)* -2V (X)) + T
h

Prominent members:

- JT-model U=0 VoaxX

[Teitelboim '83, Jackiw '84]

- CGHS-model [/ Vx X

[Callan, Giddings, Harvey, Strominger ’92]

Florian Ecker October 3, 2022

Page 48/70



2D dilaton gravity with state-dependent curvature

e Dilaton gravity models: The UV-family (k? = 87G)

1 .
L= o d *2/—g (XR—U(X)(VX)* -2V (X)) + Ty
h

@ Interesting l-parameter subfamily:

X3 —pX? be R™ .

- Conformally related to Almheiri-Polchinski-model
[Almheiri, Polchinski '14]

AP 2
gy.ti _‘X gul-’

— EOM are the same

Florian Ecker October 3, 2022
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