Title: Complexity of the python&€™s lunch and quantum gravity in the lab
Speakers: Hrant Gharibyan

Series: Perimeter Institute Quantum Discussions

Date: January 26, 2022 - 3:30 PM

URL.: https://pirsa.org/22010074

Abstract: This talk consists of two parts. At first, | will focus on geometric obstructions to decoding Hawking radiation (python's lunch). Harlow
Hayden argued that distilling information out of Hawking radiation is computationally hard despite the fact that the quantum state of the blac
and its radiation is relatively un-complex. | will trace this computational difficulty to a geometric obstruction in the Einstein-Rosen bri
connecting the black hole and its radiation. Inspired by tensor network models, | will present a conjecture that relates the computational harc
distilling information to geometric features of the wormhole.

Then, with the long-term goal of studying quantum gravity in the lab, | will discuss a proposal for a holographic teleportation protocol that c
readily executed in table-top experiments. This protocol exhibits similar behavior to that seen in recent traversable wormhole constructions
introduce the concept of "teleportation by size" to capture how the physics of operator-size growth naturally leads to information transmissic
transmission of a signal through a semi-classical holographic wormhole corresponds to a rather special property of the operator-size distribt
call "size winding".

Zoom Link: https://pitp.zoom.us/j/93957279481?pwd=eGVTULIMwWOGNWNKMyYIRIWG0o0QnFIdz09
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Overview I

*» Part One: Introduction to holography and quantum information

e Part Two: The python’s lunch: geometric obstructions to decoding
Hawking radiation

Adam Brown, HG, Geoff Penington, Leonard Susskind; arXiv: 1912.00228

* Part Three: Quantum gravity in the lab: teleportation by size and
traversable wormholes

A. Brown, HG, S. Leichenauer, H. Lin, S. Nezami, G. Salton,
L. Susskind, B. Swingle, M. Walter, arXiv: 1911.06314 and 2102.01064

1/21/22 Hrant Gharibyan 1
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Introduction to holography and quantum information
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Holography: AdS/CFT Correspondence N oo

& Sa‘—l
time FEaTEEY

Bulk: (d+1)-dim

Boundary: d-dim theory of quantum
conformal field theory gravity
(asymptotically AdS)

Example: N=4 Super-Yang-Mills = Type IIB string theory in AdS xS
5,
[Maldecena’97]

1/23/22 Hrant Gharibyan
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Holography and quantum information oy -

1. Entanglement entropy = Area
[Ryu-Takayanagi 2006]

y Minimal Surface
@r /
AdS 4. 5
*there is covariant version 5 >z
. ounaary
*as well as generalized entanglement, / '

including bulk entanglement

1/24/22 Hrant Gharibyan ks
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Holography and quantum information e A

2. Error correction= Space-like slice

o s [HaPPY paper 2015]

*QOperator reconstruction

*Derivation of the Page curve

L

1/24/22 Hrant Gharibyan
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singularity

boundary
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Holography and quantum information o

1/24/22 Hrant Gharibyan 6
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3. Complexity= Volume/Action
[Susskind and collaborators 2014]
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3. Complexity= Volume/Action
[Susskind and collaborators 2014]

I___-I___—:'.__T__—I
T
58
g
l..__....l.,_..f_:.._.!..ll...__...l

|
S, L)L
5] il
!-——- ) : 1%4
Fres4944 ([btr,tR))) o hGlads
000 - - - 000)

Pirsa: 22010074 Page 9/53



; =
= 7 ‘ ' ! : v
. ; & ]
. LW \

P a rt TWO Hrant Gharibyan

Complexity of evaporating black hole
and the python’s lunch geometry

[Based on arXiv: 1912.00228]

1/25/22 Hrant Gharibyan 8
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Relationship between complexity and geometry

A. Brown, D. Roberts, L. Susskind, B. Swingle, Y. Zhao
“Complexity Equals Action”; arXiv: 1509.07876

D. Stanford, L. Susskind,

“Complexity and Shock Wave Geometries”; arXiv: 1406.2678

[Bob Myers]

1/21/22

‘¢(tL)tR)>

P

.

State Complexity = Volume of ER Bridge

~

J

-

State Complexity = Action of WDW Patch

™

Hrant l‘ﬁari:yan b
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Decoding Hawking radiation is exponentially hard pg===

Daniel Harlow, Patrick Hayden,
“ Quantum Computation vs. Firewalls”; arXiv:1301.4504

Decoding the information that fell into
black hole by only action on radiation is hard.

Complexity ~ BS

Argument relies on the mixing assumption of
black hole and radiation as well as
complexity class reduction.

[Harlow-Hayden 2013; Aaronson 2014]
[Kim, Tang, Preskill; 2020]

1/21/22 Hrant Gharibyan 10
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Apparent contradiction

For evaporating black hole volume/action is

polynomial and those complexity is polynomial.

ploy(S)

Harlow and Hayden suggested it is

exponentially hard to decode the radiation.
exp(S)

Where is this contradiction coming from?

1/21/22 Hrant Gharibyan
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Restricted vs unrestricted complexity

Hrant Gharibyan

We are talking about two different notions of complexity
------ unrestricted vs restricted - - - - - -

Unrestricted complexity

UaB = 9192 - gc

Restricted complexity
Va=9192"""9Ca

Valohs) = Uap|dhg)

¢ 45)

1/21/22 Hrant Gharibyan 12
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Restricted vs unrestricted complexity
B

Restricted Complexity Unrestricted Complexity
(Harlow-Hayden) (Volume/Action)

'**;}ii=i§i§a!4;{}
el
A

1/21/22 Hrant Gharibyan
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When are restricted and unrestricted
complexities very different?

Time evolution of the

thermofield double.

Restricted Complexity

Unrestricted Complexity

Hrant Gharibyan
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Cauchy slice of the evaporating black hole | i '

Hrant Gharibyan

“Nice” Cauchy slice

*Radiation and black hole modes are coupled!

(N * A bit after Page time, volume/action is
polynomial in S.

*Restricted complexity is exponential.

1/24/22 Hrant Gharibyan
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When are restricted and unrestricted
complexities very different? Gty

Small (polynomial) Large (exponential)
restricted complexity restricted complexity
Time evolved Python’s lunch geometry

thermo field double (TFD)
3

L Evaporating Black Hole ]

1/24/22 Hrant Gharibyan
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The python's lunch in tensor network (toy model)
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Tensor network is built off unitary gates and has isometries in endpoints.
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Isometry:
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When are restricted and unrestricted
complexities very different?

The python’s lunch

Hrant Gharibyan

3

Hrant Gharibyan

Page 20/53



Hrant Gharibyan h‘

The python's lunch in tensor network (toy model)
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The python’s lunch in tensor network

Yout) o< {O]™F Urn|thin)|0)™*

N\

Polynomial

Ancillary

Post-selection

Input Qubits

Complexity

Unitary

Hrant Gharibyan
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Hrant Gharibyan

The python’s lunch: no post-selection

[%out)|0)™* = UpL|thin)[0)™*

\

/

Unitary

Ancillary
Input Qubits

How complex is Upy?

20

Hrant Gharibyan

22
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Grover-like search: state dependent

\ )

%)

[Kitaev - Yoshida 2017]

3 @

Hrant Gharibyan

i

Uy = 2|6)(g| — I
V = Ury (2[0) (0™ — UL

Repeat sequence: [,V
| = \/2mR ~times
!

Upt, = Urn |UyV|

This algorithms depends on the state |gb>

Hrant Gharibyan
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U = 2(0)(0|™ — I
V = Urn(2/0)(0|™® — DU

A [UV]l

{C(UPL) X \/?TR ' CTNJ

[Berry et. al 2015, Gilyen et. al 2017

1/21/22 Hrant Gharibyan
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A IR
Is Grover search the optimal strategy? mmﬁ T

In special cases, for a specific unitary there might be an algorithm that
can do better than Grover-like search.

However, for generic, scrambling tensor network U 757 polynomial
algorithm is extremely unlikely to exist.

Complexity class collapse!

" BQP ) PP=PostBQP

1/21/22 Hrant Gharibyan
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Conjecture: restricted complexity in tensor network J b

Hrant Gharibyan

min#£2
Nmam

Minimax: minimal of all maximal
cuts for all the possible slicing.

Largest minimal cut ]

The restricted com;lrlexity of scrambling tensor network is

1/21/22 Hrant Gharibyan
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The python’s lunch in evaporating black hole 4 , —

Hrant Gharibyan

1/21/22 Hrant Gharibyan
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The python’s lunch in evaporating black hole

Naive picture of evaporation process
A A A
F1 1 1 P

A 1s the radiation modes. B is the remaining black hole, some
nice Cauchy slice going into the horizon.

1/21/22 Hrant Gharibyan
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Hrant Gharibyan

The python’s lunch in evaporating black hole

A
Minimal Cut #1
S ad )
{ B Page time
1
i S - Aho'r
: rad 4h G
; N /
Minimal Cut #2
What about the maximal cut? Ah(yth
4hGG
1/21/22 Hrant Gharibyan
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Covariant definition of python’s lunch

Hrant GHaribyan

Both minimal cuts are quantum
extremal surfaces (extremize the
generalized entropy).
[Engelhardt, Wall 2014]

Maximin prescription: find the surfaces with smallest and second smallest

generalized entropy then maximize over choice of Cauchy surfaces.
[Wall 2012, AEPU 2019 ]

1/21/22 Hrant Gharibyan
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Python’s lunch search for maximal cut

Hrant Gharibyan

Before half time, we will be to forward slicing. The maximal generalized entropy.

S(gen) -9 + AO Minimax: find minimal
maz — Oraed 4hG of maximums of all slices.

1/21/22 Hrant Gharibyan
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Python’s lunch search for maximal cut

Hrant Gharibyan

______________
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.

1/21/22 Hrant Gharibyan

Pirsa: 22010074 Page 33/53



_ B

Hrant Gharbyan ¥

Covariant definition of python’s lunch

Minimax: maximal cut for each Cauchy slice
find the minimum of the all maximal cuts

for all possible slicing methods. Analogous
to the tensor network story.

Maximinimax: maximize again over all Cauchy surfaces, giving non-minimal
quantum extremal surface.

We find this cuts explicitly for JT gravity plus non-interacting
fermions and verify the picture from the nice Cauchy slice.

1/21/22 Hrant Gharibyan
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Conjecture: restricted complexity for | ’ =
evaporating black hole bran Grbyn ¢

The restricted complexity of evaporating black hole is

Cr x Cry - exp[ ( glgen) _ glgen))

max min
Volume/Action Maximin prescription
(unrestricted complexity)
Maximinimax prescription 1

1/21/22 Hrant Gharibyan
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Part Three e

I Quantum gravity in the lab: teleportation by size
and traversable wormholes

Based on arXiv: 1911.06314 and 2102.01064

1/24/22 Hrant Gharibyan
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Part Three S

Quantum gravity in the lab: teleportation by size
and traversable wormholes

Based on arXiv: 1911.06314 and 2102.01064

1/24/22 Hrant Gharibyan
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Simulating quantum gravity via holography i Gy

-
Quantum Devices Classical Supercomputers

Holography Quantum Gravity
(AdS/CFT) -

1/24/22 Hrant Gharibyan
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Traversable wormholes in AdAS/CFT L i,

P. Gao, D. L. Jafferis, A. Wall

“Traversable Wormholes via a Double Trace Deformation”; arXiv: 1608.05687
J. Maldacena, D. Stanford,

“Diving into Traversable Wormholes”; arXiv: 1704.05333

Couple left and right CFT’s

exp [g Z Oy QR]

Sends a negative energy particles in black hole
in AdS that makes the wormhole traversable.

1/24/22 Hrant Gharibyan

Pirsa: 22010074 Page 39/53



Is traveling through the wormhole a new kind of "m
teleportation protocol? bt Glroym

message
singularity hits sin_gularity

message
received

L

coupling
inserted] osrted
space

Couple: exp [g Z )3 O,ﬂ

1/25/22 Hrant Gharibyan
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Understanding the flow of quantum information | .1,,'* 'r(\
flow on the boundary i _aE

Boundary interpretation?

AdS/CFT set up Trace Out

Yout

||
1

g message
received

e
< AN ﬁe“f”"t!'ﬁ
/ coupling Yin
message,
inserted
. ein_!{
A, |B, By |Ap

1/24/22 Hrant Gharibyan
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Understanding the flow of quantum information ta v P

2
flow on the boundary O abyan §

- i L - Yout
|
e~ ituta] H Lis H R, 1eft and right Hamiltonians
]
eigv
[ Couples left-right
e-iHLLL LR
i

1
A [B. Ba A ITFD)p = ———— e #5/?|E,)|E,)
\/ s “
[ TFD)g
1/24/22 Hrant Gharibyan
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I=¢

2 4o

1 Akl
Hrant Gﬁan’byan

Teleportation by size

Simple transformation

Trace Out Wout / of the initial circuit

eTHIRtR —aHRtR
T | Approximately implements
PIS5E, 2tk ~ § — size operator S: random matrix,
: - chaotic spin chains, SYK model
e—iHLtL etiHrtr
Yin K-) T [ S’lP) — ez’g|P||P> ]
Ly

1/24/22 Hrant Gharibyan
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Teleportation by size

I
Hrant Gh. aribyan

Left: A, | Right: A, Left: A;_iRight: A
0 ' ¥
Trace Qut qjout out
BEENS I
S
BEETEREE
¥Yin ¥

S|P) = €9P1|P) | where |P) 5 Plé%.,)®™

IHHXXIIXYIIZIZ ‘APaulistrings

|P| is the size of the Pauli operator (number of non-identity elements)

1/24/22 Hrant Gharibyan
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Regime #1: teleportation of a single qubit

Hrant Gh. aribyan

1. Teleports a single qubit with perfect fidelity.

Jtr=1tgr

2. Works for all times after

: scrambling time.

3. Works the best at infinite
temperature.

[TFD)g—0 = $pp.u)*"

Hrant Gharibyan
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Trai Out Yout
—

-
||
|
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Regime #2: more qubits and low temperatures

0
r ‘_
W

o \

) o2
=% R0

Hrant Gharibyan

Atlow temperature a new phenomena appears
We can teleport more then a single qubit

This works for Hamiltonians with
holographic dugls: example is SYK model

Capacity

» Time
Scrambling time

Hrant Gharibyan
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Regime #2: size winding explained

ﬂ _ ﬂ Operator growth in thermal ensemble
e~ iHLtL

| (’)(t)pyz — e—iHtm+iH(E+5) _ ZCP ()P

| i ;

JJ’ il U complex

4, |, B, |4, Size-winding phenomena
|TFD) :
\/ q(l) — Z c';’) — 629 Z |CP|2
TFD)s |P|=t |P|=L

The phase of the size-distribution winds near scrambling time:

[ 0 ~ 1 x (const) ]

1/24/22 Hrant Gharibyan
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Regime #2: size winding in SYK model

Hrant Gharibyan

-

Size-winding is hard to illustrate from the boundary analytically.

Sachdev-Ye-Kitaev

Hsy i = E Ji kI X X5 Xk X
I i’j'lk’l

We verify the results noticed earlier in JT gravity

[ Moment = Operator Size ]

Bulk AdS Boundary CFT

1/25/22 Hrant Gharibyan
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e
Regime #2: size winding and teleportation N

I-tant Gharibyan

Left operator action

OL(~t.)[TFD)s = Y erel"/"rp| P)
P
Plus the coupling
: idg|P)|
eV |P) e sn | P)

Will equal to an operator acting on the right

Or(+t,)|TFD)g4 Ze ia|Pl/ny. | P)

[Closely related work by Schuster et.al arXiv:2102.00010]

1/24/22 Hrant Gharibyan
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Experimental realizations

I-I'ant Gharib yan

Trace Out

~ We discuss several experimental
ﬂ [} ( t] ﬁ realizations that are within reach:
L Superconducting qubits,
LS. 2l Rydberg atoms, Trapped ions
[ Floquet version of Rydberg dynamics
ﬂli&(t)ﬁ Ur(t) = Ur(t) = Ut
\wi" where each time stepis / = Ux U, N
Lol 4 . k
AL BL Bﬂ AR UK - exp lzbin]
\/ i
—_— UL =exp [Z Z hiZ; +1J Z Z¢Z¢+1:|
|¢’ Ben) , i P Y,

1/24/22 Hrant Gharibyan
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