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Resources for Continuous-Variable
Quantum Computing

e Sources of light
« Sgueezing
« Single photons, Fock states
» Entanglement, nonclassicality, non-Gaussianity, ...

« Manipulations
* Phase shifters, beam splitters
» Displacement, squeezing mEN
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First Story: Quantify Quantumness

« Superpositions of macroscopically different things are quantum
 Look at [{x|p|x")|?. If it's large, state has some component |x) + |x')
« The larger (x — x")? is, the more macroscopic

« Quadrature coherence scale: average over any two quadratures
C? o [ dx dx’ (x — x")2[{x|plx")? + [ dp dp’ (p — p")*|{plplp")|?
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First Story: Quantify Quantumness

Superpositions of macroscopically different things are quantum
 Look at [{x|p|x")|?. If it's large, state has some component |x) + |x')
« The larger (x — x")? is, the more macroscopic

Quadrature coherence scale: average over any two quadratures
C? o [ dx dx’ (x — x")2[{x|plx")? + [ dp dp’ (p — p")*|{plplp")|?
Witness quantumness and macroscopicity

 Original applications for quantum chaos
 Measure decoherence

Can be measured with (Griffet et al. PRA 2023)
« Two copies of a state, one beam splitter, photon counting
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First Story: Quantify Quantumness

« Delay one copy of squeezed vacuum to interact with another, then count photons




First Story: Quantify Quantumness

« Delay one copy of squeezed vacuum to interact with another, then count photons
« But: there's loss, so effectively started with a lossy state
« Correct result, can’t certify quantumness

Lossy squeezed vacuum

- Theory r=0.653
Theory r=0.978
Theory r=1.156 0.751
Class./quant. bound
Expt. r=0.653; nu
Expt. r=0.978; nu
Expt. r=1.156; nu
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« Create thermal state from two squeezed vacua, repeat, interact, count
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First Story: Quantify Quantumness

« Create thermal state from two squeezed vacua, repeat, interact, count
Lossy thermal state

- Theory n=0.491
Theory n=1.303
Theory n=2.048
Class./quant. bound
Expt. n=0.491; nu
Expt. n=1.303; nu

Expt. N=2.048; nu
Expt. n=0.491; nc
Expt. n=1.303; nc
Expt. N=2.048; nc
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Second Story: Teleamplification

« Dream of phase-insensitive amplification |a) — |ga)
* Must be imperfect or probabilistic

 Recent scheme for X, y,|n) = YN_, g™, |n) requires (Guanzon et al. PRL 2022)
» Fock state |N)
* Photon-number counting
» Fourier-transform interferometer
« Programmable beam splitter

Xanadu
(2022)
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Second Story: Teleamplification
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Second Story: Teleamplification
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Takeaways

* Photonics, chip-based systems designed for quantum computing
« Can be used for metrology
« Can be used for state characterization
» Can be used to quantity quantumness
« Can be used for phase-insensitive amplification

* Run experiments on the cloud!

« Still in the era of noisy devices — for photonics, that's the era of lossiness
» Excellent characterization — can predict the lossy results



What's Next?

Borealis recently retired — not before we took some data — stay tuned

More metrology experiments on X8

What else can you do with squeezed light? Photon counting?
 Fault tolerant quantum computing, eventually

With sufficiently robust chip-based systems...
... portable quantum sensors!
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Propaganda 1

On the operator bases underlying Wigner’s, Kirkwood’s and
Glauber’s phase space functions

Berthold-Georg Englert JPhysA 1989

« Wigner functions and operators interconvert with a kernel

2a7T
2 exp(2ip; q) = 2 exp(—2iq; p) = 2 exp(—2aT; a)—Zz( a) a”

Fuw(q',p')=Tr{F(q, p)2exp[—-2i(q—q'); (p—p) ]}
dg’' dp’

F(q,p)=J . Fw(q',p)2exp[2i(p—p'); (g—q')]

« Change the 2, get KD or Glauber families (limit at 1)
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On the operator bases underlying Wigner’s, Kirkwood’s and
Glauber’s phase space functions

Berthold-Georg Englert JPhysA 1989

« Wigner functions and operators interconvert with a kernel

2a7T
2 exp(2ip; q) = 2 exp(—2iq; p) = 2 exp(—2aT; a)—Zz( a) a”

Fuw(q',p')=Tr{F(q, p)2exp[—-2i(q—q'); (p—p) ]}
dg’' dp’

F(q,p)=J . Fw(q',p)2exp[2i(p—p'); (g—q')]

« Change the 2, get KD or Glauber families (limit at 1)
 What if you want to know the coefficient of a particular term, like a’™q™?
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Propaganda 1

« What if you want to know the coefficient of a particular term, like Txq = atk+agk-ao
Covariant operator bases for continuous variables

Ir (Eﬁth"q’) — éhﬁ’éﬁq
Aaron Z. Goldberg!?, Andrei B. Klimov®, Gerd Leuchs*, and Luis L. Sdnchez-Soto*®

Fal

D ( Jj ) +3 f{- + q 1_')) * I{ —4

« Can be done for any member of the family
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Propaganda 1

« What if you want to know the coefficient of a particular term, like Txq = atk+agk-ao

Covariant operator bases for continuous variables N
Ir (}vﬁth"q’) — éhh"éﬁq
Aaron Z. Goldberg!?, Andrei B. Klimov®, Gerd Leuchs*, and Luis L. Sdnchez-Soto*®

« Can be done for any member of the family
« Characterize “state multipoles” and their transformations




Propaganda 2

scitation.orgljournal/ags
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* |Insights from continuous variables can be misleading! 9
o
« CV. 3
 Different quantifiers agree on which states are the S
least/most quantum =
. ©
* Spins: 3
 Different quantifiers agree on which states are the least 4
guantum; disagree on which are the most quantum <
Extremal quantum states
» (What is Gaussianity on a sphere?) B
;\VS’ Aaron Z. Goldberg, Andrei B. Klimov, Markus Grassl, Gerd Leuchs, an
s
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New collaborative
funding opportunities
launching this summer!

Quantum
technologies
*5 projects

*For Comms or
Computing



T
Quantum Sensors Challenge
program

« Strengthening of the Canadian quantum technology innovation ecosystem,
Including increased IP portfolio

« Advancement of quantum sensing technologies towards adoption and
commercialization

e Current areas of focus:
* Quantum photonics
» Chip-based guantum systems
* Quantum metrology




Applications: The Usual Suspects

« Fault tolerant quantum computation

« Quantum state preparation
* Metrology
« Communication

« Quantum measurements
* Metrology
« Communication



Applications: The Usual Suspects

« Fault tolerant quantum computation

« Quantum state preparation
* Metrology
« Communication

« Quantum measurements
* Metrology
« Communication

« Unusual suspects:
* Quantum engines, quantum batteries, ...



Third Story: Transmission Estimation

« Spectroscopy, ellipsometry, loss estimation: “How much light got through?”
at - nat + /1 —n2ot

« Best done with Fock states and photon counting

BRBBBBBE - BRRR-- AW “3...4...8

« We herald creation of Fock states using two-mode squeezed vacuum

0.0)

Yy Y e imy @ [n)
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Third Story: Transmission Estimation

« We herald creation of Fock states using two-mode squeezed vacuum... on X8

Xanadu




Third Story: Transmission Estimation

« Herald a Fock state |n), use it to probe n, count photons

Photon-number-resolving
detector

Pump beanL ..
L [L [f Quantum enta<glement
R i’

& Loss () to be measured)
L

Nonlinear
crystal

Goldberg & Heshami (2022), NJP



Third Story: Transmission Estimation

« But there can also be loss in other places!
« Multiparameter estimation
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Third Story: Transmission Estimation

e Large squeezing t = tanhr

« Transmission too small for guantum advantage; uncertainties at the ultimate
statistical limit for this setup
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