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If there are ubiquitous
— and without doubt —

guantum features,
| do want to understand them!









Focus on basic operational tasks / properties that
distinguish the quantum from the classical

Be quantitative — not just qualitative

Connect with recent QIP results and modern techniques
(like semidefinite programming)



_ Focus on basic operational task
ﬂ that distinguishes
the quantum from the classical



On what it means for correlations to
be(have) classical(ly)
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On what it means for correlations to
be(have) classical(ly)

measurement preparation

— i

PAB PAB

the same state?




On what it means for correlations to
be(have) classical(ly)

entanglement-breaking channel

the same state?




If the quantification of correlations is in terms of mutual information,

I(A:B)=S(A) + S(B) — S(AB)

with the von Neumann entropy

S(X) = S(px) = —Tr(px log px)



If the quantification of correlations is in terms of mutual information,

I(A:B)=S(A) + S(B) — S(AB)

with the von Neumann entropy

S(X) = S(px) = —Tr(px log px)

the answer ( “yes” / “no” ) is the same from either perspective!

(We know this thanks to a powerful result by Petz)



The following are equivalent:

There exists an entanglement breaking channel AFB

such that A%B paB| = paB

There exists a measurement Mp_,y

suchthat I(A:Y) 1 =1(A:B)y,p

Mp_vylpas

B is classical to begin with, i.e.

pas =Y pop’s © [b) (bl
b




Quantum discord

D(A:B),:= min (I(A:B)p.p —I(A:Y)Mp vipan])

Mp_y

[Olliver&Zurek, PRL 2001; Henderson&Vedral, JPA 2001]



The following are equivalent:

There exists an entanglement breaking channel AFB

such that A%B paB| = paB

There exists a measurement Mp_,y

suchthat I(A:Y) 1 =1(A:B)y,p
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B is classical to begin with, i.e.
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The following are equivalent:

There exists an entanglement breaking channel AFB

such that A%B paB| = paB

pAB has vanishing discord on B

B is classical to begin with, i.e.

pas =Y pop’s © [b) (bl
b




The following are equivalent:

It is possible to store / transmit classically the B part
of pap

pAB has vanishing discord on B

B is classical to begin with, i.e.

pas =Y _pops @ |b)(bl s
b




On what it means for correlations to
be(have) classical(ly)

broadcast channel
(multiple outputs)

PAB » PAB: B,




On what it means for correlations to
be(have) classical(ly)

broadcast channel
(multiple outputs)
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Are pap, and pap,equalto pap ?

PAB

Do they contain the same amount of correlations as pap ?



The following are equivalent:

It is possible to store / transmit classically the B part
of pap

pAB has vanishing discord on B

B is classical to begin with, i.e.

pas =Y _pops @ |b)(bl s
b




The following are equivalent:

It is possible to store / transmit classically the B part
of pap

pAB has vanishing discord on B

B is classical to begin with, i.e.

pas =Y _pops @ |b)(bl s
b

pApB (equivalently, its correlations) can be locally
broadcast on side B




- Be quantitative rather than
gualitative



Mutual information and
perfect recoverability

Conditional mutual information

I(A:B|C):=1(A: BC)—I(A:C)

Strong subadditivity (a.k.a. “losing pieces does not increase correlations”)

I(A:B|C) >0

Corollary of Petz theorem:

I(A: B|C) =0 there is a recovery channel Rc_Bc

such that Ro_,pcelpac] = pasc



Mutual information and
approximate recoverability

There is a recovery channel R¢— pc such that

F(Re—pelpac) pape) = 2721 ABICa5c

with the fidelity  F'(o,p) = Tr/\/po+/p

Fawzi-Renner 2014



Discord as loss of correlations

D(A : B)P = 1min (I(A : B)PAB - I<A : Y)MB—W[PAB])

o Mp_y

measurement

Y
B M

PAB




Discord as loss of correlations

D(A:B),= min I(A:E]Y)

PAY E
VBLSYE

Mpoy || =Tre(VesyE - VfT;—>YE)

PAB




Discord as loss of correlations
loss recovery
measuzrement é prepazration

PAB
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Discord as loss of correlations (1)

loss i recovery
measurement preparation

|
N

PAB { @ mmememmmmmmmmmm=—-
entanglement-breaking channel




Surprisal of measurement
recoverability

Using Fawzi-Renner [Seshadreesan and Wilde, 2014]

sup  F(AR®[pag), pan) > 9~ 3 D(A:B)
AEBcEB

entanglement class of entanglement
breaking channel breaking channels



Surprisal of measurement
recoverability

Using Fawzi-Renner [Seshadreesan and Wilde, 2014]

sup  F(AS°[pag), pag) > 9~z D(A:B)
AEBc CEB

Small discord implies the possibility of transmitting / storing
part of a quantum system classically with high fidelity

(Converse also true: high discord = low fidelity)



Surprisal of measurement
recoverability

Using Fawzi-Renner [Seshadreesan and Wilde, 2014]

sup  F(AR®[pag), pan) > 9~ 3 D(A:B)
AEBcEB

Introducing the suprisal of measurement recoverability
[Seshadreesan and Wilde, 2014]

Dp(A:B):=—log sup F?*(AEP[pas],pan)
AEBc CEB

onhe can write

l)F(f1213)<:l)@4ZJB)



Remarks

The surprisal of measurement recoverability is a good

“quantumness of correlations” / discord-like measure in itself
It actually has an operational meaning that we (can) use to motivate discord!

Neither the discord proper nor the surprisal of measurement
recoverability are easily computed (either analytically or

numerically)
General lower bounds were also lacking

Many other discord-like measures have been proposed, but:

— not necessarily related to fundamental quantum information
processing tasks / fundamental quantum properties

— not necessarily easy/easier to compute in general cases



Semidefinite-programming techniques
\\}/ to study discord



A general paradigm

Dp(A: B) = —logsup F*(Ag[pas], paB)
AeLl
channel interesting class
of channels

( Can be further generalized! [P, Narasimhachar, Calsamiglia, NJP 2014] )



A general paradigm

Surprisal of measurement recoverability is special case

DF(A : ﬁ) — DF’LEB(A . ﬁ)

class of entanglement
breaking channels

Furthermore

EEBgE DF’E(AE)SDF,ﬁEB(AE)SD(AE)



PAB

Symmetric broadcasting

fully symmetric
(Bose-symmetric)
subspace

of k copies

of B



Symmetric broadcasting
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: B : k-Bose symmetric
: : extendible channel
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Symmetric broadcasting

B, -ol
: B : k-Bose symmetric
: : extendible channel
BZ -. l’
g
1 B

PAB

1 =

___________ > A" [pas]

Every entanglement-breaking channel is ==-Bose symmetric extendible

$ £EB C £Sym+(k)



Symmetric broadcasting

Furthermore there is an entanglement-breaking channel A%B

such that [Chiribella 2011]

Sym_ (k
sup A (05" o], AF[oan]) < 2
PAB
&’trzce distance

Loymy (k) _y pEB for k — oo

DF,£Sym+<’<«‘> (A:B) — Dp e (A: B) for

k — oo



Remarks

It is a hierarchy

DF’£Sym+(k) (A . E) S DF’Lsym_,_(k-i-l) (A . E)
Every element of the hierarchy is a valid discord-like measure

Even the lowest level of the hierarchy provide a faithful lower bound
to discord (from no-local broadcasting)

DF,LSym_i_(Q)(A:E) =0 D(A:E) =0



An SDP program for fidelity

Fidelity F(o,p) = Tr+/\/po/p

corresponds to the SDP

1
maximize 5 (Tr(X) + Tr(XT))

: p X
>
subject to (XT 0) >0

[Watrous 2012, Killoran 2012]



An SDP program for
DF7£Sym+(k) (A . E)

maximize

subject to

parameterizes the
extendible channel
via the
Choi-Jamiolkowski
isomorphism

r
Wgpe >0 '\
Wg =1pg

1 ™
— T
2 (Tl"(X) T TI‘(X )) computes fidelity
>. between input state
(PATB Ty ) > () and output state
X Tr\ABl (WBkaAB) )

Sym (k)
A +
Wpps = 5, WepIlE,. B paz]



An example

I | [-—-Sym. (k = 2)|
0.2 Symj:(k =3)
Sym, (k =4)
- --Sym, (k = 5)
| ——Ent. break.||
0.15 Drilscorrea
0.1r

0.05¢

pas(0) = 310){01a @ [Yo(0) o ()]s + 511){11a @ 11 ()1 (O]

with |94 (0)) = cos(0/2)]0) + (—1)*sin(0/2)[1)



General broadcasting of correlations

PAB

no constraint
on the output
(no symmetry,
no bound on
dimensions)



General broadcasting of correlations

PAB




An operational interpretation of
guantum discord

average loss of correlations

inf li(I(A:B)—](A3Bj)>

AasBy..BL, N 1 measurement

I(A: B)— I(A: B
s o0 > ( ) mj\éix ( )(IA®MB)[PAB]

guantum discord

[Brandao, P, Horodecki, arXiv:1310.8640]



[Brandao, P, Horodecki, arXiv:1310.8640]




[Brandao, P, Horodecki, arXiv:1310.8640]
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[Brandao, P, Horodecki, arXiv:1310.8640]



An arbitrarily high fraction of the effective channels are each
close to a measure-and-prepare channel, with the measurement
stage the same for all of them

[Brandao, P, Horodecki, arXiv:1310.8640]



Conclusions

We have introduced a hierarchy of faithful discord-like quantifiers

The hierarchy deals with the fundamental task of broadcasting / &
redistribution of correlations

The hierarchy converges to the surprisal of measurement g
recoverability, which deals with the fundamental task of
classical storing / transmission of quantum information

»
Each element of the hierarchy corresponds to an SDP \(

SDP techniques are ubiquitous in quantum information, in particular »
to detect entanglement; we extend their use to the study of discord -\

Discord itself emerges in considering the average loss
of correlations in local broadcasting

—



Open questions

Is a state that is well transmitted through an entanglement-breaking
channel close to being quantum-classical?

What other uses of SDP techniques can be made in the study of
discord / quantumness of correlations?

How can we achieve this?
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