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Optical astrophysical imaging
and Hanbury Brown and Twiss experiments

800 l ntensity correlations
Renewal of intensity correlations for astrophysics
HBT revival @ Nice (20152024).
Laboratory intensity correlation experiments (2015/2016)
On-sky intensity correlations from 2042023

State of the art of intensity interferometry in 2024

|C4Star project in Nice

f

or

quan



Intensity Correlation teamin Nice

+ former postdocs and Phl
A. Siciak

A.Dussaux

N. Matthews

R.K. W. Guerin

Lagrange

LAGRANGE

Ced

AZUr

TERRE - OCEAN - ESPACE

C.Courde J.Chabé

+ M. Borges
(Rio de Janeiro, Braz

+ C. Pfeiffer (Bremen, Germany)
——

+ D.RétzeBremen, Germany



Outline

1) Optical astrophysical imaging
and Hanbury Brown and Twiss experiments



From Galileo (15641642) to Hubble Telescope (19920267?) & JWST
Direct imaging : large telescopes
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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)

e
~ photon counting cameras
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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

diffraction limit
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In the spatial domaA(r, t = 0)
More formally: v@ntert Zernike theorem (1934, 1938)

g@(r) = 1+ | FRrightnesdistribution of the sourée ) |
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Optical spectrum So(oo)

Spectral phase

In the time domaif(r = 0,¢)

More formallgiegertelation

gt) = 1+ | FT( Povepectrurof the sourceé) |
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Robert Hanbury Brown
radio-astronomer

L A | Richard Q. Twiss

applied mathematician

1952 Firstapplicationof thisideato radio astronomy
[HanburyBrown, Jennisor& DasGupta,Naturel170, 1061(1952)].
1954 Thetheorybehindit [HanburyBrown & Twiss,Phil. Mag. 45, 663(1954)].
1956 Lab experimentith light [HanburyBrown & Twiss,Naturel77, 27 (Jan 1956)].
1956 Measurementen astar [HanburyBrown & Twiss,Naturel78 1046(Nov. 1956)].
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Normalized correlation coefficient I'%(d)
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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
~< g@(r) measured or8irius the brightest star in the visible.

AN
}\\ Two telescopes of 1.56 m diameter
\ Separation up to 9 m

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

i - | i [ | L i 1 H

Base-line, d (metres)

Hanbury Brown & Twisdlature178, 1046 (1956)
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19561957 Somecontroversyon the Hanbury Brown & Twiss effect:
a two particle interference effect !

A Brannen& FergusonNature(Sept 1956: unsuccessfutxperimenin the photoncountingregime,
claimthatthe HBT effectcontradictgguantummechanicd

A HBT, Nature(Dec 1956: the otherexperimentsverenot sensitiveenough!

A Purcell,Nature(Dec 1956: no conflictwith QM ( i ¢ | u rofibosang) o

(1960Q Inventionof thelaser,whichbehavedlifferently!)

1961 Interpretationin term of interferencebetweenpathsof indistinguishable
particles

[Fano,Am. J. Phys 29, 539(19617)].
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1963 Theoryof quantumcoherencebasedon correlationfunctions
[Glauber,Phys Rev Lett 10, 84 (1963; Phys Rev 130 2529(1963)].

Quantum theory : R. Glauber (1963 => Nobel 200% “ &

HBT experiment : milestone in the development of quantum optics
&
photon correlations are still the daily bread of quantum opticians

16



The Narrabri stellar intensity interferometer

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

19631 1972:Angular diameters a32 bright stars
+ study of several binaries

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

| Hanbury Brown, Davis, Allen & Rom&INRAS137, 396 (1967).
\ Hanbury BrownNature218, 637 (1968).
\ Hanbury Brown, Hazard, Davis & AlleiVNRAS148 103 (1970).
¢ 3 HerbisonEvans, Hanbury Brown, Davis & AlleéNRAS151, 161
(1971).
Hanbury Brown, Davis & AllenMNRAS167, 121 (1974).
17



/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 pecular
ohjects have started and we are interested to see what

they reveal. Hanbury Brown, Nature, 1968

AntoineLabeyrie Calern

After 1975: Competition of direct nampl |
Interferometry

A much better SNR
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Limitations of Interferometric imaging
Stability requirement (at | )
Atmospheric turbulence (atl)

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

19
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2) 800 |l ntensity correlations for quan



Poisson statistics of laser =>@(t=0)=1
Thermal light => g@(t=0)=2
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F.T. Arecchi, E. Gatti, A. Sona, Phys. Lett. 20, 27 (1966)

Quantum theory : R. Glauber (1963 => Nobel 200< - &
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Micropillar cavity Bullseye cavity
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Bragg grating

—————— Quantum dot
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singlephotonpurity :
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2 particle correlations: classicalvs guantum
Philosophicaldebateuntil Bell (1964)

70/80 i
Quantum Mechanicsis correct :
No hidden variables

Acceptnon-locality

24



Quantum cryptography :

. Classical channel -

Alice E ‘I’ Bob
L m = L
Measurement ﬂ Measurement
A w8 Guanium channel __ @ | A
g v
Entangled

photon source

é towards a quantum internet ?

Quantum Computers:

Superconductingqubits  Rydberg atoms lons I_DhOtOFIS
(Google, IBM) (Pasgal QuEra) (lonQ, AQT) (PsiQuantum,
Xanadu, Orca)
Fie) ﬂ%\l .
Google - - P PsiQuantum

IBM Quantum

Computing Inc.

N>
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3 particule correlations

Teleportation

Quantum Teleportation

Original

(3

Send Data
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Apply Treatment
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Outline

3) 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/astio
ph/0701220

D. Dravins S.LeBoheg H. Jensen, P. Nune3tellarintensityInterferometry Prospects fosubmilliarcsecondoptical
imaging NewAstronomyReviews 56, 143 (2012), arXiv:1207.0808

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

DraVInSD' ] Lagadec T' ] N Uﬁez P' D' ] 2015b1 Nat' Commun LR ] 9841 216 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
0 pas; Satum-type rings; four Earth-size moons. The stellar surface is assumed surrounded by a solar-type

D. Darvins Intensity interferometry: Optical imaging with kilometer baselines, Proc. 9907, Optical and Infrared Cromospes o 30 oo . Tht 10 sl o s 150 il s s Sl dis
Interferometry and Imaging V; 99070M (2016), arxiv.1607.03490

A Astrophysicalasers

A Short (andoright) pulses

A Photonbubbles

A Photoncorrelationspectroscopy


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

Astrophysical Lasers

Viadilen Letokhov & Sveneric Johansson

Amplification of radiation I mu |

astrophysicists) is known in space.

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

O+ =25 MHz 7|

Multiple scattering (radiation trapping) is also common
A random laser could happen naturally in space

Amplification in the near IR in h Carinaédll and Ol)

Hydrogen Lasers in Emissiothine Objects

QuirrenbachA, Frink S, ThumC (2001)Spectroscopy of the peculiar emission kter MWC3491n
Gull TR, Johansso®s, Davidson Kéd9 Eta Carinaeand OtherMysterious Stars: The Hidden asl
Opportunities of Emission SpectroscopsPConfSer242 183 186 ’




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.Nalettq et al. 2006, in GrounBased and Airborne Instrumentation For Astronomy, SPIE 6269, 6260BW

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. 2007lem. 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) 1001 [ ean ate: 314352 A 17.128 |
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Extreme spectral filtering helps
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Outline

4) HBT revival @ Nice (20152024):
Laboratory intensity correlation experiments (2015/2016)
On-sky intensity correlations from 2042023



Atomic physics laboratory experiments

Goal : fast (high bandwidth) correlation
Experimental setup : developed for Levy flight experiments
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Phys.Rev E 90, 052114 (2014) Nat. Phys. 5, 602 (2009)
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Atomic physics laboratory experiments

From astrophysics to cold atoms : correlation setup implemented on coldJatoms
Diffusive wave spectroscopy with cold atoms / testingSigertrelation
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A. Eloy et al., PhyRev A 97, 013810 (2018)

L. OrtizGutierrez et al., New J. Phys. 21, 093019 (2019)
D. Ferreira et al., Am. J. Phys., 88, 831 (2020)
P.Lasseguest al. EPJ D 76, 246( 2022)

P.Lasseguest al. PhysRev A 108, 042214 (2023)

M. Morisse et al., EPL 147, 15001(2024)

M. Morisse et al., EPL 147, 15001(2024)



White light laboratory experiments

g@(r=0, t) : technical limitations

Optical filter @ 1nm :t,~ ps
Electronic bandwidth (jittery 100ps
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— )
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Towards on-sky experiments

Light from the telescope — 77—

N R
DM PFlLF2

Focus of the telescope

A Robusand transportable
A Nomovingart
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[ [BMEBichoie Beam s
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CCD
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TDC

Contrast
T
C=9g@0)-1~=
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” 0.5- T -
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AE spurious correlations !!!

10
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On sky experiments : C2PU telescopes &talern

Altitude = 1280 m

C2PUtelescopes
-J=1m
- Cassegraironfiguration + focal reducéy f=5.6 m
-NA=0.09; /5.6
-PSF = 42 Om for seeing
- Fiber core = 100 mm
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Experiments at C2PU Calern, France) on February 2@-22nd 2017

APD

4
¥ FEITTT XTI .

TDC
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Results : Feb. 2017 time correlation on 3 bright stars

Arcturu Pollux Procyon
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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)
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Results : fall 2017 :spatial correlation on 3 bright stars

15— T
- Capella binarystar
o R o 10p 7
o o o L
= 3 x r ]
- - ~ 05F¢ E
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o o o r
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10 5 0 5 10
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(¢) @ Aur

b
" d(r1,72)
'
L (t) \—e%(L (®)
g@(r,1)

First angular measurement of stars since HBT !!!

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

46



Results : Summer 2018 : spatial correlation on Hemission lineof P Cygni
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J-P. Rivet, A.Siciak E. S. G. de Almeida, F. Vakili, ADomicianode Souza, MFouche O. Lai, D. Vernet, R. K., W. Guerin, Mon. Not. R&stron Soc. 494, 218 (2020)



April 2019 : SOAR correlation on H, emission line ofh Carinae

All polar., binning dt = 200 ps

0.8

) ¢ )
iv
6d S(w) (arb. unils)

o SENNE h Carinae

g®()1 (x10°%)

1 night trial
Bad nightL : turbulencecoulds: only 4 hoursof observation

06

However: fastimplementatioron SOAR ! L a—
Bunchingobservednh Car H, line J J .

W. Guerin, JP. Rivet, MHugbart F. Vakili, E. S. G. de AlmeidaD@micianode Souza, G. Labeyrie, N. Matthews,

O. Lai, PM. Gori, D. Vernet, J. Chabe Qourde E. Samain, B. @astilhg A. M. Magalhaes, E. Jadeacheco, ACarciofj P. Bourget, NSchuhlerand R. K.,
Proceeding®f the annualmeeting of the French Society Astronomy& Astrophysic2021

48


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

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

Novel technical improvement :

1) dual polarization channel

2) Auto calibratingsetup : §)(0) + d2(r)

Normlized a itted dat maiized and fitted 200 ps. Normslized and fitted data H; 00
1}
R
!
"
ﬂ N n
Ank Y, ) 4 Lo W 1}
ot Wy PP TR WV ' \“dqj L—gp »J«-.».,-'-R, A
TR | '
tme (ns)
Normefized and fited data V_tau, binning dt (ormalized and fith pe Normalized and fit \V2_, binning dt = 200 ps
15} f
. \
H i
£ os) I\
J I\
J I ]\
T

Rigel area vs Betelgeuse area [ps]

® AREA g2tau BETELGEUSE
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March 2022: Successful interfgggﬂmetric observation at Paranal (VLT)!

TTTTTTTTTTT

: #WWﬂMw%W

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

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

CRIRES
KMOS

A Al
e

£ W W
% 'Lui\ 2 W\L «.&\ A WAt NM’AH% lﬁ,. xt‘fﬂlﬁqﬂwpfnlﬂle \%,‘-I#WJLW‘MMV#‘L‘;\

Time. Iaa (ns)
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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

Outline

5) State of the art of intensity interferometry in 2024



Stellar Intensity Interferometry
State of the art in 2024 Workshop 2024

| L

r 9t — 13" 2024

Septembe

A Demonstratiorof stellarintensityinterferometrywith the fourVERITAS telescopes
A. Abeysekaraet al., NatAstronomy4, 1164 (2020 - . % .
y - 4 ( ) b 'MW”S‘M _ e Orionis Porquerolles, France
SNy, tml o
S - W
| =416nm - M ’*A MM
. | . N

A V. Acciari, et al., Opticaintensityinterferometryobservationsisingthe
MNRAS 491, 1540 (2020) | =430nm, 3 stars, &lescopeqdiameterl7m)

L. Zampieri et al.Stellarintensityinterferometryof Vega in photorrountingmode, MNRAS, 506(2), 1585( 202BSIAGO

MAGIC imgéiHeéatmospheria:herenkO\erescope,s

A

Observations with th8outhern Connecticut Stellar Interferometeinstrument Description and First Results

A
E. P.Horchet al 2022 AJ 163 92

1 [ 1
rected Timing Difference [ns]

| =532nm, 3 stars, &lescopegdiameter0.6m )

+ HessNamibia (S. Funk et al.) : 2023

+ ErlangentC2PU(J. v.Zanthieret al.) : 2024

ccccc

+ Zurich + Crete(R. Walter et al.) :2024 IR N'I'{“'m&\(&'* i
¥ CourtesyS.Richteet al.

| =405nm " =




Outline

6) IC4Star project in Nice
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o

What next : IC4Stars i

O

High angular resolution for stars : Y— - -

l. interferometricecombination
(VLTI, Chara, NPOI < 300m)

x

Ol c
QxQe
—
aseline

C

ii. intensity correlations g2(r)
HanburyBrown & Twiss

O
A

C:
B )
/ =

A

= Resilient toatmospheric¢urbulence (+ no adaptatiegticsrequired
.= Scalable tdargerdistances (ELT/VLT anteyond
Use ofexistinginfrastructure

—
-

& M resolution : similarto Event HorizorTelescope X im
> D=12000 km
& i, D¢ km




A Thepriceto pay: low signal to noise ratio

Keck/CFHT
S v 10m/4m Fast SPD
Multiplexing t.=20ps
¢ ™ N=16
e
YO D T T 1T T Y

I\
“ “there’s

no such thing
as a free
lunch.”

640
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Photonscore: 2 x 16 LINPIx S

=
! o
2 =
Max. recommended count rate, MHz 100 I =
| I I 11 o
1 4Cm Shutdown count rate, MHz 110 - \ [ —
iscrimii i Anade outpat AN Mt mourting beke 1254
Discrimination Integrated CFD - opon YN i
Dark count rate, Hz <15 (Blue, Aqua), < 50 (Green), < 200 (Red) g

Timing jitter, ps (FWHM)

<35 (1MHz), < 45 (10MHz), < 75ps (100MHz)

Active area, mm

Dead time, ns

28

<2

80| 105,
50| 30
E =
40 g > £
® 22 8
830 2 =
[ 2 15 Fil
£ 5
20| 5 -]
Z 10 E
10| 5
o o oligm | N
400 500 600 70O  BOO 0 250 500 1000 -400 0130 400 900 1400
Wavelength [nm] DCR [cps] Time [ps]

Typical distribution of dark count
rate over the SPAD array.

Photon detection probability.

Timing jitter over all the pixels,
with an average of 130 ps FWHM.

pigkimaging

ENABLING INNOVATION.

SPADA

Description

Assembly LinPix

| Gennady Sintotskey 28 04 2024

56

"

Typical technical specifications

Image array

320 %1

Pixel pitch

29 pm

Sensor wavelength
range

Peak photon
detection
probability

400 to 900 nm

50% @ 520 nm

Fill factor with
microlenses

>80 % for collimated light

Median dark count

rate at room <250 cps
temperature
Percentage of

i 5%

pixels with >10 kcps

Frame rate (max.)

555'000 fps

Dead time 10 ns
Timing jitter 130 ps FWHM
Time-tagging -

reselution 20ps

Minimum
exposure/gate 2ns

width

Minimum
exposure/gate 17 ps

shift

Crosstalk 2%

Connection type C-mount 56




Synchronisation @psover 1km

optional external reference clock
and PPS (grandmaster mode)

4

18 Port White Rabbit Switch

master master

16 ps

Synchro White Rabbit | Datation Swabian Custom Sigmaworks
Orolia COTS Datation et Synchro
RMS timing PPS < 40ps 42ps (100ps Test <1lps
Géoazur)
RMS timing 10 MHz 15ps <1ps
Stabilité @ 1s 10ps X <1ps
Stabilité @ long terme | 20-45ps ? X <30fs
Cadence 70 Mhz Min: 5 Mhz
Remarque USB3 I E ;
Canaux 2 x 16 canaux
différentiel ou single
ended
Colits ~25kE (5 switch) 80 k€ ? ~200k€
Développement oTS oTS 2ans
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Angular resolution of a white dwarf

-

Earth Sirius B

12 756 km 11 700 km (?)
Count rates :
Sirius B

Quantumefficiency: 90%
Throughput 20%

Keck: 110 000 cps
CHFT : 18 000 cps

D=11700km
L=8.6 lightyears- 8 10"16m

DO=30pt
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Pauli blocking for in degenerateFermi
gases

QUANTUM GASES nature communications a
% - = - @ QUANTUM GASES
Pauli blocking of light scattering in Pauli blocking of atom-light scattering e
i Pauli blocking of stimulated emission in a
degenerate ferm Ions Christian Sanner*f, Lindsay Sonderhouset, Ross B. Hutson, Lingfeng Yan, William R. Milner, Jun Ye* degerlerate Fgl'mi gas
Yair Margalit"?*, Yu-Kun Lu™?, Furkan Cagn Top'?, Wolfgang Ketterle*? Sanner et al., Science 374, 979-983 (2021)
0 r 1'0 Rocoived: 24Mach 202 Raphael Jannin®' ., Yuri van der Werf ", Keos Steinebach®',
Margalit et al., Science 374, 976-979 (2021) 20! Rt O 2oz ek BemOT S Kl £ Elema
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White dwarf: Light we seefrom Sirius B

T/T; ~10° only from an outer shell of 100-300m
Kk, ~ 10°




SNR©
In 1 hour
observation time !

.Beyondreachof preseninstrumenlsl

Submillimetey (Array .

amesCIerk

J
Maxwell Telescope

MaunaKea@ Hawaii

Pathopeningon Sirius B (white dwarf) :
guantumdegeneratéermigasof electrons

Earthj Sirius B
12 756 km 11 700 km (?

Magnitude=8.4

Photon
Bunching

A @l =420nm
A D=630m

o
=]
=

=]
=
L]
u

Radius {solar radii)

Ultra-relativistic limit

,‘
@
Ef

=]

o
o

T
{"i

I I
25 05 0.7%

i }
1% gy, 15 175
Mass (solar masses)

relativistic Fermi gaz
non-relativistic Fermi gaz

~
N

Keck / CFHT

v T v T T T T T T T ]
200 400 600 800 1000

Baseline [m]

60



