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Summary



AdS/CFT correspondence by Maldacena (1997)

QFT with fixed ]
spacetime ]

Exactly equivalent

A [Q F T] = A [G’I“(Tz:z.-’“zﬁt;_z/]

GKP-W relation (1998)

Quantum gravity

Examples are very rare!!



Gauge/gravity

« Gauge/gravity duality

d-dim. Field Theory (d+1)-dim. Gravity theory

Gauge Theories Quantum Gravity

« After the conjecture by Maldacena in 1997, there were many
works in this direction, such as string theory, QCD, nulcear physics,
condensed matter physics, cosmology, etc.



Gauge/gravity

 Duality properties of field theory and gravity theory

duality
Quantum field theory | <= | (Quantum gravity

Strongly coupled Large N Weakly curved gravity
gauge theory e (classical gravity)

« Very useful but difficult to check the duality!
For some BPS objects which have no quantum corrections,
it is possible to check the duality using supersymmetry
and conformal symmetry in the large N limit.



What is origin of the gauge/gravity duality?
Any proof for the duality?

= No concrete answer for these questions
though there are many evidences!!



One clue from entanglement entropy!

QFT with fixed < > (C Quantum gravity
spacetime T

Entanglement entropy

Holographic EE

Emergent gravity from EE
cMERA

Quantum error correction



Entanglement Entropy

Quantum entanglement is a physical phenomenon that occurs
when pairs of particles interact. Then the quantum state of each
particle cannot be described independently.
= entanglement entropy (EE)

Density matrix of a ground state | ) :
Ptot — ‘\Ij><\11’

Reduced density matrix:

PA = Irp [ﬂtot]

Entanglement entropy (EE) = von Neumann entropy

Sa=—-Trapalnpa



Entanglement Entropy

* In QFT?

B Hiot = Ha @ Hp

« Replica trick for the Renyi entropy in path integral method



Holographic entanglement entropy (HEE)

S, — Area(va)

A
\

e e mm o e =

—dt? + dztdx® + du?

d82 _ 2
4GN AdS RAdS ’LL2

[Ryu-Takayanagi 06]

/‘ AdS space YA is the codimension 2 minimal surface

This HEE proposal can be applied
to any dual geometry which has boundary!!




Emergence of gravity from gauge theory

* One clue can come from entanglement entropy!

o
~_ |
T~
\ A i B
T~
« Without entanglement, the bulk region may disappear.



Entanglement entropy 15t law

Small fluctuation around the vacuum
V) — [) +0[Y)

054 = —tr(dpglogpy)

= tr (0paH 4) pA=e

= 0(H y) = 0FE 4



Entanglement entropy 15t law

 Ball-shaped region A

PA = e_HA modular Hamiltonian

- [2 _ 7‘2
Hypy=2n / dr——— Ty ()

. o 2
. | U — T e
054 =27 / dx o] O<ﬂ)()> — ()Ehgp

U

hyperbolic energy



Entanglement entropy 15t law

 Ball-shaped region A

P4 = ¢4 modular Hamiltonian
l~ e
Hj=2m / Az Too(x)
1 1‘ r
0S4 =2m / d“x 5 6{T00) = 0 Epyp

hyperbolic energy

Gauge/gravity duality [Raamsdonk et al,
RT formula 2013]

Linearized Einstein equation



How about non-conformal CFT?

Corresponding 1t law for EE?
Extended 1t law?
Emergent gravity?

CSG}U]/ — SWGJ\."]}”/‘;)'L)



Mass-deformed ABJM and LLM

ABJM (CFT) + mass deformation = mABJM
(non-CFT)

Vacua of mABJM ¢==) || M geometry with Z, orbifold

Ji0 [Lin-Lunin-Maldacena, 2004]
V=1 0 T
M7 = Discrete Higgs vacua > Quantitative
V2 0 : comparison is
Lo denoted by numerical values oossiblel!
0 1
0 V2
M = [Gomis et al 08]
0 V-1
0 vn [Cheon-Kim-Kim 2011]



Gauge/gravity duality
and entanglement entropy (EE)

- Relevant deformation by inserting relevant operators to the CFT
(i.e. mass deformation) =» non-conformal deformation

ABJM(3d CFT . .
+ rele(vant ) correspondence | asymptotically AdSs x S7/Z
deformations (Gk, Solution in 11d SUGRA
lKK reduction
(C){), _
e : )
'("//-..) asymptotically AdS,
solutions in 4d gravity
AT of KK modes
v o . ‘
EE for an entangling RT conjecture

) - — > HEE deformed from
f I thod the | N limit
surface (replica method) in the large imi the AdS case



Gauge/gravity duality
and entanglement entropy (EE)

- Relevant deformation by inserting relevant operators to the CFT
(i.e. mass deformation) =» non-conformal deformation

ABJM(3d CFT) correspondence
+ relevant <
deformations

» asymptotically AdSs x S7/Zy
Solution in 11d SUGRA

lKK reduction

1/79
asymptotically AdS,
solutions in 4d gravity
A of KK modes
4 | )
EE for an entangling RT conjecture

) - — > HEE deformed from
f I thod the | N limit
surface (replica method) in the large imi the AdS case



Construction of 4-dimensional gravity

EOM for graviton mode in 11d: (up to yug-order)

1 2€ ye ve " 2
(LE Ll’)ho N {‘ DV V02 + g2V, V07 + L_v VPURV VY 2

34560 3
v 4
+ — ph’zv \Y Vph +L—V VPV, V VOL' + L V”V“ 2V VoV VJL'
12 . 2 1
LQL L' + VP 2v l,p — BOL VPVUL’ZV VUL — L_VTVPVJ 2V V VUL )}

L2 16
— g, (V3 VPt — Iz i1, )=1

(VViiil, + Evytﬁrvug) %

quadratic order and higher

Linear order .
derivative terms appears

A 1 1
h?“’ — hgv - 4gﬂV® g b 24 l“’z‘

Lghl, = 1 (~ORY, + VPV,hS, + VPV, 1S, — V.V, h°)

— 2 vp

EOM for scalar modes in 11d:

(O-MH)tt =0, (O-M2)¢*=0. MZ=M,=-5



Construction of 4-dimensional gravity

EOM for graviton mode in 4d: (up to pj-order)

flzf 2 » Tz)

.,2

+ 8TG N Ay (vpllf‘?y‘lf—F 5 Q,Lw‘lf?) _

(LE + )HF +87GN AV, TV, T +

LE

1
LEH,LW = E (_DH,U.IJ + ?Pv,quv + vﬁ?v Hp,u - v,uvv H)

To absorb higher derivatives, we needs field redefinition:

Hyp = hi)y, 4 g (CL*0° + CoVPP?V 0°) + O3V ,00°V, 07
+ gltwcnlvpvgﬁlgvpvaﬁlz + CS‘?;L?F'IEE?V?;J'LEE + Q"Inwcftiti-

1 1 1 L2 1 7L2 1 IA
' N T ; Y ol e _.
! 4023 x 33 : 4028 x 337 3 40 28 x 34 : 40 211 x 33
1 IA L2 L2 1
i) R N ' ;. S G A — — Sy ——

40210 x 31° 2% x 3’ . 25 x 3’ NP = 798« 32




Construction of 4-dimensional gravity

Near the UV fixed point where the ABJM theory lives on, (in the
small mass expansion,) the dual 4-dimensional gravity action is

given by

1
4
~ 162GD

[

o /d‘ 9(V,TVAT + M2T?)

1
Rpu i EguvR \sz = 87

(O-M2)T=0
(D - .-"\13,) v =0

Fluctuations around AdS_4 space g, =

-/{341"\/_( — 2!1) + S

_ —/d‘ V=9(V, UV + M212)

o Asymptotically AdS
TGNT solution with relevant
deformations

(0)

9., + Hyy



Exact holography

« Dictionary of the gauge/gravity duality (GKP-W relation)

{ﬂ}':ﬁ:'} = Meya). N is a normalization factor.

| 1 F—
(O = —24Npp B4 @B ﬁTr(Z“Z]; - Wiw,)

 Vevs of the CPO with conformal dimension 1 in mABJM

[=2x]

A k P ield theory calculation
(O@=1y = 2 N (N, — N)n(n+1)] > Fie y ca
4\@5; in the large N limit

N - 1".’_:%' ) HIIII_:} -

— T Ten = ) N=/%

’ l > [nln+ Dt~ 1)] = =8,
U, U} <= {Nn, N}

n=I

N7 g g,| > GKP-W relation
3

01) -
IW2w => Exact holography for all droplets




Gauge/gravity duality
and entanglement entropy (EE)

- Relevant deformation by inserting relevant operators to the CFT
(i.e. mass deformation) =» non-conformal deformation

éB:(L\fle(igniFT) ~correspondence | asymptotically AdS x S7/Z
deformations (Gx Solution in 11d SUGRA

5 KK reduction
Rbing {

¥ 3 . .
‘v).. | asymptotically AdS,
solutions in 4d gravity
a of KK modes

v
EE for an entangling RT conjecture \

) - — > HEE deformed from
f I thod the | N limit
surface (replica method) in the large imi the AdS case




Holographic entanglement entropy

« Metric fluctuations around AdS 4 and induced metric;

— 40 L g . dxt dxY _(0) .
N PO — —
- | C e 1 ~(0) ~(0)ij £
Ho— — 2218 (30 g2 O (.i=012) H,=—2M 96012082 + 0 (2
= —Tap ( +‘—3)’h'j+ (,uo). (2,4 =" 1,91 zz__l_L_LU( + 4 *3)+ (»“0)

Y = —24B3upz + O (ﬂ%) : I'= 16\@!103 +0 (Ng)




Holographic entanglement entropy

 Variation of the EE is determined by source and vev

) mL(pol)” (4, 1 427 N2 | 1 1 (7O,
S = — - _ _32 o ZLEARN R EIRY T ({OW),.,

This result exactly reproduces ) ] r
the HEE using PDE from the O =7 ,, Bs

g ¥ 32w
11d LLM. [Kim-Kim-OK 2016]

How can we interpret this result?



Variation of entanglement entropy

« EE calculation using path integral method in CFT with
relevant perturbation

I=19 42 / d*w O

5Sa = (Ha)z|— 27 / dSH € Ty H+ Se

[2014 Faulkner]
T = V.0V, 0 Lo V1oV2o + m2d>
Ny I i — Eg“y ( 2D . m-o )

!

A(A — d)

Vih—
LidS

=10



Variation of entanglement entropy

* In the mass-deformed ABJM theory, there are two
relevant operators which are dual to W and 7

5S4 =—2r / A9V T,

3A,32 ,
= OS( +O-5 —1287 L (:1{ + _1 J) ([l()[)"

T U = —24\/TL:-;33,U()3 - O(yg‘), T = 16\/5\@;1.(): - (’)(,ug)
Gauge/gravity duality



Variation of entanglement entropy

By = — / 515G, + 67

I

[lyer and Wald 1994]

1 12 6 ..
5G =5( — OHy, + VY, Hpy + VPV, Hy = V,V, H) + T Hu = 59 H
—%gpu(V”V"Hm — OH).
L2 2 3 i ; E2pd 5 s
Hyy = = T (30+BF) i + O (15), (i,j=0,1,2)  H,,=— 240D (960 +29533) + O (ug)

Y = —24B3u0z + O (,ug) : = 16\/§M02’ + O (#g)

_ tetsc, — T 2 e Tl L 2 (ol)?
9 d''0Gy = ——= (32+ B3) (wol)® + T2 = (324 3) (pol)




Variation of entanglement entropy

054 = —2x f AXHE T, = —

4(_?[4}/ dX* ¢ 0G, — 04
T N

=16y

Gauge/gravity duality
RT formula

!

s
0G ,, = 8tGUT

pv

Einstein equation from EE of
non-conformal field theory



Conclusion

« Using the LLM geometry in 4-dim. gravity:
1. 6S = 6S(source, vev)
2. extended thermodynamic-like first law of 4S5 =4FE
for all droplet solution in non-conformal field theory
3. 05 <> g.w relation using exact holography
and the entropic counterpart of the Einstein equation

« Next order for the mass parameter
IR entanglement entropy for the mABJM and LLM

Thank you!!



