




















































































Dingentrem
a Given a statevector 14hhowto determine if it is entangledornot
Precisely 7 141141sit 1415141 14

Thifftiision
Every state vector in canbewrittenas

147A Cig i a lilis

r Schmidtrank

Sali Schmidt coefficients Suso k

enlahi and lful i are orthonormalvectors

Proof recall Write thevector14A as a matrix thendo the
singular value decomposition of thematrix

The Schmidt rank is unique so wegetthefollowing criterion

If r 1 then 14 e 0 If notentangled

If rst then entangled E psalm

bwhataboutmixedStates Morecomplicated

Example convex mixturesofBell States 1 10e 11.171 E ten the

Pais pEats P2InstpsEftPyEAB probabilitiespiPaPspyeoil
PitPtP3Pa 1Its IE El Eta I KEHAB























































































P 1 PePs py 0 PAD Its entangled

P D p L p p4 0 Pas Ems entangled

P p O p 1 p e par Its entangled

Bc BellStates
p p p d p 1 Pa Its entangled termone

But p P B PF Pay Its Ear East Ears Ha HB

It entangled

Generiterion PLiePartiatramposellriterio

Recall Transpose of amatrix fliprowsandcolumns

In Braketnotation M f mi lipI
MT mi likil MT

T
M

For MABELadded MAB my likila 15 1is

haltranposemonA Mats É My likila ljkjtis

WtranposenB MAB É my likila likjlis

Emma miieii.inititmiMT11tA MAB
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Telppicriterion Pas separable Past 0 pastso

Y
n
enefi f ii iterate
Converter piecemeal Nottrueingeneral

ThereareentangledStates
w positivepartialtranspose

Exampleinthispaper
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Proof Pa separable Pas plalIn o w

Pak palt.gg 1tso
Myo Mtse fulltransposedoesnotchangeeigenvalues

Pass so Past part rs Fulltranspose Pat 0 B

Converse Is true for 202 and 203

PAB separable Pattis 70

ExamplefthePPTcriterion Et cello lists

e a

Eigenvalues ofFae are It FIFector
Fm jlj.isi.jl Faslij lj i Fmg10110 107107

Far107117 117107
ljiiki.gl jkilolikil

FAR 1 10 107117

Far 1 11 11711























































































FAB 14a 14B Na 14,7ps

Proof FAB 147A 14dB jkilaolikj.la 14,70142

lk iTsm

iniltuolixitnfE

fhankies
1 7 4 B

lift Einicate pay t.pl a Ens IAs Easl pelo.tl

00 01 10 11 00 01 10 11

pit 00

f hit oo it 0 0 0

01 01 0 B E f 0

1 y p p

I É into a ate























































































EgTyl
A to132p multiplicity3

eigenvalueforentanglement
120 multiplicity 1

Fat

Pals tpEas BEA Its Ea

Observe TrpillIto Etpath It

Hpl 11 181 BKIEAeitinefeiicetfeai.tt
p p l

this is calledthe Ey
Seph is entangled ifandonly if CEPablett

iitiiiii i animatamarine
Inpractice we needto do meets to determine whether or not

qubitsare entangled












Edexamplefromnbefore Ppp likea01111143 11411A 107101

This state is separable notentangled
If Alice andBobbothmeasure in 107as basis then
They bothget o and I w probability
ie locally it looks completely random b c Pa TrPais EA
and PB TraPas A

But if they compare their measurement outcomes they willalways
bethe opposite WheneverAlicegota o or l Bobgot I or 0
So their outcomes are perfectly anti related

Butthe same thing happens withthemaximally entangledstate

as 1 11,1
in the 101as basisthe outcomes are

perfectly anti correlated

Sohow to distinguish thetwo Whatmakestheentangledstatespecial

Toseethedifference measure in a different basis Say in the 17,17 basis

For Pap 1070A 11k11g 11411A 10110lb

Pr t t Trl 4kta 1 1 1BPar
1,101

7411411 7
1,1111

4101011

that
til

Similarly Pr Prl t Prl 1
So the outcomes are completelyuncorrelated

Why Bc thejointdistribution is a productofthemarginaldistributions



Marginal distributions aregivenbythepartialtrace

MarginalforAlice Pa EDA Pra t Pral1

Marginal forBob p EBB Pr t Prel1

Product of the marginals Pra t Pro Pratt Pris 7

Py PxPy Pral1Prelt Pral1Prot1

This isthe same as the joint distribution calculated above
So Aliceand Bob's random variables are independent no correlation

But for 11Jan 10all 11alot the outcomes arestill perfectly
anti correlated

4104113 Elag
1,111

41174101 0 Eeo

tlaot.li lElas tkyyey yttfl trl t tl t

Pr 1 Ktla 1B11Jan

Kta.HN t1fI Efiet taltttl
t

IIKta.atB1e a t

hadb lela ftp.ThEytyl
o Leo



Theanti correlation existsforany basis measurement

Fact Let U be anarbitrary 2 2unitarymatrix Then

no a LIKE1luault IEKI 1

ee t.tt
onliaeianiaihtrary2x2matrixm

a made

Mom E 1 Mio 0min midemies
Mio alestalis

Mill ble did
ale cli o blastdid blot did aletotal

abe ad10,17 cblle cop
abf ab1,0 ad1,0 adf.tl

lad be10,1 ad be11.0

ladbe 1011 11,07

ad bc 10,11 11,01

demley
determinantofM

Soforany matrixM mom EYE1mom t detail EKE1

Determinant is productofthe eigenvalues

Let U daltakal bethe spectraldecompositionof a unitary
Then at InHalal out HalNakul a byunitarity du re

Also 144k 1 Mnl 1 h An e'ok eigenvaluesof



a unitary are complex numbers withunitmodulus

defa Ddead is a complex numberwithunitmodulus

detail 1

uoulEYE1 uoult detailLIKE1 EXIT B

Thevectors utesutill define a measurement with measurement
operators Mo Utexolu M Utilliu

MotM Utokola utikilu
utlq.lu uh 1

Probability distribution is

Pr i j TrlMioMj EXE1a to utlikiluoutljkj.lu 1EYE1m
Xpy Xn X.aeYih

Trflutout li.glij1 uou II KI1AB

t.im
intyiiiifilevelI

1To hikingERE1
Same distribution as the 101 in basis Sostill anti correlated

Wecanformalize this idea into an experimetaltest for entanglement


