Quantum Entanglement Theory

Thursday, March 26,2020 10:16 AM

Enhna‘kmmf fhf rure states .

1. N {a = trg (1P2241)
E(ow) = Stp) =~ (0a bgta) = S(fr)

p ! " tillation
2. En'fahjl,emal‘{’ DT\ j‘UWb'fmh and Ais

breal or‘yaﬁom .

comm uni coTion.

cC  pperafors
Lo r ( classical

L OCC does mot Tncresse ehhng(/,men't

How o 1;«1:#% mngumm ?
o Tt B 1B 2 = J"f (|uo7+l;|>)

- &mrnv
Single - AP W’m—wﬂ?& 15 he
Dl;endim.

i ok
Asymf»fff AT R

Yo — |2 /s

of eration

r ‘fuymﬁun Er .

(the least  number of 1€ " 2p

min

E"ﬂ"f lemeit u‘[

;
lim =
hae

Er = »
f rz{hiru( t rf’grul n f,q)lhrleS af

1Y 78 }’3 Locc),
o~ L
l'\+‘7AB _LD/CL—) ‘Q 7AB
Emnjmm afd[sfiﬂatim

Ep (1pa) = ii:: n

> E W) > b (Wom)

Theorem For any L}rarﬁte ?)we stetes 1P 7an.

EF ( I,U(7A65 - Ep(”)ﬁg) = g(pA)
- Quantem leportetion
Proof i { Quantam dw!; camrnssfan.

2. Multi - Fm#e em‘an&l,emv*'

de —> dvide to 2 bbck +then
,_vBlosz U\fang&’.men‘t : N—rartndz divide S A p

EBIO* = S (PA)

—_ Reduced hngfﬁd P ( (,)\Mﬁb N to ).

localizable @V\TA"?L@W{: E'Ln'\;amehf o]t {8 (l‘ﬁ:&r

i aptites.
DFtimIzeo( local afermm on other r



Enfanjéemenf for mixed  states

i. Ehﬂ"ﬂu’)’hmf criterion

&E:/E_/WE_ (g@ram},b’ YI'MLQ), .

Def. A mixed state 75 Called &hTMﬂeo( state iff M cannot

Le writien b @ seramblt fam

Eannﬂfea( (7
For pure chte SUmto

Fe wixad sttt S doon vk
Bx f = PIE T +p(><E]
Sefam/:le

when p:

T _ )
fm= TP 0 ®be

2. MM Paytial 'frm\srose cyiterion -
= TPt Ola

Ta
¥ 5"’[’“’0‘“"- state Py, the ’mm( ‘fmnsrose b is roﬁ;\m_ i
Zo0 e;?mvdus are the same, P(;(— 20
lf {)P‘B g 2x2 of 2X3. it s Suﬁ(den‘f sndition  as well -
Ex2.
Ex! |‘7’>4:ﬁ (100> T1117) - B
f)AB =P 13 70<®| +_‘:f__7/\5
FAB = —;—_[ |oo> <Coo] + mz<n| + Jooven| + ”!>‘°:‘l1 o,
=20 ] B
T * ! ¢ Y
oS ° " ° P
FRB = 3 [lov)éo | 1) + Jopele] + IIo)cozl] _ Qa_ oo s Lo it
l T 2 & r
| o ! P P .
=3 ( ) » £0° = emém( = % 1 If P73 @ enfunaleo(
\
Rem&kks : 1. Psitive r‘an‘;al ‘mnsrou stutes  (PPT)

(P;;B 20) & Saram“e state Tw x2, 203 ’3”“‘”'

NPPT: PELD > e&\"’anahﬂl state

2 3 PT bt m,ﬁw/ fr hgher chmession (Fr7o. Ev2o)

= Boa,lw{ eﬂfanj,leo( states

4 Er\‘fang&meﬂ’(’ /\/(mwcmoh’f.

— Genwra criteria ﬁr messuements E:

1 E (PRB) =0 Tﬁ Prs Se,ro\ml,lt.



- GUW(CL[ Cﬂ'f@"iﬂ j‘ér meosuiemenls -

) E (Pm}) =0 l-ﬁ Pz SerAMHL.

|

E(UnBUs [m Woeuw ) = E
-for LocC . [Enﬂn?lﬂmrff monotones)

2)
? El {’Ab) hon-fnorensin2

8 Relue to Vo~ Neuménn

& pure st oo

Eh‘bam when PAB I3

) EnJmnﬂIemmf of ﬁmaﬁon ad distillation

Ef 7 Ep For pure stete (i) Ep=Eo.

Ef > Ep =0 for baud en‘fan;lld stute.

For 2% (Z—Thk” S?s‘f%s: \Woo'fn"@jmhl&1 (to bond Ff n mixed stete),

,De_f_' Enﬁnjjurwd' ost Ee.
&FM PAB‘ 3 emaml:/c J&mmrosiﬁw: (AB: ?_R{%)AEQM

Fc (fa) = min zt P E(1¥%om) EF < Ee.
[ &
over all e:sem g ()A)
dmwrw ion -
TO { I + E ; molox comua aft
colonleTt c o T{(‘ i
Def fie = (YaBY) b (12O M)
f
YE% PJ&WIMI(?

( wa)

R 3 J—?:B_ /F\;‘B JKB' F'p(el‘_tz Frarm@ ‘\J’)Ag ’ r@dl (DAB

/ F Ji.{ ABC\H P ¥ The D{iﬁ’lu"w betwen
mae’r ard| real

If Torget shate s mixed - Tas

The  Fielity F= H®)

Then,  Find elgonielnes of R Ao2di. (Rea)

?NH@MS«
Ec ﬁ;r B!V“ aﬂ([qzam’ s‘f&fé&

M . Cowmwwe~
C (Pas) i%t max{ 0. A -k —)}-Qq} _ bo = P T <E TP N
AP W om F P (WY |

> :
Ec (fae) = h,( @ ) ; Mme ‘\(X) g ,x(pj,x —(l—)r)[,oj,(l-)r)
(Ghomon  Entropy )

2) /\/eﬂﬂivi%



2) N@Q&TIVV%'
\\Z l;\p’ '/h , Ai eigz“‘/c lmeS O‘f (zﬂrg

-

Nag) = T z
\Q(Am, Df all 'leiﬂﬁVe QIje;\Va/ugS o-f p;;l

Lapitheic + LN o) = Log (2N(?Ae>+’]

Both N and LN are eranglemehf measarem ents
Upper Dol = Ep (P1) € LNV (Pag)

Iy; rar‘l'iallay, PPT W‘fanjlw( states = LN (fig) =N(las) =0
S Elpm) =0
Rmﬂyk : 1) I‘f' E (@% ) > L, (@_45)

T}\CV\ EZ(P/AB)@ E' ((LAB)

- En_’_ahala{ g’f’l)\_'{'eg (For mixed Stte)

1, EPR . Bell  states (2- Tul{\‘t)

!

E Bell - [ WER/D,
?R / 2 l [g ﬁ {ID >2 1 ) (,mﬁ”j 51».]”)%'('
l’\}/1> = J“Z (l1oy + Ioo>)

B(),H p{iaaonal PB = P \§*><—Qﬂ{ P 1T ((}3—4) + b l‘{'47<‘¥-| + P h+~>4-'+—)

when PL"FZ:PU S Wemer state
5 GHZ-W  mdfigT

\@)HZD = S‘j; (o007 4 my)

. ) wn ( S’ Iﬂfo'olfn Gt Sthte
IGHZv = & (17 F 58" ) or  Schisdinger )

IW>$ = I"—: (‘0"!7 + |oto> T (]oo?)

|V\/>,\ = ( [00 1> + loo--- 10> .;.,,,.f.“oo,,,a))

i

2_ Cluster GMT}L, Stobilizer States -



Stabilizer Statfes -

as Co- eiaen#ﬁes o’f a set 0]0 aommu‘ting otuﬂfr’)s .

34 Cluster G)’AT}"/

-De-t\[ne @hfﬂhglid 5‘1‘7\1’“
Stabilizers
- How fIm}( {AY and  moke them  commutable 7
7 'Pror@lﬂ“’
Pauli T elements are tensor Frodutt 0]0 Panki orm‘tors 1. oy “two elomaits of Pl grotp-
L X % Zid oither Commite or  onti - commute.
Ex. 1
A AT 2 [xigy XE]=o
[ y o .
A Y6 %Y XN X 3 Ael
2 Ai has efjmvalue +1

# of Aiﬁmnu L g e commute
;f odil = ot — commute -

De]f. Cluster states : co- C;Z@nshﬁes bf A: with I teauvalucs

associde with a leftice .

where AT
Ex I R S /,\l.i{f X ® Z}
X7 a2d - e
T T MiJ}\Lmrs.
A A
Guaoh  stefes ASsociate  with - = (V.E).
Def. mr o sociafe  with an arlufmfbu 3mri\ G M% I;\)Ed#
Q) ‘I_\,:] Ai i“‘i' Xi ® ZJ
3 4 jéMt)
izo,mo.l’k :

N on imé‘ﬂrs stute uhiiuelfa, o(e-fwv-iﬂa{ }:3 n stabilizer oYarhws-
as a 6mrh state ba local unﬂma ‘tmgfu.mﬁo,\

2) AWJ abilizer sties of Pawb e can be writen
EJ,\ XX, 27 % XZ2, X2 4
b states.

Sty «— stbgrs = §"f
f X2z y> =1y
XIZL X}Z' X)Z.[]&7 = '\+7

5 1= 3'7 (fo2 142 + 17| =2

147 = F Uov £ i)

‘.,__:—E Lo i
cal wmtar
A3 Gz,

XZ» X2d XZ:

L) epelent
/\\ — 5 lo?bg)'/L + “7@»4
2 k]

A not LU ¢4+
————
* [N 3 4

2 3




4. Tonsor netnork stte.

w,7 _ Ciriain Ii.‘n'“i..?.

DR T f
2" wcﬁ:liu\‘f
ompose
" ™ : ‘.,; U)h — virtual  indlex .
R s g T T
Rak-2 Ranked
=) _ = 1) i () .
Cutsrin ’j.%},:.l_;' T@,‘r TJ" = Matrix ]:yodud' state -
Condraction \

ole,.sml mactrix rcMnm/izAﬁbn ?mr

PEPS
— NP -— hardk

Tree  tensor network

Y — () -G

1‘»(% 5 i b
- e{f]c]m‘ contraction < tae wilth smell -

MERA  ( mutti- scale ari’anjlemurt renormalization  ansatz ) stetes

A

5. Newral Network State -

Boltzmann  machine. ( restricted)
walahf funcﬁm for each edae G

WL T Wa )t

b Citnein = z

o &
o) a0
iS . .
arbitrar 1) = i1 i }
o,,m;.,! ° W(.,a) = \Mud"’Wml‘f Wm&’ann
; L (since 1:4€ lot})
visible  newrons hidden neurons
Creal qubits) W : real values = RBM .
T wmr,@( = Tﬂu‘t‘um RB/

Ruantum nonLocaJi‘ba, and Bl L\aluql'f%

Bmkgmu-% EPR pewdox & hidden Verishle Theory.

Vom @ & a,@;amm of XoXo. ZaZa  with (1) e)gwalue

[Pas Bob -

ALM.

measure Zg + =1

Mmesswe Xa "
=t = X ;-ﬂA) :'7sz known siwlfﬂnuul?, 7

z

alz})n ah (DMRG)



Mewsmr e <o

Mmesswe Xa
= 1l = X ;-ﬂA) 77{?: known siwlfﬂnuuba, 7

Z/\’ - [
Ruontam : abjuﬁ vh‘a

Obsorvables do nat have f'&—o(t’fermfneo( values Le‘[’m rneaswfhg,
Hidden varloble ’H\cwvar
Obw W‘\HCS fuhdo\ma\fu[ .= PLaSiCM )'wl,itj (rn—assiand value)

Local ~ hidden Jariable TJ""'”’(]” { Observables  have Yre—assia»u( yelues . soﬁr;sfz‘es (lassical [mL, Thery

(LHV) Cinstein's lomli‘% (ho g,,ror[i-\ina[ infwaction),

2. Bell's Inequality ( CHSH)

AUUL Bnlv

= B( +/
bguimot [ A1 ! £ o
f:f“" {Axi( B. 1 f

Y Randam variables .
define ® W= (AtA) B-(AA)B,
Possible wles - i AtA==EL, A-A:0 > W= EDY <_—|-f obsorvable 2__5 Fve-:{eﬁmined value -
# Ath=0 - AcA=E2 o
50 (<W7lé}. A doesit [hf/mw. B (LHw

 —
I

(LHV)

Bell -CHsH Tneivml’fg
But fﬂ" a.m. 3 shte b violate  Bell's Iha{udlr%

B EXM\?I@: 7= -Jr; (lo1> —Ilo))

(Go+Ta) ¥ me = O

m@(‘l (R-&) (Ads) | ¥ g
= 4«;(\-(;-&)(;.@)|«+’>M
A

= _‘h’h ({A (7"‘6‘7«)()—"'6‘7\)) (?A: ‘l’rg(lu:)mf’l}f}))

=3l

-

- -hR

ILE |’l}l‘): J%—(loofllv?)_
A
T~ > w) 24222

B

3. )(Tuimaml ~test of Bedl's 1’”‘1”‘“7

/\/onéomlita fonrhnlc ( {,71\f cannt fhfl«tm eadh other). j 301 clmsd.
L""f pole detection eﬁniew Laorhvll' 1-]?5%1 by diamond ot
frcrwi“ burhp[c (rancbmness  exists in notwe 7).

Eni’mglemenf Bmw( Ruortum Communi cation



l:n‘fanghmmf [Saset T T

2 Infinﬂ'e bits ]('r [nfinh‘z ‘mm’sim_

1 G(uwdﬂm Tderortatlm
pith Dhl'j CL Aice ned to know Co.C.
Alice Bob with onbj enianglemenf /:\'___' 2 comot givt »‘nfnvmﬁnn |
> = Gloraii> oo +1n> )
Unknown

Quartum Tolerr’(aﬁm = En'fan;umwf + CC.

Protocol Stort with
Alice. B.b o, B (62
1) 1.
el 25 rewer = (aloyth) BF (lo +117)

musuu"""Ut (ovtoomes)

(100 R B+ VXV (V2 X,
[y = aloathbh), .

14727 ﬁ(lowﬂm} - L
192 = alo> + b Wl\ug,
> Plice messwe  on Bell basis and tell Bob the outcome .

Tmsfu‘- onlj two ers»infn-

whee 1¥73 7S unknawn o Alie £ Bob. Wy o I
1'7;7 > 4 S = o+ bl
S X%
LA St

R emark: 1) Alice know n.’th;na ahaat W,
¢ this obows not cotradicts with nonclone |

az= o2

2) We can let {
b=l

L (100, +IH7”) = [V = .Jl“; ( 'pa)eLJ-})])")

['\”74; = e
Aliw
R Bob
b : [ ‘2 Eanhﬁ[mb\f fwl)rin,,
D
2. Cuentum k DF ‘W‘mﬂ .
Y sHipntion A B.
. B z ol
I '

¥y = ﬁ(loﬁ*“l}) :jzz_ (“1‘7*1--7) X besis ("' +

1) Alice & PBob- rando measare in 2 or X. besis

and kup the outcomes s the kga .‘f thu7 f‘[nd ﬂ.ga
h¢.C (EPR Fn‘foml./ Eb’f rrvtml)

use

the some besis .‘Hnmy

2) Devica - Inole.f- @kD.  (Best Sewre Tv.vml)
Measare CHSH Tne1w11f:l on o fondaml chosen.  subset nT sa)nr(ts.

IT volstedl , measure T the soame basis andther random wTh ondl
)zae.r the ot comes &S the shared ke?.

2 Quantum Re]?tad’@vs .

{ona alisfanaes Communication :

, s .
Al'ﬂ“ ll?:L() BDL .
X
Exrmemt}al Pema e [N o kn D Need o repester
amrlTT} fay?oaﬁu? .

M&l . no ahrlir'fm‘ﬁnn af iuanfm siamls



2L, va»ln:nf

> i,

v
Bell measwement

I adanalwuf
~ ‘F: with nreafar

¥
uru‘l’w nodes .
= withot -

4

For n- r&rudm
o f‘
For rvealization:
pglement

ement  betwaen  memories .

) Quantum memory fo sove enta
2) Fl,jinT TuLH’; +o establish en‘fanl[

DLCZ  schemes ( ot frnctim( 3,_4)



