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Abstract:
In this talk, I will give an introduction to intensity correlations for astrophysical imaging
as pioneered by Hanbury Brown and Twiss. This triggered a wider effort for the field of
larger context beyond astrophysical imaging. | will also give an overview of the pas:

astrophysical imaging by our group in Nice and present the ongoing effort towards res
signatures of random lasing in space.
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Outline

1) Optical astrophysical imaging
and Hanbury Brown and Twiss experiments

2) 80’ : 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) I1C4Star project in Nice
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Intensity Correlation team in Nice

—-

+ former postdocs and PhD :
A. Siciak

A. Dussaux

N. Matthews

Lagrange

FVakili  J.P.Rivet O. Lai

C. Courde J. Chabé

+ M. Borges
(Rio de Janeiro, Brazil)

+E. S. G. de Almeida
(Valparaiso, Chile)
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Outline

1) Optical astrophysical imaging
and Hanbury Brown and Twiss experiments
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From Galileo (1564-1642) to Hubble Telescope (1990-20267?) & JWST

Direct imaging : large telescopes
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Interferometric imaging:

Incoming Starlight
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Interferometric imaging: large separation

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

control

Acquisition for
fringe tracking

Calern (France) Paranal (Chili) Mt Wilson (USA)
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High angular resolution for stars : A0 ~ A
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interferometric recombination
(VLTI, Chara, NPOI < 300m)

intensity correlations g2(r)
Hanbury Brown & Twiss
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Speckle statistics
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Time and spatial scales

diffraction limit 6=A/D
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In the spatial domain: g@(r, t = 0)

More formally: van Cittert — Zernike theorem (1934, 1938)

g'?(r) = 1+ | FT( Brightness distribution of the source ) |?
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In the time domain: g@(r =0, 7)

More formally: Siegert relation

g?(t) = 1+ | FT( Power spectrum of the source) |2
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Robert Hanbury Brown
radio-astronomer

Richard Q. Twiss
applied mathematician

1952: First application of this idea to radio astronomy
[Hanbury Brown, Jennison & Das Gupta, Nature 170, 1061 (1952)].
1954: The theory behind it [Hanbury Brown & Twiss, Phil. Mag. 45, 663 (1954)].
1956: Lab experiment with light [Hanbury Brown & Twiss, Nature 177, 27 (Jan. 1956)].
1956: Mecasurecments on a star [Hanbury Brown & Twiss, Nature 178, 1046 (Nov. 1956)].
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A TEST OF A NEW TYPE OF STELLAR INTERFEROMETER ON SIRIUS

By R. HANBURY BROWN

Jodrell Bank Experimental Station, University of Manchester

AND
Dr. R. Q. TWISS

Services Electronics Research Laboratory, Baldock
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S g?)(r) measured on Sirius, the brightest star in the visible.

Two telescopes of 1.56 m diameter
Separationupto9m

- First direct measurement of the angular
diameter: 6.8 £0.5 mas

Hanbury Brown & Twiss, Nature 178, 1046 (1956)
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1956-1957: Some controversy on the Hanbury Brown & Twiss effect:
a two particle interference effect !

* Brannen & Ferguson, Nature (Sept. 1956): unsuccessful experiment in the photon counting regime,
claim that the HBT effect contradicts quantum mechanics !

* HBT, Nature (Dec. 1956): the other experiments were not sensitive enough !

* Purcell, Nature (Dec. 1956): no conflict with QM (“clumping” of bosons).

ri‘; = :

bl e By N
g~ |

(1960: Invention of the laser, which behaves differently!) /&% 248

1961: Interpretation in term of interference between paths of indistinguishable
particles
[Fano, Am. J. Phys. 29, 539 (1961)].
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1963: Theory of quantum coherence, based on correlation functions
[Glauber, Phys. Rev. Lett. 10, 84 (1963); Phys. Rev. 130, 2529 (1963)].

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

HBT experiment : milestone 1n 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 — 1972: Angular diameters of 32 bright stars
+ study of several binaries

Two huge collectors ( @ = 6.7 m)
on a circular trail ( @ = 188 m)
—> adjustable baseline size and orientation

Hanbury Brown, Davis & Allen, MNRAS 137, 375 (1967).
- | Hanbury Brown, Davis, Allen & Rome, MNRAS 137, 396 (1967).
Hanbury Brown, Nature 218, 637 (1968).
Hanbury Brown, Hazard, Davis & Allen, MNRAS 148, 103 (1970).
Herbison-Evans, Hanbury Brown, Davis & Allen, MNRAS 151, 161
(1971).
Hanbury Brown, Davis & Allen, MNRAS 167, 121 (1974).
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70’ : Intensity interferometry stopped !

The big 1ssue of intensity interferometry:

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

— very long integration time
—> limited to brightest stars

Thus, although we can see how the limitations of the
existing instrument might be removed, we have no plans
at the moment to extend the programme. Until the data
on single stars have been analysed and discussed by
astronomers and astrophysicists at large, 1t will be too
carly to judge whether it would be worthwhile to extend

the work. In the meantime, our programmes on peculiar
objects have started and we are interested to see what

they reveal. Hanbury Brown, Nature, 1968

After 1975: Competition of direct “amplitude”
interferometry
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- much better SNR ©

Antoine Labeyrie, Calern
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Limitations of Interferometric imaging
Stability requirement (at 1)
Atmospheric turbulence (at 1)

Requires delicate and large optical delay lines

An alternative for astrophysical imaging: Intensity correlations
Insensitive to stability of telescope distance
Insensitive to atmospheric turbulence
Insensitive to telescope imperfections
Efficient at short wavelengths (blue)

Can use existing and future infrastructure

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

2) 80’ : Intensity correlations for quantum physics
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Poisson statistics of laser => g (1=0)=1

Thermal light => g (1=0)=2

p.{%) A a- V=125 cm/sec
2 + B o= V=209 cm/sec
"‘*“h\f é .
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F.T. Arecchi, E. Gatti, A. Sona, Phys. Lett. 20, 27 (1966)

Quantum theory : R. Glauber (1963 => Nobel 2005 -
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Controle d’atomes, ions et photons uniques

Sources de photons uniques

Baltarn Brisgg mirces
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single-photon purity : photon indistinguishability: ‘%x .
HBT Hong—Ou—Mandel !

b o3
a b | .
|
— Correlation | Correfation 0.2 - | |
card | cand = | - D :
o, 2 ] o, :\ : £ -
; o - . L] I
= / 1 i / ™1 | ‘ Herald
// - - w_/ 0.0 f 10000
- .. - 1 = D ¢ 10-{ W
e - — e .
o T 4 | 2
W ) 095 u - g 1ooo
=
H
i > o "
- - % Bl
090 - ; LI | - € 100
] %
s Y ™ [v]
0.85- L
T T T T
Q.00 0.02 004 0.06 -4 -20 4] 20 40
Brightness Delay (ns)

P. Senellart ct al., Nat. Nano. 12, 1026 (2017)
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2 particle correlations: classical vs quantum
Philosophical debate until Bell (1964)

[¥(v,w)) = = {|\\} +|yy) {
\2 J

Experiments by Clauser, Aspect

70/80

Quantum Mechanics is correct :
No hidden variables

Accept non-locality
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Quantum cryptography :

@‘ Classical channel @.
a A Y

Alice E “ Bob
[— L
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Measurement m Measurement
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T
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photon source

... towards a quantum internet ?
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Quantum Computers:

Superconducting qubits Rydberg atoms Tons __ !’hotons
(Google, IBM) (Pasqgal, QuEra) (IonQ, AQT) {PsiQuantum,
Xanadu, Orca)

Google Y PsiQuantum

IBM Quantum R

HE®

ORCA

Computing Inc.

Computing
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3 particule correlations

Teleportation
Quantum Teleportation mmr“ | LIJ)
Disrupted Original
y Send Data Apply Treatment
-
Original Eﬂs Pair

*¥)
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Outline

3) Renewal of intensity correlations for astrophysics
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A dynamic advocate for intensity correlations in astrophysics

(with a strong motivation by CTA)

D. Dravins :

*  Dravins D. High Time Resolution Astrophysics, D. Phelan et al., (eds.), Springer 2008, https://arxiv.org/abs/astro-
ph/0701220

* 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

*  Dravins D., Lagadec T, Nufiez P. D., 2015a, A & A, 580, A99

*  Dravins D., Lagadec T, Nuiiez P. D., 2015b, Nat. Commun., 984, 216

er
e stellar surface 15 assumed surrounded by a solar-rype

*  D. Darvins, Intensity interferometry: Optical imaging with kilometer baselines, Proc. 9907, Optical and Infrared Cuomeapee a5 s . it 0 o sl e s 150l e b s Gt
Interferometry and Imaging V; 99070M (2016), arxiv.1607.03490

» Astrophysical lasers
 Short (and bright) pulses
* Photon bubbles

Photon-correlation spectroscopy

Pirsa: 24100092 Page 29/72



Photon-correlation spectroscopy

Scanning Fabry Perot cavity Ring down spectroscopy
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Astrophysical lasers

* Amplification of radiation by stimulated emission (“laser” for
astrophysicists) is known in space.

* Amplification at 10 um in the atmospheres of Mars and Venus
(C02) : M. Mumma, et al., Science, 212, 45(1981)

* Multiple scattering (radiation trapping) is also common

« Arandom laser could happen naturally in space

* Amplification in the near IR in h Carinae (Fell and OI) ANV /\W

Hydrogen Lasers in Emission-Line Objects
Quirrenbach A, Frink S, Thum C (2001) Spectroscopy of the peculiar emission line star MW('349. In

Gull TR, Johansson 8, Davidson K (eds) Eta Carinae and Other Mysterious Stars: The Hidden
Opportunities of Emission Spectroscopy. ASP Conf Ser 242: 183-186

Pirsa: 24100092

OXFORD

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

Quanteye : OWL/ELT

+ D. Dravins, et al. 2005, QuantEYE quantum optics instrumentation for astronomy. OWL Instrument Concept Study, Tech. rep., ESQO, Document OWL-CSR-ESO-00000-

0162

» C. Barbierli, et al. 2006, in The scientific requirements for extremely large telescopes, ed. P. Whitelock, B. Leibundgut, & M. Dennefeld, IAU Symp., 232, 506

* G. Naletto, et al. 2006, in Ground-Based and Airborne Instrumentation For Astronomy, SPTE 6269, 62691 W-1/9

Aqueye: Asiago (Italy) 182 cm telescope

* @G. Naletto et al. 2007, in Photon counting applications, Quantum Optics, and Quantum Cryptography, SPIE, 6583, 65830B-1/14
+ C. Barbieri et al. 2007b, Mem. SAIt. Suppl., 11, 190

+ C. Barbieri et al. 2009, J. Mod. Opt., 56, 261

* C. 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

+ @G. Naletto et al., A&A 508, 531-539 (2009)
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AQuEYE-like | 3 3

simgle arm

SPAD :
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100 2 ; R ey
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Fig. 9. Individual counts from the Crab Nebula pulsar. with 0.33 ms
(1/10 of the period) bin size. The average count rate per time bin is
given in the box.
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Extreme spectral filtering helps
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Outline

4) HBT revival @ Nice (2015-2024):
Laboratory intensity correlation experiments (2015/2016)
On-sky intensity correlations from 2017-2023
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Atomic physics laboratory experiments

Goal : fast (high bandwidth) correlation

Experimental setup : developed for Levy flight experiments

— H—

(a) W’ )
Laser Bl 3 T e
‘".%%'Qgﬁj-“ - " 2
. S 2z a4 6 8 10 12
ga \-\\ 1 U o g
Phys. Rev. E 90, 052114 (2014) Nat. Phys. 5, 602 (2009)
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(a) Cell
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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 ©

Diffusive wave spectroscopy with cold atoms / testing the Sigert relation

2.5+ 1.0
bi5) = 3 o = # ) { —
| b}g:=0‘06 w — \FFT[Q[T'II‘lFFTEg'Uﬂ = '-o— -—_ e I Sp[;omlafwu‘us
b —— Fit gaussien : agys = 0.89 ps ; g (0) = 1.94 0.8+ e FFI[g 2-'} ‘% 200.] o : =mission
~ — Fit exponentiel : 1 = 0.64 ps ; gQ:(OJ =203 L L = @
- 154 . 0.6 - g 4 \O a
5::' J = Thermal N
g ; 0.4 -] ° \ -]
- } @ 1
% 100 —\f ._) ® “ -
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™TTTTT T T T T™=T"TTTTT T ! AT T
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Saturation parameter s

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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White light laboratory experiments

g?(r=0, 1) : technical limitations

Optical filter @ Inm : T, ~ ps
Electronic bandwidth (jitter) ~ 100ps

jitter (electronic bandwidth) |

—— intrinsic g
convoluted g

g“(1)

........

_ —g*ts)

i M optical response ‘

Laboratory experiment with o
Inm filtered thermal source oo
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