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€ My Ph D student period in Univ. of Tokyo (1998-2002)

-> [ learned a lot on world—sheet string theory from Ooguri—san’ s great works.

Search. ..

a I';\’iv > hep-th > arXiv:hep-th/9606112

High Energy Physics - Theory

B o u n dar’y states [Submitted on 18 Jun 1996 (v1), last revised 26 Jun 1996 (this version, v2)]

D-Branes on Calabi-Yau Spaces and Their Mirrors

18] Calabl_Yau Hirosi Ooguri, Yaron Oz, Zheng Yin (UG Berkeley/LBNL)

We study the boundary states of D-branes wrapped around supersymmetric cycles in a general Calabi-Yau manifold. In particular, we show how the geometric
data on the cycles are encoded in the boundary states. As an application, we analyze how the mirror symmetry transforms D-branes, and we verify that it is
consistent with the conjectured periodicity and the monodromy of the Ramond-Ramond field configuration on a Calabi-Yau manifold. This also enables us to study
open string worldsheet instanton corrections and relate them to closed string instanton counting. The cases when the mirror symmetry is realized as T-duality are
also discussed.

a f_'\iv > hep-th > arXiv:hep-tn/9511164

SL(Z, R)C FT and High Energy Physics - Theory

[Submitted on 23 Nov 1995]
Non—critical Strings Two-Dimensional Black Hole and Singularities of CY Manifolds
Hirosi Ooguri (UC Berkeley/LBL), Cumrun Vafa (Harvard University)

We study the degenerating limits of superconformal theories for compactifications on singular K3 and Calabi-Yau threefolds. We find that in both cases the
degeneration involves creating an Euclidean two-dimensional black hole coupled weakly to the rest of the system. Moreover we find that the conformal theory of
A_n singularities of K3 are the same as that of the symmetric fivebrane. We also find intriguing connections between ADE (1,n) non-critical strings and singular
limits of superconformal theories on the corresponding ALE space.

Search

{1V > hep-th > arXiv:hep-h/0001053

High Energy Physics - Theory

AdS3/C F I 2 [Submitted on 10 Jan 2000 (v1), last revised 19 May 2000 (this version, v3)]

Strings in AdS_3 and the SL(2,R) WZW Model. Part 1: The Spectrum

Juan Maldacena, Hirosi Ooguri

In this paper we study the spectrum of bosonic string theory on AdS_3. We study classical solutions of the SL(2,R) WZW model, including solutions for long
strings with non-zero winding number. We show that the model has a symmetry relating string configurations with different winding numbers. We then study the
Hilbert space of the WZW model, including all states related by the above symmetry. This leads to a precise description of long strings. We prove a no-ghost

theorem for all the representations that are involved and discuss the scattering of the long string.



€ My post—doc period in Harvard U. (2002-2005)

_ Einstein Symposium,
OSV conjecture, etc. @Alexandria, Egypt, June, 2005

aT {1V > hep-th > arXivhep-th/0405146

High Energy Physics - Theory

j

[Submitted on 17 May 2004 (v1), last revised 1 Jun 2004 (this version, v2)]
Black Hole Attractors and the Topological String
Hirosi Ooguri, Andrew Strominger, Cumrun Vafa

A simple relationship of the form Z_BH = |Z_top|*2 is conjectured, where Z_BH is a supersymmetric partition function for a four-dimensional BPS black hole in a
Calabi-Yau compactification of Type Il superstring theory and Z_top is a second-quantized topological string partition function evaluated at the attractor point in
moduli space associated to the black hole charges. Evidence for the conjecture in a perturbation expansion about large graviphoton charge is given. The
microcanenical ensemble of BPS black holes can be viewed as the Wigner function associated to the wavefunction defined by the topelegical string partition
function.

€ Kavli-IPMU period (2008-2012).
=> a faculty member in string theory group led by Ooguri—san.

I am very grateful to great research environments !

. HEP/COS Joint Seminar
& Now, [ am in YITP, Kyoto U. [2012-] “Symmetry in QFT and Gravity”

@ YITP, Kyoto, April, 2022

Search..

a f‘.\’iv > hep-th > arXiv:2006.13953

High Energy Physics - Theory

[Submitted on 24 Jun 2020]

Cobordism Conjecture in AdS
Hirosi Ooguri, Tadashi Takayanagi

McNamara and Vafa conjectured that any pair of consistent quantum gravity theories can be connected by a domain wall. We test the conjecture in the context of
the AdS/CFT correspondence. There are topological constraints on existence of an interface between the corresponding conformal field theories. We discuss how
to construct domain walls in AdS predicted by the conjecture when the corresponding conformal interfaces are prohibited by topological obstructions.




(D Introduction: A sketch of dS/CFT

Quantum Gravity in Various Spacetimes

[1] Quantum gravity on flat space (/A =0)
= Well studied via the traditional world—sheet description in string theory.

[2] Quantum gravity on Anti de—Sitter space (/A <0)
= Holographic approach, i.e. AdS/CFT provides a powerful tool !

[3] Quantum gravity on de—Sitter space (/A >0)
= Very difficult problem ! But this is relevant for our universe.
Again, holographic approach is a major candidate to solve this problem.

» Let us develop dS/CFT ! (How does time emerge from CFT ?)




A Sketch O'F dS/CFT [Strominger 2001, Witten 2001, Maldacena 2002,---.]
Dual

Euclidean d. dim CFT
on Sd

d+1 dim. Lorentzian
de—Sitter spacetime

Time
A

Lorentzian
time

de Sitter

ds?> = Lis(—dt? + Cosh?t d2?)
Euclidean
time Semi sphere

Time emerges from 2 72 2 =2 2
Euclidean CFT ! ds® = Lys(d0” + Sin“0d.0*)

. T
B—lt+E

YV [dS gravity]=Z [CFT]




A regular Euclidean holographic CFT is dual to a Euclidean AdS.
= The Euclidean CFT dual to a dS should be “exotic”.

Ex1. Proposed gravity dual of 4 dim. Higher spin dS gravity

=> 3 dim. Sp(N) vector model [anti—-commuting scalar fields]
[Anninos—Hartman—Strominger 2011]

Ex2. “Holographic entanglement entropy’ gets complex valued.
[No space—like extreme surface ending on bdy. Narayan 2015, Sato 2015,... ]

- Examples of CFTs dual to Einstein dS gravity are still missing !

Cf. Other possibilities: choices of other holographic screens

Application of dS/dS duality and TTbar [Alishahiha—Karch—Silverstein—Tong 2004, ..,
Dong-Silverstein—Torroba 2018, Gorbenko—Silvestein—Torroba 2018,..]

Static patch holography [Susskind 2021] Surface/state duality [Miyaji-TT 2015]




Useful basic facts in AdS/CFT

Symmetry: SO(2,d) Killing sym. of AdSd+i
= Conformal sym. of Lorentzian CFT

: P =P
De.grees of freedom: | oY
Divergent volume = UV divergence of QFT

gPoo = L. UV cut off In CFT
€ P

Ld—l
AdS oc Central charge ¢ | AdSd+1

GN iIn GFTd -

Gravity action oc




——
What we expect for dS/CFT

=>Let us assume dS Einstein gravity and extract general
expectations. [see Maldacena astro—ph/0210603,---]

d+1 dim. (Lorentzian) de—Sitter ds® = L?zs(_dtz + Cosh?t d02?)

\ g

gd+l (Euclidean de—Sitter) ds* = chls(dez + Sin“0dN*)

l Lpgs = tLgs, p = 16

Euclidean AdS (Hd+1) dS2 = LfldS(dpz + Slnthdﬂz)

14-1 141
AdS _ ;d-1 _dS
Gy Gy | We are interested in

d=2 case in this talk !

» (i) Central charge becomes imaginary for d=even !
(ii) Central charge gets larger in classical gravity limit.

Central charge: | ¢~
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2 Our construction of dS3/CFT2

(2-1) Two known facts on Chern—Simons Formulation

The Einstein gravity on 3d de Sitter space can be rewritten as
the 3d CS gauge theory with the gauge group G=SU(2) X SU(2):

A A

Iqs gravity=i (Ucs [A] — Ics [Z]): k = level

k 2 |
Ics[A] = — Tr|ANdA +=ANA N A [Witten 1988,
53 3

41T for recent analysis,
refer to e.g.
Castro, Sabella—Garnier

Zcs(as) = | DADA e~ as graviy[44]  Zukowski 2020.]

L
m) Einstein gravity on QP | k=i -2
_ 4Gy

A=e+w, A=e—w



Now, we note another famous fact (“CS holography”) :
[Witten 1989]

SU(2) CS gauge theory at level k
= conformal block of SU(2) WZW model at level k

Z j(T) =Z;(— 1) ——] S]l — / S [ﬂ(2]+1)(21+1)]
- S — l Modular S—matrix
Rj

]
83 Wilson |00p @ ZCS = fDADZ eiICS[A]W(Rj)
O Zes|S° Rj] = Sg
! ch[SS,L(Rj,Rl)] — S]l
O O) = SJSO 3 S{)Sa
Ri Rl O ch[S ’Rj,Rl] — SO
0

O\-.‘

@

%@




(2-2) Our formulation of dS3/CFT2
A puzzle about dS3/CFT2

By employing the facts explained, one may suspect

l?
3d de Sitter gravity g SU(2) X SU(2) CS gauge theory
= SU(2) WZW model B Is this CFT dual ?

However, this does not seem to work because

Einstein gravity limit: k =i - —4s joo

3k
leads to Csu@) =315 ™ 3 . This is not the large c limit ,

expected from the dS/CFT !



Our claim

Instead, we argue that “k=>-2 limit” realizes the dS/CFT duality:

o 4iGy 3k 3Lgs .
=2+ 55 W O =33 = U = o

This is what we expect from dS/CFT.

Correspondense of Excitations
We identify excitations in dS with primary operators in WZW CFT:
2jj+1)

Conformal dim.—9-4; = P = iLdSEjl— Energy in dS

The spin j I1s continuous and can be complex valued.
We have in mind a non—rational version of SU(2) WZW CFT ~ Liouville CFT.




@ DS3 Free Energy from CFT2

Our Claim [Hikida—Nishioka—Taki-TT]

k—=2 limit of SU(2) WZW model (a 2dim. CFT) Csy(z) = i

‘ Dual

Einstein Gravity on a 3D de Sitter space (radius Lz, — o)

One may wonder if our limit can correctly reproduce
the Einstein gravity on a 3d de Sitter :
1 1
Ie = — o= [ VAR —20), (A=)

Lgs

—> Below we will compare both partition functions.



(3—1) Partition Functions with a Single Wilson loop

Consider partition functions with Wilson loops inserted.
124;

Useful relation: 1 —8GyE; =1 — ~ (2j + 1)
Csu2)
L _ |2 gj ﬂ(21+1)(21+1) mi(2j+1) (21+1)
Sj - k+2SI [ ] =~ e k+2 _
k=>-2

CFT Prediction: partition function with (i) a single Wilson loop

Zesas [ Ry ] = I = 20NV

26y

In particular, when E=0, we obtain the de Sitter entropy



Gravity dual: 3 dim. de Sitter black hole’ with energy Ej

dr?
1-8GyE;—1?

ds? = L3 [(1 — 8GyE; —r*)dt* + + rqubZ].

The regularity at the horizon requires the periodicity of T:
2T

+ .
J1—8GyE;

The on—shell action for this solution is evaluated as

T~7T

I, = 1 j (R —2A) = Thas (1 _8GyE
¢ 16mGy Vg - ZGN\/ N=

4

-~
Black hole entropy

This reproduces the CS result:  Z¢gq4s) [53,R]-] = e~ !¢ = ¢5BH



Comment on BH Geometry

drz 2 2
r<d .
1-8GyE;—1? T ¢ ]

‘ r=J1—86NEjSinO (0<06<m/2)

ds? = Lj¢|d6% + (1 — 8GyE;)(Cos*0dt? + Sin?0d¢?).

ds? = L3 [(1 — 8GyE; —r*)dt* +

T
Paste with each other 0 = 5
21T
T~T +

JI-8GyE;

=>» Smooth I

3 Deficit angle
$~¢ +2m 5_ 2rt(1 — /1 — 8GyE))




(3—2) Partition Functions with Two Wilson loops

” Partition function with (ii) Two Linked Wilson loop
3 _lell?
Zcsas)|S° L(R; , RY)| = ‘Sj‘
L
N 82661’:\/1—861\,15,-\/1—86,\,15,
CFT <
prediction o . o . .
Partition function with (iii) Un—-linked Wilson loop
.2
s/ st
Z S3 R, R/ ="
? % cs(dS) [ j l] Sg
\_ Tl'LdS

~ 26 (J1-8GNEj+,/1-8GNE|—1)



Gravity dual of (ii): Linked Wilson loops

ds? = Lj¢|d6% + (1 — 8GyE;)(Cos?0dt? + Sin?6d¢?).

2 — @
21,/ 1-8GyNE)

Tt T ARG,
3 Deficit angle
6 =2n(1—./1—8GyE))

Paste with each other

3 Deficit angle
P~P + 2T 5_on(1— [T=BGHE)

tlL _
» I; = — ZGdS J 1—-8GyE;/1—8GyE,. Aeree with
N the CS result !



@ Relation to Higher Spin Holography

We can extend the previous duality to that in higher spin gravity.
- hs|[A]: gauge theory of Spin 2, 3, --- A fields.
[For higher spin gravity on dS3, refer to Anninos—Denef-Law—Sun 2020]

For this, consider SU(N) CS gauge theory at level k, related to

SU(N)k WZW model and take the limit:

N(N?-1)
Cgs

k~ —N +1i

k(N* -1
This leads to | Csyv) = (k N ) iCas » 1 » dS/CFT

In this limit, the conformal dimension looks like
44+ 2p) Cgs (A, A+ 2p) | a:Weightvector of a rep.
AT k+N l 12 (p, p) p: Weyl vector




Partition function in SU(N) CS theory with two linked Wilson loops

3 02 nCqs(A+p.u+p)
Zesas)|S3 LRy, R =S5 =e 3 @)

CEHES
Conformal
Field Theory

. . . . Refer to e.q.

Dual higher spin gravity calculation J @:@@E
A=mBR)"Lameh), A=0 @-W
with parameters:
N N1 Perfectly
b= 1] exppiei;l pi = ——p5— — 1 :
Ul ( 2 ) matching !

h= exp [(e2i—1,2i — €2i—1,2i) (Ni @ — 1 7)] .

Here e;; are N x N matrices with elements (e; ), =

The on-shell action for the gauge configuration can

be evaluated as I . nCdS (), + p, ” + p)
» ¢ 3 (p, p)

AT
Iesg = — - ==t 00
Gn o (pp)




This analysis also explains the result for (jii) unlinked two loops:

s st
0
Z S3 R, , R = |-
?% CS(dS)[ j l] Sg
L
N e’;G‘;’VS(\/I—SGNE]-+\/1—8GNE1—;)
by setting A = )‘i +4;, u=0. t Perfect
match !
Indeed, we find o C,. (FJ + 4, 4p p)
¢ 3 | (pp

__ 1Cqs (4+p.p)+(Ai+p.p)=(p.p)

3 (p.p)




Interpretation from Higher Spin Holography

Wy —minimal model

(SUN)X SUN),

- SUN)gs1

[Gaberdiel-Gopakumar 2010]
3D Higher Spin Gravity hs[A]

Dominant

in our limit k——N

Triality:

=)

¢ Asymptotic sym.=Wwo[A]

N - o0,k > 00,1 = Y _—fixed

N+k

(N, A") =(A4,N) [Gaberdiel-Gopakumar 2012]

Our limit

k > —N

v

00

Classical spin N gravity

),L = N ? For N=2, Einstein gravity
N - —ioo
on dS3'!




B Emergent Time from Pseudo Entropy

So far our argument has been mainly for gravity on S3, rather
than that on dS;, missing the emergence of Lorentzian time.

—> To try this problem, we remember that in AdS/CFT,
the holographic space emerges from quantum entanglement.

(5—1) Holographic Entanglement Entropy (HEE) in AdS/CFT

In AdS/CFT, quantum entanglement can be measured
area of minimal surface.

S, = min
['g

[Ryu—TT 06, Hubeny—Rangamani—TT 07]

Area(Iy)
4Gy

on__Gravity
oundary (AdS)



(5-2) Holographic Pseudo Entropy in dS3/CFT2
If we naively apply the HEE in AdS/CFT to dS/CFT, we obtain

S, = “410g( Zsin~ | + - .
AT 46, 3 0B\ e

LTy . Cgs (2 9) Cas

ds® = Li¢(—dt? + Cosh?t (d6? + Sin*0dp?)
Space—like bdy

L(Ty) = 2it, + ilog(Sian) +1T
\ o,

Y

Length of time—like geodesics
=>imaginary value




This nicely reproduces the 2d CFT result as follows:

2 0

C Sin“ = _
Sy = C6FTlog[ =2 2], by setting

CCFT = iCdS and &€ = &g = ie_t°°.

However, one may wonder why the EE is complex valued.
We argue it is more properly considered as the pseudo entropy.

[Doi—Harper—Mollabashi-Taki-TT 2022]



This is because the reduced density matrix P4 is not Hermitian
in the CFT dual to dS, as it is not unitary.

—>For the dual 2d CFT on 2 with metric h,, = e2$6,, , we have

2) ~ e~lcrrl¢] = jLld
Zopr(S?) = e7lerml®l 1 opr (@] Loy

Complex valued ! => p, # p;rl

— (@]
@ Different
\ States !

> [ d*x[(8, ¢)* + e*?].

T

In other words,

Pa—



Initial State

Pseudo Entropy: S ﬂ‘w

7 o) \

/— Pseudo Entropy [Nakata-Taki-Tamaoka-Wei-TT, 2020]
Transition Matrix: 7 ¥1# - 4) (o A — 4la

(T‘M@ — Ir

Final State

\’Firﬁl’S/tate
Holographic Pseudo Entropy < I (]
- Area(l : A
S(731%) = min 22LA) v
ra 4Gy __Initial-State
v

Reduced Transition Matrix=Not Hermitian in general !

= —Tr [T‘fl(p logﬂ'c’o}

L—V In general, complex valued !

TN




(5-3) Time-like Entanglement Entropy in AdS/CFT

As an instructive example of pseudo entropy, consider
a time-like version of entanglement entropy by rotating
the subsystem A into a time—like one:

CFT on an infinite line CFT on a circle (2 it periodic)
>
C L C L
A =4 log [—] A Sq= Lkl log[ Sm( )]
— 2
L >
L—-iT l L—iT
<
Al < CCFT lo [_ i (T)]
Al Tl ¢ CCFT — 74" 5 2
——I1o g _lCCF +_ iC
¢ LLcFT




What does the time—like EE compute ?
Consider 2d CFT on a cylinder.

t @[{ If we regard t as a space coordinate
X A and x as a Euclidean time, then
A then the Hamiltonian looks like
Hiime—tike = iHCFT
N — e’

If we trace out a part of t—axis, the reduced density matrix reads
pa=Trpg [eiﬁHCFT] mp Non—Hermitian '

We can interpret this as pseudo entropy by doubling Hilbert space:

iPEy/2
[YrEp) zn: e )41 |n)2 » — |¢TFD><¢TFD|]
A — B
[PrFD) X 2 e~ FEn/2|n), n), (@renlrep)

n




Indeed, we can obtain the time—like EE from the finite temp. EE
by setting ﬂ — —iﬁ and & — & as follows:

Ccrr p rL
EE at finite temp. : 34 = 3 log [_ Smh( p )]

p — 2mi
LT
E > IE

CCFT T
Time-like EE : Sa= og PRl b

"‘g tCcrr



AdS dual of time-like EE P°i"f1are AdS

Global AdS

[1] Zero temp. and infinite line

[2] Zero temp. and finite size

C CFT
S — 1o og [ ] lCCFT /< T0 L, ..
t=—T/z\

SA=

[3] Finite temp.
Sy = CCFT —~“log [— Sinh ( )]+§ iCcrr

=

Ccrr 2 . T T . S
——1lo [— Sin (—)] +-iC — [ it
3 8| 2 6 LLCFT

T

|

7 Ez

t=T/

= T/2
r= -T/2

Real part of Pseudo entropy =2»Space-like geodesic
Imaginary part of Pseudo entropy =2 Time-like geodesic




Relation between Pseudo entropy in dS and time—like EE

CCFT T LT
[Time—like EE] \ og[ Sm( )] + ?CCFT

Space—like Time—like
Ccrr = 1Cygs
T -0
E—> —&

3 €

-CdS 2 . 0 CdS
[PE in dS/CFT] S, =i—1log —sz +T

Time-like Space-like



® Conclusions

In this talk, we proposed a CFT dual of 3D de Sitter space and
discussed its holographic pseudo entropy.

Our Proposal 1
2d CFT: k——N limit of SUIN) WZW X [MCFT]

Classical Spin N Gravity on a 3D de Sitter space (radius L;; — ©0)

=> Partition functions and Entanglement entropy are reproduced.

Our Proposal 2
Imaginary (or Real) part of pseudo entropy

\ ¢

Emergent time (or space) in holography




Future problems

& More one Lorentzian dynamics ?
—> Explore more on non—unitary CFTs ---

@ Details of k=—N limit e.g. spectrum ?
€ Quantum corrections ?
€ Quantum Information theoretic understanding of PE ?

€ Dynamics of Emergent Time ?
=> Origins of Einstein equation in dS.



Happy birthday, Ooguri—san !




Appendix: Two Point Functions

 — Ly
— —=( /1-8GnE;—1 ™
@ — e4GN (\/ NEI ) =~ e’“AJ

(0;(0)0;(0))

. €2
~ e—Lds-E]-.L[B] — eTl'lAj ( 0)

. 2_
Sin >

Aj

L[O] = m+ 2it, + ilog(Sinzg)

Semi sphere Note: We can regard this asa CFT 2-pt function
with an imaginary UV cut off 1e€=] e i,
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