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o Based on 1405.xxxx with Kallol Sen--This

deals with holographic stress tensor
correlation functions in general higher
derivative gravity.

e and 1401.5089 with Shamik Banerjee,

Arpaﬂ ]5hattachargga, APr’atim Kavirajj

Kallol Sen and 1405.3743 with Shamik

Banetjee) APratim KaviraJ.This deals with

constraining gravity using relative entropy.
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Motivation--1

® AdS/CFT is frequently used to gain intuition about
physics at strong coupling.

® For instance the famous viscosity bound
conjecture due to Kovtun, Son, Starinets spurred
experiments in cold atoms to set records for the
substance with the lowest shear viscosity to
entropy density ratio.

® The evidence for this conjecture was calculations
done in AdS/C FT in IIB a,3 Sugra. (Buchel, Liu, Starinets; Myers, Paulos, AS)
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® |t is now known that this conjecture is incorrect
(although the ratio is small). Calculations
showing bound violations in toy models in AdS/
CFT can be shown to be on firm footings and
there are controlled I/N violations of this

bo u n d o (Buchel, Myers, AS; for a 2 derivative example where this ratio vanishes see Sandip Trivedi’s talk on Friday)

® This suggests the importance to understand |/N
as well as finite ‘t Hooft coupling effects in such
calculations.

® |t is important to understand what physical
quantities can be considered universal even at
finite N and finite ‘t Hooft coupling.

6
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® Another example is the holographic c-theorems. Using
intuition gained from certain toy models involving
higher curvature terms Myers and | found evidence
for the Cardy conjecture in even dim and proposed
the finite part of the entanglement entropy across a
sphere to play the role of the number of d.o.f. in odd
dimensions. HUVSHEIR. re.as2000.201: oot by Casm, tusrea 2012 e et work by Emparn

® However it was not clear to us how general these
lessons were from the gravity point of view.

Example:What about matter couplings at higher
derivative order? !!NEC??

® For example it is still an unsolved problem what <.
property in gravity guarantees c-theorems at fi m{e '\_’_ﬁ,?);
coupling. ’ -
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® T[here are several more reasons why this
problem is interesting. Another problem
which has garnered a lot of recent attention is
holographic entanglement entropy at finite
coupling--namely corrections to the Ryu-
Takayanagi formula due to higher curvature

b u I I( te rl I IS e [Hung, Myers, Smolkin; de Boer, Parnachev, Kulaxizi; Bhattacharyya, Kaviraj, AS; Fursaey, Solodukhin,
Patrushev; Bhattacharyya, Sharma, AS]

® Dong and Camps have proposed a general
result but it appears to be at odds with an
extension of Lewkowycz and Maldacena’s
derivations.Will not talk about this! ey swmi
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® How does one systematically proceed!?

® Step |, we need a general and useful procedure to
write down the holographic stress tensor for an
arbitrary higher derivative gravity.

® Step 2, we need a general and useful procedure to
compute stress tensor correlation functions in
arbitrary higher derivative gravity.
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® Jo accomplish step |, we appeal to entanglement
entropy.

® Recently Faulkner et al showed that for spherical
entangling surfaces, using positivity of relative
entropy, one recovers the linearized (general)
gravity equations. As a by product they obtain a
simple way to compute the renormalized
holographic stress tensor for a general theory of
G AVITY. frautaer. Guis Hartman, Myers, Raamsdenk, 2013
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® The final result obtained is remarkably simple--it is
given in terms of a few parameters in the linearized
Wald functional.

® We will show that the parameters combine to a B-
anomaly coefficient in even dimensions or
equivalently to the two point function coefficient
cT in arbitrary dimensions.

® We will explain the simplicity using a background
ﬁ e I d aP P roac h (for anomalies, this was recently used by Rong-Xin Miao) e

® We will further compute 2 and 3 point functio
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Motivakion--11

® We wish to ask the following: Given a particular
entanglement entropy functional what can we say
about the gravity dual? For example, can we derive
nonlinear Einstein equations from the Ryu-
Takayanagi entropy functional?

® Partial progress has been achieved. Linearized
Einstein equations can be shown to emerge. wo

Prudenziati, Takayanagi; Bhattacharya, Takayanagi; Lashkari, McDermott, Raamsdonk; Faulkner, Guica, Hartman, Myers, Raamsdonk)

® The tool at our disposal to study this problem is
holographic relative entropy. e cun g mer
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Relaktive em&mw

Change in £E

Relative Entropy follows S(plo)=A(H)-AS

Change in modular
hamilkonian H

o=e /tr(e™

From Klein's Inequality S(p|o) =0

We get ACH)>AS -

CIst law of entanglement” when

saturated

From Holography we can compute AS

AS=  S(p) - Slo)
—_— —_—
Area functonal Area functional
|3
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We can compute S(p|o) holographically provided we know H
h O | Og ra p h ical Iy [Blanco, Casini, Hung, Myers, 2013]

We know H in some special cases.

If we knew how
to calculate AS we
would be able to
infer the stress
tensor.

For a spherical entangling surface

H=2JTf d'x

|x|<R

Sphere

radius Can compute using holography

can compute H
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® The causal development of a ball is mapped
to the evolution generated by ordinary H in

th e hyp e rb O I O i d e [Myers, AS; Casini, Huerta, Myers]

® EE gets mapped to thermal entropy.

® Can use Wald entropy to calculate the

I atte r. [Myers, AS]

|5
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Holographic stress
tensor from AS=AH

® More precisely we have

5Tg'av(x0) — a1 lim (igsévald)
& 27TQd_2 R—0" Rd
renormalized Can calculate using linearization
stress of Wald entropy functional.
tensor: want Small sphere limit makes integral local.
to know
|6
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® Since linearization of the Wald entropy

functional is involved in the underlying
simplicity, this suggests that the calculation
will be simpler if we do a background field
expansion of the bulk lagrangian around a
Riemann tensor of a maximally symmetric
spacetime such that on the AdS background

A Ri e m an n i S Ze ro. [Kallol Sen, AS, to appear]
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® So schematically we have the bulk
lagrangian to have terms like (ARiemann)”

® This suggests that the bulk action can be
rearranged in terms of stress tensor
correlation functions. For instance if we
wanted n-point functions we only consider
upto power n.

® The coefficients of these terms themselves
would involve ALL higher derivative terms
in the bulk lagrangian we started with.
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Full metric

'

_ 1
Rabed = _Ebd — JadJbe)

ARabcal — Rabcd — Rabcd
(ARabcd)AdS = (

® There are some immediate advantages of
doing this background field expansion.In TT
gauge:
(ARab)linearized — 0

(AR)linear’ized — 0

1
B

- .
\
-
' .
-
D o™ ,
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e Consider (A R)% or (A Rap)?in the action.

® Jo compute the effect of these terms on the n-
point function, we have to expand this around
AdS upto n’th order in the perturbation.

® This immediately tells us that these will start
contributing only to 4-point functions. This is the
reason for the simple expressions we will find for
one, two and three point functions.

20
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Kallol Sen,AS 2014

Background field Lagrangian from ,C(gab7 Rcdef)

8
L= (c,+cAR+ 62—4AR2 - %AR“”ARab 4 ‘;—GARMARM + 5 EAK + )

=1

Two point function

&
(Ta@)Tea(®)) = (= prpaanea(® = )
d+1 T'ld+ 1] - So simple!!
DU (e B VS TPV B

d— 1 79/2T[d/2)

Stress tensor and geometry A o
complete piece in
T3/2 4 _ 1 I'(d/2] (d) the AdS/CFT
<T,W/> — = - CTh,ul/ dictionary!!
2i2 d+1 T[d

[Fefferman, Graham; de Haro,

dz* 1
(g(O) x 229;(1211) ) dh(d i )dxﬂdxu Skenderis, Solodukhin]

22

ds® = L2

/"ﬂ
\-

21
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Kallol Sen,AS 2014

Background field Lagrangian from ,C(gab Rcdef)

CO@R+ ZARS AR“"ARab+ AR“”““ARGM—l-Zc 745 o

A-type anomaly b=t

Two point function

C
(Ta@)Tea(®)) = (= prpaanea(® = )
d+1 T'ld+ 1] - So simple!!
DU (e B VS TPV B

d— 1 74/2T[d/2]

Stress tensor and geometry A o
complete piece in
T3/2 4 _ 1 I'(d/2] (d) the AdS/CFT
<T,W/> — = - CTh,ul/ dictionary!!
2i2 d+1 T[d

o d2? 1 Feff Graham; de H
2 2 0 2 (2 d d) [Fefferman, Graham; de Haro,
ds® = L 2_2 + (g( ) o et g’(“,) ' h( 3 )dxpdxu Skenderis, Solodukhin]

21

Wednesday, 28 May 14



Kallol Sen,AS 2014

Background field Lagrangian from ,C(gab Rcdef)

CO@R+ “AR? + AR“”ARab+ AR“"C“ARQM-I-ZCAIC 4.00)

A-type anomaly =

Two point function

Cr
|z — x’|2dIab’Cd(x )

(Tap(2)Tea(2')) =
B-type anomaly

d+1 T[d+1] -, So simple!!
Cr =2 L 2(d — 2
" d—1xPT(d 2] or+20d = 2)ei] D

Stress tensor and geometry A o
complete piece in
T3/2 4 _ 1 I'(d/2] (d) the AdS/CFT
<T,W/> — = - CTh,uV dictionary!!
2i2 d+1 T[d

~d2? 1 Feff Graham; de H
2 2 0 2 (2 d d) [Fefferman, Graham; de Haro,
ds” =.1; 2_2 + (g( ) + 2 g;(“,) ' h( 3 )dx#dxl/ Skenderis, Solodukhin]

21
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® |n even dimensions cTis related to a B-anomaly
coefficient. Let me sketch the argument. RG

e q u ati O n give S [Erdmenger, Osborn; Osborn, Petkou]

0

d v -
(#8#+2/d xg# W)WK

Quantum effective action

0
® Hit twice more with 5, =

2
#8 <Tab($)T(,d(0)> : _z/ddx(s Aanoma.l'y'
H 6gab6gcd

22
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Since RHS is to be computed around flat
space, it is easy to see that we need terms
in the anomaly that have at most 2 Riemann
curvatures. In 4 dimensions an explicit
calculation picks out the c-anomaly
coefficient.

In 6 dimensions the only anomaly term
with 2 Riemann’s is B3. Hence this
coefficient is picked out. All this we have
explicitly check directly in holography.

23
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Since RHS is to be computed around flat
space, it is easy to see that we need terms
in the anomaly that have at most 2 Riemann
curvatures. In 4 dimensions an explicit
calculation picks out the c-anomaly
coefficient.

In 6 dimensions the only anomaly term
with 2 Riemann’s is B3. Hence this
coefficient is picked out. All this we have
explicitly check directly in holography.

We can also compute 3 point functions!

23
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(Hofman & Maldacena, 0803.1467)
“Conformal Collider Physics”

» consider scattering “experiments” in d=4 CFT’s
 insert disturbance with stress tensor
* measure energy flux at infinity

o0
) = lim 7"2/ dtn'T;" (t,rn")

<O|€ Tz7 8( )leTkl‘())
<0|6 Tz] flekl|O>

o (£ (i) =

Minkowski
space

L controlled by 3-pt function!!
/d4:1: o(z) e Fle;; T;;

24
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“Conformal Collider Physics”

» result fixed by symmetry of “experiment”:
(Ole;; Tij E(7) €k Tkt |0)

E(n)) =
< ( )> <O|6;jTij€lekl|0>
_F —1@ €€unim 1 eijning[* 2 -
41 I Cz‘jéij 3 e,’:jeij 15 ]
Comments:
* only three independent parm’s amongst a, ¢, t-, t4:
c—a lt | 4 ,
c 6 > 45 °

« t4 = 0 for supersymmetric CFT’s

25
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- consider scattering “experiments” in d=4 CFT’s

<0|€ T,J (TL)EMT“|O>
<O|€ T1J€L1TL1|O>

E — € €M Ny 1 €iimin;|? 2 -
4 _ €;,€ij 3 €;,€ij 15 _
Comments:

- demanding (£(77)) > 0 imposes nontrivial constraints

| 1 9
spin 2: l—=to— —1t, >0
P 3% 15°

(€(n)) =

1 2
spin 1: 1 to — —t4 >0
P +62 15

1 8
in O: 1+ —to+ —1t4, >0
(Latorre & Osborn, hep-th/9703196)

26
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_d(d-1)
e +2(d—2)ce
_ 6d(d*—1)(d+2)
YT e+ 2(d —2)c

Lo

(28, — &).

® When t4=0 (& c7=cs=0)
N 1
( S 47'(')

S X —Cg

® Thus KSS bound is violated whenever we have t;>0
in a perturbative expansion.

27
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nis

....... WeyIzKSS
0.06 -
i Gauss-Bonnet min.
0.04
0.02 -
Range of coupling fixed by -3 <1, < 3 t4=0
R R SO RO M R T O O A S S T T T T T R EN R B B B AWZ
—0.05 0.05 0.10 0.15 0.20 0.25

Even without unitarity, positive energy correlations lead to a bound on the
shear viscosity. Easily calculable using pole method. (paulos)

For general four derivative, it is possible to tune couplings so that positive
energy correlations are satisfied but the ratio is zero with no other obvious
pathologies except ghosts (boundary conditions to eliminate them??).

¢
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J7

1

A
S=— [ d°z/9(R - | 2LQW2 + uL*W3)

3
0.006

n/s=0.014

0.004
0.002

0.000 (n/S)KSS=0.08 \555- n/S=O°O44

—-0.002
- 1.0 -0.5 0.0 0.5

1.0
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J7

1

A
S=— [ d°z/9(R - | 2LQW2 + uL*W3)

205

0.006
n/s=0.014
OGK
0.004
0.002

0.000 (n/S)KSS=0.08 \fss- n/S=O°O44

—-0.002
- 1.0 -0.5 0.0 0.5

1.0
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® Till now the lessons we have learnt used
the saturation of the inequality, i.e., the |st
law of entanglement.

® What about the inequality?

30

.
X
\‘w ,”,f/’
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AH>AS

Consider a scalar field in bulk

R +

d(d—1)

1 d+1
[=2ld_1fd+xx/6

p

Choose o : Empty AdS

p . Scalar field turned on

Asymptotically ¢ ~yo0z"

31

1 o 1 5 s
(00~ 3o

O : scalar operator of dim A

m’ = A(d—A)
d d
5—1<A<§

J-wf
= o

/"’”\
\,
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Perturbed boundary metric:

y202

u 7.v
4d(d—1) d” dx

1+224

2 ]
> L
dS = —2

z

dz" + My

In this case holographic stress tensor 7,, =0

So A(H)=0

And EE: AS= dlfd“

2
i ol p_ld=2) rlA——+1
y L 2(d—1)
d—1
............................................................................................................ lp 8I‘IA_%_|_;
— A< H > > A S i uniitarity bound
holds
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Nownlinear cownskrainks
from AH>AS

® Consider AAdS in FG expansion

® n,, n; below most general for constant stress
tensor at quadratic order in stress tensor

ds? = L

= ;sz + g dztdz” .

L? ) |
g = 5 [N + 027 + @222 (M Toa Ty + 12 0 TagT) + -]

33
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® At linear order in stress tensor, inequality
saturated.

® Next order AH will not contribute so

AS<0. Correction to entangling surface is

® | eads to

ADS = 9r(L/Ep)-10, (O + C4TE + C5T3)

34
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_ 273-4d (1 +4(d? — 1) ny) /7T R*I'[d + 1]

5 @-DT[3+d ’

_ 9-3-d4, /7 R¥T[1 + d] 2
Cy = @ DT +4d (-1 —2d+4(d+1)n; +4(d* — 1) ny) ,
e _2—1—dd(n1 -+ 2(d — 1)n2)\/7?R2d1—w[1 4 d] |

(d— 1) [ +d]

® We get the following inequalities

n+2d-—1ny, > 0
2d+1—4(d+1n;, —4(d>—-1n, > 0
d+2—4(d+1)n; —4d(d*—1)ny; > 0

35
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0.2 a
o_EZ |
B == d % m d2 ]
Areay = ;
i 8d+1)2d—2) -
0.1F .
0.0 -
B 1 My
-0.1 .
- 1  Shamik Banerjee, Arpan Bhattacharyya,
I . Apratim Kaviraj, Kallol Sen,AS 2014
-0.2 |- -
: - : Y
L 2 § '\
-0.3 _1 I [T T O Y| Y TN N T SN W O 0 (SN R W o ) TR (SN SR TR T SN SR S l— X \VJ Y
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 Vel g
3 6 wﬁ _T"lYUTE.of T.»:;lgw
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For non-constant stress tensor we find

22 1

72 9w = Mww + 2* (Tuu o ﬁzzl:]T#V> +2° (M TuaT® + 1o Tos T + 2°T,0)

7:“/ =N3 (THQDTVQ + TVQDT“Q) + TL477#,,TQBDTQ'8 + nsc')pTa,gc'?,,T“B + nsc'?aTﬂgaﬂT,,a + TL76#8VTQ5TQ'B
+ n80aTus0°T," + ng (8,Tusd’T,* + 8,Tasd°T,,*) + 110 BT 5y0%T"" + 1110, T,50° T
+ 12 (T7°0a0,T5 + T7%000,T,5) + n13T* 02057, . (44)

Derivative expansion: R0; <1

2 = —2°R? (T+T +i( O, + cizixk 8kT”>

10 12 R2
1 0;0,T, k% (R? —r?) O%T:.
i gkl KL\ P 4O Lij
28( :1:388T+a:x 22 ) 168 (8 T + z'x 72 ))

To get rid of constant T contribution consider 7,.(x=0) =0

1672 L3 R0
31185 £3,
v = (@Tjk) 2 (—28 + 60711 + 168?%2) + &;Tkjak]ﬁj (5 — 677,1) + (C%T) 2 (2 + 168n2))

ADS =

(= (8iTo;) 2 (=1 + 60n; + 336n2) + 60;T0;0° Ty (—1 + n)

37
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Constraints found =

- non-constant stress tensor 0.2

- constant stress tensor B
. net allowed region ]

0l -

Einstein theory

0.8 1.0

m

Shamik Banerjee, Apratim Kaviraj, AS 2014
-0.1

Allowed region

_oa L has shrunk
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Lessons Llearnk

Relative entropy taught us a clever way to do
holographic renormalization.

It led to using the background field method to
compute one, two and three point functions for
stress tensors in a large class of bulk theories
quite easily arising from £(9*°, Reder, VpRedes) .

It led to interesting nonlinear constraints on the
metric hinting at a possible derivation of
Einstein equations from entanglement. R

39
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