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“... It does not seem superfluous to raise the question
as to what extent the method of general relativity
provides the possibility of accounting for atomic
phenomena.”



Einstein-Rosen bridge: “The four-dimensional
space Is described mathematically by two
congruent parts or ‘sheets’,which are joined by a
hyperplane r =2m in which g vanishes. We call such

a connection between the two sheets a ‘bridge’.



Albert Einstein

@einstein
Theoretical Physicist

Tweets

Albert Einstein @einstein

D Every field must adhere to the fundamental
principle that singularities of the field are to
be excluded.

Albert Einstein @einstein
Here is a possibility for a general
relativistic theory of matter which is logically

satisfying and which contains no new
hypothetical elements.




Einstein’s 1935 paper, with Podolsky and
Rosen (EPR), launched the theory of
guantum entanglement. To Einstein,
guantum entanglement was so unsettling
as to indicate that something Iis missing
from our current understanding of the
guantum description of Nature.



Albert Einstein

@einstein
Theoretical Physicist

Tweets

Albert Einstein @einstein
To judge the success of a physical theory,
we may ask ourselves: (1) Is the theory

correct? and (2) Is the description given by
the theory complete?

Albert Einstein @einstein

D The wave function does not provide a
complete description of the physical reality...
We believe, however, that such a theory is

\\ possible. /




Classical Bit



Classical Bit



Classical Bit

What went In, comes out.



Quantum Bit (“Qubit”™)

The two doors are two complementary observables), as
two ways to measure the polarization state of dgrho



Quantum Bit (“Qubit”™)

If you open thesamedoor that you closed,
you can recover the bit from the box.



Quantum Bit (“Qubit”™)



Quantum Bit (“Qubit”™)

If you open aifferentdoor than you closed, the color is
random(red 50% of the time and green 50% of the time).






No cloning!



Quantum Correlations

Pasadena Andromeda

d

D o e e o =

Open either door in Pasadena,

the color of the ball isandom. Same thing in Andromeda.



Quantum Correlations

Pasadena Andromeda

But if we both open the same door, we always find the same color.



Quantum Correlations

Pasadena Andromeda

Quantum information can bnlocal shared equally
by a box in Pasadena and a box in Andromeda.

This phenomenon, calleghlantum entanglemens
a crucial feature that distinguishes quantum
iInformation from classical information.



Classical Correlations



Classical Correlations Quantum Correlations

Aren’t boxes like soxes?



Einstein’s 1935 paper, with Podolsky and
Rosen (EPR), launched the theory of
guantum entanglement. To Einstein,
guantum entanglement was so unsettling
as to indicate that something Iis missing
from our current understanding of the
guantum description of Nature.



“If, without In any way disturbing a system,
we can predict with certainty ... the value
of a physical quantity, then there exists an
element of physical reality corresponding
to this physical quantity.”



“there Is ... no question of a mechanical
disturbance of the system under
Investigation during the critical last stage
of the measuring procedure. But even at
this stage there Is essentially the question
of an influence on the very conditions
which define the possible types of
predictions regarding the future behavior
of the system.”



“Another way of expressing the peculiar situation is: the
best possible knowledge of a whole does not
necessarily include the best possible knowledge of its
parts ... | would not call that one but rather the
characteristic trait of quantum mechanics, the one that
enforces its entire departure from classical lines of

thought...

By the interaction the two representatives [quantum
states] have become entangled.”

Erwin Schrddinger, Proceedings of the
Cambridge Philosophical Society, submitted
14 August 1935



Bell ‘64|

Quantum
Entanglement

Pasadena

Andromeda




Quantum information can b®nlocal
guantum correlations are a stronger
resource than classical correlations.

Pasadena Andromeda

Bell ‘64




Quantum entanglement

X y
}N correlated ¢
@rrrannnnnnnnnns >
Alice and Bob A ‘ bits Eﬂ 5
play a cooperative ¢ \4
two-player game. a b
Goal: aA b= xU vy

If they share correlated classical bits and play their

best strategy, they win with probability 75% (averaged
over the inputs they receive).



Quantum entanglement

X y
}& entangled [r::{
@rrrannnnnnnnnns >
Alice and Bob A ‘ gubits 5
play a cooperative ¢ \4
two-player game. a b
Goal: aA b= xU vy

If they share entangled qubits and play their best
strategy, they win with probability 85.4% (averaged
over the inputs they receive).



Quantum X
entanglement \¥
B entangled

| | A ‘ ............ m B

n experimental tests, gubits

physicists have played ¢

the game and have a b

won with probability A — <

above 75%. Goal: aA b= xU y

Quantum correlations are
a stronger resource than
classical correlations.

Aspect




Quantum X
entanglement \¥

entangled m
| @ennnnnnnnnns
A ‘ gubits B

In experimental tests,
physicists have played
the game and have

won with probability
above 75%.

Quantum correlations are
a stronger resource than

classical correlations. * Spooky action
at a distance!!



Quantum
entanglement

In experimental tests,
physicists have played
the game and have

won with probability
above 75%.

Sorry, Al . .. J

* Spooky action
at a distance!!



Classical Correlations Quantum Correlations

Boxes are not like soxes!



Quantum entanglement

This This This This This
Page Page Page Page Page
Blank Blank Blank Blank Blank

Nearly all the information in a typical
entangled “guantum book” is encoded
In the correlations among the “pages”.

You can't access the information if you
read the book one page at a time.



To describe 300 gubits, we would need more numbers
than the number of atoms in the visible universe!



We can’t even hope to
describe the state of a
few hundred qubits in

terms of classical bits.

Might a computer that
operates on qubits rather
than bits (a quantum
computer) be able to
perform tasks that are
beyond the capabillity

of any concelivable
classical computer?



Problems

Quantumly Easy

Classically Easy

Quantumly Hard




Problems

Quantumly Hard

Quantumly Easy

Classically Easy

What's In
here?




particle collision molecular chemistry entangled electrons

A quantum computer can simulate efficiently any
physical process that occurs in Nature.

(Maybe. We don’t actually know for sure.)

superconductor black hole early universe



Frontiers of Physics

short distance

long distance

complexity

Higgs boson
Neutrino masses
Supersymmetry
Quantum gravity

String theory

Large scale structure

Cosmic microwave
background

Dark matter
Dark energy

Gravitational waves

“More is different”
Many-body entanglement

Phases of quantum
matter

Quantum computing

Quantum spacetime
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PARADOX!

When the theories we use to
describe Nature lead to unacceptable
or self-contradictory conclusions, we
are faced with a great challenges and
great opportunities....

Planck Hawking
1900 1975
“The ultraviolet catastrophe” “The information loss puzzle”
In thermal equilibrium at nonzero The radiation emitted by an
temperature, the electromagnetic evaporating black hole is featureless,
field carries an infinite energy per revealing nothing about how the
unit volume ... black hole formed ...
The end of The end of quantum physics?
classical physics! (Or of relativistic causality?)




Black hole radiance singularityH|
Classically, nothing can escape from a black ( )

hole, but quantumly, black holes radiate. <>

Quantum fluctuations in the vacuum
continually create pairs of virtual particles,
which then reannihilate. But if one member \//
of the pair ducks behind the event horizon,

the other escapes.

To an observer far away, the black hole \//
seems to be a source of featureless thermal
radiation with wavelength comparable to the

black hole radius: /

Kg T, = ¢/ 4P Rack hol b y

lack hole — quanta

Since the radiation really arises from
guantum fluctuations just outside the ~1 ‘>
horizon, its properties don’t depend on how | event

the black hole was formed. . horizon
time




Vacuum entanglement

The vacuum state of a quantum field
theory is highly entangled. If we divide
space in half, field fluctuations on the
the left side are correlated with
fluctuations on the right side.

Left

spatial slice A uniformly accelerated

observer in flat space sees a thermal
bath of quanta, with typical wavelength
comparable to proper distance to the
event horizon.

z(t):icosh(at ), 1( ):i sinhg )

accelerated
observer

Field fluctuations are periodic in imaginary time, with period __isH _ pH
equal to inverse temperature (Unruh temperature): € €

k,T=——a» (10K fora=1g).
20C



Black hole “thermal atmosphere”

A static observer at a fixed proper distance from the black hole horizon is
uniformly accelerated (with larger acceleration closer to the horizon), and
hence sees a thermal radiation bath (which is hotter closer to the horizon).

2
This acceleration, when red shifted to infinite distance from k = C
the black hole, is the black hole’s “surface gravity”: 2
Rar
Correspondingly, the thermal radiation detected .
by an observer at infinity has temperature : kBTBH = c/ 4,0 R_%H
Thermal wavelength comparable to black hole ‘s »10 7 K (solar mass)

size. (Cold for large black hole!)

§




Black hole entropy
Integrating TAS= dE we find from

K Toiack nole = €/ 40 Ryjack ol
and E = MC2 = ( C4 / ZG) I%Iack hole

_ 1 Area
that Spiack hole = NE
Planck
where

Lo o :( G/ 03)1/2 =10 *cm

Strangely, black holes seem to be both very
simple (have no hair), and yet also very
complex (have enormous entropy, e.g., 1078
for a solar mass).

singularity |
N—

virtual \/

quanta M
1T %)
] event
horizon

time



Black hole evaporation

Suppose we prepare a guantum state, encoding some information, as
pressureless dust on the brink of gravitational collapse.

It collapses, and begins to emit Hawking radiation.
This radiation is featureless, not dependent on the
iInformation encoded in the original collapsing body.

Eventually, all the mass is radiated away, and the
black hole disappears. What happened to the
information?

Other hot bodies emit thermal radiation. Such
processes are thermodynamically irreversible but
not microscopically irreversible.

But a black hole is different than other hot bodies,
because it has an event horizon. Does that mean
that this process is microscopically irreversible,
that the information is lost not just in practice but in
principle?



Information Puzzle:

Is a black hole a quantum cloner?

If information escapes from
the black hole, then ..

The same (quantum)
Information is in two places
at the same time!

We’'re stuck:

Either information is
destroyed or cloning

occurs. Either way, quantum
physics needs revision.

singularity
Cb
|

“time slice”

/

outgoing
radiation

|

time
(outside
horizon)

T

R

event
horizon

collapsing body



“Black hole complementarity”

The inside and the outside
are not two separate
systems.

1 A

18 out

Rather, they are two different
ways of looking at the same
system. [Susskind 1993].

singularity
Cb
|

“time slice”

/

outgoing
radiation

|

time
(outside
horizon)

T

R

event
horizon

collapsing body



Black holes as mirrors

An old black hole scrambles information and reveals it quickly.
DtS :O( e |Og r S) ~ 1 millisecond for a

solar mass black hole

But not quite quickly enough for Alice to verify that the
guantum information is in two places at once (both inside and
outside the black hole). [Hayden-Preskill 2007, Sekino-
Susskind 2008].



A black hole in a bottle
Na/

We can describe the formation and evaporation of \

a black hole using an “ordinary” quantum theory time
on the walls of the bottle, where information has
nowhere to hide (Maldacena). \ /
A concrete realization of the “holographic principle” \
(’t Hooft, SUSSkind). CFT (boundary)
A
\
AdS (bulk)

So at least in the one case where we think we understand how quantum
gravity works, a black hole seems not to destroy information!

Even so, the mechanism by which information can escape from behind a
putative event horizon remains murky.

Indeed, it is not clear whether or how the boundary theory describes the
experience of observers who cross into the black hole interior, or even if
there is an interior!



Black hole complementarity challenged

Three reasonable beliefs, not all true!
[Almheiri, Marolf, Polchinski, Sully (AMPS) 2012]

(1) The black hole “scrambles” information, but does not
destroy it.

(2) An observer who falls through the black hole horizon sees
nothing unusual (at least for a while).

(3) An observer who stays outside the black hole sees
nothing unusual.

“Conservative” resolution:
A “firewall” at the horizon,
rather than (2).




Classical correlations are polyamorous

Adam Charlie



Quantum correlations are monogamous

fully \
entangled \ unentangled

4] 4]

Adam Charlie



Quantum correlations are monogamous

/ fully
unentangled / entangled

4] 4]

Adam Charlie



Monogamy Is frustrating!

fully \
entangled \ unentangled

cryptography Y

guantum matter
black holes

Adam Charlie



Complementarity Chal

(1) For an old black hole, recently
emitted radiation (B) is highly
entangled with radiation
emitted earlier (C) by the time it
reaches Charlie.

(2) If freely falling observer sees
vacuum at the horizon, then the
recently emitted radiation (B) is
highly entangled with modes
behind the horizon (A).

(3) If B is entangled with C by the
time it reaches Charlie, it was
already entangled with C at the
time of emission from the black
hole.

Monogamy of entanglement
violated!

enged

Charlie

outgoing
radiation

time
(outside
horizon)

singularity

—
1 >

B A

Betty | Adam ‘\

event
horizon




=0

radius

singularity

AMPS experiment

Now a single infalling agent,
when still a safe distance
from the singularity, can be
iInformed that both the AB
and BC entanglement have
been confirmed, hence
verifying a violation of the
monogamy of entanglement.



What's inside a black hole?

A. An unlimited amount of stuff.

B. Nothing at all.

C. Some of the same stuff that iIs also
(far) outside the black hole.

D. None of the above.
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AdS
(bulk)

CFT
(boundary)



Holographic entanglement entropy

minimal bulk
boundary surface g
region A
bulk S( A) — 1 Area(gA )+
4G

N

To compute entropy of region A In the
boundary field theory, find minimal area of

the bulk surface g, with the same boundary
(Ryu-Takayanagi).



Building spacetime from quantum entanglement

INREZC

Wormhole
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No Entanglement

[Maldacena 2003, Van Raamsdonk 2010, Maldacena-Susskind 2013]



ER = EPR
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No Wormhole

[Maldacena 2003, Van Raamsdonk 2010, Maldacena-Susskind 2013]
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Love In a wormhole throat

Alice and Bob are in different galaxies, but each lives near a black hole,
and their black holes are connected by a wormhole. If both jump into their

black holes, they can enjoy each other’'s company for a while before
meeting a tragic end.



Two amazing ideas:

Holographic correspondence
Quantum error correction

Are they closely related?

$ $1" 7 | &
) $ o &
9 | ! ! % &
$ ( $ ;1 # <
5 6! 1) ' 4

81 %5 ) 3 7 - /&

Building on Almheiri, Dong, Harlow (2014).



Decoherence

Y



Decoherence

1
J2

Decoherence explains why quantum phenomena,
though observable in the microscopic systems
studied in the physics lab, are not manifest in the
macroscopic physical systems that we encounter In
our ordinary experience.



ﬁ
Decoherence

_

Quantum
Computer

How can we protect a
guantum computer from
decoherence and other

ERRO =l sources of error?



ﬁ
Quantum

Computer Decoherence
_
To resist decoherence, we
must prevent the environment

from “learning” about the state

ERROR! of the quantum computer
" during the computation.



Quantum error correction

The protected “logical” quantum information is
encoded in a highly entangled state of many
physical qubits.

The environment can't access this information if
It Interacts locally with the protected system.



Perfect tensors

The tensor T arises in the expansion
of a pure state of 2n v-dimensional y = Ta1a21/4 8 |a,a,%s a,,
“spins” in an orthonormal basis. 8,8, Y4, 8,

T is perfect if the state is maximally entangled across any cut, i.e. for any partition
of the 2n spins into two sets of n spins. (State is absolutely maximally entangled.)

XXX Mx XX

By transforming kets to bras, T also defines 3® 3 unitary, 2® 4 and 1® 5 isometries.

Tova | 288 a8 8] Toria, | 82,88 33 Tovin, | 222,38, 8|
& Yadg &y Yaag Vs 8g
These are the isometric encoding maps (up to normalization) of quantum error-
correcting codes. The 2® 4 map encodes two qubits in a block of 4, and corrects 1
erasure. The 1® 5 map encodes one qubit in a block of 5, and corrects 2 erasures.



Erasure correction

The 1® 5 isometric
map encodes one qubit
in a block of 5, and
corrects two erasures.

Tavia, | B33, & ——

& %48

% We say qubits are erased if they are
<_ —_— removed from the code block. But

| - we know which qubits were erased
and may use that information in

% Y recovering from the error.

Consider maximally entangling a reference qubit R with the encoded qubit.
Suppose two physical qubits (the subsystem E) are removed, while their
complement E° is retained.

Because the tensor T is perfect, RE is maximally entangled with E€, hence R is
maximally entangled with a subsystem of E€. Thus the logical qubit can be decoded by
applying a unitary decoding map to E¢ alone; E is not needed.

Likewise, we may apply any logical operator to the encoded qubit by acting on E°
alone. (The logical operation can be cleaned so it has no support on the erased qubits.)



Holographic quantum codes

1( IS

Holographic quantum error-correcting codes are constructed
by contracting perfect tensors according to a tiling of
hyperbolic space by polygons.

The code is an isometric embedding of the bulk Hilbert space
Into the boundary Hilbert space, obtained by composing the
Isometries associated with each perfect tensor.



Ryu-Takayanagi Formula

Consider a holographic state | y (no b \ | /
dangling bulk indices), and a geodesic cut g, \ / a
through the bulk with indices on the cut 2 i 4
labeled by i. Indices of A are labeled by a N [~
and indices of Ac labeled by b. - Q P -

. . ) 4
V= |aAA|bAchli Qi = |I?AA|QAC / \

|

a,b,

i I \\g

For a holographic state on a tiling with nonpositive curvature, the tensors P
and Q are both isometries, if A is connected (max-flow min-cut argument).

If each internal index takes v values, there are vl 9/terms in the sum over
I. and the vectors {| P ; },{| Q ; } are orthonormal. Therefore

S(A=|g,|logv



Protection against erasure

For a connected region A on the boundary
there is a corresponding geodesic g, and
causal wedge C[A]. Bulk operators contained
in C[A] can be reconstructed on A.

N

A given bulk operator is contained in many
different causal wedges; it is protected against
erasure of the physical qubits outside the
causal wedge. Operators deeper in the bulk
have better protection against erasure.




Holographic black holes

-- Most boundary states
correspond to large black
holes in the bulk.

-- Bulk local operators acting
outside the black hole can be
reconstructed on the
boundary.

-- Uncontracted bulk indices
at the horizon, the black hole
microstates, are also mapped
to the boundary.

-- Encoding isometry
becomes trivial as black hole
grows to fill the whole bulk.



Holographic quantum codes

-- Nicely capture some central features of full
blown gauge/gravity duality, and provide an
explicit dictionary relating bulk and boundary
observables.

-- Realize exactly the Ryu-Takayanagi
relation between boundary entanglement
and bulk geometry (with small corrections in
some cases).

-- But ... so far these models are not
dynamical, and do not address bulk locality
at sub-AdS distance scales.



Quantumists Biologists

guantum gravity = life

boundary theory = chemistry

guantum information theorists = chemists
guantum gravity theorists = biologists

what we want = molecular biology
black hole information problem = fruit fly
understanding the big bang = curing cancer

Slide concept stolen from Juan Maldacena



= | 29 > H $ ’I |
#ooml L % $ #
( & | #
$ | % (&
29 &97? % " 2?2 " 7 % 97
% "%l &

@# 93ABC
D $
C % .A,

A



“Now Is the time for
guantum information scientists
to jJump Into .. black holes”

Beni Yoshida
QuantumFrontiers.com
March 2015

T




From: Robbert Dijkgraaf at the inauguration of Caltech’s Burke Institute.









Firewalls: What now?

-- We're confused because we don't have a complete theory. We thought we
did, but AdS/CFT does not seem to be telling us about what is behind the
horizon.

-- The system may be huge, the curvature small. Yet, if firewalls exist the
guantum “corrections” are dramatic. The black hole has no inside!

-- A sharp paradox should always be welcomed,; it's resolution may lead to
great advances! In this case, we hope for a deeper understanding of how
spacetime emerges (or does not, in the case of the black hole interior).

-- We are trying simultaneously to determine both what the theory predicts
and what the theory is, without guidance from experiment. Are we smart
enough to figure it out? (I don’t see why not ...)

-- The stakes are high, including implications for quantum cosmology.

-- Quantum informationists have much to contribute to the debate! Especially
If quantum entanglement is really the foundation of spacetime geometry.



