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A B S T R A C T 

In recent years, intensity interferometry has been successfully applied to the Imaging Atmospheric Cherenkov Telescopes, 
H.E.S.S. , MAGIC, and VERITAS. All three telescope systems have proven the feasibility and capability of this method. After 
our first campaign in 2022, when two of the H.E.S.S. telescopes in Namibia were equipped with our external set-up and the 
angular diameter of two stars was measured, our set-up was upgraded for a second campaign in 2023, where the goal is to 

perform simultaneous two-colour measurements. The second campaign not only involves a third equipped telescope, but also each 

mechanical set-up now includes two interference filters at two different wavelengths (375 and 470 nm) with a broader bandwidth 

of 10 nm. This enables having simultaneous two-colour measurements, which yield information about the star’s physical size at 
different wavelengths. This is the first time that simultaneous dual-waveband intensity interferometry measurements have been 

performed. We report the angular diameter results of four stars, Mimosa ( β Cru), Eta Centauri ( η Cen), Nunki ( σ Sgr), and 

Dschubba ( δ Sco), where the effects of limb darkening are also taken into account. 

Key words: instrumentation: high angular resolution – instrumentation: interferometers – methods: observational – techniques: 
interferometric – telescopes – stars: imaging. 
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 I N T RO D U C T I O N  

ntensity interferometry was first employed in the 1960s by Robert
anbury Brown and Richard Q. Twiss (hereafter, HBT), resulting

n a successful operation of the Narrabri Stellar Intensity Inter-
erometer (NSII) that measured the angular diameter of 32 stars
Hanb ury Brown, Da vis & Allen 1967 , 1974 ). As the development
f fast electronics and large area collectors was lagging behind,
he technique was discarded in the field of astronomy to make
ay for stellar amplitude interferometry, which has developed into
otable interferometric instrumentation at, for example, the Center
or High Angular Resolution Astronomy (CHARA; ten Brummelaar
t al. 2005 ) and the Very Large Telescope Interferometer (VLTI;
aguenauer et al. 2010 ). The technique exploits the first-order

oherence of electromagnetic waves from a source observed by
eparated telescopes, connecting the phases and amplitudes. As a
esult of atmospheric turbulence, the baselines between the tele-
copes are limited and thus the optical resolution is limited to
ome 0.1 mas. In contrast to amplitude interferometry, intensity
nterferometry exploits the second-order correlation, the square of
he wave amplitude relating to its intensity, making it essentially
nresponsive to either the telescope’s optical deficiencies or to
tmospheric turbulence. The possibility of kilometre-long baselines
n the optical wavelength range raises the concept of microarcsecond
maging (Dravins 2016 ). 
 E-mail: naomi.vogel@fau.de 
 Present address: Max-Planck Institution f ̈ur Kernphysik, Saupfercheckweg 
, Heidelberg 69117, Germany 
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Therefore, intensity interferometry has gained additional astro-
omical interest in the last two decades and efforts have been
ade to implement it using the Imaging Atmospheric Cherenkov
elescopes (IACTs), which are ground-based gamma-ray telescopes.
heir advantages are the large diameters ( > 10 m) and the array-

ike layout, not only allowing for baselines of the order of 100 m
LeBohec & Holder 2006 ) up to 2 km but also offering many different
aselines at the same time in the case of the future Cherenkov
elescope Array Observatory (CTAO; Dravins et al. 2013 ). 
The IA CT observatories, H.E.S.S., MA GIC, and VERITAS, have

lready successfully demonstrated the efficiency of realizing stellar
ntensity interferometry (SII) measurements. The VERITAS-SII
easured the diameters of two B stars ( β CMa and ε Ori) with

ll its four telescopes (Abeysekara et al. 2020 ) and is extending
heir measurements to stars of higher magnitude and making further
mpro v ements concerning the angular resolution (Kieda 2022 ). A re-
ent publication is about their angular diameter measurements of the
tar β UMa (Acharyya et al. 2024 ) at visual wavelengths (416 nm),
hich are consistent with the results of CHARA measurements in

he infrared region. MAGIC started out by measuring the correlation
ignal at different telescope baselines of three stars: ε CMa (Adhara),

UMa (Benetnasch), and β CMa (Mirzam) (Acciari et al. 2020 ).
heir active mirror control allows for subtelescope baselines and
ero-baseline correlation measurements. An impro v ed sensitivity is
xpected by adding the CTA LST-1 to the interferometer (Cortina
t al. 2022 ). Abe et al. ( 2024 ) recently published measurements of
2 stellar diameters. 
In 2022 April, the first intensity interferometry measurements were

onducted with the H.E.S.S. telescopes in Namibia by mounting
ntensity interferometry set-ups to the lid of the camera of two
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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Figure 1. The H.E.S.S. site. In 2002, the Phase I telescopes (CT1–CT4) were 
inaugurated. The central telescope was built in 2012. In 2023, the intensity 
interferometry set-ups were mounted on telescopes CT1, CT3, and CT4. The 
control building (bottom centre) is used to operate the telescopes and for part 
of the data analysis. 
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elescopes. Two single stars in the Southern hemisphere, Shaula 
 λ Sco) and Nunki ( σ Sgr), were successfully observed. Due to the
nstallation of a beamsplitter in the optics of each telescope, zero- 
aseline correlations were possible (Zmija et al. 2023 ). 
After having pro v en that the approach of intensity interferometry 

orks with the H.E.S.S. telescopes, our team considered alternative 
oncepts for interferometric application, starting with simultane- 
us two-colour intensity interferometry measurements. This paper 
resents our second intensity interferometry campaign in 2023 
pril/May at the H.E.S.S. telescopes where we not only integrated 
 third telescope into our interferometer, but also expanded our 
ptical set-up to two different colour filters (375 and 470 nm). This
s the first time that intensity interferometry measurements were 
erformed simultaneously in two different wavebands at an IACT. 
t also represents the shortest wavelength that has been employed 
hus far for intensity interferometry observations. Three single stars 
n the Southern hemisphere were observed and also studied by HBT:

imosa ( β Cru), Eta Centauri ( η Cen), and Dschubba ( δ Sco) 
Hanb ury Brown, Da vis & Allen 1974 ). In addition, we repeated
easurements on σ Sgr ( σ Sgr) for comparison with two colours, 

s well as reducing statistical uncertainties despite having less ob- 
ervation time (see Section 6.2 ). In summary, this demonstrates that 
ultiwaveband intensity interferometry measurements are feasible 

nd could provide the potential to enhance signal-to-noise in future 
ntensity interferometry observations. 

Hereafter, we first re vie w the physical quantities of SII in Section
 . The differences of the experimental set-up with its new application
re described in Section 3 . In Section 4 , we briefly revisit our
easurement procedure and in Section 5 we outline the details of

ur analysis for the recorded data. Section 6 gathers the final angular
iameters of our target stars. 

 T H E O R E T I C A L  REVIEW  

ere we provide a short theoretical re vie w; see Hanbury Bro wn
 1974 ) for further information. 

The projected distance between two telescopes as seen from a 
iven star is the so-called projected baseline r , which changes when 
he star mo v es across the sk y. An intensity interferometer correlates
he intensity signals I 1 and I 2 recorded at each telescope as a function
f the projected baseline, resulting in the second-order correlation 
unction, 

 

(2) ( r, τ ) = 

〈 I 1 (0 , t) I 2 ( r, t + τ ) 〉 
〈 I 1 〉〈 I 2 〉 , (1) 

here τ is an applied time shift between the two signals and 〈 〉 is
he average over time t . 

The Siegert relation (Siegert 1943 ; Ferreira et al. 2020 ) connects
he second-order correlation function to the first-order correlation 
unction by 

 

(2) ( r, τ ) = 1 + | g (1) ( r, τ ) | 2 , (2) 

nd the first-order correlation can also be separated into a spatial and
emporal part, 

 

(1) ( r, τ ) = g (1) ( r) g (1) ( τ ) . (3) 

he spatial component, also referred to as visibility, is expressed by 
he Fourier transform of the source’s spatial intensity distribution, 
hich is described by the van Cittert–Zernike theorem (Mandel 
 Wolf 1995 ). Especially for a star that is considered as a disc

f uniform intensity up to an angular diameter θ , the first-order
orrelation is given by 

 

(1) ( r) = 2 
J 1 ( πrθ/λ) 

πrθ/λ
, (4) 

here J 1 is the Bessel function of first kind and λ is the wavelength of
ight. The second-order correlation g (2) ( r) − 1 = | g (1) ( r) | 2 , observed
n an intensity interferometer, is referred to as squared visibility. 
he so-called resolving baseline is identified by the first zero at
 ≈ 1 . 22 λ/θ and increases for smaller sources or larger wavelengths.
easuring the squared visibility o v er a broad range of baselines

squared visibility curves) allows us to determine the angular size of
he star. 

The temporal component in equation ( 3 ) is expressed by the
ourier transform of the light spectral density, which is described 
y the Wiener–Khinchin theorem (Mandel & Wolf 1995 ). In a
easurement of g (2) ( τ ), a photon bunching peak should be visible in

he temporal range of the coherence time, 

c : = 

λ2 
0 

c�λ
, (5) 

here c is the speed of light, λ0 is the central wavelength, and �λ is
he optical bandwidth. When using optical filters with a bandwidth 
f the order �λ = 1 nm, the coherence time is of the order of 1 ps,
hich is much shorter than what can be resolved by detector systems.

nstead, only the integral under g (2) ( r) − 1 can be measured. As the
alue of the coherence time decreases to broader bandwidths, but 
hoton rates and thus photon statistics increase, the signal-to-noise 
f a measurement is independent of the used optical bandwidth. 

 T H E  SII  SYSTEM  AT  H . E . S . S .  

.1 The H.E.S.S. telescopes 

or the intensity interferometry campaign in 2023, three of the 
.E.S.S. telescopes (Phase I) were used, which are situated in the
homas Highlands in Namibia at an altitude of 1835 m abo v e sea

ev el. F our IACTs make up a square with 120 m side length and
70 m diagonal length, with a 600 m 

2 mirror area telescope at its
entre, which was added in 2012 (see Fig. 1 ). The mirror area of a
hase I telescope is compromised of 382 round mirror facets leading
o a total area of 108 m 

2 , a diameter of 12 m and a focal length of
5 m. The telescopes are built according to the Davis–Cotton design. 1 
MNRAS 537, 2334–2341 (2025) 
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Figure 2. Intensity interferometry set-up mounted to the lid of the telescope 
CT3. The mirror was not installed when the picture was taken. Its position is 
indicated by the blue shaded area on the left side of the set-up. The red arrows 
mark the range of motion for each individual component, which is equipped 
with motors. 
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Figure 3. Schematic diagram of the intensity interferometer including optics 
and data transfer. Each telescope has an identical set-up. The bandpass filter 
for the transmitted light has a wavelength of 470 nm and the one for the 
reflected beam a wavelength of 375 nm. Both have a bandwidth of 10 nm. 
The main difference to the optics of the 2022 campaign is the order of lenses 
and filters. For the single colour measurements in 2022, the order was lens–
filter–lens–beamsplitter–detectors. For the two waveband measurements in 
2023, the order was lens–beamsplitter–filters–lens–detectors. 

T  

r  

a  

t

3

T  

o  

i  

m  

u  

5  

i  

o  

(  

 

f  

G  

s
 

c  

o  

c  

l  

a  

w  

t  

fi  

r  

(  

t  

u  

l  

t  

i  

s  

W  

t  

c  

d  

a  

b  

fi  

d  

w  

t  

H  

w  

a  

o  

u  

t  

q  

(  

t  

l  

T  

(  

P  

a  

d  

c
 

f  

i  

e  

o  

d  

r  

d  

m  

m  

a  

d  

2 See https:// en.wikipedia.org/ wiki/ High Energy Stereoscopic System . 
3 See https:// www.thorlabs.com/ navigation.cfm?guide id=2264 . 
4 See https:// www.lasercomponents.com/ de/ produkt/ standard- 
bandpassfilter/. 
5 For details, see https:// www.hamamatsu.com/ content/ dam/ 
hamamatsu-photonics/ sites/ documents/ 99 SALES LIBRARY/etd/ 
R11265U H11934 TPMH1336E.pdf. 
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he main goal for intensity interferometry is a submilliarcsecond
esolution, which is reached by relating large light collecting areas
nd long telescope baselines. These requirements make the H.E.S.S.
elescopes suitable candidates. 

.2 Experimental set-up 

he intensity interferometry set-up was designed to fit on the lid
f the H.E.S.S. Phase I cameras. Fig. 2 shows the set-up mounted
n the centre of the camera lid in the focal spot of the H.E.S.S.

irrors. The set-up is described in Zmija et al. ( 2023 ). A third set-
p was constructed according to this design. The rectangular base
0 × 63 cm 

2 is made of aluminium with a total weight of 21 kg
ncluding all attached equipment. Fig. 3 shows a schematic diagram
f the set-up. The 45 ◦ angled mirror reflects the incoming light beam
from the left side) into the optical system and on to the two detectors.

The mirror for the additional third telescope is also a SEA-VIS
ront-surface mirror produced via CNC, precision-cut by Pr ̈azisions
las & Optik GmbH, and is glued to an aluminium frame for

tabilization. 
As the measurements for the 2023 campaign are done with two

olour filters simultaneously (see Fig. 3 ) the optics within the
NRAS 537, 2334–2341 (2025) 
ptical path are arranged differently than for the previous one-
olour measurements. The light beam first encounters a parallelizing
ens (coated concave lens, F = −75 mm) in a 2-inch tube system
nd is then split into two beams by a dichroic beamsplitter plate
ith a cut-on wavelength at 415 nm. The transmitted beam is lead

hrough a LC-HBP470/10-50 narrow-band optical (interference)
lter [470 nm central wavelength (CWL), 10 nm width] and the
eflected beam through a LC-HBP375/10-50 narrow-band optical
interference) filter (375 nm CWL, 10 nm width). Both beams are
hen focused on to the active area of the photomultiplier tube (PMT)
sing a converging lens (coated bi conv e x lens, F = 100 mm). The
enses are manufactured by Thorlabs, Inc., 2 3 the beamsplitter and
he interference filter by Laser Components, Inc. 4 We decided to
ncrease the bandwidth of the interference filters from 2 to 10 nm after
uccessful laboratory experiments with broader optical bandwidths.
e confirmed that we are able to control higher photon rates than

he ones we had in the 2022 campaign and also to measure smaller
orrelation peaks. The reason for the increase in bandwidth is to
ecrease systematic errors in the measurements. In particular, the
im is to decrease the uncertainty on the actual ef fecti ve filter
andwidth, which comes from light beams hitting the interference
lters at non-perpendicular inclinations, which are al w ays present
ue to imperfect parallelization of the collimated beam. Because
e use two interference filters with different CWLs, we decided

o also use two different photomultiplier types manufactured by
amamatsu for optimal performance. 5 For the filter with 470 nm,
e use the PMT R11265U-300 with a peak sensitivity at 420 nm

nd a quantum efficiency of 39 per cent. It has a quantum efficiency
f 30 per cent at the rele v ant wavelength of 470 nm and was also
sed in our campaign in 2022. For the filter with 375 nm, we use
he PMT R11265U-200 with a peak sensitivity at 400 nm and a
uantum efficiency of 43 per cent, also at 375 nm. The high voltage
HV) power supply is placed in the camera backplane and supplies
he first nine dynodes. To stabilize the voltage at high rates, the
ast four dynodes are powered by a further booster power supply.
he amplifier is situated directly behind the PMT on the right side

transmitted beam) and on the bottom of the set-up for the lower
MT (reflected beam) to reduce electronic noise (see Fig. 2 ). The
mplified PMT signals are transported through airborne five low-loss,
ouble shielded coaxial cables with 10 and 40 m length to e v ade any
rosstalk at the sampling interface. 

To counteract any inevitable mis-pointing of the telescopes, which
or H.E.S.S. operation is not online-corrected, each item of the set-up
s assembled with stepper motors, which can be mo v ed remotely, to
nsure that a maximum amount of the light beam is captured by the
ptical system. The mis-pointing is fn the order of < 1 cm to 5 cm
epending on the ele v ation. The red arrows in Fig. 2 demonstrate the
ange of motion for the different items of the system. The optics and
etectors can be mo v ed in the camera plane ( x - and z -axis) and the
irror in z -axis and y -axis (up and down). The motors rotating the
irror around the x - and z -axis were remo v ed as the y did not show

ny sufficient improvement in bringing the spot more into focus
uring the campaign in 2022. The motor control box and its power

https://en.wikipedia.org/wiki/High_Energy_Stereoscopic_System
https://www.thorlabs.com/navigation.cfm?guide_id=2264
https://www.lasercomponents.com/de/produkt/standard-bandpassfilter/
https://www.hamamatsu.com/content/dam/hamamatsu-photonics/sites/documents/99_SALES_LIBRARY/etd/R11265U_H11934_TPMH1336E.pdf
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upply are positioned to the left of the set-up on the lid. Both HV
ables and signal cables are brought to the camera backplane where 
he HV power supply and the digitizer are installed. 

Besides the HV power supply, a M4i.2211- ×8 digitizer from 

pectrum Instrumentation 6 is installed in two of the telescopes’ 
ackplane racks, as described in Zmija et al. ( 2023 ). The four channel
ersion of this digitizer is installed in the third telescope, although 
e only use two of them for the two PMTs. After the PMT currents

re transformed to voltages, which are proportional to the currents, 
hey are sampled by the digitizers at a speed of 625 MS s −1 at a
igitization range of ±200 mV. Using the R34 PCIe board system
rom Adnacom, 7 the PCIe bus of the workstation is extended to each
elescope via optical fibre. 

It is important that all three data streams are synchronized. This
s ensured by connecting each digitizer to the White Rabbit (WR)
etwork of the H.E.S.S. telescopes. The pulse per second (PPS) 
f the WR triggers the digitizers and they sample 2 GS of data
ynchronously, which amounts to 3 . 436 s of data taking. The next
ampling starts with the PPS 4 s after the previous triggered sampling
nd the process is repeated. The duty cycle of the procedure is
5.9 per cent. A 10-MHz clock is used as reference to generate a
ynchronized sampling timebase for all three telescope digitizers. 

During the measurements, the data are stored on hard disks to be
orrelated offline during the day or after the campaign. 

 MEA SUREM ENT  P RO C E D U R E  

s gamma ray observations do not take place during the H.E.S.S. 
oonlight break – when the Moon has a fraction of lunar illumination 

f 0.6 and is abo v e the horizon – we can make use of that time for
ur intensity interferometry observations, which were carried out 
n 2023 April/May. This campaign’s main targets of observations 
re the stars, β Cru, η Cen, δ Sco, and, for comparison to the 
ampaign of 2022, σ Sgr. They were selected taking into account their 
onfiguration, trajectory, magnitude, and separation to the Moon. All 
esults are presented in Section 6 . 

The procedure of our measurements is identical to that of the 2022
ampaign described in Zmija et al. ( 2023 ). At the beginning of our
easurement time for one night, the three telescopes are positioned 

n one of the chosen stars and start tracking it until targets are
hanged (when the star is less than ≈ 30 ◦ abo v e the horizon) or the
ight is o v er (when the Sun is only 10 ◦ below the horizon). The
econd step is to perform a PMT calibration with the HV turned off
n order to extract the direct current (DC) offset in the analysis later
n. Then a PMT pulse calibration with the HV turned on is carried
ut to establish the live photon rates by using the shape and height
istribution of the photon pulses. The incoming photon rates have to 
e low for calibration, which we accomplished by moving our motor 
ystem so our optics are just out of focus of the star. Details of the
alibration can be found in Zmija et al. ( 2021 ). 

To focus the optics directly on the star, we perform our online
ointing correction by adjusting the individual parts of the set-up 
ith the motors to achieve maximal photon rates. When the optimal 
hoton rate is found, the data taking begins. Due to mis-pointing of
he telescopes it happens that o v er time during the observations the
ptical system is no longer in the focus of the star beam (as noticed
ia a drop in photon rate) and the optical elements are adjusted via
 See https:// spectrum-instrumentation.com/ products/ details/ M4i2211-x8. 
hp . 
 See https:// adnacom.com/ r34/ . 

p
(  

A  

t  

t

oving the motors. When the measurements end the HV is shut down
nd the motors are mo v ed to their parking position. The telescopes
re parked, the amplifiers turned off and the correlation analysis of
he acquired data starts. 

 DATA  ANALYSI S  

.1 Corr elation pr ocedur e and data corr ections 

he temporal correlation of the PMT currents (waveforms) is per- 
ormed after the measurements are taken. As we use three telescopes
CT1, CT3, and CT4), each with two colours (channel A and B;
ee Section 3 ), there are three binary files, each including the two
hannels A and B. Using the correlation function from the Python
ackage cupy , the six waveform channels are first read from the
ard disk and then correlated. For each colour channel, there are
hree possible telescope combinations (1–3, 1–4, and 3–4). Due to a

alfunctioning amplifier, not all three telescopes were in operation 
imultaneously the whole time but only two at a time. Therefore, the
tars β Cru and η Cen only show the combinations 1–4 and 3–4 in
ater analysis results. At the end of the campaign, all three telescopes
ere running simultaneously, as seen in the σ Sgr and δ Sco results.
Before further analysis is done, the correlated data are cleaned 

y adding a lowpass filter with a cut-off frequency of 200 MHz and
otch filters to remo v e sharp noise frequencies. Furthermore, the
ptical path delay correction is applied to correct for the difference
f the optical path-length at the different telescopes. More detailed 
nformation about the noise cuts and the optical path delay correction
an be found in Zmija et al. ( 2023 ). Because only channels with
imilar cable lengths between the telescopes – for example, CT1 
hannel A with CT4 channel A (both ≈ 10 m cable length) or CT1
hannel B with CT4 channel B (both ≈ 40 m cable length) – are
orrelated, no cable delay correction has to be applied. 

.2 Data preparation and signal extraction 

fter the data corrections are applied, the data of each star are
undled into time segments to track the change in squared visibility
nd to determine the angular size of the star. For each segment,
he temporal g (2) function is calculated by normalization of the 
orrelated data. Ho we ver, when splitting the data into segments,
t becomes apparent that the photon-bunching peak is not al w ays
ignificantly detected, especially at large baselines. This complicates 
tting a Gaussian function to the signal peak to extract the squared
isibility. To stabilize the fit in each segment, global Gaussian fit
arameters are extracted. Therefore, the data of all stars for each
elescope combination are collected and averaged, with each data 
rray weighted by the inverse square of the standard error (rms) of
he noise of the g (2) function in order to account for the different
ata quality. The averaged g (2) functions are shown in Fig. 4 . For
ach telescope combination, there is a g (2) function for channel A
hown in blue and for channel B in purple. A Gaussian function
s fitted to each signal peak, implied by the black dashed line. The
orrelation signal is al w ays located at τ ∼ 0, so fixing the mean of
he Gaussian function is not necessary. The amplitudes of the g (2) 

unctions for both colours for the telescope combination 1–3 are 
maller than for the other combinations due to 1–3 having the largest
rojected baselines during the measurements. The channel B data 
375 nm, purple) al w ays show smaller amplitudes than the channel
 data (470 nm, blue). There are two reasons for this: the coherence

ime τc ≈ λ2 
0 / ( c�λ) is smaller for light at smaller wavelengths, and

he squared visibility curves for smaller wavelengths decrease more 
MNRAS 537, 2334–2341 (2025) 
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Figure 4. The g (2) functions of the accumulated data of all stars for each 
telescope combination. The upper plot shows telescope combination 1–3, the 
middle plot 1–4, and the lower plot 3–4. The blue curve represents the g (2) 

function of the measurements of channel A with the 470-nm interference 
filter and the purple curve the measurements of channel B with the 375-nm 

filter. The black dashed line is the Gaussian fit (including vertical offset) to 
each data curve. 

Table 1. List of the measurement segments and segment times in minutes 
for each star. 

Night (mm/dd) β Cru η Cen σ Sgr δ Sco 

04/27 4 × 24 . 13 – – –
04/28 8 × 22 . 20 – – –
04/29 3 × 25 . 40 – – –
05/03 6 × 24 . 67 – – –
05/04 9 × 27 . 27 – – –
05/06 – – 8 × 40 . 00 –
05/07 – 14 × 41 . 74 – –
05/08 – 8 × 45 . 40 – –
05/09 – – – 6 × 37 . 27 
05/10 – – 3 × 40 . 80 6 × 34 . 93 
Total 12.4 h 15.79 h 7.37 h 7.22 h 
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apidly with increasing baselines (see equation 4 ), which means
aking an average squared visibility over a range of baselines results
n smaller values for smaller wavelengths. 

For each combination and channel, the width of the Gaussian
sigma) is extracted (see Fig. 4 ). To receive a global sigma for each
hannel, the weighted average of the sigma value of the telescope
ombinations is calculated. We determine a global sigma of 4 . 33 ns
or channel A and 4 . 06 ns for channel B. 

.3 Squared visibility cur v es 

or accurate analysis of the change in squared visibility, the data
f each star are divided into time segments. The length of these
egments depends on the brightness of the star and the acquisition
ime. The details are described in Zmija et al. ( 2023 ). Table 1 shows
n o v erview of the se gments and measurement times of each star.
s the star mo v es on its trajectory during the night, the projected
NRAS 537, 2334–2341 (2025) 
aseline changes. This is shown in Fig. 5 where the projected
aseline is plotted against the acquisition time of each segment
 v er the complete measurement time of β Cru. The corresponding
aseline for each time segment is derived by taking the average of
he baselines of each data file in one segment. The errorbars imply
he range of baselines within one measurement segment and are
he 1 σ distribution. The cyan points represent measurements taken
ith telescope combination 3–4 and the pink points with telescope

ombination 1–4. The vertical grey lines indicate a new observation
ight. 
To extract the squared visibility, a Gaussian is fitted to the g (2) 

unction of each segment. In order to prevent fitting into fluctuations,
e fix the Gaussian width sigma, which is quite stable. Thus, we
nly fit the mean and the amplitude of the Gaussian. The integral
f the fitted Gaussian is plotted against the projected baseline, as
een in Fig. 6 for each colour separately. Again, the cyan points
epresent measurements taken with telescope combination 3–4 and
he pink points with telescope combination 1–4. In order to properly
onsider the effects of the stochastic photon noise on the uncertainty,
e derive the errors of the integral with the following approach. The
hoton bunching peak, modelled as a Gaussian, is extracted by a fit
nto the data, and then added on to 160 independent intervals of the
 

(2) function left and right of the actual peak, which usually consist
f different realizations of stochastic noise only. In each interval,
he peak is re-fitted and its integral computed. The 1 σ distribution
f the reconstructed integrals is considered the uncertainty on the
easurement. 

.4 Angular diameter analysis 

o analyse the angular diameter of our targets, we take both the
niform disc (UD) and the limb darkening (LD) model into account.
n the case of the UD model (see equation 4 ), we use the following
t function: 

 ( b) = A | g (1) ( b) | 2 = A 

[
2 J 1 ( πbθUD /λ) 

πbθUD /λ

]2 

, (6) 
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Figure 6. Obtained squared visibility as a function of the projected baseline 
(m). The upper and lower panels show the spatial coherence of β Cru and η
Cen, respectively. The left and right panels show the 470- and 375-nm filters, 
respectively. The data points resulting from different telescope combinations 
are presented in different colours. The black data point displays the spatial 
coherence value at the zero baseline. The grey curve represents the fit of the 
LD model and is referred to as the single-star fit. 

Table 2. Zero baseline amplitudes computed by the UD fit model (in fs) for 
each filter colour and their weighted average. 

Filter β Cru η Cen σ Sgr 
Weighted 
average 

470 nm 19 . 80 ± 1 . 86 22 . 68 ± 2 . 44 15 . 89 ± 2 . 13 19 . 23 ± 1 . 22 
375 nm 12 . 06 ± 1 . 89 8 . 60 ± 1 . 51 6 . 61 ± 2 . 83 9 . 45 ± 1 . 09 
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here b is the projected baseline, and λ is the central wavelength 
f the interference filter (either 470 or 375 nm). For fitting, we
se the orthogonal distance regression (odr) algorithm from SCIPY , 
hich takes both vertical and horizontal errorbars into account. 
rom the fit, we gather the angular diameter θUD and the ‘zero 
aseline amplitude’ A . The expected value of the latter, A expect ,
orresponds to 

 expect = 

∫ +∞ 

−∞ 

[ 
g 

(2) 
expect ( τ, b = 0) − 1 

] 
d τ = 0 . 5 k T τc , (7) 

here τc is defined in equation ( 5 ) and the factor k T is a calculated
orrection factor, which depends on the profile of the interference 
lters. The details are described in Zmija et al. ( 2023 ) and the results
re 0.83 for the 375-nm filter and 0.84 for the 470-nm filter. As our
ight is unpolarized, a factor of 0.5 is added to the equation. This leads
o an expected zero baseline amplitude of A expect = 19 . 45 fs for the
75-nm filter and A expect = 31 . 09 fs for the 470-nm filter, whereas
he fit gives a parameter that is smaller by a factor of 2 and 1.6,
espectively. Table 2 shows the fitted zero baseline amplitudes for our 
argets and different filter colours. One potential reason for the loss
n coherence is a remaining bandwidth mismatch of the interference 
lters between the telescopes (see Section 3.2 ). An indication for this

s that the loss is less severe compared to the measurements at 2 nm
andwidth in 2022. But the exact origin is still unclear and is being
nvestigated. The correlation at zero baseline is a fixed parameter of
ur instruments, not depending on parameters of an observed star. 
herefore, we take the zero baseline amplitudes of our investigated 

argets computed via the UD fit model, and estimate the weighted
verage for each colour. The result is also noted in Table 2 . Next, we
nsert this value as a data point, seen, for example, in Fig. 6 as black
ata point at b = 0, and refit the UD model to all data. The resulting
ngular diameter of the second fit is the main outcome we document
or each star and colour. 

As mentioned abo v e, we also account for LD by applying the
ollowing equation introduced by Hanbury Brown ( 1974 ): 

 ( b) = A 

(
1 − u λ

2 
+ 

u λ

3 

)−2 

×
[

(1 − u λ) 
J 1 ( x LD ) 

x LD 
+ u λ

√ 

π

2 

J 3 / 2 ( x LD ) 

( x LD ) 3 / 2 

]2 

, (8) 

here u λ is the LD coefficient, x LD = πbθLD /λ, and θLD is the LD
ngular diameter. The interpolation of the LD coefficient u λ is carried
ut as described in Abeysekara et al. ( 2020 ) with look-up tables from
laret & Bloemen ( 2011 ). 

 RESULTS  

n this section, we summarize the results of our measurement cam-
aign in 2023. During our observation period, data were taken of four
tars in the Southern hemisphere. Both β Crux and η Cen are single
tars and were chosen as they were also investigated by HBT, which
akes them good candidates for comparison. σ Sgr is the third single

tar that was observed in 2023. We studied σ Sgr in 2022 (Zmija et al.
023 ) and we compare those results in Section 6.2 . The last star on
ur target list was δ Sco, a spectroscopic binary. We will not present
 binary analysis in this paper but use a single-star model to fit to the
ata, which is clarified in the next section. δ Sco was also observed
y HBT and treated as a single star (Hanbury Brown et al. 1974 ). 

.1 Stellar diameter results 

e present the angular diameters of our measurements in 2023 
pril/May. All important parameters that are necessary to compute 

he diameter, and are mentioned in Section 5 , are listed in Table 3 . The
able also includes the spectral type of the targets and the reference
iameter. The final angular diameters for UD and LD models of our
argets are presented in Table 4 . The squared visibility curves are
hown in Figs 6 and 7 . The gre y curv e represents the LD model,
hich is referred to as the single-star fit. As can be seen in Table 4 ,

he UD model underestimates the angular diameter compared with 
he LD model by ≈ 3 per cent. If LD is corrected for properly, the
D angular diameter of one star should be the same at different
avelengths, which is not the case in our particular situation. Whilst

he θUD results for β Cru and η Cen for both colours are consistent
ithin uncertainties, the results for σ Sgr and δ Sco are significantly 
ifferent beyond their error. The cause of these discrepancies is yet
lear. They may point either to additional systematic uncertainties, 
hich we have not considered, or to a more complex star model

rapid rotator, gravity darkening), where the stars’ physical sizes 
ifferentiate at different wavelengths. As for σ Sgr, which is indeed 
MNRAS 537, 2334–2341 (2025) 
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Table 3. Stellar targets and their characteristic parameters. Spectral types and B magnitudes are taken from SIMBAD. The reference angular diameters 
are reco v ered from NSII (Hanbury Brown 1974 ), where the stars were measured at a wavelength of 443 nm, and from Underhill et al. ( 1979a ). T eff is the 
ef fecti ve temperature of the star and log( g ) is the surface gravity. These are parameters needed to derive the LD coefficient u λ. 

Name Spectral B Reference Source T eff log( g ) u λ
type (mag) θUD (mas) (K) ( cm s −2 ) 

β Cru B1IV 1.02 0 . 702 ± 0 . 022 NSII 27 000 ±
1000 a 

3 . 6 ± 0 . 1 a 0.37 

η Cen B2Ve 2.12 0 . 47 ± 0 . 03 NSII 21 000 b 3 . 95 b 0.371 
σ Sgr B2.5V 1.923 0.68 Underhill 18 987 c 4 . 0 c 0.385 
δ Sco B0.3IV 2.20 0 . 45 ± 0 . 04 NSII 30 900 ± 309 d 3 . 50 ± 0 . 04 d 0.373 

a Values are from Cohen et al. ( 2008 ). b Values are from Arcos et al. ( 2018a ). c Values are from Underhill et al. ( 1979b ). d Values are from Arcos et al. 
( 2018b ). 

Table 4. Table of observed stars and their measured angular diameters listed with their uncertainties for the UD and LD models and for 470 and 375 nm. 

Name 375 nm 470 nm 

Measured θUD Measured θLD Measured θUD Measured θLD 

β Cru 0 . 676 ± 0 . 017 0 . 699 ± 0 . 018 0 . 654 ± 0 . 016 0 . 675 ± 0 . 016 
η Cen 0 . 56 ± 0 . 02 0 . 58 ± 0 . 02 0 . 53 ± 0 . 03 0 . 55 ± 0 . 03 
σ Sgr 0 . 51 ± 0 . 03 0 . 53 ± 0 . 04 0 . 61 ± 0 . 02 0 . 63 ± 0 . 02 
δ Sco 0 . 59 ± 0 . 02 0 . 61 ± 0 . 02 0 . 66 ± 0 . 01 0 . 68 ± 0 . 01 

Figure 7. Obtained squared visibility as a function of the projected baseline 
(m). The upper and lower panels show the spatial coherence of σ Sgr and δ
Sco, respectively. The left and right panels show the 470- and 375-nm filters, 
respectively. The data points resulting from different telescope combinations 
are presented in different colours. The black data point displays the spatial 
coherence value at the zero baseline. The grey curve represents the fit of the 
LD model and is referred to as the single-star fit. 
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 rapid rotator (Abt, Le v ato & Grosso 2002 ), the reference value
f 0 . 68 mas was measured at infrared wavelength, which would be
onsistent with the assumption that the star is measured larger at
arger wavelengths. 
NRAS 537, 2334–2341 (2025) 
For analysing δ Sco, it is important to know its binary characteris-
ics. The two components of the spectroscopic binary are separated
y 0 . 2 arcsec and have a magnitude of 2.2 and 4.6 (Mason et al.
001 ). The system has an orbital period of 10 . 5 yr and the orbit is
lliptical (Miroshnichenko et al. 2013 ). The two stars in the binary are
oo far apart to be resolved by the H.E.S.S. telescopes. A wobbling in
he g (2) function caused by the separation of the two stars is expected
f the order of < 1 m, which is averaged out by the dish diameter
f the single telescopes (Rai, Basak & Saha 2021 ). Furthermore, the
ifference in magnitude indicates that the secondary has less intensity
y a factor of 10. Because of these properties, we decided to present
he data with a single-star fit, as shown in Fig. 7 , and interpret
he resulting angular diameter as the diameter of the primary. The
educed χ2 for the single-star fit for both colours is 0.92, which is
onsistent with the single-star model. 

.2 Data comparison σ Sgr 

ere we compare the results for the star σ Sgr, where the reference
ngular diameter is 0 . 68 mas (Underhill et al. 1979a ). Our first mea-
urements from 2022 April resulted in a diameter of 0 . 52 ± 0 . 07 mas
Zmija et al. 2023 ). The optics consisted of an interference filter with
65nm CWL and 2 nm width. Further differences in our optical set-
p to the measurement campaign 2023 can be found in Section 3 .
he angular diameter of the UD model, which we determined from

he measurements of 2023, is 0 . 61 ± 0 . 02 mas for the interference
lter with 470 nm CWL and 10 nm width. For comparison with

he data of 2022, we only take a closer look at the 470 nm filter
ecause the CWL are comparable. Fig. 8 shows the normalized
quared visibility curves of both campaigns. Another aspect, which
as to be mentioned, is the observation time of the star. In 2022,
easurements of σ Sgr were taken for 11:59 h, whereas in 2023 it was

nly 7:25 h. The results are consistent within 1.2 standard deviations,
here the uncertainty in 2023 was strongly reduced compared with
022, despite less observation time. The reasons are the (partial)
imultaneous operation of three telescopes instead of only two (which
esults in three simultaneous measurements instead of only one), and
he more precise determination of the zero baseline amplitude. 
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igure 8. Squared visibility of σ Sgr is shown as a function of the projected
aseline (m). The light blue data represent the results of the 2023 campaign
nd the dark blue data the 2022 campaign. The data were normalized to one
o make the visual comparison easier. 

 C O N C L U S I O N  A N D  O U T L O O K  

n this paper, we have presented our results of the 2023 intensity
nterferometry campaign at the H.E.S.S. telescopes. Our two cam- 
aigns of 2022 and 2023 demonstrate how well IACTs are suited for
ntensity interferometry during full Moon periods, when they are not 
ble to perform gamma-ray observations. 

Several goals for updating our set-up were met. To gain more 
elescope baselines, three telescopes were equipped with our set-up. 
he bandwidth of the interference filters was increased from 2 to 
0 nm and the set-up was updated to measure in two colours (375 
nd 470 nm) simultaneously. We measured the diameters of four 
tars, not only with the UD model but also taking the LD model
nto account. The precision of the extracted diameters is at a level
f a few per cent within a reasonable measurement time. The results
or β Cru and η Cen between the two colours are consistent within 
ncertainties. Comparing the resulting angular diameters of σ Sgr, 
hey become smaller with shorter wavelengths, which is the same 
ase for the results of δ Sco. This effect might be attributed to a more
ntricate stellar model. H.E.S.S. is the first IACT to perform intensity 
nterferometry with two colours simultaneously. This marks substan- 
ial progress towards implementing intensity interferometry with the 
TAO, as this approach might eventually set the standard for these 
easurements and promises enhancements in signal-to-noise ratio. 
In the future, all four H.E.S.S. Phase I telescopes will be equipped

ith an intensity interferometry set-up to supply a broad co v erage in
he two-dimensional baseline map (‘uv plane’). Furthermore, the me- 
hanical and computational set-up will be updated in order to be able
o e x ecute observations remotely. A method to restrict the value of the
ero baseline amplitude would be to have a calibration source or star,
hich produces strong correlation signals due to its brightness and 

o v ers a large baseline range for good restriction with the fit model.
his is done by MAGIC and described in Abe et al. ( 2024 ). For the
.E.S.S. telescopes, the ideal target would be the star β Cru. Future 

argets will involve fainter single stars to determine the sensitivity of
ur system. Not only single stars in the Southern hemisphere will be
bserved but also binary star systems with various characteristics. 
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