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Abstract: The \\"frequency comb\\\" defined by the eigenmodes of an optical resonator is a naturally large set of exquisitely well defined quantum
systems, such as in the broadband mode-locked lasers which have redefined time/frequency metrology and ultra precise measurements in recent
years. High coherence can therefore be expected in the quantum version of the frequency comb, in which nonlinear interactions couple different
cavity modes, as can be modeled by different forms of graph states. We show that is possible to thereby generate states of interest to quantum
metrology and computing, such as multipartite entangled cluster and Greenberger-Horne-Zeilinger states.
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T he optical cavity:

A natural set of quantum strings. ..
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T he optical cavity:

A natural set of quantum strings. ..

The eigenmodes of a cavity form a naturally scaled ensemble of classica

-rent modes

Properly stabilized mode-locked laser

(10° modes oscillating in phase)
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why not turn it into a quantum register?
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why not turn it into a quantum register?

e Continuous-variable states: quadrature operators

e Concrete experimental implementations enabled by nonlinear

photonic crystals

e Large scalability potential: theoretical results
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Why CV ?

Quantum harmonic oscillators, hence natural in quantum optics,

first- (linear) and second-order (nonlinear) interactions

We use ultrastable phase-locked OPQO above threshold

« Macroscopic Hong-Ou-Mandel interference
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Continuous-variable entanglement

EPR state: /

( position )

=2 AXAP > 1

Natural implementation in quantum optical oscillators
by way of nonlinear (squeezing) interactions
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Nonlinear Hamiltonian — squeezing

H = ifgB(a'* — a*)

J/A_k': tfﬁ:{f
| AP=¢Px:

Z tanh~(Byr) |2n)

=

lim |out) = |p)
.ﬂl—"r —00
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wo-mode squeezing

J'I‘_lCE. anerate UF

Hyy = m;{ﬁ[r‘:l:u:' -"H.L'.j]

AlX,-X,;)—0
A(B+P)—0 H, +H, = iliyf |u‘.] = _Hele aﬁ/,!;luq *_Hc)

* = Ups(Hy+ Hy)Uss™ = Hy:
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wo-mode squeezing

— btpartlte CV entanglement

~ Iy

nondegenerat OPO

o 3
P

1/ |
\

'y -

f x)|x), dx

AlX,-X,)—=0
MA +F)—~0

H +H,=ihyB|a,"

" = Upg(Hy +Hy)Ups

~-He) S ifixp|a

=H

> - —Hc)
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CV cluster states
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How to make M-node CV clusters

At least 3 methods to produce M-mode CV GHZ and cluster states:

S e o

1. O:!giﬂa; correspondence: N vacuum squeezers and

-~y

A . - i
l_f,'“."-.a'lJl nline sgueezers | \WJINL

2. Bloch-Messiah reduced:

I multimode squeezer with few pumps

7 T L
VL) Deamsplitters
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Multimode squeezing

— multipartite CV entanglement?

Yes! N degenerate OPA’s interfe at an N-beam splitter

A(X.-X,,)—0

AR +.+P,;)—0
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2-node CV clusters = EPR

| . 2. scalesy

()2 T
O x

11 Page 21/55




Multimode squeezing

— multipartite CV entanglement?

Yes! N degenerate OPA’s interfe at an N-beam splitter

A(X,-X ) =0
AlF+.+P,;)—0
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Nonlinear Hamiltonian — squeezing

out) =

cosh( B/r

lim |out)
Bt ) —oe
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Continuous-variable entanglement

=

EPR state: / X/ ] ‘t: 7 sl / plil — P :{KJ.U — Z )i

— o —en [

Schmidt basis)

a—+a

e ( position )

X Fl=2 AXAP > 1]

Natural implementation in quantum optical oscillators
by way of nonlinear (squeezing) interactions

=
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Nonlinear Hamiltonian — squeezing

H = ilgB(a'* — a*)

T, R T AX= Pt
| Z tanh~(Pyz) |2n) {AP; By

=1

Iim |owut)
;{!jf 0
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wo-mode squeezing

— bipartite CV entanglement

te OPO degenerate OPAs

- z ; \
H, =m;{ﬁ[ul a, "H.L'.J

A(X, - X,)—0
A(P, +P,)—0 H +H,=ilixB|a,” —~He) S igflay” —He)

H™ =Ugg(H,+H,)Ugs =Hyp,

b 14
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CV cluster states

e

Weyl-Heisenb
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CV cluster states
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Single OPO — multipartite CV entanglement?

> N-beam OPO, no interferometer???
YESIM
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Single OPO — multipartite CV entanglement?

> N-beam OPO, no interferometer???
YESI!
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Single-OPQO multifrequency entanglement

Take advantage of the natural set of quantum modes that is the
frequency comb of an optical resonator
If N modes are nonlinearly coupled to one another, do they evolve

into a multipartite entangled state?
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Basic equations

Hamiltonian in the interaction picture

Hy = E H . =ilyp E'“;T“i "—H 1'_']
F<k

Tk

Heisenberg equations
.al_ |

Rl
|Z
:I
|
|

Fi .
Solutions A
Joiutions

X A()-X () = [-‘(J[H—_K'Id_lil}j[g_ﬁ.'}'é-’
P(t)y+. .+ Pe(t) = [P._fi.}}-;-.“+p\__1[}.}}E-H._J;ﬁ;:

GHZ state
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Comparison with van Loock & Braunstein

Hy=SH,;=ityp ¥|a;,a, —Hc)

jit j=K

b

-rﬂl \ (C N i |:{!._ '
|

l 1

._li:f'n.' /

iV

van lLoock and Braunstein

Bloch-Messiah reduction

vl & B interferance controd
Us: down- vs. up-corversion
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Ultracompact M-node CV cluster statesv

Cluster states enable one-way quantum computing.
For N=2, locally equivalent to Bell (EPR) states

. locally equivalent to GHZ states

R s S ey = T
equivalent to neither GHZ nor W states

= : - y 1 o L
b — zﬁz Gy aa; +H .c. H graph

kl
f???
- standard cluster
Pc—Y AuX,=0. Vk
] graph

1
. PNy

If we have

\

and B, C arbitrary symmetric positive definite matrices
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Comparison with van Loock & Braunstein
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Ultracompact M-node CV cluster statesv

Cluster states enable one-way quantum computing.
2, locally equivalent to Bell (EPR) states
=3, locally equivalent to GHZ states

e B o o ] B mmatme FEEY T v A} o
. locally equivalent to neither GHZ nor W states

) : " ; . s
If we have H — EEZG“ a,a; + H.c
ki

f 227

\

where
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and B, C arbitrary symmetric positive definite matrices
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Ultracompact M-node CV cluster statesv

Cluster states enable one-way quantum computing.

—

2, locally equivalent Bell (EPR) states

3, locally equivalent to GHZ states

I . . =1 ¥ i o \ f S =
N=4, locally equivalent to neither GHZ nor W states

If we have _‘}{ — g’]’gz Gy HEH;_ + H.c. “H graph”
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Ultracompact M-node CV cluster statesv

Cluster states enable one-way quantum computing.
2, locally equivalent to Bell (EPR) states
3, locally equivalent to GHZ states

. locally equivalent to neither GHZ nor W states

- : f - = . i = :
If we have H — gﬁz G“ a,a; + H.c. H graph

ki
I 227

o standard cluster
Pc—Y AuX, =0, Vk
] raph

\

e (1 -_4.,‘) BO\ ([ I A\_ ([B—AcCAy] fBA.,.—A;.C:).
— \A; 1 0—C ) \-Aj I )~ \[CA§ +A[B|[AjBAy—C]

Then

where A = ( 0 A

A; 0
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Example 1: GHZ state

Complete TMS graph on 4 modes

(% 151Xt X, — 0
P, — P> — 0

Py — — ()
P|—P_L — 0

\

Star cluster graph. Phase-shift 1 by -m/2

W ANE S, S
X —i&H — 4 | standard graph
X, — P, — 0
X, P — 0

scent of LC-equivalence of Qbit graphs under local complementation!
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Example 2: cluster state

= Square TMS weighted graph on 4 modes

.

(X +X3) — \ X4 — 0
(X1 —X5)+v2X;— 0
"Pi—Pzi——\;;jP_L — 0

(Pi—P)— V2P — 0

= Square cluster graph (One-way QC) Phase-shift 3 & 4 by /2

’

\__,.-Ep] X)) =0 4
V2P— (G+X) — 0
2P (5 — X)) — @
k--‘EPJ; — (X1 +X5) — 0O

Rarmarles bl o = E— T " gt
. KHemarkable (nonunique) result A G in

\

20036 IS Page 40/55

=== L /FPARTMENM




Experimental implementation

A 4-node CV cluster from a single OPO can be realized with properly

engineered, periodically poled ferroelectric, here PPKTP

_:E_._l.”__l.f’ = EI :‘.I"_._ _i:ll-_.‘\lf'-l
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Scaling up towards the square lattice

Easier than expected!

entangle

r—a
= duplicable ov

standard graph

2 x 2 cluster
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Scaling up towards the square lattice |l

1 2 1 4 5 & T B 9 1¢ It 12

' kbt F |

| T T T T T P =5
nonhngar crysial

standard graph

2 x 2 cluster

duplicated over the comb
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Scaling up towards the square lattice ll|

Both graph types are — After measurement:

-

identical here 7_ 8 2 x 3 cluster
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Scaling up towards the square lattice |V

11 12 13 14 15 16

No additional pump fields

| 2 x 3 clusters
needed to scale. A ._
duplicated over the comb

Just more power
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Scaling up to the square lattice, final

Single OPQO. Only 15 pump fields, v N ... coming up soon!
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Scaling up to the square lattice, final

Single OPQO. Only 15 pump fields, v N ... coming up soon!
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Conclusion

= Ultrastable quantum optics allows us to work with a LARGE set of

resonator modes at different frequencies

= Demonstration of bipartite nonclassical light states established

experimental methoads
s Bipartite entanglement
enberg-limited interferometry

] el

= Ultracompact generation of multipartite entangled states
™ Enabled ::"'_'f' )
= Scalability to s

s (Generation of arbi
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Comparison with van Loock & Braunstein

Hy=SH,;=ityp Y|a, a, —Hc)

f<k
(a, (0 1
z ] | :

li-lf Tl

van Loock and Braunstein

. v \ _
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4

Bloch-Messiah reduction

vl & B interfersnce controf
Us: down- vs. up-conversion
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Experimental implementation

A 4-node CV cluster from a single OPO can be realized with properly

engineered, periodically poled ferroelectric, here PPKTP

(ay, £ E':IJ_-.\I"'.

=l El:' ||_—.Z.'
(e, YIE (0 Y_:

Intensity(arb units)
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