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Multi-qubit entanglement

Resource for quantum information:

teleportation, telecloning,
one-way quantum computing,
decoherence-free communication,
anyonic features, ...

Classification of entangled states:

via SLOCC (stochastic local operations

and classical communication)
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Classitication via SLOCC m

two qubits one class
o [ut) = —=(|01)+10))
V2
Bennett et al. PRA 53 (1996)
three qubits two classes
1
HZ = —(|000 111
® |GHZ3) \/5(| ) +111))
® [W3) = ~-(|001) + [010) +|100))
Dir et al. PRA 62 (2000)
four qubits richer structure, e.g. subsets of continuous SLOCC

inequivalent states (e.g.|GH Z,), |D£2)> , el

Verstraete et al. PRA 65 (2002)
Lamata et al. PRA 75 (2007)



Phenomenological classitication le

Classification according to state specific properties, e.g.

Graph states:  N-vertices (corresponding to N-qubits) &
o edges (Ising-type next-neighbour interaction),
\O\o\ e.g. cluster states, GHZ states Hein et ol. PRA 69 (2004)
® [anyonic features]

Y
J? iGG+1)
Dicke states:  eigenstates of with eigenvalues
Jz m
~ J
0 J ... total spin
Jz ... spin in z-direction, Dicke Phys. Rev. 93 (1954)

symmetric Dicke states [more photons]:

—1/2
DY) = ( N ) X3 Mi( [18m0B(N=m) ))

e.g. |D) =1/v205;M;(]000111))



Entangled state observation m

We use ... H
Photons: ideally suited for communication tasks
© negligible decoherence, easy to transmit
e simple polarization encoding of qubits

0)—|H) |1)—|V
bUT|> [H) [1)—=1[V)

® |ow interaction between photons

Entangled state observation: Seororous rmets o Coton

mgn-pallisgar Tepy |

ey

e

-

l[entanglement from] photon source

SPDC (spontaneous parametric down conversion)

+ linear optical network |
(beam splitters, wave plates, phase shifters)

11111

+ conditional detection
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What are anyons?

Performing two exchanges of two particles

= rotating one particle around the other

3 spatial dimensions:
Bosons (W) — W)

Fermions W) — ei27| W)

e.g.
Pauli, Phys. Rev. 58 (1940)
2 spatial dimensions (e.g. quantum Hall effect):

Anyons W) — W)

Wilczek, Phys. Rev. Lett. 48 & 49 (1982)



Where can anyons be found?

xXp

Toric code: topological 2d system realising anyons as local excitations
Kitaev, Ann. Phys. 303 (2003)

e square lattice made up from
s/p plaquettes

e qubits at vertices

@ interaction Hamiltonian

P z z z z

T T ~T ~T
o Z:S 051952953954

e gound state

1
&) = || —=(1 + 0}y 0ir0230%,4)|00...
1;[\/5( 51952953 s)

8-

o

o



Excitations in the Toric code

Toric code: three types of local excitations

e type c ° ° o
le) = a*[€) s p
g o @ 40
m type
yP p s
||m> pr— O'm|§>| @ o O 3
€ type ( : |
le) = o*0®[§) = iaY[E)
[ O © O
local excitation, e.g. e type

eigenvalue of plaguette
operator 051052053054
becomes -1

o1



Excitations in the Toric code @

Toric code: moving and annihilating excitations

& & @ ® @ ¢ e
e J—
o1l§) = Im) 5 p
plaquette operator
€ o @ 0
0510;20;3054 -1
p s
04071/) . 6 s °
plaquette operator
z z z z
010920530 pa +1
g O Q ]
contractible loop
. ¢ O © @
(i.e. empty plaquette)
ofogo3o3&) =€)
{ o] 0] © Q L 4 D



Excitations in the Toric code

Toric code: non-contractible loop (i.e. populated plaquette)

& o L 4 @
S P

¢ O @ 6}
p S

@ O O Q

[Wini) = o1l€) = [e)

[: O Q
01040305 Wini)
= —o0j(o{010305|))
= WVini) { 1 T




Excitations in the Toric code

Cycling m around e yields a phase of ©

m and e behave anyonic with respect to each other

(for bosons & fermions no phase is expected)



Implementation of small system m

System: lattice of a single s plaquette (bounded by 4 p plaquettes)

e ground state
1
§) = E(|01020304> +[1112131y))

4 qubits in a GHZ state and
local Pauli rotations on qubits
simulating anyonic features

Pachos et al., quant-ph 0710.0895 (2007)



Outline

Multi-qubit entanglement
applications & classifications
Anyonic features with multi-photon entanglement

toric code
implementation of a minimal system

Beyond: how to entangle more photons

UV enhancement cavity and Dicke state



Photon source

Xp

_ Ti:5apphire Ocsillator ew=Pump
7 (780nm, 130 fs, 2.1W, 82MHz)

- (532nm, 10W)

]

SHG
(390nm, ~0.7W )

[ Spenianeous Parametric Bewn Conversion
fnon-collinear Type Il)

egiraopdinarify
polasized
frerticat =y

)

2 pump photons convert: [ia)ec o (aLcL + aTVc

= (b4

)2 lvac)
ol %cl,’

_|_

*®,

linear
optics
setup .

3 by e A,
»\)\ {?.\. ME | res

-+ QaLaLcHCL) |vac)



Ground state

Xp

HWP @122.5°

/7
} 1

bl

(cly + )

a4 — \/—i(c}l—ci/) 1

T4
'a}lﬁa}{&a;r/ﬁz-c{/

- Pemry 7
fs - UV pulses ~ <ag@2 n 0{/@2 i QQ}{auCg&@) |vac)
| gzl

Type Il
SPDC

 J

C a SM-Fibre

, select for two photons in each mode {a,c}
2 ;2 2 42
HW% PBS X (a}{ c}{ —I—a}L/ CTV >|vac>

IR-Filter 3nm
>xljinhole
N /

select for one photon in each mode {a,b,c,d}

YVO, o (a}{b}{c}{d}{ + aLbJ{/CLdL) [vac)

local rotations
for anyonic

) 2 5~ ) 1 & 4 manipulations

€) =1/vV2(JHHHH) + [VWVV))

Qwp PBS
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Ground state [¢) =1/v2(HHHH) + VWWV)) X

Measurement in computational basis (H/V)

Fourfold coincidences in 130 minutes

z i |

200 |

150, Pupny = 0.41 4 0.03
100 {

| 1 P,y = 0.394+0.03
X Y 50 | _
QL -'_E-!I:.*ﬂ*..“-e-_-.' : ]
MEETETTTT T L= -l ~ - -
TETESIIEREIEEEIES



Ground sfate [€) =1/va(HHHH) + VWWv)) XP

Coherent superposition: correlation function
i cay(7) = 01(7) ® 02(7) ® 03(7) ® 04(7)
oi(y) = (cosy)o? 4 (siny)o?

|GHZ ) = 1/v2([HHHH) + €| VVVV))

X y
(cxy(7)) gHz =|V[cos (47 +[9)
1 Correlation {c,}
—> ; A
{—I e Y =683+1.1%
q. 3 i ¥ j
05 + ,. v (0.02+0.01) -
-1 . . j |
0 B 2n 3 4r
Angle 4y
_ 1
Fidelity F =5+ PqHuH + Prvvv)

(if >0.5 then genuine four-qubit entangled) |F=745+2.2%

Toth and Guihne, Phys. Rev. Lett. 94 (2005) Sackett et al., Nature 404 (2000)



Excited state

Creating excitation e

le) = 0fl€) =1/V2(JHHHH)OIVVVV))

Correlation ¢ ny}

o5

’7| I IVAANEAN

0 n 2n 3n dx
Angle 4y

Comparison:
ground s’rc?’re Sorahien 5,
M [I,ﬁ'. i

| ;

F=749+28%

(1.02+0.01) - 7




Loops

Move m around empty plaquette

o¥o%0%ok|¢) = |€) = 1/V2(|HHHH) + |[VVVV))

1

<

0.5

0

7 0.5

-1

Comparison:
ground s’rc?’re Sorahien 5,
M [I,ﬁ'. i

| ;

Correlation (¢}

i 2n R dx
aﬁ.rlgle 4*{

F=76.6+34%

(—0.02+0.02) - 7




Loops m

i) Generate e, ii) move m around and iii) annihilate e
o5(0f030308)053|€) = —|€) = OL/V2(|HHHH) + [VVVV))

0.5 ! F=76.8+28%
o * i
05| | | (—0.01+0.01) - =
T s 2r 3 4¢ ,Invisible” global phase

Comparison:

ground s’rc?’re Sorahien 5,
M [I,ﬁ'. i
| ‘
— _ﬂls




Interference procedure

i) Superposition of creating excitation e or not

(Joz) Le) = eim/4(|€) +ile))/V2

ii) Moving m around

(03050305)(1/05) 7€) = e ™/*(1¢ Dile))/ V2

iii) Inverse of i)

Joi(ofo%0%05)(\Jo3) €)= —ile)

Comparison:
ground SCLp——

— U]

1
e -
J_.h\
05! .-’/ '-.“".
o / i /
05/ | N\ /
b Wit
-1 :
0 T Zr
Angle 4y

= —i/vV2(|HHHH O |VVVV))

F=758+25%

(1.00£0.01) - =

,Invisible” global phase into
relative phase
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Photon source

xXp

_ Ti;5apphire Ocsillator
F (780nm, 130 fs, 2,1W, 82MHz)

WIF‘.I'HF
i (532nm, 10W)

]

SHG
(390nm, ~0.7W )

BED crysial
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[ Spenianeous Parametric Bewn Conversion
fnon-collinear Type Il)
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-> too long measurement times
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More photons

UV enhancement cavity: up to 7.5W UV power

Ti:Sapphire Ocsillator ews=Pu A
e (780nm, 130 fs, 2.1W, 82AHz} _ (P32nm, TEWI J

SHG
[gmnmh ~0,TW 1!

W
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e
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Dicke state m

ot 3 .-
|6 >a x (aHaV) [vac) . UV enhancement cavity: 5.5W

\@85
XoT:
b+

=

: 560mW
. fs-UV
: pulses

Dé3) linear optical
. setup
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Wieczorek et al., quant-ph 0903.2213 (2009)



Results D)y =1/v/20%,; N;(|HHHVVV )

counts z basis (513 min)
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Fidelity:

F= (D p D)

= 0.65 £ 0.02



Dicke states 6 -> 5 -> 4 XZQ

Dicke state as resource for other entangled states:
DY =1/v205,; N(|HHHVVV))

P(8,9) 1= [6,¢)(0,9]
10,¢) = cosO|H) + e?sing|V)

v

| Ag) = c059|Dg3>> —I—e_i¢sin0|Dg2)>

251 @@@ algsses
() 6=1{0,7/2} — {| D), Dy}

(i) 0 € (0,7/2) = cosd| D)) 4 e~i¢sing| DL )

Wieczorek et al., Phys. Rev. A 79 (2009)
Wieczorek et al., quant-ph 0903.2213 (2009)



Dicke states 6 -> 5 -> 4 m

|Ag) = cosH|Dg3)> +e_i¢sin0|Dg2)>

D) 1/v2(| D) +i| D))
projection onto projection onto
H|/ \ (V| X 1/V2((H| —i(V])
Dy IDVy = wa) 120DV + |DSY)) = HE aHZ, )

\GHZ, ) =1/V2(|HHHH) — |[VVVV))



Summary m

0.5 T
o /N /N Four-photon entanglement
t-._
":l 1 :" . ._ rl."-:_\_ _.t': I:"-L . .
s < % Anyonic features based on toric code
O & gn In An
Angle: 47

Pachos et al., quant-ph 0710.0895 (2007)
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Six-photon entanglement

Wieczorek et al., Phys. Rev. A 79 (2009)
Wieczorek et al., quant-ph 0903.2213 (2009)



