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INTRODUCTION: WORMHOLES

Wormholes are important objects in (quantum)
gravity

They appear various aspects
Breaks a global symmetry

[Hawking, Lavrelashvifi, Rubakov , Tinyakov , Coleman , Strominger , Giddins]
Related to the entanglement structure of gravity

[Suskind , Maldacnea , Raamsdonk]

non-pertubative objects which rescue the information
loss paradox

[Saad , Shenker , Stanford , several replica wormholes papers]
Give a protocol of quantum teleportation via AdS/CFT
if they are traversable
[Gao, Jafferis, Wall]

Figure from : What are wormholes? | Space




WORMHOLE IN ADS/CFT: PREVIOUS WORK

Previous work consider the coupling between two systems induces the
traversable wormhole
Hine = J d%x 0,(x)Og(x)

[Gao Jafferiswall AdS3 and O is light single operator

=Mixed boundary condition induces the Casimir energy in the bulk

(Traversable wormhole is prohibited by averaged null energy condition)

[Maldacena,Qi] SYK model (AdS2)
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MOTIVATION FOR QUR WORK

Unsatisfactory point of previous work
GJW is gravitational perturbation = 0(Gp)
MQ is low dimensional =SYK/JT is special 2

Motivation
we would like to construct
explicit configurations of wormholes in 3d AdS
with huge backreaction and nice boundary interpretation
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FINDINGS: TWO TYPE OF WORMHOLE

We find there are two types of wormhole in AdS via concrete CFT
deformations

Model A: via Janus deformation
Model B: Via non-local double trace or TT bar deformation:

With quantum circuit like understating there are completely different path
integrals and distinguished by entanglement entropy (not in my talk)

Thermofield double  Model A (Janus) Model B (Double trace
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2024 Dirac Medal and Prize Award Ceremony

https: / /www.youtube.com /watch?2v=ajIDjAUjOmY &t=42s

Pseudo entropy and Applications
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MODEL A: JANUS TYPE DEFORMATION



JANUS SOLUTION

We consider a bulk gravitational theories with dilaton

1 o « ‘ ¢
Loy = TN /(l 1\/_[ lg] — ¢ b()(,p()bp-k 2].

This has clear Janus solutions with AdS?2 slices [Bak-Gutperle-Hirano, 03, 07]
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where Yy or y = \/1 — 2y? is a parameter which characterizes the solytions



JANUS SOLUTION

Depending of the form of AdS2 metric, we have variety of situations

Poincare AdS2 =Interface CFT on the plane

5 de + d£2 -

i, = e |
2l |

L = LcfT + lcinterface CFTg, /

Coupling strength of interface ?




TIME DEPENDENT JANUS SOLUTION

TCIke AdSQ blGCkhOle [Bak-Gutperle-Hirano; 07]
& n) -) l) -)
dsigs, = —d7* + rgcos” 7df?, (-

y = 0—usual BTZ blakhole
0 <y < y.— Boundaries are getting

(The value of L, is getting larger )




JANUS TRAVSERBABLE WORMHOLE

Now we consider ¥ < 0 or y > 1.

Then, we have traversable wormhole

[TK Maeda Nakamura Takayanagi] .o '."
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BOUNDARY PERSPECTIVE:

We think the path integral corresponds to the quantum quench

Tr|e PH| = (TFD(B)|TFD(B))

7?<0(x > 1)
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Non-Hermite interface

BH BH*] _
Trle 2 e 2 | =(TFD|TFD)

=density matrix is non-Hermite

Similar to [Bak-Gutperle-Karch]

HT H

VHV ™1 = HT duality defect?
wirealized in pseudo Hermite case

and realized as kind of modular

conjugation in the bulk

[TK, Maeda, Nakamura, Takayanagi on-going
and TK, Miyaji, Numasawa, Tasuki on-going
about SYK]
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MODEL B:NON-LOCAL TT BAR DEFORMATION



NON-LOCAL TT BAR DEFORMATION

Here we discuss the other deformation

=non-local TT bar deformation between two CFTs

Why “TT bar” and “non-local” 2

TT bar deduces the backreaction.
But local TT bar is irrelevant deformation
= Backreaction only happens around the boundary

= Non-locality makes only IR mode can contributes!

,._.S'[;l: = — /(12,1‘\/’?(“(.6'1)(!(71[“:(l))abF(_[:]A:)(Yﬂlﬂ]('z))pd.



NON-LOCAL TT BAR

Here we focus on single side deformation

1

Srr = —5 / &2\ /Aaj€actdT F(—0,)T.

(Actually two side one is very difficult.... &)
We can discuss the flow equation and gravity dual

To this end, we review the local TT bar deformation



TT BAR DEFORMATION (REVIEW)

TT bar deformation is an irrelevant deformation of 2D QFTs
[Zamolodchikov, Cavagli*a, Negro, Sz “ecs 'enyi R. Tateo]

9, " 2 ab ay 2
O = [ d "'ﬁ[(ril])(,f,(ﬂltl) - ((Tfil])ﬂ) ]

o1,
This defines the sequence of QFTs whose stress tensors are labeled by

parameter [U.

Interestingly, the RG flow is completely solvable and deformed theories
have nice gravity duall [McGough, Mezei , H. Verlinde]



TT BAR FLOW EQUATION (USUAL CASE)

Formalism [Guica, Monten] : consider the flow of stress tensor and metric both

The resulting flow equation

Outptar = ~2(Tp0)avs OuBin)as = =(T)ae( s 0 Tin)ae(T)s) = 0.

(Ttu)ab = (Tiu))ab — (T) e (Viu) Dabd

Surprisingly the flow solution is solved!

OV = O- Yoy = Y0l — 24(Ti0))as + 12 (Ti0))ac (L)




GRAVITY DUAL OF TT DEFORMED THEQRY

Fefferman-Graham gauge for asymptotically AdS AdS

ds® = dr® + e* yg(r, :1:a)d:1:“d:1:b, %

Yab(T, %) = g((,)ab(:r“') + 3_2"!](2)0,,(-’17“') + 8_4?‘.(1(4)(,,,(-’13(1) +

T
uv IR

For asymptotically AdS3 case, Einstein eq. tells us expansion end in 4th order

[Skenderis]

1

g4) = 19(2)(9(0))—19(2), 90 ap = V0lap 92 ap = BTG (T["])ab’



FINITE CUT OFF INTERPRETATION

Comparison
Solution of TT bar flow eq Vlgp = V0l gp — QI-L(ﬂO])ab =] 1-1’2(71[0])06(7—‘[0])8'

Solution of Einstein eq at finite cut off Yiu] = 9(0) -+ (.3_2"“’ - g(2) 1. (-3_41“? © (1)

1

9w = 79(90) 792> IO = Mlay I@a = 8TCx (T[Ol)ab'

‘ TT deformed theory is dual to gravity with finite cut-off surface at
—27rc H
e e = — .
4G
Also other quantities (thermodynamic quantities) are matched!




FINITE CUT OFF FROM HOLOGRAPHIC RENORMALIZATION

We can see the finite cut-off interpretation on the level of gravitational
action via holographic renormalization

To do systematic computation, the Hamilton Jacobi formalism is useful
[Skenderis, Papadimitriou].

ADM decom posi’rion ds® = dr? + hg(r, %)dzdz®

. . - i)
Dilatation operator  dp :=£ d’x Qhab(Shﬂb- —> equivalent to 0,

Hamilton’s prlnClPC’| action S[] = / dzvVhL.
Jy,

S = ZS:Z—‘Zka dpSar = 2k Soy.

k=0
1 0S8
\/E 5hab

momentum 1l,, =



Conformal anomaly [Skenderis]

L= ﬁ(o) E(g) log e~ 7|+ ﬁ(z) + £(4) S REE o

EqunSion 5D£(-n) = —?’Lﬁ(n), n % 2, (SD[:(Q) — —2[:(2) ﬁ E(n) e e—m" \/E ~ €2r.
5D£(2) = —2£(2) — 2£~(2).

— 2 ~ . =2r
S = Sreg + Sct = /;,3 d%‘/gﬁ(?)- et = ./Er d .I‘\/E(E(()) + Lz)loge )

Renormalized action

| ) ~ :
Momentum 1% .= —— b] PavRL = o™ + 1% log e + Ty® + )™ + -
a p T

L 21y (k) are recursively determined by Hamilton constraint.

1
Fromdef  11%phe, = 211 = —dp(VAL) + (total derivative).
Vh St int of
1 | art |f>om'r o - = 1 : I
Hamilton 0 = H = 167Gy (I — I1%) + R[R] + . recursion 0 = b
coo:ur:tquoi:t " N( “ ) 167Gy 7] 8mGy (asymptotic Ads) 167Gy
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Result 1
Loy =T = —g 7=

L) =~y Lay = —),

Iy = 0,

1 p 1

ey = =g, M Lo = g0

R[A).

Higher order?=irreverent deformation TT bar deformation with coupling

H(4) = 871Gy (H(2)2 — H(z)ZH@)z): o 7

a e “ —_ .
Ly = Ty = —87Gy (M) M2 — (z)°). 47 G

Boundary action Scrr:= lim /Z d*zVhL ),

Te—00
re

Sfinite = / d2$\/ﬁ(£(2) + £(4))
JE

Tc

—op 2 CFT a\CFT\ 2
= Scrrlg)] —|27Gre™" /d%\/ (<T b>gm) g(l;r ((Ta>;gr) )
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NON-LOCAL TT BAR

We are doing same things for non-local TT bar

1 ‘
Sy = ~3 /dza:\/'*,f[”]facfde“bF(—Elq,)TCd.

Hubbard-Stratonovich technique [Cardy]

A7 v ™ Ap 2 o — ab r; cd
(‘3_11 [u+Ap] — /‘[(IX]B_.S[“][JX' /[;x]]e_‘zL N (lz'l'mfﬂbf(:dT r(_D“')T

= /[dX] [dh]e_sh*l [X;')-[“]]e—ﬁ I (lz:r\/‘We“bethabF'l (—D.,)ilcd-i-% i dzzrwﬂbhub.

Saddle point = flow equation for metric and effective action

aﬂ"[#]ab - _QF(_DW')(T[#])

s
ab

1 ac r r
QWi ] = ) / d* /e Jfbd(T[ul)ﬂbF (—04) (Tiu))ca-

2



Flow equation for stress tensor
Ou(Tuw) = =5 (TueSs + TheSi — 3TSws + 378 ) — Nuo
Sab - F(—D.,.)Tab U = F’(_D'}')(Tab—’)’abj—')-

lrvab -

(VL) (VPU) + (V' Toa) (V°U) = 7 ((OLa) U + (V. Tea) (VU))

+ O(T°U%) + O(T2U) — 2V (T2 VeU®) — 2V (T2 VeU ™)
4+ VT2 0% 4 Vo VT2 U — OV [TV U™ — N (T2

L veva(TeCch) L Vevb(TECUa(:) + QVB(TGCVG UbC) + QVR(Tecvaac)

aﬁf}'[y.]ab #£ 0.|(>&Usual TT bar is magicalll)

———p  Not in quadratic in U

Super complex (¢

But at least we may observe
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POSSIBILITY FOR GRAVITY DUALS

We consider three possibilities

A)a finite cut-off holography within Einstein gravity though the finite cut-
off surface may not be r = const.

B)No gravity duals... &

C)a finite cut-off holography with r = const,, the bulk gravity is no
longer the Einstein gravity.



POSSIBILITY FOR GRAVITY DUALS

We consider possibility C)

we have a finite cut-off holography with r = const., the bulk gravity is
no longer the Einstein gravity.

The Einstein gravity gives Fefferman-Graham expansion with finite terms.
But for more generic gravity, we do not need it.

:> Consider a bulk modified gravity



SUPPORTING OUR POSSIBILITY

Now we consider the following non-local gravity

H= / d'c(NH + N,;H®),
)3

]‘ a 2r b 21
—H = 167Gy —e 0, O g ;
\/HH 167Gy (II; F(—e* 0,11, — ILF (—¢ h)H)+16ﬁGx(R[lz]+2)
1
H® = —2D —nﬂb).
”(\m

Assume non-locality factor F () has expansion F(—€¢04) = ) fi(—e*0y)
k=0
Because of explicit 7-coordinate dependence, dilatation operator is




The order of dilatation is given by

5D(F(—(32"D,,)Xab) = —/\F(—(.?Q"Elh)Xab,
Sp(F(~e0)X) = —(A + 2)F(~e0,)X.

Similar to the usual TT bar we do the expansion

L = ﬁ(o) + é(g) log e % 4 ﬁ(g) + £(4) - amE
(SDE(,,,) = —n.ﬁ(n), n 75 2, (SDﬁ(g) = —2[:(2)
(SD,C(Q) = —2[:(2) — 2£~(2).
1 9 ‘ -
Hab — 12:;\/]_[: — 11 ab Ha‘b log 7’—27' + II,. ab 4+ 1 ab I
\/E(Shab -/Er a TVnR o + (2) 108 € (2) (4)

Solve the Hamilton constraint recursively with

: H(O)ab . Ph‘aba
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Zero-th order

1 1
11 = Ph. ==
(O)Ob b P \/E ].GTFGN’

Second order

(o) F (=€ 0p) ()¢ + 2)2 F(—€* 0o — Mgy F(—e* Op)g) — (o) F(—e* 0,)T g

_ Wﬁ[h}

1
0=, 1 :_i*
2 4 fo

1 1
) g = —

__ o 2rl:l O
\/TalﬁﬂGNQ( e 0,)R[h]. Q(—€e"0x) Z(]A —e¥"0h)", qo

= / Povhle = 327:GN \/ITO ] CoVhR[h) Iy = 0.

Fourth order

- Q(—ez"Dh)(H(Q)Z‘F(—e”Dh)H(g)g = H(Q)F(—GB?rDh)H(Q)).
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NON-LOCAL GRAVITY INDUCE NON-LOCAL TTBAR

Finite cut-off renormalized action
Stinite = / (12117\/E(£(2) T ﬁ(.1))
>

27Gy e~ %" CFT

‘ aby CFT -
= Scrr[7] + /Ta ‘12-"’ﬁ<T b)«,- F(-0,) <T‘“’>
)

So far we do not mention the form of F(x). We require

v

Boundary UV degree of freedom is suppressed
Remove finite cut-off effect (1, — o)

Around the boundary, bulk is Einstein gravity



These requests are satisfied by a choice .. ... .. ... _

N /A et |
F(I) - z/A2+1 |

F=1—Einstein =

0 1 2 3 4 5
IR A x Boundary UV
Bulk inside Around boundary

Finally we see the non-local TT bar deformation

271Gy e~ Fe >(:FT

Sﬁnite = S(:FT[Q’(U)] - \/f_( /(12517\/9(0) <Tab 9(0) F(_ng)) <T:':b>
) :

which lives on asymptotic infinity (7, = ©0)

CFT

9(0)

=>Non-local TT bar deformed holographic CFT= Non-local gravity.
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WORMHOLE IN THE BULK

We may think that the origin of the non-locality is wormhole.

If we focus on macroscopic mode whose scale is larger than the wormhole,
wormhole can be effectively regarded as local operators[Coleman].

And the summation over the wormhole configuration in the path integrals
gives non-local effective action.
d;(x) D (y)

/l///JtL| , /,///// x x
1
L = 3 / d*z\/g(x) / A y\/g(y) Y A0 (x) Gz, y)®;(y)
1,J

Our case wormhole which connects two points in ¥ = const. may give a
non-local action with size

) -1 T
[\\H ~ A‘blllk ~ € 1"\ 33



SUMMARY AND DISCUSSION

In this talk, | discussed two concrete AdS3 examples of (traversable)
wormhole in AdS/CFT

Model A: Wormhole via Janus deformation =no-interaction and non-
hermite density matrices

Model B: via non-local TT bar deformation
=non-local bulk gravity =®imicroscopic wormholes

Actually these two situations are distinguished by pseudo entropy which | do
not discuss
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POSSIBILITY FOR GRAVITY DUALS
|

We consider three possibilities o0 . om

(e}

t,(u)

A)a finite cut-off holography within Einstein gravity though the finite cut-
off surface may not be r = const.

Criticism for A)
This possibility is similar to the Maldacena Qi. Suppose we take undeformed
metric as Y[g] = Ogpand we consider inhomogeneous cut off surface r =

r(x?). Then, the induced metric does not keep the Poincare symmetry. This
means that this possibility denoted for higher dimension (SYK is 1D).
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POSSIBILITY FOR GRAVITY DUALS

We consider three possibilities

A)a finite cut-off holography within Einstein gravity though the finite cut-
off surface may not be r = const.

B)No gravity duals... &

Criticism for B)

We would like to expect that the perturbation from holographic CFTs have
some gravity duals.

(Question to the audience) Do you know some examples?
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