
5 Entanglement of mixed slates

a who direction Relevance of
mixed slates

When is a mixed bipartite she texted

Different possible definitions

If fay cannot be created by Coco

If we can extract ebb left from pm

u If it helps us to do some task better in a

20 Cc setting 22 as a resource

any of those could
Se m a finite copy or

asymptotic setting

Clearly a a

z is a stronger condition

i e satisfiedSy lessstates
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We use the weakest nahh to define entangledStates

DEF
A bipartite state frm

ie called separate if it can

be written as

fµ I pi f fits separate state

for some peso Epi 1

fit 20 fits 20 to fit treats I

i e fans can be prepared fy Coca

If gas is not separable i e it has no

decompositionof the form it is called entangled

Given a state pay
how can we tell if hes entangled

Protein Cohen fans need to check all decamp
Purealwaysokcitrous

fare Ipi pith pig g
K

175



or fan I pilym.nl to find if there is

a separable one Ambiguity on ensecutle

decompositionis an isometry ri e we need to optiheete
over isometrics

Difficult

befact the jeweralproblem has Ken shown to

be NP hard in the demeanor ofthe space

Need patialsolabois e g crags
to eerbty

a gin state is entangled C e zp.me

urhiesses
Structure of the set 5 of separate

slates

µ M

Jet f Ipi fide f e f j 5 2 gjrjaooy.BE f
it jar
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D for d C Eo 1

d dp g t tdpnfood faf t

H d qsit.es t tG d7gp.E rnBCf

b the set f of separate slates tames
a convex set

all Rates

hyperplane W

For any state feat f we can find a

hyperplane while separates fear from f

More generally we can construct hyperplanes
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s K all ports on one side of the plane

are entangled ht not the other way

Any hyperplane
is of the form LLXp to o

v e tr I g
tr Lug o

w

we can choose W Ut as we work on the

Space of kernithau matrices

Teen

fr gw o i f left of hyperplane w

tr gw o frightof hyperplane
W

I e for a hyperplane
as afore

f separate
tr Wg 7 o

and Neces

fr Wg o D f entangled
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Yat witness

the operator w wt such that

f separate
Jr Wg 7 0

is called an entanglement witness

Observatory Given an entanglement witness W

tr gw o D f entangled

Notes

key point aleed
some way to prove that

tr Wg to V g e f

Any given
witness will only detect some

entangled slates

f is a convex set f is fully specified

by all its tangentplanes
there exists a

witness for any entangled
slates
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Witnesses are linearoperetors they can k

experimentally measured and can and are

Keus key used to identify entanglement
in

ueub

Exampled
w F TZE Ii jXj it the flop or sweep

Is it a witness

Let fgep Ipi fit fitsi

tr Ugap Z pi tr f peke's

Uses

H F.hrHXsilA.isJ

g.cjiillAaBlli j7 gsjlAliscilBljs
trAB the magicforum6
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2 P Q Zo D tr PQ 20

Proof P Z pill it 31220
PQ tr pilfixtilQ

pi coli IQ His Z o

Epik so

7 O

W is entanglement witness

Which cut Bates does
U detect Those ask

dominant anti symmetric component

E g D 2 14 7 lol laos

F ly s ly s Cy I Fly 7 t.co

while for e.g If'T t too Has

Fl ft loft lotIFI lots 2 of
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that's the
what about mixed slates pout

Eg for d Zi

f NEXT l
U d ET det's it

clever state KwewerTI da

tr Fel day I If LET
D 2 sffrop

E dt Hz a ICI Bd

f entangled for
d Z Yo

Definite A witness W is called optimal if
there exist g separate

such that blog o

i.e it touches the convex set caused he moved

closer otherwise we could move it in parallel
and get a Andrey letter witness

182



Is U F opened

Yes e.g g
a low law

tr ee o

Otherwhere E g
W I d 11104

e ta la is Homework

criterion

Remind A superoperator 1
B N BCH

is called positive if f 20
D A g to

Usually i e for physicalmaps we want 1

in addition to te completelypost i e

Passo es Irs gars 20

Buteau we will be interested on

ponhkhtuofcompleklypoahveeuo.rs
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whyI
Consider fsup Epi fit fits Then

G I gap Ip Nff fi's
f Zo a positive

Ipi fits so G why
0 To

and Reces i

Theoremi Let A B 2e B 2e sea positive map

Then I ppg Hyo
D fans entangled

not positive semi definite
ie has megohm eigenvalues

Ehd L 151 30 K 2020
Rest neeportant example i

r g ft the tramp
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ret e ft's partial transpose

ef also Sechm I 5

Eg.ie r7 fddE li i7

bflrXrlTA f Zh iXj j
TA

1d EjiX it

Notpositive antique
sharks have beg eigenvalue

i.e ta t lip Kis i ji

LAI WI T IA 1 t I
d d

Yates

E g g dlrxr.lt I d Ia II e del

Eve are
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For instance for D 2
1 TA d

eat ta f E
II

ii Fiji
poster off Ya d so

Geos I E d e Ys

f't Zo aff del I

D For de f I f is entangled 6

CoroKyCPP
PTA o D f entangled

This is called the PPTfposihupe.ba

tank or also NPTcn2

not possible
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Note PPT criterion and generally positive maps

2anz on B

PPT detects ad maximally eat Dates and

on facts all dates IN w full flucidt rank

as IX CIA MD 117 M inverbke

Thats Positive maps are stronger than witnesses

and formalise this later
but they cannot

be measured

Ht
Theorenei The PPT criteria detects all entangled

States m dgxdig 2 2 and 3 2 olebreusions

of entangled
as FTA o

Recuaki Can transpose
Not proven here any system

Counterexamples exert me off xd 3 3 and 2 4

i e staks f with f
The
20 which are entangled
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PPT Sound entangled Bates ofCote

uot CP map

Ale tr e I g

h I gm I trafars far

I trafars f 70 D f entangled

The IQ for entanglement

I tra Homework
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d Relation three witnesses and positive maps

For each enheess W there is a positive weep which

detects all entangledpales the
witness defects

and in fact more

Come cha Cau te understood via Choi Jacen de

isomorphism

Reminder Choi Jane isomorph

CP map E on A state or or AB da dis

E s s I Ml

EGT dlr.fr fl s r

Isomorphism E 85 applies also outside of maps

and 520

T

flee lutopret W as the Choi Nak of a map

A Since U 7 o otherwise 1 Wp Zo kg

A is not CP
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I r x dtr UT I XT

dtr u LINDT

therefore
41kg514 d lol t.lu sDlos

dtrLw loXHog a o

w witnesstep state

D A es ay p

and

KI w AaB talk WCHB A

Id tr MBTA I MBF Aji

SRI Axon B Ir

Fo tr Wp art A e Ir
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Is

Wg o as n e to

A detects all state which
W detects

Co Witness W amounts to the map 1

but checking for a negative eigenvalue only

along 117 weather criteria 1

Corollary A state is separate if and only if

haI e Zo H positive maps A

sma xp Bates
witnesses pantie maps

teacup U F

h X d hers I XT I
d XT I dXT

magicforum6 far patrol trace

W F corresponds to PPT criteria

But PPT detect all Bell Bates IF only the anting shek
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eLQuantificabe of wimanglement

How can we quantify entanglement of mixed slobs

il tumble e.g

minimal amount of E 143
S Ctr 14441 needed

Ep g win Ipi E lots
Ipi 14,3
s K Epi hem f

fomehm

or an asymptotic version cost peepy

Ee g line Nt Ef gov
N so

cost

Already Ep very
hard to compute need to

u2e concave function S f over convex set
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of decompositions f Ipif i e minimum

obtained at boundary hard comment

why Tpies

Alto EF foo Ef e Ep G convex ops

additivity of Ef counterex exist Kastrup

Buti Analytic formula for da xD
2 2 for Ef

exists Wooters based on so called c ee

event

Ep e

ED p
wax asymph rate R F achienata

for Loco protocol En
HENLEY lftXotMH o

as N or
t nutake destrucas typ
trace worm

Ehrenberg to compute

Asymptote Nin and any of Loco

rounds
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versions w restricted cc rounds cart e g

one way
oath entanglement

Ep g Z EeG ZED e

Generally Ee g 7 ED g for most sides

process is not
reversethe

no unique nuance as for pure Notes

Exacerplei f PPT v e GTA Zo

cc preserves
PPT For PPT dates are

kudethkally Ep p o

But there eaett PPT estates with Ecce o

PPT bowed entangled states

Notes the converse prokeen

does f'T Zo ED g so bold

is a big open prokeen the existence of
NPT bound entangled dates
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Prokeeni These weight k natural
eat creatures

but they are essentially nupestitle
to compete

caepntakeeut.name desirable

measure

Loc g Cannot te
recreated by cc

probably most relevant

E e o for sep dates g
and only thee

Eleanor Ece Ek

continuous g ne r
E g EG

typ trace worm

ED E E E Ee

coincides with Elly Sch WH on pure slates

computable

Chemost impossible to get all Lou monotonicity

is probably the most relevant one
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alegahuly a computable entanglement measure

Found previously i

f
It teas veg eigenvalues D f entangled

Use negative eycevalues
to mature entanglement

eigenvalues

akgahu.hu WH E MI s

Hfalls i trace worn

Eatin
I

i ng
asinine

holds since I diffa tr GTA

tr e L

or brew

En e Loge KEAN
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Properties

Negativity
CC monotone

not additive

W e 0 for f separate

but also WG on PPT eat Dorks

E hp for pre stabs

continuous

Log negahnty Eni

wolf ace CC monotone f

additive
En g so for f Sep but also on PPT eat A

f Elly's for pure daks

continuous

KCoco
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