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The Rayleigh Criterion

Figure: taken from www.globalsino.com

Minimum resolvable angular separation

θ ≈ 1.22
λ
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The Rayleigh Criterion

Task: estimate θ2

Figure: [1] Tsang et al., Phys. Rev. X 6, 031033 (2016)
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Quantum metrology
Cramer-Rao bound:

∆2ϕ = 〈ϕ2〉 − 〈ϕ〉2 ≥ 1

νI (ϕ)

Fisher information:

I (ϕ) =
∑
i

p(i |ϕ)

(
∂ log[p(i |ϕ)]

∂ϕ

)2

Quantum state:

ρϕ =
∑
j

λj |j〉 〈j |

Quantum Fisher information

F (ρϕ) =
∑

λj+λk 6=0

2
|〈j | ∂ρ∂ϕ |k〉|

2

λj + λk
,
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Superresolution of two sources

Model: two incoherent, quasi-monochromatic point sources

ρ ≈ 1

2
(|ψ1〉 〈ψ1|+ |ψ2〉 〈ψ2|), |ψi 〉 =

∫ ∞
−∞

ψi (x) |x〉
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[1] Tsang et al., Phys. Rev. X 6, 031033 (2016)
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Optimal measurement

Optimal measurement: FI = QFI

[1] Tsang et al., Phys. Rev. X 6, 031033 (2016)
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Position and velocity estimation

v

state preparation

measurement

targetx

(a)

σωσt

PDF

𝜔t

Range x and velocity v :

t̄ =
2x

c
, ω̄ ≈ ω0

(
1− 2

v

c

)
The energy-time uncertainty relation [2]

σtσω ≥ 1/2.

[2] E. Arthurs and J. Kelly, the Bell System Technical Journal 44, 725 (1965)
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State description

Time-frequency entanglement (SPDC) [3] :

|Ψ0〉 =

∫
dω

∫
dωi Ψ̃0(ω, ωi , κ) |ω〉 |ωi 〉 , κ ∈ {0, 1}

[3] MacLean et al., Phys. Rev. Lett. 120, 053601
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Position and velocity estimation
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4σ2
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Jent(t̄, ω̄) =

(
4σ2

ω 0
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σ2
ω
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1−κ2

)
σtσω =

1

2
σtσω =

1

2

√
1− κ2

Joint optimal estimation condition [5] not satisfied,

Tr (ρ[Lt̄ , Lω̄]) = −4i

[5] 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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Position and velocity separation estimation

ρ =
1

2
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Quantum metrology for superresolution
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Arbitrary number of sources

R

z y
x

ν
u

Collection plane

Ns incoherent sources, quasi-monochromatic, coordinate ~rs .
Nc collectors, position ~ωj . Photon impinging → |j〉

|ψ(rs)〉 =
1√
Nc

Nc∑
j

e iφ(~rs ,~ωj ) |j〉 ,

ρ =
Ns∑
s

p(s) |ψ(rs)〉 〈ψ(rs)|

C Lupo, Z Huang, P Kok, Phys. Rev. Lett. 124, 080503 (2020)
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1 or 2 sources?

Two hypotheses H0,H0

Classical: p0(x), p1(x), quantum: ρ0, ρ1
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Figure: (a) H0:there is only 1 source. (b) H1: two near-by sources present.

Huang & Lupo, Phys. Rev. Lett. 127, 130502 (2021);
Editor’s Selection and Featured in Physics
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Quantum state discrimination

1. Symmetric discrimination: trace distance - quantum Chernoff
bound [6], Pe ∼ exp[−n f (T )]

Tc(p0, p1) = 1/2

∫
dx |p0(x)− p1(x)|

TQ(ρ0, ρ1) = 1/2||ρ0 − ρ1||1

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

Pe ∼ exp[−nD(ρ0||ρ0) + O(α−1, ln n)]

Dc(p0||p1) =

∫
dx p0(x)(ln p0(x)− ln p1(x))

DQ(ρ0||ρ1) = Tr[ρ0(ln ρ1 − ln ρ1)]

[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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Density matrices
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Two hypotheses associated with the density matrices

ρ0 = |ψx0〉 〈ψx0 | ,
ρ1 =(1− ε) |ψx0〉 〈ψx0 |+ ε |ψx0+s〉 〈ψx0+s | .

Huang & Lupo, Phys. Rev. Lett. 127, 130502
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Classical probability distributions
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On-screen probability distributions:

p0(x) = |ψ(x − x0)|2,
p1(x) = (1− ε)|ψ(x − x0)|2 + ε|ψ(x − (x0 + s))|2.

Classical relative entropy:

D(p0||p1) ≈ s2ε2

2σ2
+ O(ε3)

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

D(p0||p1) ≈ s2ε2

2σ2

Quantum relative entropy;

D(ρa||ρb) ≈ s2ε

4σ2
+ O(ε2s2).

Huang & Lupo, Phys. Rev. Lett. 127, 130502
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Optimal measurement - SPADE

Near-optimal measurement: SPADE

detector

q = 1q = 0 q = 2

…x-

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

x̄ = (1− ε)x0 + ε(x0 + s) . (1)

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

s
z0

coherent
measurement

light
collection

z0
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coherent
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light
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(a)  H0

(b)  H1

I Sub-Rayleigh quantum state discrimination

I Optimal angular separation estimation (equally bright sources)

I Two tasks achieved with a single measurement

I Binary stars, microscopy
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Experimental scheme

Instead of a lens, place two collectors at d1, d2:

eiα

d1

d2

s
z0

1-𝜖

𝜖

a

b

|ψstar〉 =
1√
2

(|d1〉+ e iφ |d2〉), |ψplanet〉 =
1√
2

(|d1〉+ e−iφ |d2〉)

In the limit of ε� 1, θ = s/z0 (angular)

D(ρ0||ρ1) ≈ εθ2k2d2

4

Zanforlin, et al., Nat. Commun. 13, 5373 (2022)
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Simplifying the experiment

H0: the probabilities of photon arriving at detectors a and b are

pH0(a) =
1

2
(1 + ν cos(φ+ α))

pH0(b) =
1

2
(1− ν cos(φ+ α))

H1:

pH1(a) =
1

2
[(1− ε)(1 + ν cos(φ+ α)) + ε(1 + ν cos(−φ+ α))]

pH1(b) =
1

2
[(1− ε)(1− ν cos(φ+ α)) + ε(1− ν cos(−φ+ α))]

Dc(p0||p1) =
∑
x

p0(x) (log p0(x)− log p1(x)) , x = a, b
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The experimental setup
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The experimental setup

Zanforlin, et al., Nat. Commun. 13, 5373 (2022)
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Results - relative entropy
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Figure: Relative entropy of the two hypothesises

Zanforlin, et al., Nat. Commun. 13, 5373 (2022)
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Angular separation measurement

When the source intensities are equal, the QFI for the angular
separation is

QFI =
k2

4
(d1 − d2)2

The probabilities of detecting the photon at either detector are

p1 =
1

2
(1 + ν cos(α) cos [φ]) , φ = kdθ/2

p2 =
1

2
(1− ν cos(α) cos [φ])

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

Zanforlin, et al., Nat. Commun. 13, 5373 (2022)
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Sample distribution
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Figure: Sample distribution: after 10,000 detection events, 204 arrived at
detector b.

ν cos(α) ∈ [−1, 1]

Estimator:

θ̂est = 2̂|φest|/(kd) (2)
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Results - MSE

MSE(θ) = ∆2θ + (θ̄ − θtrue)2
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M
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Two sources 15 µ rad apart, we resolve θ to 1.7% accuracy.
Factor 2 within QCR bound.
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Application to spectroscopy
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Huang, Schwab, Lupo, arXiv:2211.06050 (2022)
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Application to spectroscopy
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Huang, Schwab, Lupo, arXiv:2211.06050 (2022)
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Conclusions

I We compute the type-II error probability exponent of
discriminating between 1 or two sources with arbitrary
intensity.

I in the limit that ε� 1, the quantum relative entropy is larger
than that of direct imaging by a factor of 1/ε.

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

I 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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To the future
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maximum likelihood (RML; e.g., Narayan & Nityananda 1986;
Wiaux et al. 2009; Thiébaut 2013). RML is a forward-modeling
approach that searches for an image that is not only consistent with
the observed data but also favors specified image properties (e.g.,
smoothness or compactness). As with CLEAN, RML methods
typically iterate between imaging and self-calibration, although
they can also be used to image directly on robust closure quantities
immune to station-based calibration errors. RMLmethods have been
extensively developed for the EHT (e.g., Honma et al. 2014;
Bouman et al. 2016; Akiyama et al. 2017; Chael et al. 2018b; see
also Paper IV).

Every imaging algorithm has a variety of free parameters
that can significantly affect the final image. We adopted a two-
stage imaging approach to control and evaluate biases in the
reconstructions from our choices of these parameters. In
the first stage, four teams worked independently to reconstruct
the first EHT images of M87* using an early engineering data
release. The teams worked without interaction to minimize
shared bias, yet each produced an image with a similar
prominent feature: a ring of diameter ∼38–44 μas with
enhanced brightness to the south (see Figure 4 in Paper IV).

In the second imaging stage, we developed three imaging
pipelines, each using a different software package and
associated methodology. Each pipeline surveyed a range of
imaging parameters, producing between ∼103 and 104 images
from different parameter combinations. We determined a “Top-
Set” of parameter combinations that both produced images of
M87* that were consistent with the observed data and that
reconstructed accurate images from synthetic data sets
corresponding to four known geometric models (ring, crescent,
filled disk, and asymmetric double source). For all pipelines,
the Top-Set images showed an asymmetric ring with a diameter
of ∼40 μas, with differences arising primarily in the effective
angular resolutions achieved by different methods.

For each pipeline, we determined the single combination of
fiducial imaging parameters out of the Top-Set that performed
best across all the synthetic data sets and for each associated
imaging methodology (see Figure 11 in Paper IV). Because the
angular resolutions of the reconstructed images vary among the
pipelines, we blurred each image with a circular Gaussian to a
common, conservative angular resolution of 20 μas. The top part
of Figure 3 shows an image of M87* on April11 obtained by
averaging the three pipelines’ blurred fiducial images. The image
is dominated by a ring with an asymmetric azimuthal profile that
is oriented at a position angle ∼170° east of north. Although the
measured position angle increases by ∼20° between the first two
days and the last two days, the image features are broadly
consistent across the different imaging methods and across all
four observing days. This is shown in the bottom part of Figure 3,
which reports the images on different days (see also Figure 15 in
Paper IV). These results are also consistent with those obtained
from visibility-domain fitting of geometric and general-relativistic
magnetohydrodynamics (GRMHD) models (Paper VI).

6. Theoretical Modeling

The appearance of M87* has been modeled successfully using
GRMHD simulations, which describe a turbulent, hot, magnetized
disk orbiting a Kerr black hole. They naturally produce a powerful
jet and can explain the broadband spectral energy distribution
observed in LLAGNs. At a wavelength of 1.3 mm, and as
observed here, the simulations also predict a shadow and an
asymmetric emission ring. The latter does not necessarily coincide

with the innermost stable circular orbit, or ISCO, and is instead
related to the lensed photon ring. To explore this scenario in great
detail, we have built a library of synthetic images (Image Library)
describing magnetized accretion flows onto black holes in GR145

(Paper V). The images themselves are produced from a library
of simulations (Simulation Library) collecting the results of
four codes solving the equations of GRMHD (Gammie et al.
2003; Saḑowski et al. 2014; Porth et al. 2017; Liska et al.
2018). The elements of the Simulation Library have been
coupled to three different general-relativistic ray-tracing and
radiative-transfer codes (GRRT, Bronzwaer et al. 2018;
Mościbrodzka & Gammie 2018; Z. Younsi et al. 2019, in
preparation). We limit ourselves to providing here a brief
description of the initial setups and the physical scenarios
explored in the simulations; see Paper V for details on both the
GRMHD and GRRT codes, which have been cross-validated

Figure 3. Top: EHT image of M87* from observations on 2017 April 11 as a
representative example of the images collected in the 2017 campaign. The
image is the average of three different imaging methods after convolving each
with a circular Gaussian kernel to give matched resolutions. The largest of the
three kernels (20 μas FWHM) is shown in the lower right. The image is shown
in units of brightness temperature, T S k2b

2
Bl= W, where S is the flux density,

λ is the observing wavelength, kB is the Boltzmann constant, and Ω is the solid
angle of the resolution element. Bottom: similar images taken over different
days showing the stability of the basic image structure and the equivalence
among different days. North is up and east is to the left.

145 More exotic spacetimes, such as dilaton black holes, boson stars, and
gravastars, have also been considered (Paper V).

5

The Astrophysical Journal Letters, 875:L1 (17pp), 2019 April 10 The EHT Collaboration et al.

optical interferometer

entangled photons shared entanglement

synced
clocks

I Long-distance optical coherence, entanglement-assisted network

I Quantum error correction to combat to loss to decoherence

I Current collaborations: Bristol, Heriot-Watt, Erlangen, UWA
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Questions?

Thank you for your attention.

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