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

Direct imaging : large telescopes

Phases of Venus

Black holes, dark matter, exoplanets, 

universe expansion, biosignatures é
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Interferometric imaging: large separation

6



Interferometric imaging: large separation

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

Calern (France) 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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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

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

claim thattheHBT effectcontradictsquantummechanics!

Å HBT, Nature(Dec. 1956): theotherexperimentswerenot sensitiveenough!

Å Purcell,Nature(Dec. 1956): noconflict with QM(ñclumpingòof bosons).

(1960: Inventionof thelaser,whichbehavesdifferently!)

1961: Interpretationin termof interferencebetweenpathsof indistinguishableparticles

[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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Interferometric imaging

Å Stability  / atmospheric turbulence (at l)   LL

Å Complex delay lines required        úúú       LLL

Å Large Baselines                                  JJ

Å Excellent Signal to Noise Ratio JJJJJ

Intensity correlations

Å Insensitive to atmospheric turbulence JJ

Å Insensitive to telescope imperfections J

Å No new infrastructure required úúú JJJ

Å Efficient at short wavelengths (blue) J

Å Very large baselines                                             JJJJ

Å Poor Signal to Noise Ratio LLLLLLL
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The physics of intensity correlations
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Spatially incoherent source (random phases)

Interference between 2 points from the sources: fringes

Extended source = many couples of points Ącomplex disordered pattern (óspeckleô).

Ą Not a white noise ! Correlation length lc(ósize of the speckle grainô)
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lc ~ lL/D

Intensity correlations : how does it work ?



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

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

gAC(2) = <IA IC>/<IA><IC> = 1
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Photon bunching g(2)(0)=2



Spatial scales

diffraction limit    q= l/D

Speckle grain size :
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Spatial scales

diffraction limit    q= l/D

Speckle grain size :  lc =  qL  ~lL / D
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Time scales

diffraction limit    q= l/D

Speckle grain size :  lc =  qL  ~lL / D

Coherence time : tc = 1 / Dw

ὰ
‗ Ὀ

“ ὶ

ς ὶ

Ὀ

ὰὧ

22



P(I) º1 + dI

Laser photon statistics

<I2> º<I>2
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No photon bunching 

g(2)(t)=1

Initial Experiments with lasers: Armstrong 1965

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
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Intensity correlations vs field correlations

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

van CittertïZernike theorem (1934, 1938)

Å In the time domain: g(2)(r = 0,t)

Siegertrelation :

g(2)(r) =  1 + | FT( Brightness distribution of the source ) |2
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Second generation of intensity correlations for astrophysics

Goal : revive intensity correlation to

Å Overcome baseline limitations by amplitude interferometry : g(2)(r)

Å Open a quantum optics eye to space observations : g(2)(t)

Why now : 

Å Take advantage of quantum optics detection toolbox (fast photon counting)

Å Record full temporal correlation function

Å Combined expertise (astrophysics, atomic and quantum physics) available in Nice

Å Maturing astrophysical community (CTA: Veritas / Magic, Asiago, é)

Å Quantum Optics in Space for quantum communications and Deep Space communication
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Goal : fast (high bandwidth) correlation

Experimental setup : developed for Levy flight experiments

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

Atomic physics laboratory experiments : g2(t)
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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. K.,

Phys. Rev. A 93, 043826 (2016)

teº350 ps
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ÅCavity Laser
Ingredients:
Å Gain Medium

Å Cavity 
­ Feedback & Mode Selection

Pump

Gain 

Medium

Mirror Output 

Coupler

ÅRandom Laser
Å Gain Medium

Å Multiple scattering
V.S. Letokhov, Sov. Phys. JETP 26,  835-840 (1968)

1939ï2009

More lab experiments : Random lasers



Atomic physics laboratory experiments

Goal : find spectroscopic signatures of gaseous random lasing

Eta Carinae 

one of the most massive and luminous stars known
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From the lab to on sky observations
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P. Tan et al., ApJ, 789, L10 (2014)

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

State of the art in 2017

31



Our telescope correlator

Light from the telescope

Focus of the telescope

Ą Robust and transportable

Ą  No moving part

32

Multimode fiber
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To select one polarization mode

P: Polarizer

l0 = 780 nm

Dl = 1 nm

tc ~ l0
2/cDl ~ 2 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



34

#1: ID Quantique, time resolution = 81  ps

TDC: Time to Digital Converter

Excelitas

Quantum efficiency h ~ 60 %

Deadtime  ~ 20 ns

Jitter  tJ ~ 350 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

Contras

t

spurious correlations !!!
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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
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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 41

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),

43

https://www.spiedigitallibrary.org/conference-proceedings-of-spie/12183/121830G/Intensity-interferometry-at-Calern-and-beyond-progress-report/10.1117/12.2628561.short?SSO=1


Å Zampieri, L., Naletto, G., Burtovoi, A., Fiori, M., & Barbieri, C., 2021. Stellar intensity interferometry of Vega in photon counting mode, MNRAS, 506(2), 1585. 

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 
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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 SNSPD 

tel=20ps

ὛὔὙ Ḋ  τ τπ  τ Ý  640

47

úúú

Ὕέὦί τππ πππ 



Multiplexing

To be done 

Å double system, 

Å Efficiency L

Å calibration 

Å Stabilility

Å        Compact J
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ÅOption 1 : Fiber coupling

ÅOption 2 : Free Space coupling
To be done 

Å Dispersion to be adapted 

on detectors

Å calibration 

Å Stabilility

Å Efficiency J

Å Bulky L



Pi Imaging  : h<40%

Hamamatsu : C11202 : h=60%, t>400ps, dark counts L 

Photonscore : 2 x 16 LINPix
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Synchronisation @ ps over 1km 

16  ps

1  ps

1)

2)
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Benchmarking @ Calern

yellow hypergiant : g Cas  : M4.5,  2.4 m±

ÅWP2.1 :  g2(r)

O-type star : 10Lac : M4.88  0.11 m±
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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



Bonus : quantum astro-optics : coherent light sources

Å Randomlaser with 

4 levelscheme
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Fe II: 
population 

inversion at
0.99 / 1.6 /1.7 µm

Lya

Å Lasingsignature : g2(t) on a singletelescope

Eta Car

pump

Fast 

decay

Fast 

decay

stimulated 

emission :

Lasing

Thermal light

Laser
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Challenge : 

Find emission lines with 

population inversion 

Eta Car : Fe II: 
population inversion at
0.99 / 1.6 /1.7 µm

+ systematic study to be performed : Marcelo Borges (Rio de Janeiro, Brazil)



SNSPD technology 
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Random lasing
ÅRandom Laser Å Gain Medium

Å Multiple scattering
V.S. Letokhov, Sov. Phys. JETP 26,  835-840 

(1968)

1939ï2009

Pioneer in Laser physics : Basov 

(Nobel prize 1964, with C. Townes , Prokhorov)

Bunching g2(0)=2 

Superbunching  g2(0) > 2 

No bunching g2(0)=1     ? 
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Benchmarking @ Calern

Ha

ÅWP3.1 :  g2(t)

P-Cygni : M4.82

(h-Car of the north ) l=656.3 nm
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Photon correlations g2(t) around

0.99 / 1.6 /1.7 µm

With  SNSPDs



Intensity correlations  at SOAR 

Å Randomlaser with 

4 levelscheme

SOAR

(Chile, southern hemisphere)
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Fe II: 
population 

inversion at
0.99 / 1.6 /1.7 µm

Lya

Å Lasingsignature : g2(t) on a singletelescope

Eta Car

MH=2.51 
pump

Fast 

decay

Fast 

decay

stimulated 

emission :

Lasing

Thermal light

Laser



ÅHigh angular resolution in astrophysics : g2(r)

ÅQuantum optics in astrophysics : g2(t)

t=0

r=0

(?)

Main expected result of IC4Stars
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Detection of coherent light sources in astrophysics

Validate white dwarf model

Magnitude=8.4 Dq=30µ±



ÅUltra -high angular resolution in astrophysics : g2(r)

ÅQuantum eye on astrophysics : g2(t)

Beyond IC4Stars
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New J. Phys. 20,  063016 (2018)


