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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. Such a task
isfeasible for a state if and only if it corresponds to ajoint classical probability distribution, or, in other terms, it is strictly classically correlated. A
gap, defined in terms of quantum mutual information, can quantify the degree of failure in fulfilling such atask, therefore providing a measure of
how non-classical a given state is. We are led to consider the asymptotic average mutual information of a state, defined as the minimal per-copy
mutual information between parties, when they share an infinite amount of broadcast copies of the state. We analyze the properties of such quantity,
and find that it satifies many of the properties required for an entanglement measure. We show that it lies between the quantum- and the
classical-conditioned versions of squashed entanglement. The non-vanishing of asymptotic average mutual information for entangled states may be
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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Qutline

| What makes correlations quantum?

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

"\ What makes correlations quantum?

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

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

—

_JFrom quantumness (back) fo entanglement
@ Measures of non-classicality
@ I*?: a candidate entanglement measure
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Correlarions
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Jncorrelated states
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Correlarions

Uncorrelated states

(04 ® O) = (04){(0%R)
FOT all O,a, s OE
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Correlations

Uncorrelated states

(04 ® O%B) = (04)(0%)
for all O,a, . OB

PAB = PA XD PB
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Correlations

Uncorrelated states

(04 ® O%) = (04)(0)
for all O , Og

PAB = PA XD PB

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

Uncorrelated states

(04 ® Op) = (04)(OB)
for all Oa , Og

PAB = PA X PB

easures of correlations: C=C(A:B)=C(pas)=0
L C(pas)=0 < pas=pPa® Ps
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Correlations

Uncorrelated states

PAB = PA XD PB

for all Op, . OB

easures of correlations: C=C(A:B)=C(pag)=0
L) C(pas)=0 < pas=pPa = Ps
[ p'ag = (Aa = Ns)lpas] = C(pas) =C(p’as)

— R A 0 - 4 ™ LI -_— e 1% A R g




A measure of correlations: quantum
mutual information

We choose quantum mutual information (MI):
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mufual_l_nForma’rlon

We choose quanfum mutual information (MI):

Clpas)=I(p (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 quanfum mutual information (MI):

Clpas)=I(p (A)+S(B)-S(AB)
Von Neumann entropy: S(X)=S(px)=-Tr( pxlogpx)

It satisfies the two axioms:

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

The natural generalization of classical MI

a4 ™~ L3 _— et ot Fo Ve e e 4



Remarks on quantum MI (I)

The natural generalization of classical MI

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

4 ™ L i -_— T dads A R g —



Remarks on quantum MI (I)

The natural generalization of classical MI

Quantum MI: I(pas)=S(A)+S(B)-S(AB)
lassical MI: I({ pi? })=H({ p{'})+H({ pB1)-H{ pE})




Remarks on quantum MI (I)

The natural generalization of classical MI

Quantum MI: I(pas)=S(A)+S(B)-S(AB)
lassical MI: I({ pi® })=H({ p{'})+H({ pB1)-H({ piE})

Shannon entropy




Remarks on quantum MI (I)

The natural generalization of classical MI

Quantum MI: I(pas)=S(A)+S(B)-S(AB)
lassical MI: I({ p® })=H({ p{'})+H({ pE1)-H({ piE})

Shannon entropy

H(A)




Remarks on quantum MI (I)

The natural generalization of classical MI
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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({ pi® p)=H({ p{'})+H({ pE})-H({ piE})

Shannon entropy

H(A)
)
I(A:B)




Remarks on quantum MI (II)

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

Measuring correlations by destroying them

@
@
T
@@

-
Decorrelating by random unitaries [Groisman et al.]
S
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Remarks on quantum MI (II)

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

Measuring correlations by destroying them
.\/\/\/\/\/\/.

-~ @
-0
e @

(NN, |
%
pn Wa % Ws

ecorrelahng by random unitaries [Groisman et al.]

N Z{( 2 IB)Pl (U QIp) ~wy @uwp

S—

Asymptotically lim — [(p 1) bits of randomness

A B 4 & B

)er copy are necessary and sufficient
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Remarks on quantum MI (II1I)

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

Quantum
channel
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Remarks on quantum MI (III)

Entanglement assisted capacity of quantum channels
Sender (A) cPT rm‘1F’ N Receiver (B)

l'assiial Quantum
l-'.s[jspsta;l{.]s.=: channel
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Entanglement assisted capacity of quantum channels
Sender (A) cPT m“P N Receiver (B)

lassical Quantum
et :
gsgzge I:> . ( channel
Classical- ’ro—quanfum

encoding

Remarks on quantum MI (III)
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Remarks on quantum MI (III)

Entanglement assisted capacity of quantum channels

Sender (A) cPT m“{’ N Receiver (B)

IGSSICGI Quanfum

: : .

Espstélge I:> Pin E> ( channel Dpouf
f

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

Entanglement assisted capacity of quantum channels

Sender (A) CPT rn“1P N Receiver (B)
l_ﬂssiial Quantum I:> E> Classicigl
e E> P[> (i Poct [ > output

Classical- fo-quanfum Quan'l'um—i'o-classma

encoding decoding
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Remarks on quantum MI (III)

Entanglement assisted capacity of quantum channels

Sender (A) cPT m“{’ N Receiver (B)
lgssiial Quantu I:> E> Classit:?I
rput . 0> Pe > e P S e

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

.\/WVW\/'WW\/.
@ -~~~ ~~~~~~A@ | Additional resource: infinite
> . . shared entanglement
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Remarks on quantum MI (III)

Entanglement assisted capacity of quantum channels

Sender (A) cPT mﬂ{’ N Receiver (B)
lassical Quantum Classical
i _ D D
g‘sfi,‘;ge I:> Qin E> ( channel P n?é‘;ﬁ;‘ge

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

.WWWW\/W\/.
@ -~~~ ~~~~~~A@ | Additional resource: infinite
. . . shared entanglement
.\/\/\./\/\/W\./\/\/\/\/.

ntanglement-assisted capacity of a quantum channel

CE (.\. ) — Imax [( (.\1‘;.1 X idB ) [LJBD [Bennett et al.]
IrgvAaB
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Separable states

)AB = 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

Distribution of
correlarions

Source: | _»Alice
(i.J) with ey
T‘Obdblllf’y Pij$ 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 Local
correlarions preparation

: ‘ prepare
Source: |__~»Alice D A
probability Pij\j* Bob D pri%are

J
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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

istribution of Local
correlarions preparation
prepare | PAB = Z Pij pi @ /)}B
Source: /i/AliceD p;{’* > ‘
(i.j) with i3 Z A o B
probability Pij\j. Bob D pri%are | 3. Pip; &K O
J

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 Local
correlarions preparation

. B
: | prepare | PAB = E PijPi & P
Source: |_»Alice D A =

Separable state

= 2 e B
probability Pij\j‘ Bob D prepare o Z Pip; 9 0;
s 7 | with P; = Pi;
Pij B

g E :
: . a
Juantum state of the classical register :
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Hierarchy of correlations
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Hierarchy

of correlations
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ot of quantum Operafrlonal. distinction: Bell inequalities, QKD,...
Quantification: many entanglement measures
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ot of quantum Operai_'iona! distinction: Bell inequalities, QKD,...
Quantification: many entanglement measures
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Hierarchy of correlations
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Quantification: many entanglement measures
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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 AL R {<g_,1j;l-:1> — Oir

o1l [ rllr) = 4.
Zp,,ﬂ il @il - )=

11

®
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he set of separable states revised

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

CC states 0001 10 11 {(f‘-llkﬂ.{) b
: IBllB) = 9;
Y pijlilil ® 15) (iBlls) = 8

®
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he set of separable states revised

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

C states oooo o 101 {(f_-alkq) el
E pij|9)E| @ |7){J] (JBllB) = 9ji

separable states (QQ)

A — s
E PipP; & pP;
2
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he set of separable states revised

C states

> pijliil © |7)l

separable states (QQ)
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finer description of the set of separable states:
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he set of separable states revised

C statres
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'he set of separable states revised

C states
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he set of separable states revised

C states
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Broadcasting
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Broadcasting

" | 3 58 el el
roadcast states pf’l of p* satisfy p‘f = ,();,;4 = P;

Al IA’

~AA’
i
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Broadcasting
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Broadcasting
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Broadcasting

Al ; 3 - il / .
roadcast states ,5_?*4 of pf satisfy pf‘ = 10;;4 = p__;’i
’ ~A e A
./\/\/\/\.‘.
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ytandard broadcasting
ingle system A, many states p‘f, p?. ..
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Broadcasting

AL / . —~ - 3 :
roadcast states ﬁ?A of pf satisfy PEA o 10;;4 = p:l

~A A
./\/V\/\’“
~AA’
P;
ytandard broadcasting

ingle system A, many states ;)‘14., /)‘24. ..

Def: The set of states {p:'} can be broadcast if there is
- A — AA’ such that Alp?'] is a broadcast state for ,();-4
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Broadcasting
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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*Z

~AA"BB’

A o AT
Broadcast states /° kP Sty . =P =P
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Local broadcasting

wo systems A and B, single state p*Z

~ A Af / :18 s Ty i - ’
Broadcast states 5" “Zof p” “satisfy p°° =p" 7 = p*”

~AA"BB'’
P

Aw B
A B’
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wo systems A and B, single state p'”

—AABE o AN 7 A’ B’
Broadcast states 5" “"of p” “satisfy 7 =p" 7 =p

~AA'BB'’
P

AB
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Local broadcasting

wo systems A and B, single sfafe i

Broadcast states 5" PE0of p* Zsatisfy 52 = B = p*~
~-AA"BB’
P
A B
-AB __ _AB
AW~ - - -~ PR

ef: 'AB Is loc. broadcastable
fhere are Ay : A — AA
nd r B — BB’such that

g & Lé 13 IS a broadcast
ate for P 1
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Local broadcasting
wo systems A and B, single sfafe ey

Broadcast states 5 ?Zof p” “satisfy % = p* % = p*”
~AA"BB’
P
A B . - .
- e ﬁAB s PAB M
AW -~ - @B
ef: 'AB IS loc. broadcastable

fhere are '\ A A= AA
nd r B — BB'such that
g & Lﬁ 43 IS a broadcast
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Local broadcasting
wo systems A and B, single state p* 2

-AA'BE o AR A = .
Broadcast states 5" ©"of p” “satisfy p'° =5 7 =p

~AA'BB'’
P
A B

_'_ﬁAB = pAB - M
A".\’ i \/'Bl \ 4

ef: ;‘)AB IS loc. broadcastable

thereare Ag: A — AA -
nd 5 : B — BB’such that
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ate for /)"!L
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Local broadcasting

wo systems A and B, single sfafe e

Broadcast states 5 EEof p” “satisfy 57 =5t E = p’

~AA’BB’
P

A B
~AB AB

AW - - - @B

ef: /)AB IS loc. broadcastable

thereare Ay : A — AA’ A B
nd '5 : B — BB’such that

\ARIT g 13 IS a broadcast
ate for p° 1
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Local broadcas’rmg
'wo systems A and B, single sfafe p*

Broadcast states 5" BB of p*satisfy ' = B = p*~
~-AA"BB’
P
A B
-AB __ _AB
AW~ - -~ -~ PR
AB .

)ef: p” = is loc. broadcastable
thereare Ag: A — AA
nd r B — BB’such that

Ay & % AB IS a broadcast
aote For o .
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Local broadcasting
fwo systems A and B, single sfafe e

Broadcast states 5" PP of p* “satisfy ' = p* B = p*~
~-AA"BB'’
p
A B _ 4 :
R — y \:
8y B
ef: 0P is loc. broadcastable 1Y S0 "“\
thereare Ay: A — AA Am\“ | f f% g.“' B
nd r B — BB'such that e 881
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Condition for local broadcasting

Lemma 1: [Corollary of Petz]
Let 048 = (A4 ®T'5)[p25], then
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Lemma 1: [Corollary of Petz]

Let 048 = (A4 ®T'5)[p25], then

APy ST g’ S BRI
P (A% ‘FB)[J‘ ]
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Condition for local broadcasting

Lemma 1: [Corollary of Petz]
Let 048 = (A4 ®T'5)[p25], then

I(04P) = [(p*P) e 2T Such that
pr = (A, *FB)[J‘ ]

Lemma 2:
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Condition for local broadcasting

Lemma 1: [Corollary of Petz]

Let 048 = (A4 ®T'5)[p25], then

3 A%, I'; such that
p?% = (A4 ®Tp)[0*”]

Ha* "o ito" )3

Lemma 2
x = ¥ ke broauwsf state
S locally ~ " | B3 .
. a5 = tor £  such Thart
broadcastable _
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Condition for local broadcasting

Lemma 1: [Corollary of Petz]
Let 08 = (A4 ®T'5)[p25], then

3 A%, I'; such that

I{a*"y=¥(p" ") 2
p*B = (A ® Tp)[o*P)

Lemma 2
F 3 p° " 7 broadcast state
IS locally > \ 3 : _
; | — ror p such thart
proadcastable e By

Proof relies on the fact that I((A4 @ T'r)[pl) < I(p)
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Condition for local broadcasting

Lemma 1: [Corollary of Petz]

Let 08 = (A4 ®T5)[p25], then

3 A%, ', such that
p% = (A4 ®Tp)[0*”]

I(c?%) =I(p?") &

Lemma 2
4 p° " — "~ broadcast state
s locally . A 5
AR o ror p such that
broadcastable . .

Proof relies on the fact that I((Aas @ 'g)lpl) < I(p)
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No local broadcasting of states

Theorem: p is locally broadcastable < p is CC
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No local broadcasting of states

Theorem: p is locally broadcastable < p is CC
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No local broadcasting of states

Theorem: p is locally broadcastable < p is CC

Qﬁ%igsl(ﬁ(z))-l(p)ﬂ & pis CC
of p
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No local broadcasting of states

Theorem: p is locally broadcastable < p is CC

in I(0@)~I(p)=0 & p is CC
s =T2)(p)
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No local broadcasting of states

Theorem: p is locally broadcastable < p is CC

I(p):O < P iIs CC
p'¢ BS
» e =1?(p)

N\2(p)=I?p)-I(p) is a measure for the non-classicality
of a state
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No local broadcasting of states

Theorem: p is locally broadcastable < p is CC

I(p)=0 < pis CC
p'¢ BS
e P =T(p)

N\2(p)=I?p)-I(p) is a measure for the non-classicality
of a state
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No local broadcasting of states

Theorem: p is locally broadcastable < p is CC

in (0@)xI(p)=0 & p is CC
= 5 =I?(p)

N\2(p)=I?p)-I(p) is a measure for the non-classicality
of a state

rivial bounds: O < E\-if{p) <I(p)
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No local broadcasting of states

Theorem: p is locally broadcastable < p is CC

I(p):O < pis CC
p'¢ BS
G > =1%(p)

N\2(p)=I?p)-I(p) is a measure for the non-classicality
of a state

rivial bounds: O < 5 (p) <I(p)

e have seen that by LO we can transform a CC state
nto a non-CC one
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No local broadcasting of states

Theorem: p is locally broadcastable < p is CC

in (0@)xI(p)=0 & p is CC
o i =1?(p)

N\2(p)=I?p)-I(p) is a measure for the non-classicality
of a state

rivial bounds: O < E\_z:(p) = ({s)

e have seen that by LO we can transform a CC state
nto a non-CC one

> Pij[2)(2| @ 7)0 —-Zp,_,h\, 2 I')|le) (z| @ |7) Gl _ZPFW! 2 P
1] 1] ]
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Examples (I)
) CC states  Pec = ZPUI | @ (7)1

Possible broadcast s’rafe clone local orthonormal basis

12(pe) < I(Z pi; 1) (ii| @ |75){771 )=I(pec)
—> A%(p)=0

Pure stares Ppure = IU><L‘
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Examples (I)

qu'q

p CC statesS Pee = Z Pij|t | | X IJ) <J|
Possible broadcast s’rafe clone local orthonormal basis

1@(pco) < I(Z pi;|ii) (ii| @ |55) (57| )=I(Pec)
> A?(p)=0

—

Pure stares Ppure = [U><C“
The broadcast state is of the form Ppme [4) (%]

o

e, e inalis e e



Exampl_ejQ
» CC STal ZPU| |\2] |J><J|

Possible broadcast s’rafe clone local orthonormal basis

1(pee) < I(Z pijli) (il @ 1330471 )=I(Pcc)
> A9(p)=0

Pure stafes Ppure = I'U>< / ‘
The broadcast state is of the form p( = |Y) (V] o

pure

TO(P)=1( %) (4] %% )=21(pure)=4EHY)

TN g e e —



Examples (I)

) CC states Pecc = Zpij|i>p§i| X |J>B<J|
1]
Possible broadcast state: clone local orthonormal basis

T(Z)(pcc) < I(Z Pij |ii2éﬁ| oy ‘]J %SJH )=I(pCC)
- 5(23(p)=0

—

Pure states ppure = |¥) (V|
The broadcast state is of the form ﬁg':l)re

1(p)=1(|") (| *? )=21(Ppure)=4E(V)
Erp(Y) = S(1rgy

= |} (2| 2
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Examples (I)
) CC states  Pec = Y P i85 @ [7){J]
1]
Possible broadcast state: clone local orthonormal basis

-f(z)(pcc) < I(Z Pij |iiL&ii| X ‘JJ %é.]ﬂ )=I(pCC)
ij
> A9(p)=0

Pure states Ppure = |U) (V|
' ”(—)) s o\ 4
The broadcast state is of the form p /. = [¥)(v

'f(z)(p)=1(?a-\ 0|%2)=21(Ppure)= 4Ef(z\)
:> AC Opure)=I(Ppure) (Maximal) Er(v) = S(Trpv)
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uishable mixtures

Ing
p P = " pilwa) (il st 3 {PAY : PR lws) = Sultn)
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Examples (II)

» Uni-locally distinguishable mixtures

2

¥ I:I ¢
> ) = Yl 0)] +— O

Where Eg(p) = min qu-EF(\CJ;;)
{gr .0k } r
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Examples (II)

‘”"‘-'5_' distinquishable mixtures

Zptu Vil st 3 {PAY} : PAW;) = dik|vn)

.. k ’ decomposition
|:> [(p) = BErlp) + S(pB l/is optimal!!

Where Er(p) = min quEfﬁ(C)k) BN

{q,:c « @k }- I
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Examples (II)

Uni-locally distinguishable mixtures
Zptlt ) ,;| sk {P{l} : P;:_1|L1> — 5;_;“Lk>
decomposition

> I(p) = Egrlp) +S(pr is optimal!!

Where Eg(p) = min quEp(m) =)

[

gk . Pk
{q 3

We know the form of the opfimal broadcast state!

/):}pt _ZQEJ|L ‘L 2<L}’
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Examples (II)

Uni-locally distinguishable mixtures
ZPJL Vil st 3 {PY}: PO i) = ilon)

decomposition

> I(p) = Egr(p) +S(pr /is optimal!
Where Er(p) = min quEp(m) =N p.Eg

{qk. ok} -

k

We know the form of the opfimal broadcast state!

/):)pt - Z qi | L Yi| & ‘ szél*}lf
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Examples (IIa)

A special case is given by states (on C* ® C?)
| .i,
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Examples (II)

p» Uni-locally distinguishable mixtures

pA8 = " pilwi) (il st 3 {PAY : PAws) = dixlton)

decomposition

C> I(p) = Er(p) +S(pB) /is optimal!!

Where Eg(p) = min Zr;A-EF(G.L-) 53
{gr .0k } .

k

We know the form of the optimal broadcast state!

Popt = Y @islwa)(wil ® |9;)(0;]
3
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Examples (IIa)

A special case is given by states (on C* 2 C?)




Examples (11a)

A special case is given by states (on C* % C?)
| _i

Vo) = /1 — pl00) + /ul11) ;  [P1) = (X @ Us)|vo)
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Examples (I1a)

A special case is given by states (on C* % C?)

1
|
L

= /1 — p|00) + /z|11) ;  [¢1) = (X @ Up)|o)

X|n) = |n 34 2) \

- costl —smné
(.H — ( a )

sSin # cos t/
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Examples (IIa)

A special case is given by states (on C* ¢ C?)
| 1

o) = /1 — p|00) + /u|11) ; |) = (X & La 1Y0)

S n —-—_L ".'
- LlﬁH —sin ¢ )
" sin & cos
UpsUt ® Upgl
_: - = S L’
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Examples (IIb: plots

a4 ™~ 1L 3 - D e R




Examples (I1a)

A special case is given by states (on C* = C?)

T
— - —

)

Vo) = /1 — p|00) + /ul11) ; |) = (X & Celtu

X|n) = |n 3y 2)
[ {lﬁH —sin ¢
o, sin ¢ cos t
[ { I/ [
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Examples (IIb: plots

V1 — p|00) + /z|11)

(X ® Upg)|tho)
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Examples (IIb: plots
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Examples (IIc: sections)

_T(p)

—~I(p)




Examples (IIc: sections)

‘/T(Z)(p) As 11 grows (state becomes
more entangled) the
amount of correlations

“~I(p) become independent of ¢
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Examples (IIc: sections)

/‘f(z)(p) As 11 grows (state becomes
more entangled) the
amount of correlations

“~I(p) become independent of ¢

I

) e e
o

—

A@(p) 0

L R R



Examples (IIc: sections)

As 11 grows the state
behaves more like a pure

state I13(p)— 21(p)

4 ™~ 1

/.ITZ)(p) As 11 grows (state becomes
more entangled) the
amount of correlations

“~I(p) become independent of ¢

I

Dy —
PB >

—

x

A®(p) 0
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Examples (I1d: separable cut)

1n=0

1%(p)

I(p)
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Examples (I1d: separable cut)

I(p) and IP(p) coincide
I%(p) in two points:

=0

I(p)
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Examples (I11d: separable cut)

=0 I(p) and IP(p) coincide

I?(p) in two points:
) — (): state is factorized

I(p)=I%(p)=0
(%)
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~Examples (IId: separable cut)

p=0 I(p) and I?(p) coincide
— I2(p) in two points:
7 — (): state is factorized
I(p) 12(p)=0
I(p) ) — +7/2: state is CC
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Examples (IId: separable cut)

_ Pl I(p) and I?(p) coincide
= I%(p) in two points:
— (): state is factorized
I(p)=I?(p)=0
1e) 9 — /9 state is CC
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Examples (11d: separable cut)

=0

1%(p)

I(p)

I(p) and IP(p) coincide

in fwo points:
| . state is factorized

I(p) 12(p)=0
f = +7/2: state IS CC

11=0
A®(p)

Zib A R — ]



Examples (I1d: separable cut)
- 1n=0

I(p) and IP(p) coincide
2 I2(p) in two points:
) — (): state is factorized
I(p)=I?(p)=0
1(p) ) — +/2: state is CC

—~ 1=0
) e A@(p)
Along this cut the state
IS separable, yet it Is
still non-classical

E(Z)(p) >0
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Why just two copies?

An n-copy broadcast state is
a;)ie._.__g,a, such that Tr\{PfiBi}(ﬁ("))=p




Why just two copies?

An n-copy broadcast state is
O s, a5, such that Tryasi(P™)=p

As in the 2-copy case, we define:

T(p)=min (™) and  ABYpP)=I"(p)-I(p)

P BS
paF P
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Why just two copies?

An n-copy broadcast state is
Ors, As, such that Trs(7)=p

As in the 2-copy case, we define:

()= min I(EMW) and  AM(P)I(p)-1(p)

AP))=(n-1)I0)) —"—=— oo

— kB 0 - T4 ™ L _-_— s A R g



An n-copy broadcast state is
Ap{;}zez---fg"ﬂe- such that Tr\{P“iBi}(ﬁ(n))=p

As in the 2-copy case, we define:

T(p)=min (™) and  AOYp)=I"(p)-I(p)

D BS
paF P

AOGH=n-DIE) —"== oo
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Why just two copies?

An n-copy broadcast state is
5218,__,4,8,_ such that Tryas i (p™)=p

As in the 2-copy case, we define:

T)(p)= min 1(B)  and AOYp)=I"(p)-1(p)
30 B
of p

AOG)=-DIH) —==— o

> We consider the regularized versions:

-
o

I"(n)= T} A AYN-TONAY. L T
1" \M /)= | At S | OI"Id T f._ F: ] —- Cr'_ |

\P)
] o . Y - s | J
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Asymptotic average MI

e are led to consider the asymptotic case:

A=p) = lim (19(p)- —1(P))= lim, I)(p)=I(p)
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Enfanglement measures

Any entanglement measure E should satisfy the
following properties:

O Vanishing on separable states: E(Dsep)=0

O "Weak” monotonicity under LOCC: E(Aocc [p]) <E(p)

[ Convexity: E(SkpkpPx) < ZxpkE(Px)
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Any entanglement measure E should satisfy the
following properties:

O Vanishing on separable states: E(Psep)=0

O "Weak” monotonicity under LOCC: E(Aocc [p]) <E(p)

O Convexity: E(2kpkpPx) < 2xpxE(pPk)
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Any entanglement measure E should satisfy the
following properties:

W4 Vanishing on separable states: E(Psep)=0

O "Weak” monotonicity under LOCC: E(Aocc [p]) <E(p)

O Convexity: E(2kpkpx) =< 2xpxE(pPk)

We have seen that I satisfies the first one..what
about the others?
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Properties of I (I)

A Vanishing on separable states: E(Psep)=0

O “"Weak” monotonicity under LOCC: E(ALocc [p]) <E(p)

Convexity: E(ZxpxpPx) < 2xpxE(Pk)
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Properties of I (I)

A Vanishing on separable states: E(Dsep)=0

O “"Weak” monotonicity under LOCC: E(ALocc [p]) <E(p)
Monotone under LO: I*X(As2l:)p]) < I*Xp)

| Convexify: E(kak pk) < kakE(pk)
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Properties of I (I)

A Vanishing on separable states: E(Psep)=0

O “"Weak” monotonicity under LOCC: E(ALocc [p]) <E(p)

Monotone under LO: IX(Aa2l8)[p]) < I*)p)
Monotone under LOCC on initial pure states:

I(ALocc []) < 1))

O Convexity: E(2xpxPk) < 2xpxE(pPx)

— BB . a4 ™~ LI -_— Mgt A R g ]



Properties of I (I)

A Vanishing on separable states: E(Psep)=0

@ “Weak” monotonicity under LOCC: E(Aocc [P]) <E(p)

Monotone under LO: IC((Aa=l8)[p]) < I*)p)
Monotone under LOCC on Initial pure states:

I(ALocc []) < 1))

I} is a candidate entanglement measure

O Convexity: E(ZxpxpPk) < 2xpxE(pPx)
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Properties of I (I)

A Vanishing on separable states: E(Psep)=0

@ “Weak” monotonicity under LOCC: E(Aocc [P]) <E(p)

Monotone under LO: I*X(As2l:)p]) < I*Xp)
Monotone under LOCC on initial pure states:

I*®{Acocc []) < I*)

I} is a candidate entanglement measure

Convexify: E(kak pk) < szkE(pk)

- - I,l"

. S A - - &) \
- I.xgi-{ :I- S*) E Et' 5- I ~ l.(Fjr*'_,.J

Note: MI Is neither convex nor concave
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Properties of I (II)

I lies between two known entanglement measures:

m

Es(p) < I'*(p) < Es(p)
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Properties of I (II)

I) lies between two known entanglement measures:

m

Ea(p) <I®)Xp) < E(p)

4

inf I(A:BIE),

Oase
s.T. Oas=pP
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Properties of I (II)

I) lies between two known entanglement measures:

m

<(P)

Esi(p) < I*)(p) <

s

inf I(A:BIE),

Oase
S.T. Oas=pP

Co
m

— L

)-I( A:E)=S(AE)+S(BE)-S(ABE)-S(E) (Conditional MI)
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Properties of I (II)

I) lies between two known entanglement measures:

-~

Eso(p) = I®Xp) < Es/(p)

4 =

inf I(A:BIE), inf I(A:BIE)__
Oase s.t. Oas=p
S.T. Oas=p Tage=2 PP} 2| |1)d]

- -
El-T( AR
— S

oo
m

E)-I( A:E)=S(AE)+S(BE)-S(ABE)-S(E) (Conditional MI)

g
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Properties of I (II)

I lies between two known entanglement measures:

Ec(p) < I®)(p) < ES(p)

4 4

inf I(A:BIE), inf I(A: BIE)
Oage s.t. Oag=p
s.t. Oag=p Faac=2 PP 22 |i) il
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Properties of I (II)

I lies between two known entanglement measures:

E2(p) < I=)(p) < ES(p)

4 =

inf I(A:BIE), inf I(A:BIE)_
fGABE s.t. Oas=p =,
g CfABE=Zpip?B:_T_:|£>E<£I

m
m

. *

E)=I(A:BE)-I(A:E)=S(AE)+S(BE)-S(ABE)-S(E) (Conditional MI)

i 3l
f EQ-ES1 D Problem solved if I
A Uniigss ST is NOT a measure!
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Monogamy of entanglement

@ I°)Npsep)=0: correlations of separable states can be
freely shared among broadcast copies
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Monogamy of entanglement

@ I°)(psep)=0: correlations of separable states can be
freely shared among broadcast copies
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Monogamy of entanglement

@ I°)(psep)=0: correlations of separable states can be
freely shared among broadcast copies

@ On the other hand, correlations due to entanglement
appear to be monogamous (among the copies)
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Monogamy of entanglement

@ I pyp)=0: correlations of separable states can be
freely shared among broadcast copies

@ On the other hand, correlations due fo entanglement
appear to be monogamous (among the copies)




Monogamy of entanglement

@ I°)(pyp)=0: correlations of separable states can be
freely shared among broadcast copies

@ On the other hand, correlations due fo entanglement
appear to be monogamous (among the copies)

E> it seems that there must be a finite amount of
correlarions per each copy

B B: Bk B B;

-




Multipartite case

Define the multipartite mutual information for an n-
partite state pa,,_a, as:

I( A iAn)o=2_i1S(Ai)-S(A1...An)
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Multipartite case

Define the multipartite mutual information for an n-
partite state pa,,_a, as:

I(AtJﬁvﬂ)lJ:ZS(A)*S(A_Aw:J

Then all the results can be generalized to the
multipartite case:
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Multipartite case

Define the multipartite mutual information for an n-
partite state pa,,_a, as:

I( A A)o=2:S(A)-S(A1...Ap)

Then all the results can be generalized to the
multipartite case:

@ A@ is a measure of quantumness of
multipartite correlations
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Multipartite case

Define the multipartite mutual information for an n-
partite state pa,,_a, as:

I( Az :An)o=2i1S(Ai)-S(A1...An)

Then all the results can be generalized to the
multipartite case:

@ A@ is a measure of quantumness of
multipartite correlations

@ I is a candidate multipartite entanglement
measure

a4 ™ L i -_— ==L A R g



Conclusions

| We have introduced a measure for the quantumness of

~orrelations which

— is based on the concept of local broadcasting
— is O for all CC states

— is greater than zero for separable non-CC states
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Conclusions

| We have intfroduced a measure for the quantumness of
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Conclusions

| We have infroduced a measure for the quantumness of
correlations which
— is based on the concept of local broadcasting
— is O for all CC states
— is greater than zero for separable non-CC states
1 We have shown how it is possible to compufe such a measure
for some non-trivial classes of states.
| We have discussed the role of entanglement
— deriving a candidate entanglement measure based on
the previous quantity
— showing that there is a copy-copy monogamy for (all?)
entangled states
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Open questions

'\ Quantumness can increase under LO (CC — non-CC), but
there is loss of MIL. Is there always a trade-off?

| Can we compute I? and/or I® for some (other) classes of

states?
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states?

Are there applications for this measure of quantumness?
(e.g. other measures have been used to study the
correlations in some computational models)
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Open questions

Quantumness can increase under LO (CC — non-CC), but
there is loss of MI. Is there always a frade-off?

Can we compute 12 and/or I® for some (other) classes of
states?
Are there applications for this measure of quantumness?

(e.g. other measures have been used to study the
correlations in some computational models)

What are the (other) properties of I(*)?
— Is it an entanglement measure (weak/strong
monotonicity under LOCC)?
— Is it always non-zero for entangled states?
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