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QMS from QC — PI
Jul 29, 2021 at 2:42 PM

Quantum minimal surfaces from

quantum codes
[Chris Akers]

Quantum gravity suggests that spacetime emerges
from something more fundamental.

Our best example of this is AdS/CFT. nacnas

D+1 dimensional gravity theory in Anti-de Sitter
space is equivalent to D dimensional non-
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D+1 dimensional gravity theory in Anti-de Sitter
space is equivalent to D dimensional non-
gravitational conformal field theory.

anti-de Sitter space i
conformal
boundary
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anti-de Sitter space

conformal
boundary
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The question of spacetime emergence:
How can there be a duality that doesn’t preserve
the locality structure?

Our best clue is the famous “quantum extremal

surface” formula. It is believed to be a part of the
AdS/CFT dictionary.

dRyelaayanagi 06, Hubeny-Rangamani-Takayanagi 07, Engelhardt-Wall 14, CA-Engelhardt-Penington-Usatyuk 19} o



Our best clue is the famous “quantum extremal

surface” formula. It is believed to be a part of the
AdS/CFT dictionary:.

[R}rti—Taka}'&nagi 06, Hubeny-Rangamani-Takayanagi 07, Engc]hard t-Wall 14, CA—F.ngclha rdt-Penington-Usatyuk 19]
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surface” formula. It is believed to be a art of the
AdS/CEFT dictionary.

[Ryu-Takayanagi 06, Hubeny-Rangamani-Takayanagi 07, Engelhardt-Wall 14, CA-Engelhardt-Penington-Usatyuk 19]
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The quantum minimal surface (QMS) formula
clues how the extra dimension emerges by

suggesting that AdS/CFT should be understood as
- a certain kind of quantum code.

'I:Somc'\-r‘y v: uAJ.S —> ’HCFT-

The idea is that the logical Hilbert space of a code
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suggesting that AdS CFT should be understood as
- a certain kind of quantum code.

Tomtey VI Hyyg — Aeer

The idea is that the logical Hilbert space of a code
can have a different locality structure than the

physical Hilbert space.

The upshot: it is important to understand the QMS
formula, its connection to quantum codes, and
from that learn about spacetime emergence. The
main point of this talk is to tell you a theorem we

preved, solidifying these connections. ica renngon iy saese 1



First, let me remind you of some examples and
special cases in which people have already
understood the connection.

Example 1 : Tensor networks.lﬁwinglu 09, Pastawski-Yoshida-Harlow-Preskill 15,

Hayden-Nezami-Qi-Thomas-Walter-Yang 16]
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~ Example 2: “Quantum error correcting codes with
complementary recovery.” o
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It follows that
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Harlow defined area “A” as the quantity that
showed up in the formula. This “A” quantified
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understandmg of the QMS formula.

- What's left to do?

These works addressed special cases. The QMS in
AdS/CEFT is more sophisticated than that in tensor
networks and more generally quantum error
correcting codes with complementary recovery.

In tensor networks the “Area” is too simple. Tensor
networks are best understood as representing
SPECial ‘”ﬁxed-area StatES” in AdS/CFT. [CA-Rath 18, Dong-Harlow

Marolf 18]
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‘Recall he defined the delineate the
recoverable factor, and the recoverable factor does
not depend on the logical state:
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Which means the quantum minimal surface position is
independent of the logical state.

But in general setups in AdS/CFT, the QMS does
depend on the state. E.g., if you change the state by
adding some entropy somewhere, that can moye,

Irsa:
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But in general setups in AdS/CFT, the QMS does
depend on the state. E.g., if you change the state by
adding some entropy somewhere, that can move

the QMS.

S(iy=mn (A 45, )

Pirsa: 22020043



So QMS can’t be defined by the logical factor
recoverable in this “state-independent” way.

Raises the question: if this type of code doesn’t
define the QMS in the full generahty of AdS/ CFT,
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So QMS can’t be defined by the logical factor
recoverable in this “state-independent” way.

Raises the question: if this type of code doesn’t
define the QMS in the full generality of AdS/CFT,
is there another type of code that does?

THEOREM:

Given a code

=V YoNhood, —>HoH: - o
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the following two statements are equivalent.

(1): Complementary state-specific reconstruction

Produsc g
F'—nr all u O\ﬂf} u%w’

- — PMH-H'A
U NsV 1¥>= VA u%ww>

(2): Holographic entropy formula

Fnr all upw

SRy = A 0D + SeR)
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(2): Holographic entropy formula

F’.ur all upw

R = A (L) + S(-R)
o \)vuw > G e

Moreover, both imply

(3): Minimality

Eﬂ" all b
A O + S(R) € A + S

Some notes about this theorem—
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Moreover, both imply

(3): Minimality
For all &

A (D + SR ¢ A.(B) + S(uR)

Some notes about this theorem—

-Won’t have time to prove, but I hope to give you
intuition for it as I explain what it says.

-Will explain state-specific reconstruction & A(b).

State-specific reconstruction of product unitaries
We're going to motivate it by thinking about what
properties an encoding must have if it’s going to
be equivalent to the QMS formula.
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Holographic entropy formula
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properties an encoding must have if it's going to
be equivalent to the QMS formula.

Recall usual quantum error correction:
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that therefore the 10g1cal factor that B can recover
in this way can’t define a state-dependent QMS.

The recoverability that defines the QMS must
depend on the state. First naive guess:

A VIPY = VU [9) [
A

Allowed +o &fﬂqi or both V
A, and |9}
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No good. This won’t define the QMS. One way to
see this is that we don’t want to talk about

recovering any operators that can change the QMS.
(In that case, which QMS would be defined?)

General unitary can change the QMS even when
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ase, whnich VIS would be dermned:

General unitary can change the QMS even when
acting only b:

S(2)= min (_é.&_ 3 S )
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With this, can define the relevant reconstruction—
state-specific product unitary reconstruction:

UV W)= v (K |v)

1
DﬂPﬁ!J‘S on upw
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In our theorem, this was the first of the two
equivalent statements. Specifically, the

complementary recovery version of this:

(1):

fgl 10> = v o0y

Now I'll explain the second statement of the



N I € & & 0
Mﬁiu RV %) = VWE"‘MLLP“"‘“" LY

Now I'll explain the second statement of the
theorem, which is equivalent to complementary
state-specific reconstruction. It said:

(2):
F'—nr all uPMM*'

) = A (D + SC

First, note the “For all U” clause is new, compared
to the usual statement in AdS/CFT. Why is this
important for us? If we didn’t require this, it
would be too weak to imply any recovery

statement — we have counterexamples. Also, it’s
Fri1ie For OMNMS 111 ovraxriby



Y = A0 + sC
. Ve 5 o

o @

First, note the “For all U” clause is new, compared
to the usual statement in AdS/CFT. Why is this
important for us? If we didn’t require this, it
would be too weak to imply any recovery
statement — we have counterexamples. Also, it’s
true for QMS in gravity.

Now, what is this area term A(b)?

Area
This A(b) is a function we define for general

‘logical regions’ of general quantum codes.
(Geometry from entanglement!) Generalizes

Harlow’s definition. Was necessary because QMS
o e Iy aerigeponoe ety ST S e e iy e ey [ e A I i e fr e el
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Every code V comes with a special Choi-
Jamiolkowski state:
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Area is a von Neumann entropy in this state:

A =3(s0)
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Area is a von Neumann entropy in this state:

A =S( )’m

——

% B

Why this area? It is the functionally unique
definition that leads to a QMS formula.
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definition that leads to a QMS formula.

THEOREM:

Given a code
and a state
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the f’f}ﬂcm.-'ing two statements are EE'L!i".—"dlE‘T'It.

(1): Complementary state-specific reconstruction

A
Eor all u?w o LL—"E“‘“*,

U, SV 1WD= V(e (e

(2): Holographic entropy formula

For all ulewrl'
S(ERY = A0 + SeR)
VU 19 U=
Moreover, both imply

(3): Minimality
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and a state
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the following two statements are equivalent.

(1): Complementary state-specific reconstruction
A
Product Preduct
Fl-u « all u o -G"- uE f

o = Predaet i +
U eV W=V [k u%w v

{2): 1 lnlc}gi'aphic entropy formula

For all uPW*

S(2R) -:-A[}-PS(R‘)MM

Moreover, both imply
(3): Minimality

EH" all b
A (D + SR € A () + S8

HE

[ |

W)




11:44 AM Wod Feb 2 [ T |

> —

<

Janm

’EPR)W

Area 15 a von Neomann entropy in this state:
1%

A= S(Bn)

e B

o




11:46 AM Wad Feb 2 ® | T 7%

¢ ) |

-

ﬁ
.

Area is a von Neumann entropy in this state:
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the following two statements are equivalent.

(1): Complementary state-specific reconstruction
A
Product Preduet
For all U. oned U'E )

U, SV IO = V(e [

(2): Holographic entropy formula

F'-o-r l‘i“ upmﬂ-
S(2R) = A (L) + S(LR)

VUL [ e

Moreover, both imply
(3): Minimality

For all &
A0 + SR ¢ A (B + S8R
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Black hole information paradox

Now that we understand the coding interpretation
of QMS, next step is to apply this to black holes.

[CA-Penington 21, CA-Engelhardt-Harlow-Penington-Vardhan in progress|

Primary new subtlety is black holes have to be
described by non-isometric codes.

In 2019 there was excitement over a large advance I
=fnrunderstanding the information paradox.

IManineton 19 Almbeiri-Eneelhardt-Marolf-kMaxvficld 19]
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described by non-isometric codes.

In 2019 there was excitement over a large advance
in understanding the information paradox.

[Penington 19, Almheiri-Engelhardt-Marolf-Maxfield 19]

What they did is alleviate the tension between

1) Hawking’s picture of black hole evaporation,
which famously predicted information loss.

sa: 22020043 Page 46/60
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which famusly predicted information loss.
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2) Unitarity of quantum mechanics. Someone who
stays outside the black hole will still have access to
all information.
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They computed the Page curve using the QMS
formula, applied in the Hawking picture.
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They computed the Page curve using the QMS
formula, applied in the Hawking picture.




Our new coding interpretation of QMS suggests
that we should therefore understand the Hawking
picture as a logical description and the Unitary
picture as the physical description:

o &
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However, the Hawking description can have more
degrees of freedom than the Unitary description!
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After Page time, S > A /4G. In these cases V must
be non-isometric.



However, the Hawking description can have more
degrees of freedom than the Unitary description!
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After Page time, S > A /4G. In these cases V must
be non-isometric.



However, the Hawking description can have more
degrees of freedom than the Unitary description!
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After Page time, S > A /4G. In these cases V must
be non-isometric.

While heretical in usual quantum error correction,
non-isometric codes do exist that exhibit our
weaker sort of encoding.
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be non-isometric.

While heretical in usual quantum error correction,
non-isometric codes do exist that exhibit our
weaker sort of encoding.

A model we are thinking about:

[CA-Penington 21, CA-Engelhardt-Harlow-Penington-Vardhan in progress]
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After Page time, S > A /4G. In these cases V must
be non-isometric.

While heretical in usual quantum error correction,
non-isometric codes do exist that exhibit our
weaker sort of encoding.

A model we are thinking about:

[CA-Penington 21, CA-Engelhardt-Harlow-Penington-Vardhan in progress]
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non-isometric codes do exist that exhibit our
weaker sort of encoding.

A model we are thinking about:

[CA-Penington 21, CA-Engelhardt-Harlow-Penington-Vardhan in progress]
Black
?\Rﬁil l:ni'-ﬁn 'r'lol " d}
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Radiation in output encodes all input qubits in this
state-specific way. Therefore the QMS formula
computes its entropy, exactly as in black holes.
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A model we are thinking about:

ICA-Penington 21, CA-Engelhardt-Harlow-Penington-Vardhan in progress)

Radiakion

#Psrsectel

X )L

Pstar

lEPR>@ﬂ

Radiation in output encodes all input qubits in this
state-specific way. Therefore the QMS formula
computes its entropy, exactly as in black holes.

Also suggests we should understand semiclassical
gravity as an effective description that to
understand requires talking about quantum codes.
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Here are some things I wanted to talk about but
didn’t have time:

1) Everything here has been about asymptotic
quantities like von Neumann entropy. In full
generality, better to work with one-shot quantities
like the min-/max-entropy. There are situations
where that makes a big difference. v Levine 19, CA-

Penimgton 2020, CA-Levine-Penington-Wildenhain in pro

2) The Page curve for the “reflected entropy.” The
reflected entropy is a new quantum information
theoretic quantity that’s become important in
holography. It diagnoses when two entangled
quantum systems have a geometrically connected
AdS dual. We have understood the details of a
formula similar to QMS, but for reflected entropy.

|CA-Rath 19, CA-Faulkner-Lin-Rath 21 /22]




