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Motivation: surpassing Rayleigh's criterion
Quantum-limited estimation for LIDARs

Quantum hypothesis testing for exoplanet detection

Experiment: quantum super-resolution imaging and hypothesis
testing

Exoplanet atmostpheric spectroscopy
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Task: estimate 65
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Figure: [1] Tsang et al., Phys. Rev. X 6, 031033 (2016)
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Cramer-Rao bound:

Fisher information:
. 2
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Quantum state:
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Model: two incoherent, quasi-monochromatic point sources
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[1] Tsang et al., Phys. Rev. X 6, 031033 (2016)
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Optimal measurement: FI = QFI
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[1] Tsang et al., Phys. Rev. X 6, 031033 (2016)
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Quantum-limited estimation for LIDARs
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The energy-time uncertainty relation [2]
oo, > 1/2.

[2] E. Arthurs and J. Kelly, the Bell System Technical Journal 44, 725 (1965)
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Time-frequency entanglement (SPDC) [3] :
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[3] MacLean et al., Phys. Rev. Lett. 120, 053601
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Joint optimal estimation condition [5] not satisfied,
Tr (p[Lfa LLTJ]) = —4i

[6] S. Ragy, et al. Phys. Rev. A 94, 052108 (2016).
[6] Q. Zhuang, et al., Phys. Rev. A 96, 040304 (2017) .
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N, collectors, position wj. Photon impinging — |/)
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C Lupo, Z Huang, P Kok, Phys. Rev. Lett. 124, 080503 (2020)
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Quantum hypothesis testing for exoplanet detection
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Two hypotheses Hy, Hyp
Classical: po(x), p1(x), quantum: pg, p1
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Figure: (a) Ho:there is only 1 source. (b) Hi: two near-by sources present.

Huang & Lupo, Phys. Rev. Lett. 127, 130502 (2021);
Editor’s Selection and Featured in Physics
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1. Symmetric discrimination: trace distance - quantum Chernoff
bound [6], Pe ~ exp[—n f(T)]

Te(po, pr) = 1/2 / dx po(x) — pr(x)|

To(po; p1) = 1/2||po — p1ll1

2. Asymmetric: relative entropy - quantum Stein lemma [7],

Pe ~ exp[=nD(pol|po) + O(a™,In n)]
Dc(pollp1) Z/ dx po(x)(In po(x) — In p1(x))
Dq(pollp1) = Tr[po(In p1 — In p1)]

[6] Audenaert et al., Phys. Rev. Lett. 98, 160501 (2007)
[7] F. Hiai, D. Petz, Commun. Math. Phys. 143, 99 (1991)
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Two hypotheses associated with the density matrices

po = ’¢Xo> <¢Xo’ )
1 :(1 - 6) |¢Xo> <'¢)Xo| +e€ |'¢)X0+S> <¢Xo+5| .
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Huang & Lupo, Phys. Rev. Lett. 127, 130502
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(2) H, () H, s
N, 3F N, (1-€) g;:» o Ne

—_— R ——
On-screen probability distributions:

po(x) = [(x — x0)[%,
p(x) = (1= )l (x —x0)|* + e[tr(x — (x0 + 3)) .

Classical relative entropy:

s2e? 3
D(pol|p1) = 552 + O(¢€”)

Huang & Lupo, Phys. Rev. Lett. 127, 130502
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Classical relative entropy:

D(pol|p1) ~ o=

Quantum relative entropy;
2¢

D(pallpp) = —+0( %).

Huang & Lupo, Phys. Rev. Lett. 127, 130502
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Near-optimal measurement: SPADE

q:o q:l q=2

9 O D

D detector

For our case, we point the optical imaging system towards the
optical “center of mass”.

x=(1—-¢€)xo+e(xo+s). (1)

Huang & Lupo, Phys. Rev. Lett. 127, 130502 (2021)
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testing

Experiment: quantum super-resolution imaging and hypothesis
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o light coherent
7y collection| | measurement
(b) H,
1-€
O( ) light coherent
—> . -
s ° Z, collection| | measurement

» Sub-Rayleigh quantum state discrimination
» Optimal angular separation estimation (equally bright sources)
> Two tasks achieved with a single measurement

» Binary stars, microscopy
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Instead of a lens, place two collectors at dy, db:

1-€ d
. IO 0
* Z, .4 ela b
€ d,
1 .
[Vstar) = E(|dl> +e'? |d2)), |¢p|anet> = 7(|d1> +e? |d2))
In the limit of e < 1, § = s/z (angular)
€0?k?d?
D(pollp1) = —

Zanforlin, et al., Nat. Commun. 13, 5373 (2022)
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Hp: the probabilities of photon arriving at detectors a and b are

prn(a) = (1 + veos(é + )

N[ —

pro(b) = %(1 ~ vcos(é + a))
H;y:

pH, (a) = %[(1 —€)(1+vcos(p+ a)) + (1 + vcos(—¢ + a))]

piu(b) = 511~ (1 — v cos( + 0)) + (1~ veos(~6 + )]

De(pollp1) =) po(x) (log po(x) —log p1(x)),  x =a,b
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(Feedback control loop)

. VCSEL (850 nm) Phase modulator Amplitude modul i iti ———  Single mode PM fibre
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Zanforlin, et al., Nat. Commun. 13, 5373 (2022)
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Figure: Relative entropy of the two hypothesises

Zanforlin, et al., Nat. Commun. 13, 5373 (2022)
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When the source intensities are equal, the QFI for the angular
separation is

k2
QFI = T(d1 — dy)?

The probabilities of detecting the photon at either detector are

p1 = = (1 +vcos(a)cos[p]), ¢ = kdf/2

1
2
1

p2 = = (1 — vcos(a) cos [¢])

N

We use Baye's theorem to update the probability distribution.

Zanforlin, et al., Nat. Commun. 13, 5373 (2022)
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Figure: Sample distribution: after 10,000 detection events, 204 arrived at
detector b.
vcos(a) € [—1,1]

Estimator:

é\est = 2I|\¢est|/(kd) (2)
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MSE(8) = A%0 + (8 — Orye)?

10 S~
o \~\
=3 .
Q@ o .
€10y —-— DI e
X ~.
—~ — QFI ~a
(<>} \'\,
= 10" x  Expdata
%)
=
l00 s ® x__ x 2
10° 10"
0

Two sources 15 i rad apart, we resolve 6 to 1.7% accuracy.

Factor 2 within QCR bound.
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Exoplanet atmostpheric spectroscopy
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Huang, Schwab, Lupo, arXiv:2211.06050 (2022)
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Huang, Schwab, Lupo, arXiv:2211.06050 (2022)
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» We compute the type-ll error probability exponent of
discriminating between 1 or two sources with arbitrary
intensity.

» in the limit that € < 1, the quantum relative entropy is larger
than that of direct imaging by a factor of 1/e.

» For a lens: two measurement methods that are optimal in this
regime

> We significantly simplified the scheme to a two-mode
interferometer, demonstrates sub-Rayleigh scaling and
approach the QCRB.

Huang & Lupo, Phys. Rev. Lett. 127, 130502
Zanforlin, et al., Nat. Commun. 13, 5373 (2022)
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Thank you for your attention.

Figure: (Left) my hamster in the UK; (right) my jenday conure
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