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applies to the very small;
atoms, subatomic particles and the forces
between them.

applies to the very large;
stars, galaxies and gravity, the driving force of
the cosmos as a whole. -~
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* Quantum mechanics and general relativity are
mutually incompatible!

Einstein’s theory
fails to comply with the quantum rules
that govern the subatomic particles.

black holes are
threatening the very foundations of
gquantum mechanics.
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 Kaluza and Klein
spacetime

F |
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Fig.3: Pasticle scatlering processes (b=fi). suing scattening processes (right).
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* Replace particles by strings:

gravity and quantum theory are reconciled.
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String vibration modes correspond to particles
Crucially, they include the *"graviton”

Strings require ten space-time dimensions; six must be *“curled-up”.
Solves lefit-right problem.

 Heterotic SO(32) : closed superstrings
 Heterotic E8 x E8 : closed superstrings
 Typel: open and closed superstrings

 Type IIA : closed superstrings

* Type IIB : closed superstrings
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OXFORD ENGLISH DICTIONARY

BRANE

Physics.
Brit. /bren/, U.S. /bren/ [Shortened < MEMBRANE n.]
I. Simple uses.

1. An extended object with any given number of dimensions, of which strings in string theory are examples with one
dimension. Also with prefixed numbers, or symbols representing numbers, as 2-brane, p-brane.

1988

M. DUFF et al. in Nucl. Physics B. 297 516: We shall be concerned only with extended objects of one time and two
space dimensions, i.e. ‘2-branes’... Possible ‘p-brane’ theories exist whenever there is a closed p + 2 form in superspace.

1996

Sci. Amer. Jan. 75/2 He [sc. M. J. Duff] found that a five-dimensional membrane, or a ‘five-brane’, that moved
through a 10-dimensional space could serve as an alternative description of string theory.

IT. Compounds.

2. BRANE-WORLD, a world model in which our space-time is the result of a three-brane moving through a space-time
of higher dimension, with all interactions except gravity being confined to the three-brane.
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Membrane
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"Sorry, | know you've got chann
but I'm really mto branes.”

Copnr gt by Pasco Todl, 2000 www ranba. ceg'paaco
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"M stands for magic, mystery or membrane,
according to taste”

“Understanding what M- theory really

is would transform our understanding of
nature at least as radically as occurred
in any of the major scientific upheavals
in the past”
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Repurposing string theory
1970s Strong interactions

1980s Quantum gravity; ““theory of everything”
1990s AdS/CFT: QCD (revival of 1970s); quark-gluon plasmas

2000s AdS/CFT: superconductors

2000s Cosmic strings

2010s Black hole/qubit correspondence: entanglement in Quantum Informati
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ABSTRACT

= Quantum entanglement lies at the heart of quantum information
theory, with applications to quantum computing, teleportation,
cryptography and communication. In the apparently separate world of
quantum gravity, the Bekenstein-Hawking entropy of black holes has
also occupied center stage.

m Here we describe a correspondence between the entanglement
measures of qubits in quantum information theory and black hole
entropy in string theory.

m Reviewed in Borsten, Dahanayake, Duff, Ebrahim, Rubens:
“Black Holes, Qubits and Octonions”
[ arXiv:0809.4685 [hep-th] J}
Duff: “Black Holes and Qubits”

M. J. DurrF (IMPERIAL COLLEGE LONDON) BLACK HOLES AND QUBITS
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Bits and pieces

« A bitin the classical sense is the basic unit of computer
information and takes the value of either 0 or 1. A light
switch provides a good analogy; it can either be off,
denoted 0, or on, denoted 1.

A quantum bit or "qubit" can also have two states but
whereas a classical bit is either 0 or 1, a qubit can be both 0
and 1 until we make a measurement. In quantum
mechanics, this is called a superposition of states.

 When we actually perform a measurement, we will find
either 0 or 1 but we cannot predict with certainty what the
outcome will be; the best we can do is to assign a
probability to each outcome.
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I-QUBIT CLASSIFICATION: A PREDICTION OF STRING THEORY BLACK HOLES IN SUPERGRAVITY

ONE QUBIT

m A qubit is any two-state quantum system. For example:
spin-up/spin-down electron or left/right polarized photon.

m The one qubit system Alice (where A = 0.1) is described by the state
W) =ays|A) = ap|0) + ay|1)

where ay and a; are complex numbers.

M. J. DurrF (IMPERIAL COLLEGE LONDON) BLACK HOLES AND QUBITS SNOWBIRD JANUARY 2011
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1-QUBIT CLASSIFICATION: A PREDICTION OF STRING THEORY BLACK HOLES IN SUPERGRAVITY

TWO QUBITS

The two qubit system Alice and Bob (where A, B = 0, 1) is described by
the state

W) = aap|AB)
= a.00|00) + (L()ll()l) -+ (1.1()|10> -+ (1.11|11>.

M. J. DUurrF (IMPERIAL COLLEGE LONDON) BLACK HOLES AND QUBITS SNOWBIRD JANUARY 2011
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I-QUBIT CLASSIFICATION: A PREDICTION OF STRING THEORY BLACK HOLES IN SUPERGRAVITY

ENTANGLEMENT

m Example, separable state:

) = 5 100) + 5101) = [0 (%wwkw)

Alice measures spin up, Bob can measure either spin up or spin down.
This state is not entangled.

m Example, Bell state:

| 1
—100) + —=|11)

V=500 75

If Alice measures spin up, Bob has to measure spin up too! This state
Is entangled.

M. J. Durr (IMPERIAL COLLEGE LONDON) BLACK HOLES AND QUBITS SNOWBIRD JANUARY 2011
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Quantum entanglement
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I-QUBIT CLASSIFICATION: A PREDICTION OF STRING THEORY BLACK HOLES IN SUPERGRAVITY

ENTANGLEMENT MEASURE

m The measure of the bipartite entanglement of Alice and Bob is given
by the “two-tangle”

Tap = 4|det (1.‘,43|2 = 4lapgpar; — (1.01(1.10|2

or equivalently
Tap = 4|det pa| = 4|det pp|

where p4 and pp are the reduced density matrices
pa = Trp|¥) (V| pp = Tra|V) (V|

m For normalized states
0<7ap <1

M. J. Durr (IMPERIAL COLLEGE LONDON) BLACK HOLES AND QUBITS SNOWBIRD JANUARY 2011
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I-QUBIT CLASSIFICATION: A PREDICTION OF STRING THEORY BLACK HOLES IN SUPERGRAVITY

EXAMPLES

m Example, separable state:

1
(W) = —=|00) 01)
V2 f
7AB = 0

No entanglement.

m Example, Bell state:

1
00) + —|[11)

W) = 7

1
NG

TAB = 1

Maximal entanglement.

M. J. Durr (IMPERIAL COLLEGE LONDON) BLACK HOLES AND QUBITS SNOWBIRD JANUARY 2011
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1-QUBIT CLASSIFICATION: A PREDICTION OF STRING THEORY BLACK HOLES IN SUPERGRAVITY

SYMMETRIES OF T4p

m Under SL(2) ax transforms as a 2:

((I(‘)) 5 ((1’ 3) ((I())
a v 0] \ay

where
ad — [y =1
m Under SL(2)4 x SL(2)p, asp transforms as a (2, 2).

m 7,p is invariant under SL(2)4 x SL(2)p and under a discrete duality
that interchanges A and B.

M. J. DUurrF (IMPERIAL COLLEGE LONDON) BLACK HOLES AND QUBITS SNOWBIRD JANUARY 2011
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QUBITS

THREE QUBITS

The three qubit system Alice, Bob and Charlie (where A, B,C' = 0,1) is
described by the state

W) = aspc|ABC)
= agoo|000) + ago1|001) + ap10/010) + ap11|011)
-+ (1.1()()|100> -+ (1.1()1|10]> -+ ('1.110|110> -1- (1..111|111>.

M. J. Durr (IMPERIAL COLLEGE LONDON) BLACK HOLES AND QUBITS SNOWBIRD JANUARY 2011
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QuUBITS

HYPERMATRIX

The 3-index quantity a qapc is an
example of what Cayley termed a
hypermatrix in 1845. lts elements
may be represented by the cube

Wednsday, January 19 2011



QUBITS

CAYLEY’S HYPERDETERMINANT

m The tripartite entanglement of Alice, Bob and Charlie is given by the
three-tangle

Tapc = 4|Det aapc.
Coffman et al:

m Det aape is Cayley's hyperdeterminant

L A2 _BiBy _C1Ci (C2Cs A3 As B3 By
5 :

Det aypo = —

*AA B, C1AA,B,C AA;B;C3A A4 B41Cy

Miyake, Wadati:

m It is invariant under SL(2)4 x SL(2)p x SL(2)c, with aapc
transforming as a (2. 2,2), and under a discrete triality that
interchanges A, B and C.

M. J. Durr (IMPERIAL COLLEGE LONDON) BLACK HOLES AND QUBITS SNOWBIRD JANUARY 2011
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QUBITS

m In QIT the group [SL(2)]" is known as the n-qubit SLOCC
equivalence group.

m SLOCC = Stochastic Local Operations and Classical Communication
m For one qubit SLOCC=SL(2)4 and a4 transforms as a 2:

(a()> . ((1 .'"3> ((1.()>
ay v 0/ \a
ad — By =

m For three qubits SLOCC=SL(2)4 x SL(2)p x SL(2)¢c and aapc
transforms as a (2,2, 2).

where

Ad 1 I herure !

l\ll)llll\l {‘(\lilt'!' (AL ATALYD )
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3-TANGLE BLACK HOLE ENTROPY

STU MODEL

m The STU supergravity model arises in string theory. Its bosonic sector
consists of gravity coupled to 4 photons and three complex scalars,

denoted S, 7" and U.

m [he equations of motion display the symmetry
SL(2)s x SL(2)r x SL(2);; and a discrete triality that interchanges
S, T and U.

m Duff, Liu, Rahmfeld:

M. J. Durr (IMPERIAL COLLEGE LONDON) BLACK HOLES AND QUBITS SNOWBIRD JANUARY 2011
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BLACK HOLES

e " all light emitted from such a body would be made to return towards it by its own proper
gravity "’ John Michell in 1784 on the concept of black hole

Wednesday, January 19, 2011




Event horizon

* Every object, such as a star, has a critical size that is
determined by its mass, which is called the
Schwarzschild radius. A black hole is any object
smaller than this. Once something falls inside the
Schwarzschild radius, it can never escape. This
boundary in space—time is called the event horizon.

» So the classical picture of a black hole is that of a
compact object whose gravitational field is so strong
that nothing — not even light — can escape.

Wednesday, January 19, 2011




Hawking effect

* Yetin 1974 Stephen Hawking showed that
quantum black holes are not entirely black but
may radiate energy. In that case, they must
possess the thermodynamic quantity called
entropy. Entropy is a measure of how
disorganized a system is and, according to
the second law of thermodynamics, it can
never decrease.
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Bekenstein-Hawking entropy

Noting that the area of a black hole's event
horizon can never decrease, Jacob
Bekenstein had earlier suggested such a
thermodynamic interpretation implying that
black holes must have entropy. This
Bekenstein—Hawking black-hole entropy is
given by one quarter of the area of the event
horizon:

S=A/4

Wednesday, January 19, 2011




J3-TANGLE BLACK HOLE ENTROPY

STU BLACK HOLE ENTROPY

m A general static spherically symmetric STU black hole solution
depends on 8 charges denoted qg. q1, g2, q3. P, p*. p*. p°.

m Black hole entropy S given by the one quarter the area of the event
horizon. Hawking: 1975

m The extremal STU black hole entropy is a complicated function of the
8 charges :

(S/m)* = —(P"q0 + p' a1 + P*q2 + P’q3)°

+4 [(Pl(ll)(PQ(]‘Z) + (Plfjl)(Piiqzs) + (1)3(13)(1)2(12)

+qop' P*p* — P Q19243

Behrndt et al:

M. J. DUurrF (IMPERIAL COLLEGE LONDON) BLACK HOLES AND QUBITS SNOWBIRD JANUARY 2011
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J3-TANGLE BLACK HOLE ENTROPY

EXTREMAL AND BPS BLACK HOLES

m Extremal black holes obey generalised mass=charge conditions.

m A black hole that preserves some unbroken supersymmetry (admitting
one or more Killing spinors) is said to be BPS (after

Bogomol'nyi-Prasad-Sommerfield) and non-BPS otherwise.

m All BPS black holes are extremal but extremal black holes can be
BPS or non-BPS.

M. J. DUurrF (IMPERIAL COLLEGE LONDON) BLACK HOLES AND QUBITS SNOWBIRD JANUARY 2011
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3-TANGLE BLACK HOLE ENTROPY

BLACK HOLE/QUBIT CORRESPONDENCE

Duff: |dentify STU with ABC and the 8 black hole charges
with the 8 components of the three-qubit hypermatrix a 4 p¢,

"1 [ aooo”
P_l —apo1
1)2 —an1o
1)3 —a100
qo 1]
q1 @110
q2 @101

| 3 L api11

Find that the black hole entropy is related to the 3-tangle as in

e
S = m\/|Det aspc| = 5\/7,1 BC

Turns out to be the tip of an iceberg.

M. J. Durr (IMPERIAL COLLEGE LONDON) BLACK HOLES AND QUBITS SNOWBIRD JANUARY 2011
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J-TANGLE BLACK HOLE ENTROPY

FURTHER DEVELOPMENTS

M. J. DUFF

Further papers have written a more complete dictionary, which
translates a variety of phenomena in one language to those in the
other, for example:

The attractor mechanism on the black hole side is related to optimal
local distillation protocols on the QI side Levay:

Moreover, supersymmetric and non-supersymmetric black holes
corresponding to the suppression or non-suppression of bit-flip errors

Leva y: arXiv:0708.2799 [hep-th]

Classification of black holes matches classification of qubit
entanglement

Kallosh, Linde:
Borsten, Dahanayake, Duff, Ebrahim, Rubens:

(IMPERIAL COLLEGE LONDON) BLACK HOLES AND QUBITS SNOWBIRD JANUARY 2011
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S3-QUBIT CLASSIFICATION FROM BLACK HOLES

[LOCAL ENTROPY

m Besides Det a, another useful quantity is the local entropy S 4, which
Is a measure of how entangled A is with the pair BC:

Si = 4ddet PA
where p 4 is the reduced density matrix
pa = Trpc| V) (W],

and with similar formulae for B and C.

Wednesday, January 19, 2011



S-QUBIT CLASSIFICATION FROM BLACK HOLES

ENTANGLEMENT CLASSES

Class

Condition

[¥°

Sp

Zero
A-B-C
A-BC
B-CA
C-AB

W

GHZ

0
> 0
>0
> ()
>0
> 0
> 0

0
0

> 0
>0
> 0
> ()

m Dur, Vidal, Cirac:

M. J. DurF (IMPERIAL COLLEGE LONDON)
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S-QUBIT CLASSIFICATION FROM BLACK HOLES

REPRESENTATIVES

m Null class: 0

m Separable class A-B-C' (product states): ¢o|111)
m Biseparable class (bipartite entanglement):

A-BC : qq
B-C'A: qq
C-AB : qo

111) — p
111) — p?
111) — p°

100)
010)
001)

m Class W (maximizes bipartite entanglement):

—p'100) — p*|010) — p*|001)

m Class GHZ (genuine tripartite entanglement):

qo|111) — p'|100) — p*|010) — p*|001)

M. J. DurF (IMPERIAL COLLEGE LONDON) BLACK HOLES

Wednesday, January 19, 2011
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Table 1
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S3-QUBIT CLASSIFICATION FROM BLACK HOLES

BLACK HOLES QUBITS

1/8 Susy Genuine Tripartite

. ®
/XY ®
O‘O’O 1/4 Susy Bipartite
@

Entangled

1/2 Susy Separable

Unentangled

m N= number of charges / number of kets

M. J. Durr (IMPERIAL COLLEGE LONDON) BLACK HOLES AND QUBITS SNOWBIRD JANUARY 2011
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S-QUBIT CLASSIFICATION FROM BLACK HOLES

NO FORCE CONDITION

m The 4-charge solution with just gy, p'. p%. p* switched on obeys the
no-force condition and may be regarded as a bound state of four
individual black holes with charges qq, p', p*, p*, with zero binding
energy.

m This translates into the special GHZ (or Mermin) state

W) = —p°001) — p?|010) — p'[100) + go|111).

m Flipping the sign of ¢q flips the sign of Det a 45 and corresponds to
going from 1/8 susy (BPS) to 0 susy (non-BPS) black hole.

m Similarly GHZ state
W) = p°|000) + qo[111).

corresponds to non-BPS black hole.

M. J. DUurrF (IMPERIAL COLLEGE LONDON) BLACK HOLES AND QUBITS SNOWBIRD JANUARY 2011
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I-QUBIT CLASSIFICATION: A PREDICTION OF STRING THEORY

16 PARAMETERS

m In addition to the 4 electric and 4 magnetic charges, an STU black
hole is also specified by its mass, its NUT charge (gravity analog of
magnetic charge) and the values of the 6 real scalars at infinity,
making 16 parameters in all.

m Suggests a correspondence with 4 qubits

V) =aapcp|ABCD,)

m | SVEVAL 2rXiv:1004.3639 [hep-th]

M. J. Durr (IMPERIAL COLLEGE LONDON) BLACK HOLES AND QUBITS SNOWBIRD JANUARY 2011
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I-QUBIT CLASSIFICATION: A PREDICTION OF STRING THEORY

FAMILIES / CLASSES

m Under this finer classification there are 31 families of black hole

- 1l 4 ~2 Il 42 42 3 ]
|-’-|s||:*» [3.2°.1) 4> [3°.07] g __[S_I |_\,'*» _HIIS»”*:—» |_|l'|7.”:4
- - \-- -
. 2 14 — LI Tra2 42 a1 424000
() (2% hio '"”411-‘\ BLEh ety l:"\
1 u/ [ u><‘* 3 1
e[ 5,17 | yy (53],

- B305) = [32% 1 ]y —>=—[3%.1%) )%

m Bergshoeff et al:
Bossard, Michel, Pioline:

m Suggests a way to classify 4 qubit entanglement

Borsten, Dahanayake, Duff, Marrani, Rubens

1
———— [7.1]

>

LIl
24

M. J. Durr (IMPERIAL COLLEGE LONDON) BLACK HOLES AND QUBITS SNOWBIRD JANUARY 2011
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1-QUBIT CLASSIFICATION: A PREDICTION OF STRING THEORY

FAMILIES / CLASSES

m Four-qubit literature is confusing
m Classes: vanishing or not of SLOCC covariants/invariants

m Families: normal forms parameterized by SLOCC invariants e.g.

4+ d 1 — d
Glabed = ; (10000) + [1111)) + =—=(|0011) + [1100))

(1)

b+ h—c
+%(|0101> +[1010)) + -

—

(]1001) + [0110)).

m Example of difference: the separable EPR-EPR state
(100) + |11)) @ (|00) + |11)), obtained by setting b = ¢ = d = 0,
belongs to the G4 family, whereas in the covariant approach it
forms its own class.

M. J. DUurrF (IMPERIAL COLLEGE LONDON) BLACK HOLES AND QUBITS SNOWBIRD JANUARY 2011
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I-QUBIT CLASSIFICATION: A PREDICTION OF STRING THEORY

m Four-qubit literature is contradictory

Paradigm Author Year result mod perms result incl. perms

Wallach 2005 ? 90

Lamata et al, 2006 8 genuine, 5 degenerate 16 genuine, 18 degenerate
Cao et al 2007 8 genuine, 4 degenerate 8 genuine, 15 degenerate
Li et al 2007 . > 31 genuine, 18 degenerate
Akhtarshenas et al 2010 . 11 genuine, 6 degenerate

Verstraete et al 2002
families Chretrentahl et al 2007
String theory 2010

m String theory lends itself to the families approach

M. J. Durr (IMPERIAL COLLEGE LONDON) BLACK HOLES AND QUBITS SNOWBIRD JANUARY 2011
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1-QUBIT CLASSIFICATION: A PREDICTION OF STRING THEORY

EXTREMAL BLACK HOLE / 4 QUBIT
CORRESPONDENCE

Extremal black holes classification of S7'U model

)

31 real nilpotent orbits of SO(4.41) acting on the 28

)

Kostant-Sekiguchi Correspondence

!

31 complex nilpotent orbits of S(2)" acting on the (2,2,2.2)

)

4 qubits entanglement classification

Borsten, Dahanayake, Duff, Marrani, Rubens

M. J. Durr (IMPERIAL COLLEGE LONDON) BLACK HOLES AND QUBITS SNOWBIRD JANUARY 2011
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I-QUBIT CLASSIFICATION: A PREDICTION

STU black holes

perms

" STRING THEORY

nilpotent rep

trivial

1

0

doubly-critical $BPS

0110)

critical, %BPS and
non-BPS

0110) + [0011)

lightlike 5BPS and
non-BPS

0110) + 0101) + |0011)

€ L(zzﬂwm

large non-BPS zy # 0

%(|0001) +10010) —
0111) — [1011))

€ L abs

“extremal”

M. J. Durr (IMPERIAL COLLEGE LONDON)
Wednesday, January 19, 2011
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I-QUBIT CLASSIFICATION: A PREDICTION OF STRING THEORY

STU black holes perms nilpotent rep

large %BPS and

0000 0111
non-BPS zy =10 I > " | >

10000) + |0101) +

extremal 11000) + |1110)

10000) + |1011) +
11101) + |1110)

“extremal”

m Total number of families without permutations = 9

m Total number of families including permutations = 31

m NB Trivially permuting the 9 yields many more than 31;
still need to check equivalence

M. J. DUurrF (IMPERIAL COLLEGE LONDON) BLACK HOLES AND QUBITS SNOWBIRD
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1-QUBIT CLASSIFICATION: A PREDICTION OF STRING THEORY

FALSIFIABLE PREDICTIONS

m Previous result 2006:
STU black holes imply 5 ways to entangle three qubits
Already known in QI; verified experimentally

m New result 2010:
STU black holes imply 31 ways to entangle four qubits
Not already known in QI: in principle testable in the laboratory

Wednesday, January 19, 011
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« Black holes: predicted 1784, confirmed 1970s

« Bose-Einstein condensate: predicted 1925, confirmed 1995
* Yang-Mills bosons: predicted 1954, discovered 1982

* Quantum entanglement: predicted1935, discovered 1982

« Gravitational waves (1916)

« The cosmological constant (1917)
« Extra dimensions (1926)

« The Higgs boson (1964)

« Supersymmetry (1971)

* M-theory (1995)

Page 65 © Imperial College London
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* Yetin 1974 Stephen Hawking showed that quantum
black holes are not entirely black but may radiate
energy. In that case, they must possess the
thermodynamic quantity called entropy. Entropy is a
measure of how disorganized a system is and,
according to the second law of thermodynamics, it
can never decrease.
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