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Outline

1) Optical astrophysical imaging
and Hanbury Brown and Twiss experiments

2) Renewal of intensity correlations for astrophysics
3) IC4Star project in Nice :

4.1 ultrahigh angular resolution
4.2 quantum optics
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Outline

1) Optical astrophysical imaging
and Hanbury Brown and Twiss experiments



High angular resolution for stars : Y— -

l. interferometricecombination
(VLTI, Chara, NPOI < 300m)
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Interferometric imaging: large separation
From A. Labeyrie (12m) to VLTI (130-200m) and CHARA (330m)

e
~ photon counting cameras
fe b AN

Calern (France) Paranal (Chili) Mt Wilson (USA)



High angular resolution for stars : Y— -
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Speckle statistics
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Time and spatial scales
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A TEST OF A NEW TYPE OF STELLAR INTERFEROMETER ON SIRIUS

By R. HANBURY BROWN
Jedrell Bank Experimental Station, University of Manchester
AND

Dr. R. Q. TWISS

Services Electronics Research Laboratory, Baldock

Robert Hanbury Brown
radio-astronomer
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/700 |l ntensity I nterfer ome

The big issue of intensity interferometry:
the signaito-noise ratio (SNR) is podr

A very long integration time
A 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 sngle stars have been analysed and discussed by
astronomers and astrophysicists at large, 1t will be too
carly to judge whether 1t would be worthwhile to extend
the work. In the meantime, our programmes on peculiar
ohjects have started and we are mmterested to see what

they reveal. Hanbury Brown, Nature, 1968

AntoineLabeyrie Calern

After 1975: Competition of direct nampl |
Interferometry

A much better SNR

11



Outline

2) Renewal of intensity correlations for astrophysics



A dynamic advocate for intensity correlations in astrophysics

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

DravinsD. High TimeResolutiorAstrophysics D. Phelan et al.gfls), Springer 2008;ttps://arxiv.org/abs/astro
ph/0701220

D. Draving S.LeBoheg H. Jensen, P. Nune&tellarintensityInterferometry Prospects fosubmilliarcsecondoptical
imaging NewAstronomyReviews 56, 143 (2012), arXiv:1207.0808

DraVI nS D "y Lag adec T' ] N u nez P' D "y 2015a! A & A! 580! A99 Figure 3. The real meaning of 40 microarcsecond optical resolution: Simulated resolution for an assumed transit of a
hypothetical exoplanet across the disk of the relatively nearby star Sirius, using the full Cherenkov Telescope Array as an
intensity interferometer. Stellar angular diameter = 6 mas; assumed planet of Jupiter size and oblateness; equatorial diameter
= 350 pas; Satum-type rings; four Earth-size moons. The stellar surface is assumed surrounded by a solar-type

1 1

DraVIHSD, LagadeC T., NUﬁeZ P D., 2015b, Na.t Commun, 984, 216 cl re, shining i an emission line. The 40 pas resolution provides some 150 pixels across this stellar diameter.

D. Darvins Intensity interferometry: Optical imaging with kilometer baselines, Proc. 9907, Optical and Infrared
Interferometry and Imaging V; 99070M (2016), arxiv.1607.03490

Astrophysical Lasers

A Astrophysicalasers

A Short (andoright) pulses
A Photonbubbles

A Photoncorrelationspectroscopy



https://arxiv.org/abs/astro-ph/0701220
https://arxiv.org/abs/astro-ph/0701220
https://arxiv.org/abs/astro-ph/0701220

Early attempts for HBT revival with novel fast detectors :

Quanteye: OWL/ELT

A D. Dravins et al. 2005QuantEYEquantumopticsinstrumentation for astronomy. OWL Instrument Concept Study, TechE®8@., Document OWACSRESO00000
0162

A C. Barbieri, et al. 2006, in Trezientificrequirementgor extremely large telescopes, ed\Ritelock B. Leibundgut & M. Dennefeld, IAU Symp., 232, 506

A G.Nalettqg et al. 2006, in GrounBased and Airborne Instrumentation For Astronomy, SPIE 6269, 6268BW

Agueye Asiago (taly) 182 cmtelescope

A G. Naletto et al. 2007, iRhotoncountingapplications, Quantur®ptics and QuantunCryptography SPIE, 6583, 65830R/14
A C. Barbieri et al. 2007iem. SAIt. Suppl., 11190

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

A 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
A G.Nalettoet al.,A& A 508, 531539 (2009)

Singapore
A P. Tan et alApJ, 789, L10 (2014)MNRAS, 457, 4291 (2016)
Bandpass T
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C2PU Results : Feb. 2017 time correlation on 3 bright stars

Arcturus Pollux Procyon

C2PU @Calern
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W. Guerin, A.DussauxM. Fouche G. Labeyrie, 3P. Rivet, D. Vernet, F. Vakili, R. K, Mon. Not. Rafstron Soc. 472, 4126 (2017)

15



C2PU Results : fall 2017 :spatial correlation on 3 bright stars
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First angular measurement of stars with ¢(r) since HBT !!!

W. Guerin, JP. Rivet, M.Fouche G. Labeyrie, D. Vernet, F. Vakili, R. K., Mon. Not. R@&stron Soc. 480, 245 (2018)
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MAGIC

Juan Cortina& Alejo Cifuentesintensity interferometry

observations with MAGIC and the CTd@th LSTs
V. Acciari, et al., MNRAS 491, 1540 (2020)

First science results with MAGIC

"Performance and first measurements of the MAGIC Stellar Intensity
Interferometer", arXiv:2402.04755 and MNRAS 11 March 2024

2.51 Best fit:
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Science with MAGIC + 4L.STs Sll: Fast rotators

Targets identified by van Belle, Astron. Astrop. Rev 20 (2012) 51
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Multiple targets within
reach of MAGIC + LST-1,
most targets within reach
of MAGIC + 4LSTs.



https://inphyni.univ-cotedazur.eu/medias/fichier/sii2024-magic-lst-jcortina-v3_1726571669899-pdf?ID_FICHE=1224496&INLINE=FALSE
https://inphyni.univ-cotedazur.eu/medias/fichier/sii2024-magic-lst-acifuentes-v1_1726837859074-pdf?ID_FICHE=1224496&INLINE=FALSE

VERITAS

DaveKieda: The VERITAS SlI Observatory

Nat.Astronomy4, 1164 (2020)
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my

Dave Kieda
University of Utah
For the VERITAS'Collaboration

(Jul 1, 2024)

VERITAS-SII Observations through 7/1/2024

VERITAS Stellar Intensity Interferometry (VSIl) 2024

Sept 11, 2024

Primary star
classification
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0 Single star

BO
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Binary/multiple star
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Circle area is the number of
each star’s exposure (hrs)
(12/1/19-7/1/24)

Al

A2 A8

- 56 different targets

- 33single

- 23 binary/multiple

- Total 732.3 hrs exposure

- 125.8 hours 2023-2024 obs season


https://inphyni.univ-cotedazur.eu/medias/fichier/kieda_1727072816179-pdf?ID_FICHE=1224496&INLINE=FALSE
https://inphyni.univ-cotedazur.eu/medias/fichier/kieda_1727072816179-pdf?ID_FICHE=1224496&INLINE=FALSE

ASIAGO

L. Zampieri et al., MNRAS, 506(2), 1585( 2021).

Vega - Agqueye+IFl+Igueye
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VLT

March 2022: Successful inten‘q’[mqﬂmetric observation with 3 Alat Paranal (VLT)

N. Matthews, 3P. Rivet, MHugbart G. Labeyrie, R. K., O. Lai, F. Vakili, D. Vernet, J. Chabard& N.SchuhlerP. Bourget, W. Guerin,
Proc. SPIE 12183, Optical dnfitaredInterferometryand Imaging VIII, 121830G ( 2022)

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

HESS

S. Funk et al
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COnneCtICUt E.Horchet al., TheAstronomicallournal, 163, 92 (2022)
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e 60-cm Dobsonian telescopes.  Justin Rupert, M.S. 2016
« Meinberg GPS modules Olivia Weiss, M.S. 2018
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o MPD SPAD detectors Paul Klaucke, M.S. 2021

Rich Pellegrino, M.S. 2023
Torrie Sutherland, M.S. expected 2025
Sebastian Lucero, B.S. expected 2025

e Picoquant timing modules




Ohio

T.Mozdzenet al., MNRAS 537, 2522534 (2025)

1.5
Sirius Data
————— Gaussian "
— — — - Lorentzian
1.0f
&
o
Z 0.5¢
&
[=)}
0.0
100 ps bins
-0.5¢ i i i i : i ]
Lo R R PP R

Time (ns)

Table 4. Gaussian fitting results on the measured correlation signal of Sirius
The area, height, and sigma of the Gaussian fits are listed in the table.

Teoh-m Fit height Sigma Tres |V12(3.3 m) |2
{contrast fit derived
factor)
(ps) x1073 (ps) (ps)
0.73 +0.12 1.07 £ 0.18 136 +£26 342 +65 094 +0.16
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J. V.Zanthieret al. Epsilon

Sebastian Karl & Verena LeopoBpatial photon correlatior \C,)vr:;fr[‘)’gm:
using nearly dead time free ulttagh throughput single

photon detection

Stellar Intensity Interferometry Workshdporquerolles2024
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https://inphyni.univ-cotedazur.eu/medias/fichier/spatialsinglephotoncorrelations-vl-sk_1727092170726-pdf?ID_FICHE=1224496&INLINE=FALSE

Geneva R Walter et al.

Roland Walter, Etienné&yard Vitalii Sliusar& Gilles KozialThe
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Stellar Intensity Interferometry

] i
Ll L] Ie

3
Workshop@n Stellar Intensity Interferometry 2023 i

22-24 Mayi=dD23 -_.-,;"" g
The Ohio State University 8 i
Columbus; Ohio '

Workshop Details Registration Accommodations List of Participants Agenda

Growing community

Stellar Intensity Interferometry
Workshop 2024

.;“ ’ﬁ" -

September 9" — 13", 2024

Porquerolles, France

Stellar Intensity Interferometry Workshop 2025

13-17 oct. 2025
Research Campus Waischenfeld (Germany) of the Fraunhofer Society 4

Stellar Intensity Interferometry
Workshop

OCTOBER 13 - 17, 2025

Fril
E

Research Campus
Waischenfeld,
Germany

tinyurl.com/sii2025

PERIMETER
INSTITUTE

- ""0CT 30 - NOV 1, 2024

FUTURE PROSPECTS OF INTENSITY INTERFEROMETRY

Recent advancements in photodetection technologies and spectroscopy hold the promise of
transforming intensity interferometry, thereby revolutionizing observational Astronomy by enabling
observations to resolve significantly fainter objects than currently possible. This workshop serves as a
platform to unite experts in photodetection, theoretical and observational astronomy, as well as
observers and theorists from diverse disciplines, to explore the multifaceted capabilities of intensity
interferometry.

The workshop's focus spans three key objectives:

« Develop and disseminate novel ideas concerning science cases unique to intensity
interferometry.

« Synthesize insights from observers and photodetector experts concerning the requisite
technologies and experimental techniques which will allow for new science with intensity
interferometry.

« Initiate a concentrated effort to propel the development of large telescope arrays dedicated to
intensity interferometry.

This workshop will be exclusively organized in plenary sessions, providing ample time for engaging

discussions among participants.
W-nnnmv WORKSHOP
=N T

AN —




Outline

3) IC4Star project in Nice :
4.1 ultrahigh angular resolution



Intensity Cortelation for Stars (IC4Star) i

High angular resolution for stars : Y— - el’C
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“ “there’s

no such thing
as a free
lunch.”

A Thepriceto pay: low signal to noise ratio
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EXxciting targets for ultrahigh angular resolution in astrophysics:

A Wolf Rayet Stars

(beforeSupernovagype Il explosionk WR 124

LEMENT SERIES, 187:275-373, 2010 April

M 12 / 20 lJ'l_- COMPREHENSIVE PHOTOMETRIC HISTORIES OF ALL KNOWN GALACTIC RECURRENT NOVAE

BraDLEY E. SCHAEFER
Physics and Astronomy, Louisiana State University, Baton Rouge, LA 70803, USA; schaefer@lsu.edu
Received 2009 April 6: accepied 2010 January 20; published 2010 March 17

A Binary White Dwarfs
(beforeSupernovadype | explosion)
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Outline

4) 1CA4Star project in Nice :

4.2 quantum optics



Comsuy

Trapped lons

Singleatoms ions and photons

Single photons e

Trapped Atoms
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Haroche Wineland

2012

photonindistinguishability
Hong Oui Mandel
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2 particle correlations: classicalvs guantum
Philosophicaldebateuntil Bell (1964)

Quantum Mechanicsis correct : No hidden variables
Acceptnon-locality

A
Quantum cryptography a A
Quantum CompUterS Meaen:—-Qt*WM
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Quantum Optics & Intensity Correlation from space photons

1) Random lasing

2) Gravitational wave background detection

3) Hot stars / microwaves

4) Pauli Blocking / Non linear optics / squeezing



1) Random lasing

A Cavity Laser

4

8858 Pump Ingredients:
-— .. A Gain Medium
M}mr ~ oo A Cavity |
can Q0 B, Cowle - Feedback & Mode Selection
Medlumi&[f

A Random Laser -
A Gain Medium

A Multiple scattering
V.S LetokhoySov Phys. JETH, 835840 (1968

Optical pumping

Gain in volume vs Lossesat surface
Y Critical volume / mass photonic bomb

1939 2009
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Astrophysicsand (random) lasing

Space« masers»: H.Weaver et al.,Nature 208 29 (1965):
. hlgheraccuracyfor redshift measurements

\/ @Berkeley: ISI project

wx D425 MHz
= 5 MHz

Space« lasers»: M. Mumma et al., Science212, 45(1981)
atmospheres of Mars and Venus (CO2 lines)

Hydrogen Lasers in Emissiothine Objects
Quirrenbachi, Frink S,ThumC (2001)Spectroscopy of the peculiar emission ke MWC3491n

Gull TR, Johanssois, Davidson Ké€d9 Eta Carinaeand Other Mysterious Stars: The Hidden Publications oftheAstronomica Skt ofAustala (2022, 39,01, 4 pages
Opportunities of Emission SpectroscopsPConfSer242 183 186

doi:10.1017/pasa.2022.11

Research Paper

Intensity correlation functions of microwave maser sources
A.V. Shepelev

ALTERNATIVE EXPLANATION FOR THE SPECTRAL
LINES OBSERVED IN QUASARS
(Letter to the Editor)

12 a3 4 s Y. P. VARSHNI
tog . (um)

Dept. of Physics, University of Ottawa,
Fig § MWCII0A: Logdo po of e o g iere s bt chocrved s i 2
cessive. hydugen recombinataca nes, ot e Eximaied comtribution from porhmm: Otiawa, Canada
mmmlms samall dos = infrared delection:
's lower leved: Sirelnitski of ol Il-llJI
uqn Lo wilh bt Scence 271 1459 oo aas

(Received 23 June, 1975)

Abstract. It is shown that the emission lines observed in quasars can be satisfactorily explained as

being due to laser action in certain atomic species in the expanding envelope of a star. There is no need
to assume a redshift.

Aurorae on the north pole of Jupiter generate &
cyclotron masers (Hubble)



Challenge :
Find emissionlines with
population inversion

Eta Car : Fe Il:

population inversion at
0.99/1.6 /1.7 um

laser
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)
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+ systematicstudy to be performed : Marcelo Borges (Rio de Janeiro, Brazil)

Astrophysical Lasers
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F/Fcont

Eta Car CMFGEN model: full spectrum (red) vs only Fe Il lines (black) 9900-10200 Ang
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S. Johansson & Metokhoy A&A 428, 497 (2004)



. shell
Low density & cold :

Radiative decay on
J

High density & hot :
Collisional decay dominant
L



