Continuous-variable qguantum information,
multi-mode quantum optics
and bosonic error correcting codes

Francesco Arzani

frarzani.github.io TR e —p
CB- QIR i Dot et s
MR et Physical fwmmmw

01 o
dewice Bﬂ(\?’r&'\*" "’z‘g :-::tll._:u‘.'l.?-!:-',.
k]

ALY Engineoning' . wistoy’  Alexander von Humboldt
worked g, ‘*-‘lin Stiftung/Foundation

infnite dimensional g, ﬂ N E o Freie Universitat g.;;;:f_ 5

SCAN ME



Discrete and continuous variables

DV :

Information encoded in d-
level systems
(typically d = 2, qubits)

a|0) + 5[1)

P

< JRt

1
’ﬁ(oww)
RS 1
aﬁ(mm)

11)

9



Discrete and continuous variables
DV :
information encoded in d- 4.,., - 10y

, 1
| =—=(10)+|D)
level systems V2

(typically d = 2, qubits) ? ~[1) u \15( 10) — 1))

al0)+ 5 1) 5

CV:
Information encoded In
oscillators, observables with

continuous spectrum, Q(
eg.: ¢, P ’ CQQQQ)

Y



Discrete and continuous variables
DV :
information encoded in d- 4.‘,., - 10y

1
’ =—=(10)+|D))
level systems V2

(typically d = 2, qubits) ‘) ~[1) Q \15( 10) — 1))
a|0) + 5[1)

CV : 5t 2 [2 .
iInformation encoded In i
oscillators, observables with \ ot

continuous spectrum, Q(#
eg.: ¢, P (:QQQQ) c

Can be light modes, LC circuits, mechanical
oscillators, CoM of cold atoms...

11)

Y



Discrete and continuous variables
DV :
information encoded in d- 4.',., - 10y

’ 1
=—=(10)+|D)
level systems V2

(typically d = 2, qubits) 5 ~[1) 'J \15( 10) — 1))
a|0) + 5 |1) B
In phase space:

_CV : _ _ - Wigner Function
Information encoded In \

Y

oscillators, observables with A A y/

continuous spectrum, %7/; p P
2 2 q

q

\
eg..q, P QX)QQ) 9

Quasi-probability distribution

Can be light modes, LC circuits, mechanical
oscillators, CoM of cold atoms...



Why optics?

Wwhy CV?



Why optics? /

Light is used for ordinary (classical) communications
I:> Lots of know-how, technology

Wwhy CV?



Why optics?

Light is used for ordinary (classical) communications
I:> Lots of know-how, technology

Photons interact weakly [ Easy to protect fragile quantum states

Wwhy CV?



Why optics? /

Light is used for ordinary (classical) communications
I:> Lots of know-how, technology

Photons interact weakly [ Easy to protect fragile quantum states

Easily scalable > |f you get one, you can get plenty

Wwhy CV?



Why optics? /

Light is used for ordinary (classical) communications
I:> Lots of know-how, technology

Photons interact weakly [ Easy to protect fragile quantum states

Easily scalable > |f you get one, you can get plenty

Why CV?

e Many systems are CV systems

10



Why optics?

Light is used for ordinary (classical) communications
:> Lots of know-how, technology

Photons interact weakly [ Easy to protect fragile quantum states
Easily scalable > |f you get one, you can get plenty
Why CV?

e Many systems are CV systems
e Deterministic, massively multimode entangled systems (with much flexibility)

11



Why optics?
Light is used for ordinary (classical) communications
:> Lots of know-how, technology
Photons interact weakly > Easy to protect fragile quantum states
Easily scalable T——> If you get one, you can get plenty
Why CV?

e Many systems are CV systems
e Deterministic, massively multimode entangled systems (with much flexibility)
e [oss-resistant (ECC codes)

12



Why optics?

Light is used for ordinary (classical) communications
:> Lots of know-how, technology

Photons interact weakly > Easy to protect fragile quantum states

Easily scalable > |f you get one, you can get plenty

Why CV?

Many systems are CV systems

Deterministic, massively multimode entangled systems (with much flexibility)
Loss-resistant (ECC codes)

Complementary “easy” operations with respect to other systems (hybrid devices)

13



Why optics?

Light is used for ordinary (classical) communications
:> Lots of know-how, technology

Photons interact weakly > Easy to protect fragile quantum states

Easily scalable > |f you get one, you can get plenty

Why CV?

Many systems are CV systems

Deterministic, massively multimode entangled systems (with much flexibility)
Loss-resistant (ECC codes)

Complementary “easy” operations with respect to other systems (hybrid devices)
New sets of problems (Boson sampling)
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Entanglement engineering

Motivation: Experimental setup can generate
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Non-Gaussianity from single-photon detection

Motivation:

1.No Q Advantage without non-Gaussian
2.Realizable non-Gauss: single photon ops

Strategy:
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Motivation:
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several players such that only
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How it started: NatComm 8, 15645 (2017)
How it continued: PRA 100, 022303 (2019)
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CV quantum state sharing: random Code§

A dealer shares a secret with
several players such that only
authorized subsets of players
can retrieve it if they collaborate

QQ: The secret is a guantum state

How it started: NatComm 8, 15645 (2017)

How it continued: PRA 100, 022303 (2019) @r T e \
General CV (Gaussian) scheme A CV-QSS scheme can be realized by

e . mixing the secret (quantum) state with
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e Can be used as effective qubits and combined with stabilizer codes
Vuillot et al, PRA 99 (2019) Noh&Chamberland PRA 101 (2020) Bourassa et al, Quantum 5 (2021)

e Can protect CV systems (idea: error mitigation for Boson Sampling) ---
Noh et al, PRL 125 (2020)

e [ogical states thought hard to realize, now there are experiments!
Fliihmann et al, Nature 566 (2019) Campagne-Ilbarcq et al, Nature 584 (2020) 2\/% 4\/E
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Leveraging the lattice point of view

Grid states are somewhat resistant to noise, but still need to add redundancy
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Leveraging the lattice point of view

Grid states are somewhat resistant to noise, but still need to add redundancy

Up to now: concatenation — add “qubit level symmetries” over many grid-encoded oscillators
- “lattice picture” only used for individual oscillators
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Leveraging the lattice point of view

Grid states are somewhat resistant to noise, but still need to add redundancy

Up to now: concatenation — add “qubit level symmetries” over many grid-encoded oscillators
- “lattice picture” only used for individual oscillators

Q: Can lattice properties be exploited more?

@Rich theory of lattices
@Advantages:
@Better resource use
@New codes
@Additional proof techniques
@Better decoding techniques?
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Leveraging the lattice point of view

Grid states are somewhat resistant to noise, but still need to add redundancy

Up to now: concatenation — add “qubit level symmetries” over many grid-encoded oscillators
- “lattice picture” only used for individual oscillators

Example: O,

®p @{ SO RN . : : . .
i °2®\ /@3 93\® @/1 o Oscillators Q: Can lattice properties be exploited more~

%%, 2 9\ Rich th f latti

®\ ?/ \03 4/® ®\2 Qubit-level checks @nric eory ot [attices

O HOM 1O, @Advantages:

°¥e®/ 60\0/8 o o @Better resource use

PR & N 4P QNeV\{ f:odes |
®42 124 3@ Single-mode lattice checks @Additional prqof teChnl_queS
Ga\e/@Q 0— @Better decoding techniques?

Noh&Chamberland PRA 101 (2020)

2n = 18 mode-wise stab.

+ Can achieve same
n-1 =8 qubit stab. |:I'> code with 18 total
---------------------------------- stab.

Tot = 3n -1 = 26 stab. 66
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