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Abstract: We define a measure of the quantumness of correlations, based on the operative task of local broadcasting of a bipartite state. Su
is feasible for a state if and only if it corresponds to a joint classical probability distribution, or, in other terms, it is strictly classically correlate
gap, defined in terms of quantum mutual information, can quantify the degree of failure in fulfilling such a task, therefore providing a meas!
how non-classical a given state is. We are led to consider the asymptotic average mutual information of a state, defined as the minimal
mutual information between parties, when they share an infinite amount of broadcast copies of the state. We analyze the properties of such
and find that it satifies many of the properties required for an entanglement measure. We show that it lies between the quantum- ¢
classical-conditioned versions of squashed entanglement. The non-vanishing of asymptotic average mutual information for entangled states
interpreted as a signature of monogamy of entanglement.
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Motivation

_\It is important to analyze features that distinguish
the quantum world from the classical one (from both a

fundamental and a practical point of view)
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Motivation

_\It is important to analyze features that distinguish
the quantum world from the classical one (from both a

fundamental and a practical point of view)

_1Quantum correlations are stronger than classical
(entanglement)

_\Is there more than entanglement in the quantumness
of correlations? In what sense?
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@ Correlations and mutual information
@ More than “just” separable states: (QQ), CC, and CQ

4 ™ 1 i - TS P aWe e



QOutline

'\ What makes correlations quantum?

@ Correlations and mutual information
@ More than “just” separable states: (QQ), CC, and CQ

_\ An operative characterization of quantumness:
@ Local broadcasting
@ No-local-broadcasting of quantum correlations
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Qutline

'\ What makes correlations quantum?

@ Correlations and mutual information
@ More than “just” separable states: (QQ), CC, and CQ

1 An operative characterization of quantumness:
D Local broadcashng
@ No-local-broadcasting of quantum correlations

_\From quantumness (back) to entanglement
@ Measures of non-classicality
@ I*?: a candidate entanglement measure
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Qutline

| What makes correlations quantum?

@ Correlations and mutual information
@ More than “just” separable states: (QQ), CC, and CQ

) An operative characterization of quantumness:
@ Local broadcasting
@ No-local-broadcasting of quantum correlations

I

_JFrom quantumness (back) fo entanglement
@ Measures of non—classmallfy
@ I*?: a candidate entanglement measure
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Correlations

(Oa ® Og) ={04){OF)
for all Os , Og

4 ~ 1 3 o SR F Y aWe b



Correlations

i -~ | 4 &l
Uncorrelated states

(04 ®O0p) = (04)(05p)
for all Op , Og

PAB = PA X PB
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Correlations

Uncorrelated states

(04 ® O) = (04)(0p)
for all O4 , Og

PAB = PA X PB

easures of correlations: C=C(A:B)=C(pag)=0
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Correlations

Uncorrelated states

(04 ® Of) = (04){(0%)
for all Os , Og

PAB — PA X PB

Aeasures of correlations: C=C(A:B)=C(pas)=0
) C(pas)=0 © pas =pPa® Ps
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Correlations

Uncorrelated states

(O ()FB> = (04) <OTB>
for all Op, - OE

easures of correlations: C=C(A:B)=C(pag)=0
L) C(pas)=0 © pas =pPa ® P8
[ p’as = (Aa = Ns)lpas] = C(pas) = C(P’'as)
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A measure of correlations: quantum

mutual information

We choose quantum mutual information (MI):
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A measure of correlations: quantum

mutual information

We choose quantum mutual information (MI):
Clpas)=I(pas)=S(A)+S(B)-S(AB)
Von Neumann entropy: S(X)=S(px)=-Tr( pxlogpx)
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A measure of correlations: quantum

mutual information

We choose quantum mutual information (MI):
C(pas)=L(pas)=S(A)+S(B)-S(AB)

Von Neumann entropy: S(X)=S(px)=-Tr{ pxlogpx)

It satisfies the two axioms:

7| I(pas)=0 © pPas=Pa = Ps
A p'as = (As 2 Ne)Pas]l = I(pas) = I(P'as)
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Remarks on quantum MI (I)

The natural generalization of classical MI

4 ™ L 3 o R At Fo e e b o
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The natural generalization of classical MI

Quantum MI: I(pas)=S(A)+S(B)-S(AB)
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Remarks on quantum MI (I)

The natural generalization of classical MI

Quantum MI: I(pas)=S(A)+S(B)-S(AB)
lassical MI: I({ 8 })=H({ piH)+H({ pE1)-H({E pi2})

Shannon entropy

H(A)
H(B)




Remarks on quantum MI (I)

The natural generalization of classical MI

Ruantum MI: I(pas)=S(A)+S(B)-S(AB)
lassical MI: I({ pi8 })=H({ pi})+H({ pE1)-H({ pi2})

Shannon entropy

H(A)
H(B)
I(A:B)




Remarks on quantum MI (II)

Measuring correlations by destroying them
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Measuring correlations by destroying them
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ecorrelahng by random unitaries [Groisman et al.]
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Remarks on quantum MI (II)
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Remarks on

quantum MI (II)

Measuring correlations by destroying them
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Remarks on quantum MI (II)

Measuring correlations by destroying them
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ecorrelahng by random unitaries [Groisman et al.]
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Asymptotically lim — — I(p 1) bits of randomness
)er copy are necessary and sufficient
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Remarks on quantum MI (III)

Entanglement assisted capacity of quantum channels
Sender (A) cPT m“P N Receiver (B)

Quantum
channel
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Remarks on quantum MI (III)

Entanglement assisted capacity of quantum channels
Sender (A) T Receiver (B)

lassical Quantu
input
essage channel
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Entanglement assisted capacity of quantum channels
Sender (A) cPT mﬂP N Receiver (B)

Remarks on quantum MI (III)

lassical Quantum
e _
gspszge E> Pin ( channel
Classical- fo—quanfum

encoding
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Remarks on quantum MI (III)

Entanglement assisted capacity of quantum channels
Sender (A) CPT map N Receiver (B)

\
gspstcllge E> o E> ( channel mef
!

Classical-to-quantum
encoding
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Remarks on quantum MI (III)

Entanglement assisted capacity of quantum channels

Sender (A) cPY mee N Receiver (B)
l_assi?_al Quantum E> I:> Classiciql
ot E> P[> e i o

Classical- fo-quanfum Quanhm—fo-classnca

encoding decoding
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Remarks on quantum MI (III)

Entanglement assisted capacity of quantum channels

Sender (A) cPT mﬂ\lf N Receiver (B)
l,ﬂssiial Quantu I:> E> Classic?l
nput . 0> Pe > (e o e

! I _
Classical-to-quantum + Quantum-fo-classica
encoding decoding

.\/WVW\/'WW\/.
@ -~~~ ~~~~~~ AP | Additional resource: infinite
> . . shared entanglement

WM
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Remarks on quantum MI (III)

Entanglement assisted capacity of quantum channels

Sender (A) CPT m“{’ N Receiver (B)
lassical Quantum Classical
input | st tput
nput . > Pn L ( gharnell ) [ Pout L output

1 1 _
Classical-to-quantum Quantum-to-classica
encodiﬁg + decoding

.\/WVW\/'WW\/.
@~~~ ~~~~~~A@ | Additional resource: infinite
. . . shared entanglement
.\/\/\N\/\/\/\/\/\N\/.
ntanglement-assisted capacity of a quantum channel
CE(N)= max I((Na®idg)[thapg]) [Bemettetall
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Separable states

JAB = PA @ PB uncorrelated: can be prepared locally
without communication
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Separable states

)AB = PA @ PB uncorrelated: can be prepared locally
without communication

lassical correlations (as those present in separable states)
an be explained in terms of (classical) communication
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Separable states

)AB = PA @ PpB uncorrelated: can be prepared locally
without communication

lassical correlations (as those present in separable states)
an be explained in terms of (classical) communication

Distribution of
correlarions

Source: | _»Alice
G.0) withe o 8
probability Pij\j* Bob
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Separable states

)AB = PA @ PB uncorrelated: can be prepared locally
without communication

lassical correlations (as those present in separable states)
an be explained in terms of (classical) communication

Distribution of L ocal
correlarions preparaftion

: . prepare

Source: i _»Alice D A
(i.j) with g Pi

probability pij$ T D pri%are
J
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)AB = PA @ PB uncorrelated: can be prepared locally
without communication

lassical correlations (as those present in separable states)
an be explained in terms of (classical) communication

Separable states

Distribution of Local
correlations preparation
B
: ‘ prepare | PAB — Z PijPi O Pj

Source: /AIICE D pf* 7

(i,j) with ; i
srobability p; =Y pipi @0,
obabilty Py~ gop > PreRare e

. .
7 ’

Separable state
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Separable states

)AB = PA @ PB uncorrelated: can be prepared locally
without communication

lassical correlations (as those present in separable states)
an be explained in terms of (classical) communication

Distribution of | ocal
correlarions preparation

A - B
E> pr‘epare PAB = Z Piif; Qp

Separable state
Source: Alice
(i.J) with i N . A B

probability pu\ Bob D prepare o szﬂg & Oy

e with p; = D; ;
i i = Py
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Hierarchy of correlations

et of quantum
tates
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Hierarchy of correlations
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Hierarchy of correlations
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Hierarchy of correlations
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Hierarchy of correlations

\

ot of quantum Opemflonal_ distinction: Bell inequalities, QKD,...
Quantification: many entanglement measures
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Hierarchy of correlations

e

ot of quantum Opemflonal_ distinction: Bell inequalities, QKD,...
Quantification: many entanglement measures
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Hierarchy of correlations
- ,

ot of quantum Opemfional_ distinction: Bell inequalities, QKD,...
Quantification: many entanglement measures
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he set of separable states revised
finer description of the set of separable states:
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he set of separable states revised

finer description of the set of separable states:
— Bi-orthonormal basis

CC states 000001 " {(EMA-A) g
' - . . Ol | (3l =
Y pislijil @ i)l (islls) = b5

1] 11
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he set of separable states revised

finer description of the set of separable states:
— Bi~orthonormal basis

CC states 0000 Ol 10 11 {(‘ifilk‘,l) oy
Zp!;jlz)A(z\ ® |7)3] (JBllB) = 9ji

®
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The set of separable states revised

finer description of the set of separable states:

— Bi-orthonormal basis
Q001 10 11

CC states

- {(Mik.‘l) = dik

S X P oL IBllB) = 90

Zpij|-z>ﬁ<z\®mgo| = e,
?,J 11

separable states (QQ)
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he set of separable states revised

finer description of the set of separable states:
— Bi-orthonormal basis
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'he set of separable states revised

CC states
> pijliil © |7)l
Q states
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The set of separable states revised
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> pijligil © |7)]
Q states

sz Wil ® p;”

epamble states (QQ)

E pipi @ pi
;

he set of separable states revised

finer description of the set of separable states:

L A R R

000l 10 11 {(h—l“ﬁ;&) - 51k

(UBllB) = 9ji

00
o1
10
11

Q0 01 10 11
00
01
10
11

00 O1 10 11
00
O1
10
11



Broadcasting

| | ey e Y / ) = ey £
roadcast states pAA of p,f satisfy ;O;;4 — Pf = ﬁ--‘ﬁ
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Broadcasting
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Broadcasting

= Y pt satisfy = p",‘f’ ==
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Broadcasting
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Broadcasting

il . } = A’
roadcast states ,55‘*4 of pf satisfy pf = p.‘f — pf
, -4 - _A
./W\/\"’
~A A’
Pi

ytandard broadcasting

ingle system A, many states p‘f, pf it
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Broadcasting

of pi* satisfy pi' = pi* = pf

A

roadcast states ‘53*‘1
’ =gper
./\/\_/\/\’."
~A A’
Pi
ytandard broadcasting
ingle system A, many states pi', 3, - -

Def: The set of states {pf} can be broadcast if there IS
. A — AA’ such that A[p{'] is a broadcast state for p;’
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Broadcasting

roadcast sta ,5;” of pr SElu " —p. —g°
; ~& __ A
Al ,‘A/ P =k
~A A’
i

ytandard broadcasting
ingle system A, many states p‘f, ,051. e

Def: The set of states {p;'} can be broadcast if there is
. A — AA" such that A[p{'] is a broadcast state for p;'

rem [Barnum et al.] broadcasting

~n broadcastina the
"I.....-' E— ' Ll Ll e Ll nd B ""'E. 1 |

f{p{'} is possible iff [ﬁg p;i| = 0 (classicality of set)
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Local broadcasting

wo systems A and B, single state p*Z
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Local broadcasting

wo systems A and B, single state p'”
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Local broadcasting

wo systems A and B, single state p*Z

-~ A A ! AB ; .- AT
Broadcast states 5* PEof p” “satisfy 57 =p* P = p*F
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Local broadcasting

wo systems A and B, single state p*Z

_AA'BE o AR - ! AT
Broadcast states 5% PEof p” “satisfy 57 =p* P = p*F
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Local broadcasting
B

wo systems A and B, single state p**

A ! :18 o 5 _ A’ ¢
Broadcast states 5" ©"of p” “satisfy 7 =p" 7 =p

~AA"BB’
P

AB
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