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Plan of the talk

% (Recap) AdS/CFT correspondence as quantum error-correcting code.

(Harlow-Pastawski-Preskill-BY 2015)

¢* (Recap) Revisiting the holographic task in AdS/CFT.
(May 2019)

«¢* Multiple-input protocol based on entanglement-assisted QECCs.

(May-Sorce-BY 2022)

¢* Remarks on transversal logical gates.
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AdS/CFT correspondence

*¥* Quantum gravity in bulk = CFT on boundary ?

Hyperbolic space
(negatively curved)

Bulk (D+1)-dimensional theory
Boundary D-dimensional conformal field with gravity on AdS space
theory (without gravity)
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AdS/CFT correspondence

** Quantum gravity in bulk = CFT on boundary ?

«%* Bulk info is encoded in boundary, like a hologram.
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“holography” @ o O

@) ]
Q0 ® @ Hyperbolic space
(negatively curved)

T 2-dimensional “qubits” on AdS

1-dimensional strongly
interacting “qubits”
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Quantum entanglement in AdS/CFT

* [Ryu-Takayanagi formula 06]

Quantum Gravity
1 :
e S(A) = min(area(y4))
4GN YA
Minimize over spatial bulk
surfaces homologous to A
A
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Bulk operator vs boundary operator

«* Entanglement wedge reconstruction

A bulk operator g‘b can be represented by some boundary operators

supported on A if Qb is contained inside the entanglement wedge of A.

g A%
A Q Al ¢ A2
O4 ¢

» “Proven” by using a generalized RT formula (Jafferis et al)

» No explicit recipe is known for more than one intervals
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Bulk locality puzzle

o The reconstruction recipe leads to a paradox

» All the bulk operators must correspond to identity operators on the boundary ?
A@C A®: A@
B B B

(Almheiri-Dong-Harlow)
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Quantum error-correction in AdS/CFT ?

*f» The AdS/CFT correspondence can be viewed as a quantum error-correcting code.

B B B
Ogc Oap Oca

They are different operators, but act in the same manner in a low energy subspace.

cf. Quantum secret-sharing code
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Holographic quantum error-correcting code

% A tiling of random tensor network works.

Ryu-Takayanagi formula, entanglement
wedge reconstruction etc

Haar random tensor
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Bulk center is very complex

% One can “push” the bulk operator to the boundary.

(Cannot be implemented by short-depth
quantum circuit)
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Holographic scattering and QECC




Boundary causality puzzle

¢ On the boundary, there is not enough time for particles to interact.

» Particles in the AdS/CFT correspondence must be non-interacting... !?

bulk boundary
e \PL Yl 1‘1
b
Y3
T Qt =R,
G C2 ”
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Non-local qguantum computation

+ By using the pre-shared entanglement, (in principle) one can induce
arbitrary unitary interactions.

bulk boundary
v
: yL r2
o
v T ‘\ T
U =
k
N s« O. D e
Ce G (L Wa™ " Wy

entanglement

[May 2019]
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What does AdS/CFT actually do?

¢ But probably, the AdS/CFT correspondence is not performing port-
based teleportation...

bulk _ boundary
(e.g. phi-4
V= interaction)
L g7
Ui — v How does CFT utilize
entanglement?
N
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Entanglement + QECC =
Entanglement-assisted QECC

irsa: 23090016 Page 18/36



Quantum error-correction interpretation?

+ Objects at the center of the AdS bulk are encoded into quantum error-
correcting code.

R

v \S? — | i cod e S\JOSQRCQ
@\
Change the states of particles
- T~ = changing the logical states of a

L —
L
\/ quantum error-correcting code
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Scattering and quantum error-correction

¢ Interactions must occur in a quantum error-correcting code.

3 output
' A
1 ¢ 7 o
ecoding
R —"27
I
N : : ; .
;z.g QA"‘\,\\‘D, interaction logical operation
Q A
p b
/ : Faln 3
i S encoding

L input
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like a quantum computer...

< This is how a fault-tolerant quantum computer works.

| Decode

Compute

|~

Encode

Pirsa: 23090016 Page 21/36



3 Partitle Scetrvdy (o N 23)

' S
2 NEY N \rg‘é'n’
1 7L 4— - —8—— T
\p I \ A'\ ?
2 / 361 \ /
\ ' s \, /
lf
;gﬂ %K x{p ™
. ¢ /s
’ v~ 3 / :
- - T"'--. ) / \ L
1 S — -— S |
Ci L.
= 13 7Cs Qg 65%75

« L -%> -1 SCb\‘tTa/?uﬁ_ \S gussahlz

- % -3 west sssivle -

Pirsa: 23090016 Page 22/36



) Bou\r\ch\r:/ qusqﬂ\‘ 1 4

® x/ \/ \_/f}
AT ”\/ \/ \/

bk\\: QF s ? \Dow\e\ wry

Torpud Ivﬂtf‘ QJ\Q'\? O w! Dt
pe wedete 0w
G W R K

Tntevaclian hegpens here 3

Pirsa: 23090016 Page 23/36



Evtemplemest  for 3 wedges K

' S
Yo 3 [PRAT \4*337(’
O.—; aC ——

N

)X P W3's  are e«s‘tﬂ}f?q

AN
Wy 7/
7/ o / . \
! (W \“/' / L

We = TN TN I ) N T4¢6G)

Catn S\';’;\r\ag = O, \l"-;/ s

Pirsa: 23090016 Page 24/36



(srnected wedge (Mt party  nliglemen )

o 1 (W, WaW3) = O(E‘lAT

* T(w, W) =~ 0
No BPR pavrs !

e Teleporterton”  does
\/\M/\/\ ey
* M °Ma

SVAVAN

e« © e O e O
(LWy Co Wy Cs W3

Pirsa: 23090016 Page 25/36



Ew‘tohg\tw\qﬁ' i SPaRT R

EPR pair betwesn fPsert  tice Slr(es

. -~ {I
(b —= WM, %, W3 S~dey 1S ?uSS\Heu

=2
. - (5 ¢ C1 und 3 Con Shaig
EPR Pevy
m Yom aKms T(Wr, Waws) = 0(a)
A\

Pirsa: 23090016 Page 26/36



Ertovglemest -amisted B ECCS

o N -locd etncohevgy

. W » "”‘3 \
/)&/ (]
ok

LB
Wa) (1 Wy

* _vll JOQS U2 V\QEC! 1o fouda m

* Some Mmedheii Sm. ol \-\wYJ(o\—?M\ (\ D\fﬁ'('mgs

(BH —Barly pedi-liov RuAtetn le mivnt )

Pirsa: 23090016 Page 27/36



EV\CE-J -‘VQ- W"A B'QCD CA ‘\?—

X N S N
hs?‘\ ",’,,59_ Aeca’iQ_\/\/\/\
’/_C_\fg_ﬁ QV\CQJQ/\/ \/ \/

o YQ_ ‘I\=~$ AT <t WM, CJ\U\CA ™3

— 1) can W< \chdf\‘:"'VVd'J onn G, Va2, LER

Pirsa: 23090016 Page 28/36



Tutkvactoon ™ @.\"ECCL

\ /\ /\é\ o Lsged operstors” odt

AVAVAVAREEINS

irsa: 23090016 Page 29/36



—

FovwvRrsal (il opererarns

* Transversad (fuctorized ) logicd ap oaly

pCmema7 et

/ O 2 o /5—— |%2) eiB[X(Xz‘ﬁs-i-i‘hi‘s)

™

1S nat ?ossxb\e

irsa: 23090016 Page 30/36



IM\\(?mequb\Q Log «d &d‘cs

* Avbrtrsey Cibtfvd  sste (%&f% Padi o Ponli)

- qubi{ 0w EPR p=irS
Rc-sanGM C\eP{lMol QU\CQJW S u\{‘Pues.
. M t/ ﬂ\f\c\cl‘(cd'“
1 © Qo)
b\, > —= € 19,00, 06 >

- O Ky 4+ A3 + K i3 Conn boe ﬁh?ﬁ’fed

- olokeXy 27 (need 3vd ovpl of
Cls o hierevchy )

irsa: 23090016 Page 31/36



L,\-t.e vectow from WSy ry\‘\ a"jt 3

- Towretom ocew's w U ot

sk, ? ot
@Y st Vi |

- Legred apanars e storteliet ¢

Bat = Not onsisieat Wida w
= Vowioms wo —5-3 Y’QSV\\T f‘\,_,v- "(YO\BVQI'S&L
g M BECG.

Pirsa: 23090016 Page 32/36



No-so Pov “retsurss) gate (Gusalir casivei)

. SM‘)?QS? C\') - 6 o lﬂQWﬂddﬂ"/

1,

andh S NS \.S'\szl-‘l
T Qxb, 6'-'- O\ NHO2® --- @Ov\

* P Cae WR 1«\-\\3\(.,“%—(@1 tn O twe oy \oowdq¢7

—R Tusteartteinons S\’('_\v\a\u‘a_ <o lpo\\k U~

e Hewer, 8 shadd = m"
COrt deptta shedd  be (/;.“a_lz\)

irsa: 23090016 Page 33/36



Is O I~ ‘)101'0(‘0.1 '\_YN\SVQquL ?

v PRpovatian ot G, (2, 3 ak wneeded .

— Trasuersd MRATIA~ 0~ Ly G2, (3, My, )y

—“CMSVWSU\\(T‘Y A 'S\’W&‘\iw‘e?

Y Ya V3
® o« (ot 5Tas| wr—ti,,

HkLL wewostvigtio,

Pirsa: 23090016 Page 34/36



O pe~ Problom s

1), Hrgher=—otder wterctians
B 0u, N, Ny, -, Am) = KNz Am (n—th ovder )

This vequres us To go t2 M-t [evel of ClLpfe]

\rierWt‘N/. (less ferdt - leveut "-f,\'). R

2), 3-m-3-oxt BEARECC pwTacod, ary oppliaon R
3). F“’OhS\“Qr‘SA \éok(& d?&m’(w = m

&) w,\()grs'tqro‘ -&(AQ fw\edf\vv\'.sfh\ w CFT

Pirsa: 23090016 Page 35/36



Suwww-’; o protoco

2 / \
: \X
\<.’ m
, & /
- ""'\Q:‘-?_- =
1
Cy

irsa: 23090016 Page 36/36



