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Example: how quantum optics can improve spatial 
resolution of far away objects?



Rayleigh, Abbe, and Sparrow limits
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Circumventing the Rayleigh-Abbe limits
super-resolution techniques: exploit 
physical structure of the object

Rust, et al., Nature Methods 3, 793 (2006)
Betzig, et al., Science 313, 1642 (2006)
Fernández-Suárez et al., 
Nature Reviews Mol. Cell Bio. 9, 929 (2008) 



Circumventing the Rayleigh-Abbe limits
object illumination with 
entangled states of light 

Boto, et al., PRL 85, 2733 (2000)
D’Angelo, et al., PRL 87, 777 (2001)

Lloyd, Science 321, 1463 (2008)
Lemos,  et al., Nature 512, 409 (2014) 

Slussarenko, Nature Photonics 11, 700 (2017)
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what if 
object 

is remote and 
unknown?
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d

Complex degree of coherence

van Cittert-Zernike theorem relates the CDC to the  
source distribution via a 2D Fourier transform 

γ(r1, r2) = |γ |eiϕ

light source



Measuring the CDC: Traditional method

Fano, American Journal of Physics 29, 539 (1961)
Glauber, Physical Review Letters 10, 84 (1963)

atoms

two paths for light to go from atoms to detectors
amplitudes of the two paths interfere

detectors

Hanbury Brown — Twiss effect



atoms detectors

if one detector fires, which atom did it come from?

amplitudes of the two paths interfere

to see interference, add variable phase

ϕ

0 2π

Now add a 50% beamsplitter

Measuring the CDC: Count method



detectors

0 2π

2

|02⟩|20⟩ + eiϕ

ϕ

atoms

Measuring the CDC: Count method
Now let two photons be emitted from … somewhere

top detector can count two photons



detectors

0 2π

|02⟩|20⟩ + eiϕ

nonclassical interference: phase super-resolution

ϕ

atoms

Measuring the CDC: Count method
Now let two photons be emitted from … somewhere

each detector can count one photon



Check with coherent source
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3 Methods:

Now with pseudothermal light

Count: variable phase + photon-number resolution

Click: variable phase, but NO photon-number resolution 
(click/ no click)

Traditional: NO variable phase (subset of Count)



Incoherent source: traditonal scheme

γ = 0.20 ± 0.16
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Incoherent source: count scheme

γ = 0.096 ± 0.022 φ = 4.32 ± 0.25
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Incoherent source: click scheme

γ = 0.095 ± 0.025 φ = 4.29 ± 0.35
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what if we don’t count photons?
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Quantum Astronomy



2019 ApJL 875  

Black hole in the center of M87 imaged at 1.3mm

Achieved by radio interferometry with ~10000 km baselines 

sensitive to features  
on angular scale 

  ∆ 𝜃~
𝜆
𝑏



Radio Optical�̄� ≫ 1 �̄� ≪ 1

Can record entire 
waveform, over some 

band, separately at each 
receiver station and 
interfere later offline

One photon at a time!  Need to bring paths to 
common point in real time 

Need path length compensated to better than 
c/bandwidth 

Need path length stabilized to better than  𝜆



Quantum Astronomy

Longer-Baseline Telescopes Using Quantum Repeaters
PRL 2012

Seminal work in the field

Very interesting

Not feasible with current 
quantum technology

Cost? Scale?



Quantum Astronomy

Longer-Baseline Telescopes Using Quantum Repeaters
PRL 2012

Seminal work in the field

Very interesting

Not feasible with current 
quantum technology

Cost? Scale?
Here comes BNL 

to the rescue!



Quantum Astronomy

Longer-Baseline Telescopes Using Quantum Repeaters
PRL 2012

Two-photon amplitude interferometry for precision astrometry
The Open Journal of Astrophysics 2022

No need for connection between 
base stations 

Enable long distance baseline 

Many great impacts on 
Astrophysics and Cosmology

Gravitational Wave detection



The Open Journal of Astrophysics 

TWO-PHOTON AMPLITUDE INTERFEROMETRY FOR PRECISION ASTROMETRY
Paul Stankus, Andrei Nomerotski, Anze Slosar, and Stephen Vintskevich

Published in November 2022



SPAD and SNSPD readout

Proof-of-principle demonstration (2022)



Phase dependence
• Stable setup 
• See expected behavior 
• Time resolution ~ 100 ps

HBT peaks
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Phase dependence
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• See expected behavior 
• Time resolution ~ 100 ps

HBT peaks
Phase Oscillations



Visibility



Visibility



Towards Quantum Telescopes: Demonstration of a Two-Photon 
Interferometer for Quantum-Assisted Astronomy

arXiv:2301.07042



Expanding the tool box

+

Spectral binning



LinoSPAD2: linear SPAD array

• 512 x 1 pixels 
• 24 x 24 micron pixels 
• Max PDE (with microlenses) ~ 30% 



Spectrometer with LinoSPAD2
Used Ar lamp coupled to SM fiber
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Fast spectrometer near the Heisenberg limit with direct 
measurement of time and frequency for multiple single photons

arXiv:2304.11999 

Benchmark

Heisenberg

Our experiment



We started testing with starlight on nights!!!!





rakelabra@bnl.gov




