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Abstract: Entanglement is a paradigmatic example of quantum correlations, a presumed reason for the superior performance of quantum
computation and an obvious divider of states and processes into classical and quantum. In the last decade all these notions were challenged.
Entanglement does not capture the totality of non-classical behavior. Quantum discord (in its different versions) is a more general measure of
guantum correlations. It can be related to the advantage in some tasks like the extraction of work from a Szilrad heat engine using Maxwell's
demons with various resources. The discord turns out to be the difference between the work extracted from a given bipartite system using a a global
and a local strategy. Different strategies relate to different definitions of discord, but all definitions agree on zero, so "classical" systems are
universal to all heat engines. One way of identifying a task as quantum or classical is by examining the quantum resources required to implement it.
This can be done by examining the entanglement required for a LOCC implementation of the task. Creation (or non-creation) of entanglement as a
result of its implementation is not enough to identify these resources. An example is a bi-local implementation of an entangling quantum gate
(C-NQOT) by LOCC with unentagled input and output states. This lack of entanglement does not guarantee the LOCC implementability. A method to
determine if entanglement resources are required is to track the change in quantum discord during the process.

Pirsa: 11110117 Page 1/34



Quantum Discord and the Quantum Advantage

Aharon Brodutch

Macquarie University

v

MACQUARIE
UNIVERSITY

Aharon Brodutch Quantum Discord and the Quantum Advantage

Pirsa: 11110117 Page 2/34



Introduction

ntur

Outline

Quantum discord

THERMODYNAMICS

Quantum computing
DQC1 _ Metrology
0) J—_~—+—'TI oLt a-{oy-1

Gates

Quantum ffFfoﬂmxtiorL.
Many body physics

7%\ Dynamics ik
> ) Relotivistic QI Gl N

[K. Modi, AB, H. Cable, T. Paterek & V. Vedral; Quantum discord and other meas

correlations (RMP '12)]

Aharon Brodutch Quantum Discord and the Qu

Pirsa: 11110117 Page 3/34



Pirsa: 11110117

Introduction

Outline

Our quantum resource in the LOCC paradigm is entanglement
Separable states usually contain some quantum correlations

Quantum correlations are an indication of a quantum
advantage

Intuition: adding noise to a maximally entangled state

]__
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Always quantum correlated but separable for z < 1/3.

Aharon Brodutch Quantum Discord and the Quantum Advantage

Page 4/34



Outline

Distributed quantum gates
Quantum discord

Quantum discord and Maxwell's demons

Discord in quantum information: distributed gates.
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Mixed state QC

The c-not gate

The distributed c-not gate
The restricted c-not gate
example

Discord as an indicator of quantumness

@ In pure state quantum computing entanglement must scale
with the problem for a quantum advantage. However mixed
state quantum computation may not require entanglement ;r.

Jozsa and N. Linden PRS A '03]
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Mixed state QC

The c-not gate

The distributed c-not gate
The restricted c-not gate
example

Discord as an indicator of quantumness

@ In pure state quantum computing entanglement must scale
with the problem for a quantum advantage. However mixed
state quantum computation may not require entanglement ;r.

Jozsa and N. Linden PRS A '03]

In room temperature NMR, there is little or no entanglement,
but there is still some advantage. For DQC1 there is an
exponential speedup. Maybe quantum discord can capture the
correlations behind this advantage? [r. Laftamme et a. |
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Mixed state QC

The c-not gate

The distributed c-not gate
The restricted c-not gate
example

Distributed

Discord as an indicator of quantumness

@ In pure state quantum computing entanglement must scale
with the problem for a quantum advantage. However mixed
state quantum computation may not require entanglement r.

Jozsa and N. Linden PRS A '03]

In room temperature NMR, there is little or no entanglement,
but there is still some advantage. For DQC1 there is an
exponential speedup. Maybe quantum discord can capture the
correlations behind this advantage? [r. Laflamme et al. |

Discord is indeed present in DQC1 where entangle
vanishingly small. It is probably the reason behinc

[ A. Datta, A. Shaji & C. Caves. PRL '08]
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Mixed state QC

The c-not gate

The distributed c-not gate
The restricted c-not gate
example

Distributed

The classical c-not gate The quantum c-not gate
(control,target) (control,target)

Input — output Input — output
00 — 00 |0¢)) — |0¢))
01— 01 [X40) — [|11) + [00)] /v/2
10— 11 [WX1) = [0 X4)
11 — 10 |11X_) — |0X_)

Control
-

N —
Target
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Mixed state QC

The c-not gate

The distributed c-not gate
The restricted c-not gate
example

Control

lassical

2 classical bits and 1 e-bit
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Mixed state QC

The c-not gate

The distributed c-not gate
The restricted c-not gate
example

Control
-

lassical

an we do without entanglement?
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Mixed state QC

The c-not gate

The distributed c-not gate
The restricted c-not gate
example

We try to restrict the input to separable states.

0) |v) = 10) [&))
1) [0) = |1) ox &)

[0} 1X5) = [9) [X4)
[0} |X=) = a2 [¥) [X-)

# State # State
a DY) = DY) | ¢ [Y)Xo) = |YS
b I0Y) = 0)Ys) | d IYDIX,) =Y,
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Mixed state QC

The c-not gate

The distributed c-not gate
The restricted c-not gate
example

State
1]V, = [1)]Y_)
0} Y3) — 10)]Y5)
| Y XZ) = [Y2)X2)
Y Xe) = [Y)IXL)

@ In an LOCC protocol Alice and Bob can always know what
operation they performed.

@ The gate should either "flip" or "not flip" a Y, state on either
Alice's or Bob's side.

@ But these operations are incompatible, so Alice and Bob can
know what the input state was.
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Introduction
i Mixed state QC
Distributed qu.ant The cnot gate

The distributed c-not gate
The restricted c-not gate
example

example

State
DIY:) = (1) Y-)
0)[Y5) = [0)]Y5)
Y UX=) = Y= X2)

Y IXe) = 1Y Xy N {a d} {b d}

We are now assured that the next operation would be a "flip-flip"
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Mixed state QC

The c-not gate

The distributed c-not gate
The restricted c-not gate
example

Distributed

example

State
1DIY+) = [1)]Y-)
0)|Y5) — |0)] Y5)
|Y+>]X—>> — |Y-)1X2)

[Y) IXe) = [Yi)lXs) { = } { b d }

@ A protocol which would allow Alice and Bob to implement this
gate without entanglement will allow discrimination between
the 4 non orthogonal states.

@ We can see that a restricted version of the c-not gate with
separable input-output states cannot be implemented without

entanglement. [AB & D. Terno PRA 2011]
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Distributed quan Mutual information
Quantum Classical correlation and discord
q 1 cor Classical states
Types of discord

Quantum discord

Before a measurement

After a measurement

Ep——
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ted qt gates Mutual information
Quantum discord Classical correlation and discord
juantum d Classical states

Types of discord

Aharon Brodutch Quantum Discord and the Qu

Pirsa: 11110117 Page 17/34



es Mutual information
Quantum discor Classical correlation and discord
1 and ¢ un d Classical states
g Types of discord

| S(BIA) = X2, piS(BIAi)

J(BJA) = S(B) — S( S(A)+ S(B) — S(AB)
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Mutual information
Classical correlation ar
Classical states

Types of discord

S(BJA) = 3, piS(BJA)

J(BIA) = S(B) — S(BJA) = S(A) + S(B) — S
J(BIMa) = S(B) - S(BIMA)£ S(A) + S(B) — &
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Mutual information

Classical correlation and discord
Classical states

Types of discord

@ Mutual information:
I(A: B):=5(A)+ S(B) — S(AB)

@ Classical correlations:

J(BIA) := S(B) — min S(B|M,)

[ L. Henderson & V. Vedral "Classical, quantum and total correlations” JPA 2001]

@ Quantum Discord:
D(B|A) .= I(A: B) — J(B|A)

[H. Ollivier & W. Zurek "Quantum Discord: A Measure of the Quantumness

PRL 2001]
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m § Mutual information
Quantum discor Classical correlation and discord
quantum discor Classical states
Types of discord

17/00) (00| 4 |14 (1+]]| D(A|B) ~ 0.2 ; D(B|A) = 0

3[100) (00| + |++) (++[] | D(A|B) = D(B|A) = 0.14

Discord is not symmetric & Separable states can have non zero
discord
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Mutual information

Classical correlation and discord
Classical states

Types of discord

A (zero discord) classical state is a sum of orthogonal states
pointing from Alice to Bob: yag = ZJ- aJ,-I_I}-4 ® /)JB

Bob

2\
\A)

After a (von Neumann) measurement
pag — M(paB) = xaB

For a classical state

Ma(xaB) = Z Mixasli = xaB

I

Almost all states are not classical
Aharon Brodutch Quantum Discord and the Quantum Advantage
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Mutual information

Classical correlation and discord
Classical states

Types of discord

We can redefine discord using p — Ma(p) = p/

The change in MI: D(B|A) = (p) — maxaq,[/(p")] w. zurek adp

'00]

The change in entropy: Dy,(B|A) = minag, S(p') — S(p) w

Zurek PRA '03]
The relative entropy from a classical state:
Dr(B|A) = min, S(p|x) = Dip(B|A) [k Modi et al. PRL '10]
The geometric distance Dg(B|A) = minaqy, ||p — ’TI_[B pal
Vedral, & C. Brukner PRL '10)] '
The change when the measurement is in the eiger S8
Ma(p?) =

All vanish simultaneously! fas & p.7erno Pr-
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The Szilard engine
Alice and Bob's demons

Maxwgll: s: ,l?,‘??rl d.eml:m anq gu?ntum [ [15 Thalrar local o

Resetting the measurement device costs work proporti
entropy of the measurement.
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The Szilard engine
Alice and Bob's demons
The non-local demon

Alice, Bob and Charlie

The players
@ Alice the goblin - can implement a Szilard engine on her side.
@ Bob the goblin - can implement a Szilard engine on her side .

@ Charlie the all-knowing demon - knows the initial density
matrix and can send information to both Alice and Bob.

The rules

© Classical (local) strategy - Charlie sends information to Alice
and Bob. Alice can send information to Charlie.

@ Quantum (non-local) rules - Charlie can implement a Szilard
engine on both system.
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The Szilard engine
Alice and Bob's demons

Maxwell's local demon and quantum
The non-local demon

Distributed quantum gates ant

Alice and Bob start your engines!

Local Rules.

1

\@

The net work is given by k, T[log(dadg) — S(Ma) — S(B|Ma)]

where S(My) is the entropy of Alice’s measurement results
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. The Szilard engine
» e Alice and Bob's demons
Maxweﬁlllt_s. Ior.‘al derr‘n:m and quantum The non-local demon

If Charlie the is a non-local demon he can use a non-local
measurement and do more work.

The net work he can do is k, T[log(dadg) — S(AB)]

The difference between these quantum and classical strategies
is given by the discord. When Alice has all the information she
can optimize and the deficit is Dy, (B|A)

When Alice has only local information she will use
measurement M(p,) = pa,.

Discord quantifies the advantage of a quantum st

For classical states there is no advantage
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S OO T Quantum gates

Distributed ciuaﬁtuﬁ'i éates a

Distributed quantum gates

Impossible to implement on a discordant set of pu
if discord changes

[ AB & D. Terno PRA '11]
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Quantum gates

laxwell’s local demon and quan
Distributed quantum gates a

Gates and discord

A
Recive info
Send result From Alice
ToAlice

- 9¢ @

What can Bob do?
@ Perform some operation
@ Make a measurement and send information to Ali

@ Perform some operation which depends on inform
received from Alice

Aharon Brodutch Quantum Discord and the Qu

Page 29/34



Quantum gates

Distributeci .q.uantm-n Qaté

Gates and discord

info
Send result Fropilice

To Alice
cox o

What can Bob do?

@ Perform some operation

ed £ Al
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Condusions

conclusions

Almost all bi-partite quantum states contain quantum correlations.

The state
| 4

4
has non zero discord for all values of z > 0.

[+ z|y) (¥

Quantum correlations are an indication that an operation on the
system cannot be implemented without quantum resourge
(entanglement).

Can this be used to identify the quantum advantage?
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Conclimons

Types of discord

We can redefine discord using p — Ma(p) = ¢/

o The change in MI: D(B|A) = I(p) — ma AL ()] 1w Zurek adp
00]

@ The change in entropy: Dy;(BlA) = minp, S(p
Zurek PRA ]

o The relative entropy from a classical state
Dr(BJA) = min, S(p|\) Ln(BlA) x

@ The geometric distance D¢ (B|A) = min VA

Vedral, & C. Brukner PRL "10)]

i
o The change when the me it is in th
.\'l_.tf_;"\ ) :
All vanish simultaneously! jas & p.Terna PRA 10)
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Mutual information

Classical correlation and discord
Classical states

Types of discord

@ Mutual information:
I(A: B):

@ Classical correlations:

J(BIA) := S(B) — min S(B|M,)

[ L. Henderson & V. Vedral "Classical, quantum and total correlations” JPA 2001]

@ Quantum Discord:
D(B|A) .= I(A: B) — J(B|A)

[H. Ollivier & W. Zurek "Quantum Discord: A Measure of the Quantumness

PRL 2001]
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