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From Galileo (1564-1642) to Hubble Telescope (1990-2026?) & JWST

Direct imaging : large telescopes

Phases of Venus

Eta Carinae

Black holes, dark matter, 

universe expansioné
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Interferometric imaging: large separation
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Interferometric imaging: large separation

From A. Labeyrie (12m) to VLTI (130-200m) and CHARA (330m)

Calern (France) Paranal (Chili) Mt Wilson (USA)
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i. interferometric recombination 
(VLTI, Chara, NPOI < 300m)

ii. intensity correlations g2(r)

        Hanbury Brown & Twiss 
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High angular resolution for stars :   Ў— ͯ
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A B C

IA ~IB ÍIC

<IA IB> = <IA
2> = 2 <I>2

P(I) ́ e-I

<IA IC> = <IA ><IC> = <I>2

Speckle statistics

Rayleigh law
<I2> = 2<I>2

var(I) = <I2> - <I>2 = <I>2

gAB(2) = <IA IB>/<IA><IB> = 2 

gAC(2) = <IA IC>/<IA><IC> = 1 
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Time and spatial scales

diffraction limit    q= l/D

Speckle grain size :  lc =  qL  ~lL / D

Coherence time : tc = 1 / Dw
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The physics of intensity correlations

In the spatial domain: g(2)(r, t= 0)

x
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More formally: van CittertïZernike theorem (1934, 1938)

g(2)(r) = 1+ | FT( Brightness distribution of the source ) |2
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2 lc ~ lL/D
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In the time domain: g(2)(r = 0,t)

More formally: Siegertrelation

g(2)(t) = 1+ | FT( Power spectrum of the source) |2

tc ~ 1/Dw

The physics of intensity correlations
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Early history of intensity correlations

Richard Q. Twiss

applied mathematician

Robert Hanbury Brown
radio-astronomer

1952: Firstapplicationof this ideato radio astronomy

[HanburyBrown,Jennison& DasGupta,Nature170, 1061(1952)].

1954: Thetheorybehindit [HanburyBrown& Twiss,Phil. Mag. 45, 663(1954)].

1956: Labexperimentwith light [HanburyBrown& Twiss,Nature177, 27 (Jan. 1956)].

1956: Measurementsonastar [HanburyBrown& Twiss,Nature178, 1046(Nov. 1956)].
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Early history of intensity correlations

g(2)(r) measured on Sirius, the brightest star in the visible.

Two telescopes of 1.56 m diameter
Separation up to 9 m

Ą First direct measurement of the angular 
diameter: 6.8 °0.5mas

Hanbury Brown & Twiss, Nature178, 1046 (1956)
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The HBT effect and the birth of quantum optics
1956-1957: Some controversy on the Hanbury Brown & Twiss effect:

a two particle interference effect !

Å Brannen& Ferguson,Nature(Sept. 1956): unsuccessfulexperimentin thephotoncountingregime,

claim thattheHBT effectcontradictsquantummechanics!

Å HBT, Nature(Dec. 1956): theotherexperimentswerenotsensitiveenough!

Å Purcell,Nature(Dec. 1956): no conflict with QM(ñclumpingòof bosons).

(1960: Inventionof thelaser,whichbehavesdifferently!)

1961: Interpretationin term of interferencebetweenpaths of indistinguishable

particles

[Fano,Am. J. Phys. 29, 539(1961)].



Quantum theory : R. Glauber (1963 => Nobel 2005           ) 

1963: Theoryof quantumcoherence,basedoncorrelationfunctions

[Glauber,Phys. Rev. Lett. 10, 84 (1963); Phys. Rev. 130, 2529(1963)].

HBT experiment : milestone in the development of quantum optics

&

photon correlations are still the daily bread of quantum opticians
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The Narrabri stellar intensity interferometer

Early 1960s: Construction of a dedicated observatory at Narrabri, Australia

1963 ï1972: Angular diameters of 32 bright stars

+ study of several binaries

Two huge collectors ( Ø = 6.7 m) 

on a circular trail ( Ø = 188 m)

Ą adjustable baseline size and orientation

Hanbury Brown, Davis & Allen, MNRAS137, 375 (1967).

Hanbury Brown, Davis, Allen & Rome, MNRAS137, 396 (1967).

Hanbury Brown, Nature218, 637 (1968).

Hanbury Brown, Hazard, Davis & Allen, MNRAS148, 103 (1970).

Herbison-Evans, Hanbury Brown, Davis & Allen, MNRAS151, 161 

(1971).

Hanbury Brown, Davis & Allen, MNRAS167, 121 (1974).



Hanbury Brown, Nature, 1968

Antoine Labeyrie, Calern

The big issue of intensity interferometry: 

the signal-to-noise ratio (SNR) is poor L

Ą very long integration time

Ą limited to brightest stars

After 1975: Competition of direct ñamplitudeò 

interferometry
Ąmuch better SNR J

70ô : Intensity interferometry stopped !
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Limitations of Interferometric imaging

Å Stability requirement (at l)

Å Atmospheric turbulence (at l)

Å Requires delicate and large optical delay lines

An alternative for astrophysical imaging: Intensity correlations

Å Insensitive to stability of telescope distance

Å Insensitive to atmospheric turbulence

Å Insensitive to telescope imperfections

Å Efficient at short wavelengths (blue)

Å Can use existing and future infrastructure

The prize to pay: low SNR => longer integration times

19



20

1) Optical astrophysical imaging   

and Hanbury Brown and Twiss experiments

2) 80ô : Intensity correlations for quantum physics

3) Renewal of intensity correlations for astrophysics

4) HBT revival @ Nice (2015-2024): 

Laboratory intensity correlation experiments (2015/2016)                     

On-sky intensity correlations from 2017-2023

5) State of the art of intensity interferometry in 2024  

6) IC4Star project in Nice 

Outline



F.T. Arecchi, E. Gatti, A. Sona, Phys. Lett. 20, 27 (1966) 

Poisson statistics of laser => g(2)(t=0)=1

Thermal light => g(2)(t=0)=2

Quantum theory : R. Glauber (1963 => Nobel 2005           ) 
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Contr¹le dôatomes, ions et photons uniques

Haroche

2012

Wineland

Sources de photons uniques

Ions piégés Atomes piégés
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single-photon purity : 

HBT

photon indistinguishability:

HongïOuïMandel

P. Senellart et al., Nat. Nano. 12, 1026 (2017)



2 particle correlations: classical vs quantum

Philosophical debate until  Bell (1964)

Experiments by Clauser, Aspect

70/80 2022

Quantum Mechanics is correct :

No hidden variables

   Accept non-locality
24



Superconducting qubits

(Google, IBM) 

Rydberg atoms

(Pasqal,  QuEra) 

Ions 

(IonQ, AQT) 

Photons 

(PsiQuantum, 

Xanadu, Orca) 

Quantum Computers: Quantum cryptography : 

2017 2018

é towards a quantum internet ?
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3 particule correlations 

Teleportation

2022
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A dynamic advocate for intensity correlations in astrophysics

(with a strong motivation by CTA)D. Dravins : 

Å Dravins D. High Time Resolution Astrophysics, D. Phelan et al., (eds.), Springer 2008, https://arxiv.org/abs/astro-

ph/0701220

Å D. Dravins, S. LeBohec, H. Jensen, P. Nunez, Stellar Intensity Interferometry: Prospects for sub-milliarcsecond optical 

imaging, New Astronomy Reviews, 56, 143 (2012), arXiv:1207.0808

Å Dravins D., Lagadec T., Nuñez P. D., 2015a, A & A, 580, A99

Å Dravins D., Lagadec T., Nuñez P. D., 2015b, Nat. Commun., 984, 216

Å D. Darvins, Intensity interferometry: Optical imaging with kilometer baselines, Proc. 9907, Optical and Infrared 

Interferometry and Imaging V; 99070M (2016), arxiv.1607.03490

ÅAstrophysical lasers

ÅShort (and bright) pulses

ÅPhoton bubbles

ÅPhoton-correlation spectroscopy

28
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Ring down spectroscopyScanning Fabry Perot cavity

Time resolved spectroscopy :
resolution R=100,000,000

CW Resolution R ~ 100 000

Photon-correlation spectroscopy
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Å Amplification of radiation by stimulated emission (ñlaserò for 

astrophysicists) is known in space.

Å Amplification at 10 µm in the atmospheres of Mars and Venus 

(C02) : M. Mumma, et al., Science, 212, 45(1981)

Å Multiple scattering (radiation trapping) is also common

Å A random laser could happen naturally in space

Å Amplification in the near IR in h Carinae (FeII and OI)

QuirrenbachA, Frink S, ThumC (2001) Spectroscopy of the peculiar emission line star MWC349. In 

Gull TR, Johansson S, Davidson K (eds) Eta Carinae and Other Mysterious Stars: The Hidden 

Opportunities of Emission Spectroscopy. ASP Conf Ser242: 183ï186

Hydrogen Lasers in Emission-Line Objects

Astrophysical lasers
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Early attempts for HBT revival with novel fast detectors : 

Quanteye: OWL/ELT 
ÅD. Dravins, et al. 2005, QuantEYE quantum optics instrumentation for astronomy. OWL Instrument Concept Study, Tech. rep., ESO, Document OWL-CSR-ESO-00000-

0162

ÅC. Barbieri, et al. 2006, in The scientific requirementsfor extremely large telescopes, ed. P. Whitelock, B. Leibundgut, & M. Dennefeld, IAU Symp., 232, 506

ÅG. Naletto, et al. 2006, in Ground-Based and Airborne Instrumentation For Astronomy, SPIE 6269, 62691Wï1/9 

Aqueye: Asiago (Italy ) 182 cm telescope
ÅG. Naletto et al. 2007, in Photoncountingapplications, Quantum Optics, and Quantum Cryptography, SPIE, 6583, 65830Bï1/14

ÅC. Barbieri et al. 2007b, Mem. SAIt. Suppl., 11, 190

ÅC. Barbieri et al. 2009, J. Mod. Opt., 56, 261

ÅC. Barbieri et al. 2009, in Science with the VLT in the ELT Era, Astrophysics and Space Science Proceedings, 249

Iqueye :  La Silla (Chili) 358cm telescope

ÅG. Naletto et al., A& A 508, 531ï539 (2009)

SPAD : 

Dt ~500ps 



P. Tan et al., ApJ, 789, L10 (2014)

P. Tan, A. Chan, C. Kurtsiefer , MNRAS, 457, 4291 (2016)

Extreme spectral filtering helps
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Atomic physics laboratory experiments

Goal : fast (high bandwidth) correlation

Experimental setup : developed for Levy flight experiments

Nat. Phys. 5, 602 (2009)Phys. Rev. E 90, 052114 (2014)

34



35



Temporal intensity correlation of light scattered by a hot atomic vapor
A. Dussaux, T. Passerat de Silans, W. Guerin, O. Alibart, S. Tanzilli, F. Vakili, R. Kaiser
Phys. Rev. A 93, 043826 (2016)
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Atomic physics laboratory experiments

From astrophysics to cold atoms : correlation setup implemented on cold atoms J

Diffusive wave spectroscopy with cold atoms / testing the Sigertrelation

A. Eloy et al., Phys. Rev. A 97, 013810 (2018)
L. Ortiz-Gutierrez et al., New J. Phys. 21, 093019 (2019)
D. Ferreira et al., Am. J. Phys., 88, 831 (2020)
P. Lassegues et al. EPJ D 76, 246( 2022)
P. Lassegues et al. Phys. Rev. A 108, 042214 (2023) 
M. Morisse et al., EPL 147, 15001(2024)
M. Morisse et al., EPL 147, 15001(2024)
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g(2)(r=0, t) : technical limitations

Optical filter @ 1nm :  tc~ps

Electronic bandwidth (jitter) ~100ps

Laboratory experiment with 

1nm filtered thermal source

White light laboratory experiments

38
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Our telescope correlator

Light from the telescope

Focus of the telescope

Ą Robust and transportable

Ą  No moving part

Towards on-sky experiments
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To select one polarization mode

P: Polarizer

l0 = 780 nm

Dl = 1 nm

tc ~ l0
2/cDl ~ 1 ps

F1: Filter

l0 = 780 nm

Dl = 10 nm

To remove UV and IR photons

F2: Filter

Reflection: l < 650 nm

 to the guiding camera

Transmission: l > 650 nm

 to the g(2) measurement

DM: Dichroic beam splitter

Optical setup
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#1: ID Quantique, time resolution = 81 ps

TDC: Time to Digital Convertor

Excelitas

Quantum efficiency h ~ 60 %

Deadtime  ~ 20 ns

Jitter  tJ ~ 500 ps

APD: Single photon detector

To overcome the APD dead time

50/50 FS: Multimode fiber beamsplitter

#2: Swabian Instruments, time resolution = 12 ps, 

less spurious correlations, 40 Mcps

Detection setup
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Test in the lab (artificial star)

SMF

Expected signal

Contrast

spurious correlations !!!
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On sky experiments : C2PU telescopes at Calern

C2PU telescopes

 - Ø = 1 m

- Cassegrainconfiguration + focal reducer Ą f = 5.6 m

- NA = 0.09 ; f/5.6 

- PSF = 42 Õm for seeing = 1.5ôô

- Fiber core = 100 mm

Altitude = 1280 m



Experiments at C2PU (Calern, France) on February 20th-22nd 2017
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Results : Feb. 2017 : time correlation on 3 bright stars

Shot noise limited

W. Guerin, A. Dussaux, M. Fouche, G. Labeyrie, J.-P. Rivet, D. Vernet, F. Vakili, R. K, Mon. Not. Roy. Astron. Soc. 472, 4126 (2017)

Tobs~12h Tobs~ 4h30 Tobs~ 6h50

Laboratory calibration:

Convoluted g(2)(t)

Arcturu
s

ProcyonPollux

a: detection efficiency
Nph(l): photon spectral flux (ph/m2/s/Hz)
A : collecting area

45

Lab 
data

On-sky 
data



Results : fall 2017 : spatial correlation on 3 bright stars

W. Guerin, J.-P. Rivet, M. Fouche, G. Labeyrie, D. Vernet, F. Vakili, R. K.,  Mon. Not. Roy. Astron. Soc. 480, 245 (2018)

Capella : binary starRigel Vega

First angular measurement of stars since HBT !!!
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Results : Summer 2018 : spatial correlation on Haemission line of P Cygni

J.-P. Rivet, A. Siciak, E. S. G. de Almeida, F. Vakili, A. Domiciano de Souza, M. Fouche, O. Lai, D. Vernet, R. K., W. Guerin, Mon. Not. Roy. Astron. Soc. 494, 218 (2020) 

Single telescope

 g(2)(r=0)
g(2)(<r>=10.7m) g(2)(<r>=13.9m)

non-LTE 

radiative transfer code 

CMFGEN

to guiding 
CCD

dichroic 
splitter

collimating lens, 
f = -50 mm

Hafilter

PBS

focusing lens, 
f = 20 mm

d = 1.56 +/- 0.258 kpc

d = 1.36 +/- 0.24 kpc

Gaia DR2 catalogue

d = 1.8 +/- 0.1 kpc

Usually adopted in the literature
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h Carinae 

April 2019 : SOAR correlation on Haemission line of hCarinae

1 night trial 

Bad night L : turbulence, coulds : only 4 hours of observation

However : fast implementation on SOAR !

Bunchingobservedon hCar Haline   J J 

W. Guerin, J.-P. Rivet, M. Hugbart, F. Vakili, E. S. G. de Almeida, A. Domiciano de Souza, G. Labeyrie, N. Matthews, 
O. Lai, P.-M. Gori, D. Vernet, J. Chabe, C. Courde, E. Samain, B. V. Castilho, A. M. Magalhaes, E. Janot-Pacheco, A. Carciofi, P. Bourget, N. Schuhler and R. K., 
Proceedings of the annual meeting of the French Society of Astronomy & Astrophysics 2021 48

http://sf2a.eu/proceedings/2021/2021sf2a.conf.331G.pdf


January 2020 : Spatial Correlation on Ha line of Rigel , Betelguese

Novel technical improvement : 

1) dual polarization channel 

2) Auto calibrating setup : g(2)(0) +  g(2)(r)

Rigel
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March 2022: Successful interferometric observation at Paranal (VLT)!

May 2023: Successful interferometric observation with 3 telescopes at Paranal!

N. Matthews, J.-P. Rivet, M. Hugbart, G. Labeyrie, R. K., O. Lai, F. Vakili, D. Vernet, J. Chabe, C. Courde, N. Schuhler, P. Bourget, W. Guerin, 
Proc. SPIE 12183, Optical and Infrared Interferometry and Imaging VIII, 121830G ( 2022),
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Å L. Zampieri et al., Stellar intensity interferometry of Vega in photon counting mode, MNRAS, 506(2), 1585( 2021). ASIAGO

Å Observations with the Southern Connecticut Stellar Interferometer. I. Instrument Description and First Results

E. P. Horchet al 2022 AJ 163 92

Å V. Acciari, et al., Optical intensity interferometry observations using the MAGIC imaging atmospheric cherenkov telescopes, 

      MNRAS 491, 1540 (2020)

Å Demonstration of stellar intensity interferometry with the four VERITAS telescopes,

      A. Abeysekara, et al.,  Nat, Astronomy 4, 1164 (2020)

+ Hess Namibia (S. Funk et al.) : 2023

+ Erlangen +C2PU (J. v. Zanthier et al.) : 2024 

+ Zurich + Crete(R. Walter et al.) :2024
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State of the art in 2024

l=416nm

ʲ /ŀƴƛǎ Majoris e  Orionis

l=430nm, 3 stars, 2 telescopes (diameter 17m )

l=532nm, 3 stars, 2 telescopes (diameter 0.6m )

Courtesy S.Richter et al. 
l=405nm
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What next : IC4Stars
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i. interferometric recombination 
(VLTI, Chara, NPOI < 300m)

ii. intensity correlations g2(r)

        Hanbury Brown & Twiss 
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Resilient to atmospheric turbulence (+ no adaptative optics required)

Scalable to larger distances (ELT/VLT and beyond)

Use of existing infrastructure 
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High angular resolution for stars :   Ў— ͯ
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D=12000 km

µ±  resolution : similar to Event Horizon Telescope



Å The price to pay : low signal to noise ratio
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Multiplexing

N=16

Keck/CFHT 

10m/4m Fast SPD 

tel=20ps

ὛὔὙ Ḋ  τ τπ  τ Ý  640
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Pi Imaging  :  2 SPADl
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Photonscore : 2 x 16 LINPix
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Synchronisation @ ps over 1km 

16  ps

1  ps

1)

2)
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Count rates : 

Sirius B

Quantum efficiency : 90%

Throughput : 20%

Keck: 110 000 cps

CHFT : 18 000 cps

D=11700km

L=8.6 light years= 8 10^16m

Dq=30µ±
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(?)

Angular resolution of a white dwarf  



Pauli blocking for in degenerate Fermi 

gases

White dwarf : 

T/Tf ~10-6

k/kf ~ 10-6
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Light we see from Sirius B 

only from an outer shell of 100-300m



Path-opening on Sirius B (white dwarf) : 

quantum degenerate Fermi gas of electrons

(?)
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Mauna Kea @ Hawaii

SNR º  6 

in 1 hour 

observation time  !!!!

Beyond reach of present instruments
(?)

Magnitude=8.4

Photon 

Bunching

Å@ l = 420nm

Å D=630m


