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Abstract: With the aim of proposing feasible, quantum optical realizations of quantum information protocols and minimizing the resource costs in
such implementations, we will discuss various, so-called hybrid approaches. These include, for instance, schemes based upon both discrete and
continuous quantum variables.
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“Hybrid”

something heterogensous in origin or compaosition
(in biclogy, crosses between different species);

something that has two different types of components
performing essentially the same function;

“Hybrid Computer”™

a computer system consisting of a combination of analog and digital
computer systems;
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Quantum Information

No Communication Heisenbere

taster than Light % f Uncertainty Relation
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Quantum Communication Quantum Computation
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Quantum Information

j dx ‘ X, X — c) ‘ W* =(lo1)+]10)|/ 2

Continuous Variables Discrete Variables



Quantum Communication
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Quantum Communication
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Quantum Communication

S |/, (—

larger distances (1000 km) ?
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Entanglement: a universal resource

Quantum communication

R | ) T—

“Cuantum Repeater™
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Quantum Computation
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Entanglement: a universal resource

Universal Quantum Computation
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Quantum Optics

Why
Optics?

¥ light 1s a convenment medum for quanfum communication

v light 1s useful for efficient, small-scale quantum logic ' computation
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Quantum Optics

_. describe electromagneﬁc field b}f a discrete set of
“mode variables” rather than the whole continuum of frequenciea
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Quantum Optics
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Quantum Optics

discrete number/Fock states: = . .
~ = ~ T . :
cl 0) p— 0 vacuum state
Fock basis: -
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1
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Quantum Optics

A = ho(aa+1/2)
F(pi+a?x? )
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momentum and position of harmeonic oscillator
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Quantum Optics
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continuous position' momentum states:
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convenient for Gaussian states; €dasy to create or detect even for large numbers
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Quantum Optics

“continuum” of quadmture amplitudes:
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Quantum Optics
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Quantum Optics

Wigner function:

| ) 4 =
W(x.p)== [dve™" (x=yplx+)

(Gaussian States:
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Discrete Variables (DV)

occupation number qubit ... X I(:}> £ /)) ‘ l> (one mode)

dual-rail qubit ... X I 10 > 5 /[‘} | 01 > (two modes)

e.g., polarization of a single photon ...

a |e)+ 1)

Pirsa: 08110029



Quantum Teleportation (DV)

Innsbruck Experiment, 1997 (Zeilinger)
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Continuous Variables (CV)

1=x+ip. [x.p]l=i/2., AxAp >1/16

coherent state squeezed state

Xx—A Ax

Yacilitin

A,F} = (1/2") Apl'd{’!!!fn!

X : - X
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Quantum Teleportation (CV)

Hadamard = Fourier transform:

1Y )
Y, W),
1 2oy
Flphmﬂmentmn = dy € - |1- momentum — ‘1—}? | position
N7
i
CNOT =>» beam splitter: vy o |—x + v l\ L~ (x— v)}
Eih 5 : / | = . /
£ QL0
Caltech Experiment, 1998 )
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Linear Optics

beam splitter
1 O 0 - A B
i | & --_l ;j Z— i = : . .
a7 T N\& 2/ v = rt —r =0
phase shifter
) __ P = FF
a & c=e’a =
U mmtary
linear network
| 2, - 0 -x"_ q- | fi':_. |
M. Reck et al., PRL 73, 58 (1994)

Any U can be realized ...
g photon counting or homod}rne detection ...
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Linear Optics

beam splitter
&, N ~|</C2 (L‘IJ_ 1 (I r J(dl :;,‘-'_I_‘{; =1
3 =R Ax2 rt’—r =0

4 : p e
any quadratic interaction
including squeezing:

£ - o g
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P _ o
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/
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M. Reck et al.. PRL 73, 58 (1994

Any U can be realized ...
g photon counting or homodj;ne detection ...



Linear Optics

beam splitter
CT_ k/ EE ({'1]_ 1 (! f {11. i;‘": +‘rl =1
TN o\t —rRa .
a /" \& “2 = = rt —r =0
phase shifter any quadratic interaction
> including squeezing:
€ e e
c=Aa+Ba+y
linear network
[’ % | e Q— r ':1‘1
| a,| ®— | | & \
— — |
&z - L “LUB)Y”,
Gaussian
transformations

Page 29/95

M. Recketal., PRL 73, 58 (1994

Any U can be realized. ..
P photon counting or homodyne detection ...



Lmear Optics

any multi-mode Gaussian (“LUBO”) transformation
can be decomposed via SVD into

active single-mode squeezers

-

— | = 5
i { = v [ L UW) ——}» C out
—— [ =g —

T
passive linear optics pas:;ivé linear optics
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Nonlinear Optics (DV)

F

. HT; E;TF;
Cross Kerr ... U: ei’ﬂ' aa f
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//‘

controlled sign gate

...hard to obtain for single-photon states
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Nonlinear Optics (CV)
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non-{saussian states

...hard to obtain for multiphoton states
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Optical Quantum Information Processing

unitary transformation mtemcl:mn input-output relation
| ( Hamiltonian) of mode operators
displacement k P
_ : , 1ear “scalar
Gaussian| | mn phase space
<
beam splitter |
SP. quadratic linear
L squeezing
| non-Gaussian
(cubic phase gate. cubic or lhugher nonlnear
Kerr effect )

linear, nonlinear optical interactions
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Why Hybrid?

Discrete Variables

linear optics / linear transformations are not sufficient;

NOGO for universal quantum computing, NOGO for measurements, ...

Continuous Varniables

Gaussian quantum computer can always be efficientlvy simulated
by a classical computer;

NOGO for universal quantum computing, NOGO for entanglement distillation
and for quantum error correction, ...
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Why Hybrid?

Discrete Variables & IH> * ﬂ |$>

linear optics / linear transformations are not sufficient;

NOGO for universal quantum computing, NOGO for measurements, ...
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Why Hybrid?

Continuous Variables -

Gaussian quantum computer can always be efficiently simulated
by a classical computer;

NOGO for universal quantum computing, NOGO for entanglement distillation
and for quantum error correction, ...
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Why Hybrid?

possibie solution: h}*brid protocols,
measurement-induced or weak nonlinearities
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Hybrid Approaches

Hybrid...

...combine different encodings, operations, and protocols

__.minimize resource costs for implementaﬁ()HS
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Hybrid Approaches

¥"  coherent-state-based qubits ( “cat logic™)

e
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Hybrid Approaches

v hybnd quantum error correction... encode discrete qubit into oscillator

> |x=as)

X
; : +a0
D ] $jeasean)
| . —
... useful for small. diffusive shifts
rather than stochastic, large errors
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D. Gottesman et al., PRA 64, 012310 {2001)



Hybrid Approaches

v hybnid quantum error correction... protect cv state against discrete errors

W..(x,.p)=(1-p) W (x.p) + pW,,...(X.D)

for example, , erasure channel”

Pvl. gph-archive/0811.3616 {2008)

Gaussian QECC not useful to protect Gaussian states against Gaussian errors
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Shor QECC

Shor code for qubits: (Zl £k > E ﬁl L _)

s =(J000)£[111))/3

Shor-type code for CV: J d}) l[/( p) I PP P >

weillh | p> * J’ dxe™? | XX x>
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CV Quantum Error Correction

encode decode correction
Input I I | ) i
- »)-D(x) =
A D TLITP} D)~ »
. ! d lO
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an2 > / 2 ...i .........
m3 — -= { 3 1.-...--11.1-1% ........ #
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Quantum channels / so%R

Acla et al.. qph-archwe {0811.3734 (2008)



Hybrid Approaches

v light-matter interfaces for quantum communication

A )

Ak\.

fully DV ... manv atoms/single photons

Ry

eae CNANNS
L. M. Duan et al., Nature 414, 413 {2001) P N
BS
- ‘ -
" NN
futtlylody/ . many atoms/many photons % Page 44/%

T F Shercon of .78 Batnre A4 557 (30006G)



Hybrid Approaches

v hybnd quantum communication... continuous qubus for discrete qubits
v hybnd quantum computation .. contimuous qubus for discrete qubits

v' hyvbrid one-way computer. .. combine discrete/ continuous measurements
v hybnd quantum computation .. combine circuit/cluster approaches |

v hvbnd quantum communication... combine teleportation/direct transfer

|
/
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Hybrid Quantum Communication

- eqeciam,

2 tal

(Quantum Communication

\

Quantum Repeater

!

- |00)

PvL ef al, Phys. Rev. Lett. 96. 240501 {2006}

T. D. Ladd, PvL ef al, New J. Phys. 8. 164 {2006}
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Hybrid Quantum Repeater

discrete — continuous phasle variable discrete
spin variable /' /_, spin variable
; ;
v |
Qubit 1 WDeeSomn |
e A *
> Qubit 2

. L4
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Hybrid Quantum Repeater

discrete continuous phase variable discrete
spin variable J / spin variable
! ;b /
- S .'
Qllblt 1 Qll = |I

coupled via '
r
o 5 e A
ida aaoc
e — ° .
s ¢t
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Entanglement Distribution

) 1
—tQ _— - — %"
+|1) v

0)+|1) o)
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Entanglement Distribution
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Entanglement Distribution
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Entanglement Distribution

@iz +1872 )

0)ae /+yl>;ae |
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Entanglement Distribution

. 1 .
[ﬁ\gae_‘wz\,& ‘ 1>§a€+1552\_
/] / [ /

01) or |10)
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Entanglement Distribution
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Entanglement Distribution

pt ..
- 11}
'::teiL
<) 7)=[01)+[10)
e 9
& 00 d~ab

¢.g. homodyne detection
and postselection
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Entanglement Distribution

ro; C‘—'—?—@— ‘D f"]/

Loss mode

Ideal scheme: 1.00
make d arbitrarily large

0.75
Realistic scheme: e
trade-off between distinguishability .
and decoherence 0.25.
d‘“‘ _I_.l' L= L Q%O'OI 0.00 : T
[ 0O 05 1 1.5
Pirsa; 08110029 = 10000 Selecti on Wm d@)w

(probe photons) (10km, 0.17dB/km)



Entanglement Distribution

.. consider schemes without intrinsic errors

... generate mixtures of Onl}r two Bell states

F [@*ch*} = F) IT*XLP*

) =L 00 )+ e J10)+ | e o
1 \ | g — it ]
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Unambiguous State Discrimination
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Unambiguous State Discrimination

S lﬁa> |0>
"~ o) ?/\—ﬁa)
X :
ta)  |d=a)
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Unambiguous State Discrimination

10 km

10-
08

06 o
failure o

probability o

4 [

-
_~UsD
// linear optics

A

USD bound

05 06 07 08 09 10
fidelity
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Entanglement Purification and Swapping

Local {( /; { — ,{’5 g;qc?)lT

CNOT ¢ ° (

gates ' f:}_.s'{bf/ ,. gates /;/“ j/;u/
/f . / /m_//

\/“/\/1/\/

classical communication

from many noisy entangled pairs a smaller
number of better entangled pairs can be distilled
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Entanglement Purification and Swapping

Local C].‘:TDT g_a‘les
ﬁ,{_{i( .{ ”;5({.{—!//6(
ﬂf—{i(ﬂ{_{‘( - {—;{6(

Local CNOT gates the pairs are connected via
| i AT 4 T entancle SWarDinge
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Deterministic C-NOT Gate

. simulate conditional displacements
via sequence of unconditional dis pla cements
and conditional rotations ...

S, e

ia KJQG:D(ﬁCOSG)

i
—ia a

W BcosO®)e ' O D(=2 B)e

i ol P
2iBsm B (a + a) o. o—©
O < o
...works in any regime, - 3 '8
weak or strong coupling! 3 i
] o— @
: >
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Pvl et al., Phys. Rev. A. 78, 022303 [(2008)



Deterministic C-NOT Gate

P s I-u"'l"— i
K

P U 1 //""—Hx\ A

D(ip,e.,) D(B,o.) Clony ¥iid 1) [,
x D(—if,o. ) D(-B.0. )} cr—g——xo0

4 AA =

_ 5 P9

for /8 ﬁ _ T
/7= @ this corresponds to a CNOT gate
up to a global phase and local rotations

Pirsa: 08110029 Page 64/95



Hybrid One-Way Quantum Computer

... universal quantum computing with Gaussian cluster states,
via continuous and discrete measurements

i x & x

p f- QND gate €

S
X
S

QH
o ¥ N
0 U !
= = 22

: =)
>
-
1
-

U \W)
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...In collaboration with N. Menicucci, Mile Gu, C. Weedbrook, T.C. Ralph, M. Nielsen...



Deterministic C-NOT Gate

—fh

'f-ﬁf ----- -EHE ] — -

O C
P i /__—\ Il //fﬁ‘“‘\ A

D(ip,o.,) D(B o.)) lon) vty 1) )l sp,
><D( lﬂ )D(—ﬂlo:

21 (.T-
_ 2B 8,0.,0,

for —
p Iﬂ 2@ this corresponds to a CNOT gate
up to a global phase and local rotations
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Deterministic C-NOT Gate

. simulate conditional displaf:ements
via sequence of unconditional dis placementaz

and conditional rotations ...

~ TA ~
-

D(ﬂcosﬂ)e_lé @06z D(=2B8)e 200 D(Bcos8)

P

2iPfsm @ (a + a) o o—s®

G- = O

= L
- - =

...works in any regime, Do 3 G
weak or strong coupling! 3 4
+ &— @

- -

aj /95
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Deterministic C-NOT Gate

ﬁ----—h&i—_—q——u
P i /ﬁ\z i : /f"_'“‘-\ A

D(ip,o.,) D(B o.)
x D(— lﬂ )D(—ﬂ1 o

132

2i B B, 0. 0.,
=

for —
p “B 2 @ this corresponds to a CNOT gate
up to a global phase and local rotations
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Deterministic C-NOT Gate

. simulate conditional displacementa
Vvia sequence of unconditional dis piacements

and conditional rotations ...

i R IR,
ia aBo-

D(ﬂcos&)e_m (19&:D(—2ﬁ)e “D(fcos@)

P

- ”~ -g- ”~
2ifsm @ (a + a) o o—®
O : 2
e . {;_-:F
. - = i
...works in any regime, O - 3 G
reak & 1 1
weak or strong coupling! 1 i
+ C—— O
$ >
Pa /95
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Hybrid One-Way Quantum Computer

... universal quantum computing with Gaussian cluster states.
via continuous and discrete measurements

i xOx
pt — QND gate €

4

h
U
-

QH
TS T~ A
[ { ¢ !
e '--?-—-* e

QH
F(j
1
-

U \W)

<
i~
I

-
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...In collaboration with N. Menicucci, Mile Gu, C. Weedbrook, T.C. Ralph, M. Nielsen...



Hybrid One-Way Quantum Computer

-
=

. - e
I X))

P QND gate €

!

UW)

14

a
>
N ™ R
(!
==

- N.C. Menicucci, PvL, M. Gu, C. Weedbrook T.C. Ralph. M_A. Nielsen. PRL 97.110501 (2006}
- PvL, ]J. Opt. Soc. Am. B 24 340 (2007)
- efficient generation: Pvl., C. Weedbrook M. Gu, PRA 76, 032321 (2007)
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- compact generation: N.C. Menicueci, PRL 101, 130501 (2008). etc.



Cluster Computation

o)

D Essence of Cluster Computation:

cluster state is independent of computation;

universality and “computational freedom”
through choice of measurement bases
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Quantum Computation via Continuous Variables

2ifx

X(s)= e_zmp . L(t)=e (WH operators)

X(s)|p) = 77 |p). Zw|p) =|p+)

Z(_'f)‘x> —

x>i X{_S)l.t) = ’x—!—s>

(position/computational basis)
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Quantum Computation via Continuous Variables

2itx

X(s) = = . Z()=e (WH operators)

X{_sf)'p) = e_jf”|p>* Z(r')lp) :|p+r>

Z{I)‘x) =" x>* X{S)lx> = |x+S>

(position/computational basis)

TN, f(x)
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Quantum Computation via Continuous Variables

AAS) Ee_m‘ﬁ . Z(H)= em'% (WH operators)

X(s'}[p) = e_:”plp>, Z{__r)‘p) :lp+r>

Z(’f')lx> = x) X(s)lx) — lx‘+5>

(position/computational basis)

D eff(i)
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Quantum Computation via Continuous Variables

i 2@ 3 (controlled Z gate)
=

P A (QND gate)
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Juantum Computation via Continuous Variables

i@ % (controlled Z gate)
CZ o (QND gate)
4 D
PAx .
< i x icBRy
~  (lifford set = Gaussian \ 7

“cubic phase gate”

(universal set)
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Quantum Computation via Continuous Variables

Clifford group:

UXU =X

qubits: y
UocU =0



Quantum Computation via Continuous Variables

» any Clifford computation can be efficiently
simulated on a classical computer

{S.D. Bartlett et al., PRL 88, 097904 (2002)}

» asingle-mode non-Clifford (non-Gaussian)
transformation is necessary and sufficient
for universal quantum computation

{S. Lloyd and S.L. Braunstein. PRL 82, 1784-1787 (1999)}
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Elementary Teleportation Circuits
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Elementary Teleportation Circuits
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Elementary Teleportation Circuits

*
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Elementary Teleportation Circuits
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Elementary Teleportation Circuits

|p=0) —F— D —F'— }
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Elementary Teleportation Circuits

v) —D—F— P

CZ
| p=0) —L X(S)FDY)
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Elementary Teleportation Circuits

) D—F— -
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Entanglement Distribution

... consider schemes without intrinsic errors

... generate mixtures of OH]}T two Bell states

F |cp+><q)+} +(1-F) [T+><1P+
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Entanglement Distribution

Loss mode

5cc—-—?m E C goff

Ideal scheme: 1.00
make d arbitrarily large

0.75
Realistic scheme: 0.50
trade-off between distinguishability :
and decoherence 025
d~1, eg 6=0.01 0.00 e
gk 0 05 1 15
F—_— a~~10000 Selection Wiadew

(probe photons) (10km, 0.17dB/km)



