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» Review

e C(lassical Mutual Information

* Measurement process

* Local accessible and Local Inaccessible Mutual Information
» Thermodynamical aspects

e Redefinition of Discord and measurement interpretation

e Correlation as a mean to produce Work

e  Quantum Deficit

« Irreversibility of entanglement

e Distribution of Correlation
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MUTUAL INFORMATION
(CLASSICAL)
H(X)Y)

H(X|Y)

— H(X,Y)— H(Y) HY|X)=H(X,Y)— H(X)

H(X)=—» p(z;)logop(z;) HY)=-=_p(ys)log, p(yr)
J k
H(X,Y) == p(x;,yx) logs p(a;, ys)
1,k

4
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POST AND PRE-SELECTED
STATES
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POST AND PRE-SELECTED
STATES

PAB

VA
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POST AND PRE-SELECTED
STATES

Measurement on B with outcome k

PAB
QW@ o = —RPABLE g

Pk

pr = Tr{llypan}
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POST AND PRE-SELECTED

STATES

Measurement on B with outcome k

0 0)\

(/)

{ ko TTB{HkPABHk}J
PA =

Pk

Post-selected state
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POST AND PRE-SELECTED
STATES

Measurement on B with outcome k

PAB
QW@ o = —RPABLE g

Pk
pr = Tr{llypan}
[pi _ TTB{Hk,OABHk}J {,014 == Zpkpi"‘ — TTB{,OAB} J
Pk k

Post-selected state Pre-selected state
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(QUANTUM) MUTUAL
INFORMATION

S(A: B) =S4 — S(A|B)
Jag = S(pa) — ijs(pf;)

TI‘B{HJ-B,OABHJ-B}

p; =Trap {Hf,OABHf} , Py =

Pj

Classical Correlation

L. Henderson and V. Vedral, J. Phys. A 34, 6899 (2001)
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LOCAL ACCESSIBLE AND
INACCESSIBLE INFORMATION

Jin = Sa— S
AB %8};}; _ A Ek:pk A|k_ ;

0ap = Iap — Jap (Quantum Discord)
(Entanglement of Formation)
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REDEFINITION

T4 — max | Sa —
AB %8;3; A ;pksmk :
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REDEFINITION

Ty = _
AB %8;3; Sa ZkaAUc :

Jup =S4 — HlHl ZkaAUca
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REDEFINITION

T _
AB %8;3; Sa ZkaAUc :

Jup =S4 — HlHl ZkaAHca

J<— :SA_SAB ’ AB —
AB (AlB)g,  S(A|B), %?III{%ZZ?RSA“C?
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REDEFINITION

T _
AB %8;3; Sa ZkaAUc :

Jap =54 — Hlln ZkaAHca
J<— =N SA — S A|B ’ A B —
AB (AlB)g,  S(A|B), %?III{%ZZ?RSA“C?

Oup =1ap — Jap
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REDEFINITION

T _
AB %8;3; Sa ZkaAUc :

Jup =S4 — HlHl ZkaAHca

J<— :SA_SAB ’ AB —
AB (AlB)g,  S(A|B), %?III{%ZZ?RSA“C?

Iap =54+ S — SaB 5j4—B:IAB_JAB
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REDEFINITION

T _
AB %8;3; Sa ZkaAUc :

Jup =S4 — HlHl ZkaAHca

J<— :SA_SAB ’ AB —
AB (AlB)g,  S(A|B), %?III{%ZZ?RSA“C?

Iap =54+ S — SaB 5j4—B:IAB_JAB

Iap =S54 —SaB
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REDEFINITION

Ty = _
AB %8;3; Sa ZkaAUc :

Jup =S4 — HlHl ZkaAUca

J<— :SA_SAB ’ AB —
AB (AlB)g,  S(A|B), %lngkaAm,

Iap =54+ S — SaB 5j4—B:IAB_JAB

Iap :SA_SA|B 5XB :S(A|B)Q_SA|B

8
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ENTANGLEMENT

MANIPULATION
GG
W) ‘o
W Vo) . #
Alice . - Bob
- ‘\Dnh> .

Local Operation and Classical Communication
(LOCC)
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ENTANGLEMENT

MANIPULATION
C.C.
q’ab)
lIfﬂb)
\Ijﬂl:a)

Local Operation and Classical Communication
(LOCC)
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ENTANGLEMENT
MANIPULATION

Alice
=)+ ob)
Local Operation and Classical Communication
(LOCC)
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SIMMILARITIES

Thermodynamics

Entanglement

10
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SIMMILARITIES

Thermodynamics

e A systems entropy cannot decrease if the system is closed.

e FEnergy is a resource for doing work

Entanglement

10
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SIMMILARITIES

Thermodynamics

e A systems entropy cannot decrease if the system is closed.

e FEnergy is a resource for doing work

Entanglement

e The entanglement of a bipartite system cannot be increased by

LOCC.

e FEntanglement can be a resource for doing work

10
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SZILARD THERMAL

MACHINE

0y

11
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SZILARD THERMAL
MACHINE

o‘ Infinitesimal work
0y

f g I SW = Féx

11
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SZILARD THERMAL
MACHINE

o‘ Infinitesimal work
0y

f g I SW = PASz
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SZILARD THERMAL
MACHINE

o‘ Infinitesimal work
0y

f g I SW = P§V
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SZILARD THERMAL
MACHINE

0y

A

Infinitesimal work
Consider 1-molecule gas as ideal
PV = NkpT, N =1

oW = PoV
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SZILARD THERMAL
MACHINE

Infinitesimal work
Q Consider 1-molecule gas as ideal
0% PV = NkgT, N =1

7& sw = 8L s/

& V
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SZILARD THERMAL
MACHINE

® IJ Infinitesimal work

0N Consider 1-molecule gas as ideal
0% PV = NkgT, N =1

7& sw — 8L 51/
& V
e 2 kpT

w= [ ZE_sv
v v
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SZILARD THERMAL
MACHINE

® IJ Infinitesimal work

o Consider 1-molecule gas as ideal

0 PV = NkgT, N =1
7& sw — ~BL 5y
& V
.
i W:kBTlnE Vo = 2

11
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SZILARD THERMAL
MACHINE

® ‘J Infinitesimal work

Consider 1-molecule gas as ideal

0 PV = NkgT, N =1
5& sw = "L 5y
& V
2 [\
i W:kBTlnE Vo = 2
Vi

W = kBT1n2
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SZILARD THERMAL
MACHINE

Infinitesimal work

Consider 1-molecul ideal
0\ onsider 1-molecule gas as idea

PV = NkgT, N=1
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We cannot extract work if the state is not known

We can if there exists classical correlation
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We cannot extract work if the state is not known

We can if there exists classical correlation

Two bits: (00) or (11) with equal probability
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We cannot extract work if the state is not known

We can if there exists classical corre!

Two

ation

bits: (00) or (11) with equal probal

0 - 1
0 1

AR
\JU/

oility

Oor1l
0 can be used for work

extraction

12
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We cannot extract work if the state is not known

We can if there exists classical corre!

ation

Two bits: (00) or (11) with equal probal

AR
\JU/

oility

0 1 Oorl
0 - 1 0 can be used for work

extraction

For random variable
X with n-bits

W.=n—-H(X)
12
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We cannot extract work if the state is not known

We can if there exists classical corre!

ation

Two bits: (00) or (11) with equal probal

oility

0 - 1 Oorl
0 1 0 can be used for work

B
extraction
For random variable For state p encoded
X with n-bits in n-qubits

WC:TL—H(X) WT:TL—
12
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WORK EXTRACTION
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WORK EXTRACTION

e Alice and Bob share many coples

of a state p4 g PAB

5 Qﬂ,..
. _—

PAB

AZice . paB -- Bob

13
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WORK EXTRACTION

e Alice and Bob share many copies

of a state p4 g Ve PAB
& b PAB
e They use the information AZZC@ | PAB

about pap to do work through
a Szilard thermal machine.

13
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WORK EXTRACTION

e Alice and Bob share many copies

of a state p, 5 95 < PaB
MRS e pab >

e They use the information AZZC@( paE__> Bob

about pap to do work through
a Szilard thermal machine.

e Ifthey operate globally =—- /7

13
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WORK EXTRACTION

* Alice and Bob share many copies z3 N DN
of a state p, 5 e & pas () %
;'.‘?r__,.,.*;"av @ @

PAB

e They use the information AZZCE% @ PAB @ Bob
about pap to do work through
a Szilard thermal machine.

e Ifthey operate globally =—- /7

e Ifthey operate locally through LOCC el 11/,

13
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QUANTUM DEFICIT

Wr =In—S(paB)]

14
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QUANTUM DEFICIT

Wr = [n—5(pas)]

Wi =[na —5(pa)l +ns — S(p)], na +tnp=n

14
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QUANTUM DEFICIT

Wr =|n—S(paB)]

Wi =[na—5(pa)l + ns —S(pB)], na+np=n

A=Wp—W Quantity of non-localizable
information

14
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QUANTUM DEFICIT

Wr =|n—S(paB)]

Wi =[na—5(pa)l + ns —S(pB)], na+np=n

{ A=Wp—W Quantity of non-localizable
information

AC . — min S(o.) — S one-way quantum
{ a4 = W0 S(pa) = S(pas) R

14
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QUANTUM DEFICIT

Wr = [n—5(pas)]

Wi =[na—5(pa)l + ns —S(pB)], na+np=n

A=Wp—W Quantity of non-localizable
information

r

- tum
“ — minS g one-way quan
BA ™ p) (Fa) = S(pan) =

- Y,

AS, (,OAB) _ ABA (pAn) regularized 1-way q
deficit

\ J
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MAXWELL DEMONS

15
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MAXWELL DEMONS
Classical
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MAXWELL DEMONS
Classical
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MAXWELL DEMONS
Classical
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MAXWELL DEMONS

Classical

AW/kgT = [Ss + S(A|B),] — B)
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MAXWELL DEMONS

Classical

AW/kgT = [Sp + S(A|B),] — S(A, B)
AW/kpT = S(A|B)q — Sas
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MAXWELL DEMONS
Classical S

e B

S(A, B)

AW /kgT = [Sp + S(A|B),]
AW/kpT = S(A|B), ~ Suyo

15
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REGULARIZED VERSIONS

~ 1 =
Apa(pan) = —Aga (Pap) Q. Deficit

16
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REGULARIZED VERSIONS

~

1 n o o
Aga(paB) = EAEA (pf‘f{B) Q. Deficit

6pa (pAB) = E5§A (P5%) Q. Discord
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REGULARIZED VERSIONS

~

1 n o o
Aga(paB) = EAEA (pf‘f{B) Q. Deficit

6pa (pAB) = E5§A (P5%) Q. Discord

~

054 (paB) = A5 (pas)

16



ENTANGLEMENT
MANIPULATION
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ENTANGLEMENT
MANIPULATION

Entanglement as resource for QIT

Unit of entanglement  |e-bit) = —=(|00) + |11))

7

17
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ENTANGLEMENT
MANIPULATION

Entanglement as resource for QIT
Unit of entanglement  |e-bit) =
With 1 e-bit:
e teleport 1 qubit

® communicate 2 bits CC sending 1 qubit
® | bit secret correlation (QKD)

7(|00> +[11))

17
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ENTANGLEMENT
MANIPULATION

Entanglement as resource for QIT
Unit of entanglement  |e-bit) =
With 1 e-bit:
e teleport 1 qubit

® communicate 2 bits CC sending 1 qubit
® | bit secret correlation (QKD)

7(!00> +[11))

Manipulating states by LOCC:
® e-bits can be converted in other entangled states

® distillable states can be converted in e-bits

17
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ENTANGLEMENT DILUTION

C.C.
| e-bit) |
e . e-bit) | :ﬁ:
Alice _ o-bit) ~ Bob
18



ENTANGLEMENT DILUTION

CC. ¥

Alice %

18
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ENTANGLEMENT DILUTION

& /' le-bit) &N R @
S ).
Alice - _— Bob
M = N/E€ (Ent. Cost)
|[Bennett et al PRA 96] .
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ENTANGLEMENT DILUTION

|e-bit) &N

y ik
el Bob

|TLI‘[=':|'..’)>®J“‘jjr

M = N/E€ (Ent. Cost)
M
E€ := best rate ~ = S(p.)

|Bennett et al PRA 96]
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ENTANGLEMENT
DISTILLATION

(Distillable Ent.)

19
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ENTANGLEMENT
DISTILLATION

4/ C.C.

(Distillable Ent.)
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ENTANGLEMENT
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ENTANGLEMENT
DISTILLATION

T C.C. B

19
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ENTANGLEMENT
DISTILLATION

N'= ME®” = NE” /E© N
EP := best rate — = S(p")

(Distillable Ent.)

M

|
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ENTANGLEMENT
IRREVERSIBILITY
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ENTANGLEMENT
IRREVERSIBILITY

What about mixed states?
Mixed states means noisy = losses (irreversibility)
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ENTANGLEMENT
IRREVERSIBILITY

What about mixed states?
Mixed states means noisy = losses (irreversibility)
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ENTANGLEMENT
IRREVERSIBILITY

What about mixed states?
Mixed states means noisy = losses (irreversibility)

Widely believed that only pure states are reversible
Vidal PRL 01,02 Vollbrecht PRA04, Yang PRIZ05
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Marcio F. Cornelio, MCO and Felipe F. Fanchini, PRL 107, 020502 (2011).
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Marcio F. Cornelio, MCO and Felipe F. Fanchini, PRL 107, 020502 (2011).
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1
E(pap) = lim —E7 (pZ)

n—oo N,

: 1
ED(pab) — klirgo méLX {EIC(VIO@k)} ) IC — maX{O? _Sa|b7 _Sb|a}

V'is a LOCC over k copies of pab

Marcio F. Cornelio, MCO and Felipe F. Fanchini, PRL 107, 020502 (2011).

Wednesday, February 15, 2012



IRREVERSIBILITY

EC(P&%)) . ED(PéGb)) > Age(0ac) in general

Ec(pg"b)) — ED(ng)) = A,(0qc) for certain classes of
states

c: environment

22
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ENTANGLEMENT

Trade-off between the bipartite entanglement of 4 with B and
the entanglement of 4 with C.

If ) = % (104,0B) +|1a,1B))

There 1s no way to A get entangled to C without decreasing
entanglement with 5.

Concurrence

23
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ENTANGLEMENT

Trade-off between the bipartite entanglement of 4 with B and
the entanglement of 4 with C.

EalBc = €Al +Eajc + TaBC

Concurrence

23
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ENTANGLEMENT

Trade-off between the bipartite entanglement of 4 with B and
the entanglement of 4 with C.

EalBc = €A+ Ealc +TaBC

2 2 2
Concurrence CA(BC’) — CAB + CAC + TABC

V. Coffman, J. Kundu, and W. K. Wootters, Phys. Rev. A 61, 052306 (2000)

23
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DISTRIBUTION OF
CORRELATION

24
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DISTRIBUTION OF
CORRELATION

e (lassical Correlation can be distributed at will.

V. Coffman, J. Kundu, and W. K. Wootters, Phys. Rev. A 61, 052306 (2000)
24
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DISTRIBUTION OF
CORRELATION

e (lassical Correlation can be distributed at will.

Correlation between two stochastic variables: (X,Y)

HX:Y)=H(X)+H(Y)-H(X,Y)

V. Coffman, J. Kundu, and W. K. Wootters, Phys. Rev. A 61, 052306 (2000)
24
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DISTRIBUTION OF
CORRELATION

e (lassical Correlation can be distributed at will.

Correlation between two stochastic variables: (X,Y)

HX:Y)=H(X)+H(Y)-H(X,Y)

*Not always subadditive

HX:Y,2) £ H(X:Y)+H(X:2)

V. Coffman, J. Kundu, and W. K. Wootters, Phys. Rev. A 61, 052306 (2000)
24
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DISTRIBUTION OF
CORRELATION

e (lassical Correlation can be distributed at will.

Correlation between two stochastic variables: (X,Y)

HX:Y)=H(X)+H(Y)-H(X,Y)

*Not always subadditive

HX:Y,2) £ H(X:Y)+H(X:2)

*Not always superadditive.

V. Coffman, J. Kundu, and W. K. Wootters, Phys. Rev. A 61, 052306 (2000)
24
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CLASSICAL CORRELATION
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CLASSICAL CORRELATION

Suppose we can increase H(X:Y) to be maximal
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CLASSICAL CORRELATION

Suppose we can increase H(X:Y) to be maximal

H(X)<H(Y) = H(X:Y)=H(X)

25
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CLASSICAL CORRELATION

Suppose we can increase H(X:Y) to be maximal

H(X)<H(Y) = H(X:Y)=H(X)

So H(X:Z)=H(X:Y)-H(X|Z)

25
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CLASSICAL CORRELATION

Suppose we can increase H(X:Y) to be maximal

H(X)<H(Y) = H(X:Y)=H(X)

So H(X:Z)=H(X:Y)-H(X|Z)

increases linearly with H(X:Y), being only constrained by

H(X:Z)<HX:Y)

25
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QUANTUM SYSTEMS

» Extension of classical form

S(A:B)=1Iap =S4+ S5 — Sas

Not always subadditive

S(A: B,C)L£S(A:B)+S(A:C)
Proper form
S(A:B)=S54—S(A|B)

26
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LOCAL ACCESSIBLE AND
INACCESSIBLE INFORMATION
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LOCAL ACCESSIBLE AND
INACCESSIBLE INFORMATION

(CC)

e = Sa— S
AB ?11185}( _ A zk:pk Alk

27
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LOCAL ACCESSIBLE AND
INACCESSIBLE INFORMATION

(CC)

(QD) Jip =max |Sa— Y DSk

27
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LOCAL ACCESSIBLE AND
INACCESSIBLE INFORMATION

(QD)

5,<4_B = lap — JXB

(CC)

J» = max
AB {II% }

Sa— > prSak
k

Discrepancy: { ap =Jap —0up } —Iap < Ayp < Iap
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LOCAL ACCESSIBLE AND
INACCESSIBLE INFORMATION

(CC)

(QD) Jip =max |Sa— Y DSk

Discrepancy: { ap =Jap —0up } —Iap < Ayp < Iap

Balance between the gain in work extraction by the use of global operations over
local ones, and the work extracted locally only.

27
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CORRELATION
DISCREPANCY

\CLASSICAL QUANTUM

CLASSICAL  QUANTUM /

Wednesday, February 15, 2012
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EOF MONOGAMY

PABC pure:
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EOF MONOGAMY

PABC pure:

Eap = 040 + Salc

Eap = Er (pap) = mgn <

M. Koashi and A. Winter, PRA 69, 022309 (2004)

ZP?JEF (Js))

F. F. Fanchini, M. F. Cornelio, MCO, and A. O.Caldeira, PRA 84, 012313 (2011).
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EOF MONOGAMY

PABC pure:

Eap = 040 + Salc
Eac =0ap + S4B

Eap = Er (pap) = mgn <

M. Koashi and A. Winter, PRA 69, 022309 (2004)

ZP?JEF (Js))

F. F. Fanchini, M. F. Cornelio, MCO, and A. O.Caldeira, PRA 84, 012313 (2011).

29
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EOF MONOGAMY

PABC pure:
EAB + EAC’ — 51<4_B -+ 52@

F. F. Fanchini, M. F. Cornelio, MCO, and A. O.Caldeira, PRA 84, 012313 (2011).

29
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EOF MONOGAMY

PABC pure:

Eap+ Eac+ 84 =035 — 040 =954

29
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EOF MONOGAMY

PABC pure:

Eap+ Eac+ (Sa—04p —04c) = FEaBo)

29
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EOF MONOGAMY

PABC pure:
Eap+ Eac + 74 = Eae)

1
a = (4= 835 = 850)= S[ATp + Al

29
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EOF MONOGAMY

PABC pure:

Eap+ Eac + 74 = Eae)
1

TA = (SA—04p —04c)= 5[ an + Ao

T4a>0 & Jig+Jic>04p+ a0

29
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EOF MONOGAMY

PABC pure:
Eap+ Eac + 74 = Eae)

1
T4 = (84— 04 —0xc)= §[AZB + A%

T4a>0 & Jig+Jic>04p+ a0

EOF not monogamous if

Su < S,(A|B) + S, (A|C) < 2854

Tr; (11, p 44115,
Tr 4 (1T, paI1L)

Sq(Ali) = fﬁgzpks(Pmk)a PAlk =
k

29
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EXAMPLE
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EXAMPLE

TABC =TA+ T +Tc = Apn= A5 + At + A

30
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EXAMPLE

TABC =TA+ T +7Tc = Ap= A5 + At + A

GHZ) = 0| 111) + ¢| L) =P  T4pc >0

30
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EXAMPLE

TABCETA—I-TB—I-TC:/\O:/\EA"‘ASB"‘AZC

GHZ) = 0| 111) + o[ L11) =3  T4apc >0
W) =a| 1) + 8| N1 + v 1) == T4pc <0

R .

ABC
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CONCLUSIONS

» (lassical Mutual Information

*  Measurement process

» Local accessible and Local Inaccessible Mutual Information
 Thermodynamical aspects

« Correlation as a mean to produce Work

*  Quantum Deficit and Quantum Discord

» Irreversibility of entanglement

e Distribution of Correlation

31
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