() betermining_Entoqalement.
U S

(a) G a iM& viuhw h’&e’how fo determine if if i eni-a,v{{L o ot
Precigely: 2 I, 1.3, 0.4 9= 19)8 [4) 7
m 4 B

& Theorem (Schmidf Decomposition): Every Staft vecr ¥y Can be writren a

r d/
g = £ 5, Loy @ Iy, (#)yg ﬁégcf,j iy 8 g

v r: Schmidt ronk

e {03 Schmidt cotfficiente $70 Ve

. { le;)AL ond flfn&;, At orthonormal \ectod.

[&n@_{-’ [recal): Write the vector g a8 a matrix then oo the
fingulas value decompolition 4 the maﬁix.)

- The Schwidlt ragk i wli%u_s-’S‘o e ?e+ the follow,‘ng criterion :

. IF r=1, +hen [¥) = |e,7.9[)(") < nof ﬁn*anﬁled,'.
R
- T rrl, then M+aaa|u|,( 10E mé:kz,mg

(b) What obout mised statea? Mot complicated.
Examgle: coavex mixturts of Bell Statu. (Ii‘-‘)ﬂ‘i{ 0110, 18 =4 Mntu.o)))

0“3 ¥ ﬁ‘g’fﬁ* P“i';*ﬁi;i"'ﬂf-%/ pro b bilihes Pl/P:.Pj',Pq‘“nl]
&, = 1B Thy = (TXB g Athtfsp =]



==l fehe =0 = g =Fh = entangled !
= =0 pl, BER=0 2 fhg = Ban > enfangled:

“h=h=0, ] fm0 = G, = Tag = eotang led !
Ble Bell States

- ‘),-:.PL: '03: 0, ﬂ,= | = (’ag"’ f})’ﬂ =y enfanylco(! lr form ONE .-
[ . ” 1
vB\u_j‘; Plz P_L:ﬁ-:.ﬂ_'?—q’ 2 &Q:ﬁ?ﬁ-ﬂ‘*%én‘f#.iﬂg‘fﬁfm"(mﬂ”ﬂﬂ
= 19T entangled !

+ Genead coitecion: Pasidive Pactind Trandgose (PPT) criterion

Reca calf ¢ Tmme% !V Q& MR, [‘ﬂbp rowd and (‘,o(umnA)

In Bra-ket potation : M= ﬁ Mig % 1
7,}"‘

M = im,,J %1, ()T

-—
-

)J'O
y do-t Al
Fuc MméL(C”'“M’)'- Mag = ‘f;,,,i.,"i”. li%i'ly © IJ&’B
do-l Al
NML eMQ 0 4 : M% i Z n;,; |1'X7l49())<] Ig.
,l oJ)'o tc
do-t Al

fackial fommapage o0 B: Mgh = 5 L g, istvly o 17X 1o

2‘; o,h)-o 11

Full_frovasie = Mgy = Mg ® 5 Wi = (miE)

_J
#

- e T O

L1




¢ 0) 1o {

—
hr Mﬂ's - 09 M, M3
e m, Mg
9
g ; My
'Y 0) 1o I
0o
8 =21 | m M
Mes y- M Dy | M
I 9
My My My Mg
|
H, 5 November 1996
PHYSICS LETTERS A
PHYSICAL REVIEW ELSEVIER Physics Let (1996)
LETTERS
VOLUME 77 19 AUGUST 1996 NUMBER 8 Separability of mixed states: necessary and sufficient conditions
Michat Horodecki®, Pawet Horodecki®, Ryszard Horodecki®
Separability Criterion for Density Matrices - De ) idart d
Asher Peres*
Dep of Physics, Technion-Israel Institute of Technology, 32000, Haifa, Israel

;
(Received 8 April 1996)

® Theorem (PPT Criterion): (g Sepuarable =y b %0 (”a? 0.

X1
ok @ Covmpsiitia: (840 > gy aiged
> Juf chek if 6o hwp 4 ol Gl

Lrriakle MoT € in eneml'

Th
wf? e ?%“ g*'é’;?e

/(QCGM‘:\C i Has pcper.)




‘H
7
o

ELSEVIER Physics Letters A 232(1997) 333-339

SSSSSSSSSSSSSSS

Separability criterion and inseparable mixed states
with positive partial transposition

PawelH d kx

Faculty of Applied and Mathematics, Techni

rsity of Gdarisk, 80-952 Gdarisk, Poland

Received 26 March 1997; revised manuscript received 5 June 1997; accepted for publication 5 June 1997
Communicated by V.M. Agranovich

Proof : (ﬂﬂ Sepacable =) (g = 7{, pl) he w;’
T x\T
>l ) e

Al k2’

Mro = M0 [Hb trona pot, dots mof change cigeavalicts )

= (;73 20 . n’g :‘(@{2@&__) Full WlﬂM{' =>(2147/0‘

@CMM@ 15 frue fr 18] ana 9_@3!

‘? (o Sepnephle & (;;f"‘ % 0.

* EX@L”"N& '.'£ the PPT criterion: (Z1) =J,Z (lg)la)+ h}h‘;),

| 0 0 | | O 0 0
- Gp=Fh= 1[0 0 0 0|=sg=1100 ] 0
0 0 0 0 0 | 0 0
0 0 | 0 o o |
@En‘genvol\w) of Fay ot 21, ( Frg — SWap_operakor.
J.,l
®Fﬂ‘8 —é‘ 1J'1‘7<2’J (lFﬂli,J)zlj)i)) ’Fm ‘0)‘0) = l0>,0)
fjwo ”
Fag 10117 = D19}
4%, = YGle Gl
i = [ate B Fag 10200Y = [070)

Fag Y1) = 10910,



® Fag (17049 14)) = 1oy 0 17},
ool : g (08 140 ) = (ﬁ ljxqpﬂzlil,,)(lf>ﬂstv>,)

u,o

= R
J/ , X‘l ) 8 lﬁ(‘]m?
i X128 1%
IJ,o
(£ ey (£ X
J"9 1=0
= :fﬂB

he 1
f’ .
e fy= T ~ Toofropic St (r) = (I'/’)E” f ¢ Qﬁgtfiz) ; fe(",'].




B "+ = (i) iy
BWe need a negatic ) N, =1[143p) (Mu.(hrlici}y ).
ctjeawalu ot etnslement!

-04+

oD = (1-p) By + £ (Z5g ¢ Tho ¢ T

©owerws - T4l 33y = <Er 14012 o
J (Ff)(l*iéj,lé*)+f[<f*l}kt/ﬁ>+<§* 2« 59)

lhpo> pe - @& 1)
Lo Thit if called, +he fideldy.

@ S (JQ({) 8 entaagied if and, aaly if @153

() Clagy; . Quantum Correlationd : Bell ICHSH Tnequality

o The abort Crifesia for Aﬁfcch‘ag ontinglement ot purtly Mathematical.
+ In practice, we neead 10 oo meagurtmenlf +- oltfermine: whether or not
L}lMol"S art en’rAnﬂleA.



+ Recall example frm pefort: (oﬂ=%(lo)(o{49 uXilg +ln>(nﬂato¥ol,)

— Thi§ stafe i S’eparable (nof enhnglci).
— T Alke and Bob both meaturt hn §102, 5} baais, Fen:
 They both get “0" gnd. 1" W/ probality i
( iey localy, it boks Completely rondom, bl (nszn(fﬁB]':%ﬂA
and (= Tylpy) = 7% )

+ But if Hhey ampare their meaturement outcomes, they wil al
be +he oppasite! [ Whenever Afice gt o “0" or *1", Bob got "1" or "0*.)
S0 their oufcamenr Grt pecfectly - anti-cuirelated.

o But the Same MMJ happr With the maximally -Cnfanjlea( Otate !

By =4 Loy g =040 ) —in the {loy, 1) baotg the outromea at

(ALY e 'fv]
perfectly anti-Cofrelated!

+Sb how o Jis‘fmjuish He ti? Whet make Hre enhn&lea!, Srafe Specia) *
+ To See the diffecence, measurt in a different baaie! Soy in the iy 1-2] baait.
- fur lm =1L(lo)(n14 8 lXig +IXlig sLoXoIg) :
Fr[+, ¢]=Tr [ (1rXHy 8 I*X+lg)p,,,,] =‘lm (@gwm«m l+7+('rllth+)<ﬂoXoH>)

A

[ li>=l;'.(lo)~rh>)) l Jli , !
“t{y#4) =4

Sim;lal{7 ! Pr(fj "J = Pr(’f('J < Pr{-)-] =;l’.

<

So fhe oufcomer are Completely unrrelated !

Wh\ﬂ Blc the d‘o;nf diftribution i @ product '[. the marjmak diffributon .



= Morginal dligtributiond are girta by the patial tce:
 Mongiaal fic Mlice: g =3 = ff«]=R(-]= 1
 Marginal for Bub: g, = 405 = fle)= Ryl-1= 4
oduck . the margins: B (s} )= 5, BlMuf)= 4
hy = b1y tel-Jtale) =) Ry)-hyl-)= 4

Thig if the Same @ the joinf dictripution Calulated abor!
So Mice and Bob’s random vAciAbler 0N independent =Y N0 Gomelatioa.

—But for II‘)ﬁf—h’f( lo)all)g—'“)ﬁlﬂ)p)l the oufcomes are SHl| perfectly
amdi- Correlated !

(24, 9616)18 g é((ﬂo)(««m ) =0 3 fey4] = 0
5 6

+ (toly 0 1) B = (GloXn-geln) = & [-4-4) =4
’L f,_ & ﬁ

= b el4y-)= | (ot l) ¥ gl =

+ (¢l o Gl ) g = 0 (CloXey - i) = & ()=
:L 5 & JL‘L

< Pl )= | (Lhalel)IE >,m|

(g, 0015) 129 = ﬁ[g@@-w{@) =0 > f--1=0.
<1 _ -~}
i h R &



— The anti-correlation exih for aay hasis meaaurement
+ Fok: Let U be an arbitrary 1x1 unifacy matriy. Then

s u) @zt (usw)t = BT
(REFAIRINEND) L
Progt : Fidt Comsider an af bitrary 1x1 mateiy M= (24)) a,b,cdec.

Mio) = alo) £c ]y
(MeM)I!P) x n{‘, (MM)GMM-MM? OMM)) M < :Iﬁffﬂll'?

= 5 ( (am+cin)e | blod+d 1) - | blo7+o1m)olal°>+dﬂ))
-4 ( abJody +ad j0,7+ cbl1,0Y+ cd k)

- aW) -chl,) —aalll,o)-cd/j/,l7)

(€

JL( |ad - be) (o) = [0d ~be)l o))
= 8 lad-bc) (100 - 110%)
= (od-be) 7 (10,09 - 11,0Y).

- ,Lef(t)m/y, determinant 4 M!

S0 fc any matrix m: (Mo ) I1EXE (Mo = |det ) |EXE.
Deteminaat is. product o e eigenvalucs

d
Let U= hZ MR YAl be the Speciral decampasition % & unifacy,

ﬂ'tﬂ u‘} Zvl A% | =7 uIAT ?Mu, (X% =Y (by umhrn‘y) ’{k. fC
Al30, ﬁmm 1 = [JI.J | ¥k =2 J= ¢ o elaenm(ik% «4



@ (itory dre complex humber¢ With unit modulne.

<> det (W)= Ay dy-), B¢ a complex, number with unit modulnd.
= [detlf'= |
> (weu) [BXE (woull = [t |JFXE = [BXEH. B

+ The vechd § ufloS uin] define a measurement, with Measurtment
opecators = uoort , M= Uiilu.
M, tM,= WloXoru + diitn = U(lo)(al+ iU = =1, /

\/-:T——/
Probabili17 ois4ribution if -

)= Tel (M50 ) 18Xy ] = T (It 0 U1 )1 EXE1ps)
{ = (1) [ 2%) = Xy, 8 h

= ( uhuh L1igigh) | Uou) 1EXF-ug)

= T([ |1‘{)X‘i|j' {ueu) |J-XE- [“’E]f_]
L Vo
= (T-Xi| (from abon).
= T Ly Xig T2

22 Same. dishribution ab Hhe 0,10} basis! S0 8Kl anti- carreloked

@W& can foumalize thit idea ink an experimmml test for enmnjlemenf.



