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ABSTRACT

The colliding-wind binary system ηCarinae has been identified as a source of high-energy (HE, below ∼100 GeV) and very high-energy
(VHE, above ∼100 GeV) gamma rays in the last decade, making it unique among these systems. With its eccentric 5.5-year-long orbit,
the periastron passage, during which the stars are separated by only 1–2 au, is an intriguing time interval to probe particle acceleration
processes within the system. In this work, we report on an extensive VHE observation campaign that for the first time covers the full
periastron passage carried out with the High Energy Stereoscopic System (H.E.S.S.) in its 5-telescope configuration with upgraded
cameras. The VHE gamma-ray emission from η Carinae was detected during the periastron passage with a steep spectrum with the
spectral index Γ = 3.3± 0.2stat ± 0.1syst. Together with previous and follow-up observations, we derive a long-term light curve sampling
one full orbit, showing hints of an increase in the VHE flux towards periastron, but no hint of variability during the passage itself. An
analysis of contemporaneous Fermi-LAT data shows that the VHE spectrum represents a smooth continuation of the HE spectrum.
From modelling the combined spectrum, we conclude that the gamma-ray emission region is located at distances of ∼10–20 au from
the centre of mass of the system and that protons are accelerated up to energies of at least several tera-electronvolts inside the system
in this phase.

Key words. astroparticle physics – radiation mechanisms: non-thermal – binaries: general – stars: individual: η Carinae –
gamma rays: stars

1. Introduction

The binary star η Carinae (henceforth η Car) is an extraordi-
nary colliding-wind binary (CWB) system, located in the Carina
Nebula, a massive H II region with ongoing star formation at a
distance of ∼2.3 kpc (Smith 2006). The η Car system is thought
to consist of a luminous blue variable with a mass of ∼90 M⊙
and a lighter companion with ∼30 M⊙ (Hillier et al. 2001). The

⋆ Corresponding authors; contact.hess@hess-experiment.eu

system itself is a very prominent source in several wavelength
bands, partly due to its eruptive history (see e.g. Davidson &
Humphreys 2012). It is nowadays widely accepted as one of the
few gamma-ray-detected CWB systems with non-thermal emis-
sion probed by high-energy X-ray (Hamaguchi et al. 2018) and
gamma-ray telescopes (Abdo et al. 2010; H.E.S.S. Collaboration
2020). In these unique laboratories, particles are accelerated in
the wind collision region (WCR) via diffusive shock acceler-
ation (e.g. Eichler & Usov 1993; Reimer et al. 2006). In the
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WCR, the supersonic winds from the two stars collide to form
a pair of standing shocks, separated by a contact discontinuity
(Bednarek & Pabich 2011). The wind from the companion
(η Car-B) is fast with a terminal velocity of v∞ = 3000 km s−1

(Pittard & Corcoran 2002) and an associated mass-loss rate of
Ṁ = 1.4 × 10−5 M⊙ yr−1 (Parkin et al. 2009). The primary star’s
(η Car-A) wind is comparably slower with v∞ = 500 km s−1

(Pittard & Corcoran 2002), but denser with Ṁ = 5 ×
10−4 M⊙ yr−1 (Parkin et al. 2009). There is no evidence that the
properties of the winds of η Car-A (see also Groh et al. 2012) or
η Car-B have varied over the past 20 years (Gull et al. 2022).

The system is tracked with instruments in several wave-
length bands over its full ∼5.5-year (Teodoro et al. 2016) orbit,
which is characterised by a large eccentricity (ǫ ≈ 0.9, Mehner
et al. 2015). The periastron passage, in which the stars are sep-
arated by only 1–2 au, is linked to strong variability at some
wavelengths, which has been discovered with, for example, spec-
troscopic measurements of high excitation lines (e.g. Teodoro
et al. 2016), or with X-ray observations (e.g. Kashi et al. 2021).
Variability related to the orbit of the binary was also discovered
in non-thermal X-rays (Hamaguchi et al. 2018).

High-energy (HE, ∼100 MeV to ∼100 GeV) gamma-ray
emission coincident with η Car was detected shortly after the
launch of the Fermi satellite by its Large Area Telescope (LAT,
Abdo et al. 2010) after the initial detection by the AGILE satel-
lite (Tavani et al. 2009). Since then, η Car has been continuously
monitored in this energy regime, presently covering three peri-
astron passages (see e.g. Reitberger et al. 2012, 2015; Balbo &
Walter 2017; White et al. 2020; Martí-Devesa & Reimer 2021).
The variability in the HE gamma-ray regime is not as strong
as in X-rays, showing only a mild flux increase towards the
periastron passage (Martí-Devesa & Reimer 2021). The HE
spectrum can be described by two distinct components, below
and above ∼10 GeV (see e.g. Balbo & Walter 2017; White
et al. 2020; Martí-Devesa & Reimer 2021). The higher-energy
component extends beyond the energy range probed by Fermi-
LAT , making very high-energy (VHE, ∼100 GeV to ∼100 TeV)
observations crucial to describe the spectrum fully. Emission
at VHE energies from η Car was reported by the High Energy
Stereoscopic System (H.E.S.S.) (H.E.S.S. Collaboration 2020)
based on observations taken before and after the 2014 periastron
passage, making it unique among CWBs.

The periastron passage is of special interest due to the
fast-changing conditions. While the thermal X-ray light curve
provides crucial information on the shock physics (see e.g.
Gull et al. 2021; Parkin et al. 2011), the combined HE and
VHE behaviour is thought to directly probe the acceleration of
protons and other nuclei, which have been argued to dominate
the emission above 10 GeV (see for example Farnier et al. 2011;
Ohm et al. 2015). Thus, models of cosmic-ray acceleration at
shock waves can be tested with VHE gamma-ray measurements.
As such emission can be affected by gamma-gamma absorption
in the intense photon fields of the two stars, even on scales of up
to 100 au (Ohm et al. 2015; Steinmassl et al. 2023), the shape of
the VHE light curve and spectrum can constrain the location of
the emission region as well as the underlying emitting particle
spectrum.

H.E.S.S. observed the 2009 periastron passage before the
Fermi-LAT discovery with only limited exposure yielding no
detection (H.E.S.S. Collaboration 2012). Unfortunately, the
2014 periastron passage happened outside the visibility period
for H.E.S.S.. This restricted observations to several months
before and after the periastron passage for which a sig-
nificant VHE gamma-ray signal from η Car was reported

(H.E.S.S. Collaboration 2020). The 2020 periastron1 was the
first periastron passage visible for H.E.S.S. in its five-telescope
array state. Thus, a dedicated and in-depth observation campaign
was carried out.

In this work, we present the results of this campaign together
with datasets from previous years and contemporaneous Fermi-
LAT data. In Section 2, the dataset, analysis methods, and results
of the H.E.S.S. analysis are presented. In Section 3, the anal-
ysis of contemporaneous Fermi-LAT data is described, before
in Section 4 a combined spectrum during the periastron pas-
sage is discussed together with both the Fermi-LAT and H.E.S.S.
light curves. These findings are then interpreted in the frame-
work of an existing diffusive shock acceleration model for η Car
in Section 5. The main results are then summarised in Section 6
and further conclusions are presented.

2. H.E.S.S. dataset and data analysis

H.E.S.S. is an array of five Imaging Atmospheric Cherenkov
Telescopes (IACTs) located in the Khomas Highland, Namibia.
It consists of four 12-m diameter telescopes (CT1–4) upgraded
with new cameras in 2016 (H.E.S.S.1U, Giavitto et al. 2018) and
one large central 28-m telescope (CT5) that had a new Flash-
Cam camera installed in 2019 (Bi et al. 2022; Puehlhofer et al.
2022). The instrument is sensitive to gamma rays in an energy
range between several tens of giga-electronvolts and several tens
of tera-electronvolts, depending on observation conditions and
analysis settings.

The strategy for gamma-ray observations of η Car with the
updated H.E.S.S. array was customised due to the unique field
of view (FoV). η Car is situated at the heart of the Carina Nebula,
which appears in optical wavelengths as a region of large-scale
diffuse emission. This increases the night sky background (NSB)
photon rate, and hence the noise level for IACT observations,
which are based on signals recorded by photomultipliers sensi-
tive in the optical and near-ultraviolet waveband. The NSB can
be estimated either using the baseline shift of each event (for
FlashCam, Werner et al. 2017) or the width of the pedestal dis-
tribution (for CT1–4, H.E.S.S. Collaboration 2004). For each
telescope, the average NSB during η Car observations is sev-
eral times the value typically reached in observations along the
Galactic plane, which is ∼300 MHz for CT5. As is presented in
Figure 1, the NSB rate reaches more than ten times this value
in small regions of the FoV. To allow for data taking with stable
trigger rates and small dead time, an increased trigger thresh-
old for all five H.E.S.S. telescopes was used. For CT1–4, the
pixel trigger threshold was increased from 5.5 photo-electrons
(p.e.) to 6.5 p.e for the H.E.S.S.1U observations, which needs
to be fulfilled for at least 3 pixels. For FlashCam, the bright-
source trigger threshold of 91 p.e. (instead of 69 p.e.) per 9-pixel
sum, as is defined in Bi et al. (2022), was used. These trigger
settings were derived using a scan on the η Car field itself and
were chosen to prevent unstable trigger behaviour induced by
random noise triggers. This is particularly important for CT5,
which is operated with a monoscopic trigger and further anal-
ysed utilising a monoscopic analysis (Murach et al. 2015) in
this work.

Furthermore, the gain of the photomultipliers in the Flash-
Cam camera on CT5 was reduced to the value otherwise used
for observations during bright moonlight (Bi et al. 2022). Conse-
quently, the number of switched-off pixels to prevent high anode

1 Using the period as well as the epoch from Teodoro et al. (2016), the
exact passage happened on MJD 58896.6 or February 17 2020.
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the data, assuming a radial distance of 20 au for the gamma-ray
emission. For this, the normalisation of the flux from η Car-A
was increased by a small factor (1.1) with respect to White et al.
(2020) to better match the observed Fermi-LAT flux during the
2020 periastron. The H.E.S.S. measurements can be explained
by hadronic emission from protons accelerated at the shock of
η Car-B.

Even though the adapted model matches the overall H.E.S.S.
flux points well, the H.E.S.S. spectrum hints at a harder spectral
behaviour than is suggested by the model. To account for that as
well, the cut-off energy of the proton spectrum can be varied.
We utilised the proton spectrum from White et al. (2020) with
a spectral index of 1.8 and a cut-off at 1.1 TeV (more details in
Appendix D). The proton cut-off energy was varied using the
Gamera package (Hahn 2015; Hahn et al. 2022) to better match
the H.E.S.S. flux points, keeping the index and normalisation
fixed. The resulting gamma-ray SEDs assuming emission from
a radial distance of 20 au were compared to the higher-energy
Fermi-LAT and H.E.S.S. flux points. As was expected, a higher
cut-off energy of ∼1.5 TeV describes the shape of the H.E.S.S.
SED better (see as well Appendix D). As a plausibility check,
such a small increase in the cut-off energy for the protons accel-
erated at the shock of η Car-B is still in line with the Hillas
limit of several tens of tera-electronvolts (H.E.S.S. Collaboration
2020) and the otherwise poorly constrained model parameters
(see White et al. 2020, for details). As the model itself has many
free parameters and the information presented by the combined
SED is limited, a proper fit was not attempted.

With these estimates, it can be concluded that within an alter-
native set-up of parameters and the location of the emission zone
from White et al. (2020) the spectrum of the 2020 periastron
passage is well described, if the emission region is moved out
to a distance of ∼20 au, for example through a longer mixing
length, and a slightly higher cut-off for the hadronic component
accelerated in η Car-B is assumed. These findings are also in
line with the light curve of η Car that shows no flux reduction
for the periastron passage, which would be expected for a strong
gamma-gamma absorption during periastron. The increase in
flux towards periastron also yielding higher maximum photon
energies in the periastron SED can be explained by the higher
density in the ballistic region during that period making p-p
interactions more frequent (Ohm et al. 2015).

6. Summary and conclusion

In this work, a study of the VHE gamma-ray emission of η Car
has been presented, with a special emphasis on the 2020 perias-
tron passage. η Car is situated in a peculiar FoV characterised by
a large and inhomogeneous NSB, testing the observational limits
for IACTs.

Therefore, special observation and analysis settings were
needed to achieve stable data taking. For the mono analysis,
a very careful treatment of noise factors had to be set up and
applied to retrieve robust results. This customised mono analysis
approach was specifically designed for regions with and inho-
mogeneous NSB and could also be valuable for potential other
observations of sources with steep spectra (e.g. transients) in
bright NSB regions or with bright, inhomogeneous moonlight
over the FoV.

For η Car, significant gamma-ray emission was detected
independently utilising mono and stereo analysis techniques.
Both analyses agree in the spectral shape and flux normalisa-
tion, resulting in a periastron SED above energies of 130 GeV

described as a steep power law with an index of Γ ≈ 3.3. The
spectral properties derived with both analysis methods are incon-
sistent in the flux level with the results derived in H.E.S.S.
Collaboration (2020). This is attributed to underestimated sys-
tematics in the previous work (see Appendix B). To retrieve
the flux at the phases probed by the previous work (phase –
0.22 to –0.04 and 0.09 to 0.1 in our phase definition), H.E.S.S.
observations around the 2025 periastron passage will be of great
interest.

The long-term light curve shows hints of variability over
the orbit, with a suppression of flux away from periastron and
a small rise towards it, but is still compatible with a constant
flux. On shorter timescales during the periastron passage itself,
no significant variability could be observed.

Using simultaneous Fermi-LAT data, a multi-wavelength
SED was derived for the 2020 periastron passage. The combined
spectrum was compared to the multi-component model by White
et al. (2020). With modifications of the position of the emission
region and the cut-off energy of the hadronic component, the
model matches the observed flux points well. The H.E.S.S. data
suggest that the emission originates further out in the system at
distances of ∼10 to ∼20 au and that the proton spectrum has a
higher cut-off energy at ∼1.5 TeV. The good match of the result-
ing model is in line with the predominantly hadronic origin of
the gamma-ray emission from η Car, with the H.E.S.S. detection
tracing the protons accelerated on the side of η Car-B. By using
such models and estimating the maximum energy with the Hillas
limit, the detected signal from tera-electronvolt cosmic rays pro-
vides clear evidence for the existence of a fast wind in the system,
which is consistent with the previous interpretation of X-ray data
(e.g. Pittard & Corcoran 2002; Parkin et al. 2011).

Future measurements of the VHE gamma-ray emission dur-
ing periastron passages by the Cherenkov Telescope Array
Observatory (CTAO), employing stereo analysis techniques for
the full energy range, could provide further insights into the wind
conditions and shock physics of this unique binary system. We
anticipate that H.E.S.S. could already constrain the orbit-to-orbit
VHE variability with observations around the 2025 periastron
passage.

Acknowledgements. The support of the Namibian authorities and of the Uni-
versity of Namibia in facilitating the construction and operation of H.E.S.S. is
gratefully acknowledged, as is the support by the German Ministry for Educa-
tion and Research (BMBF), the Max Planck Society, the Helmholtz Association,
the French Ministry of Higher Education, Research and Innovation, the Cen-
tre National de la Recherche Scientifique (CNRS/IN2P3 and CNRS/INSU), the
Commissariat à l’énergie atomique et aux énergies alternatives (CEA), the U.K.
Science and Technology Facilities Council (STFC), the Irish Research Council
(IRC) and the Science Foundation Ireland (SFI), the Polish Ministry of Educa-
tion and Science, agreement no. 2021/WK/06, the South African Department
of Science and Innovation and National Research Foundation, the University
of Namibia, the National Commission on Research, Science & Technology of
Namibia (NCRST), the Austrian Federal Ministry of Education, Science and
Research and the Austrian Science Fund (FWF), the Australian Research Council
(ARC), the Japan Society for the Promotion of Science, the University of Amster-
dam and the Science Committee of Armenia grant 21AG-1C085. We appreciate
the excellent work of the technical support staff in Berlin, Zeuthen, Heidel-
berg, Palaiseau, Paris, Saclay, Tübingen and in Namibia in the construction and
operation of the equipment. This work benefited from services provided by the
H.E.S.S. Virtual Organisation, supported by the national resource providers of
the EGI Federation.

References

Abdo, A. A., Ackermann, M., Ajello, M., et al. 2010, ApJ, 723, 649
Abdollahi, S., Acero, F., Ackermann, M., et al. 2022a, ApJ, 933, 204
Abdollahi, S., Acero, F., Baldini, L., et al. 2022b, ApJS, 260, 53
Acero, F., Aguasca-Cabot, A., Buchner, J., et al. 2022, https://doi.org/10.
5281/zenodo.7311399

A328, page 7 of 11



H. E. S. S. Collaboration: A&A, 694, A328 (2025)

Aydi, E., Sokolovsky, K. V., Chomiuk, L., et al. 2020, Nat. Astron., 4, 776
Balbo, M., & Walter, R. 2017, A&A, 603, A111
Bednarek, W., & Pabich, J. 2011, A&A, 530, A49
Berge, D., Funk, S., & Hinton, J. 2007, A&A, 466, 1219
Bernlöhr, K. 2008, Astropart. Phys., 30, 149
Bi, B., Barcelo, M., Bauer, C., et al. 2022, in 37th International Cosmic Ray

Conference, 743
Bruel, P., Burnett, T. H., Digel, S. W., et al. 2018, arXiv e-prints

[arXiv:1810.11394]
Cash, W. 1979, ApJ, 228, 939
Corcoran, M. F., & Hamaguchi, K. 2007, in Revista Mexicana de Astronomia y

Astrofisica Conference Series, 30, 29
Damineli, A., Hillier, D. J., Corcoran, M. F., et al. 2008, MNRAS, 384, 1649
Davidson, K., & Humphreys, R. M. 1997, ARA&A, 35, 1
Davidson, K., & Humphreys, R. M. 2012, Astrophysics and Space Science

Library, 384, Eta Carinae and the Supernova Impostors
Donath, A., Terrier, R., Remy, Q., et al. 2023, A&A, 678, A157
Eichler, D., & Usov, V. 1993, ApJ, 402, 271
Farnier, C., Walter, R., & Leyder, J. 2011, A&A, 526, A57
Giavitto, G., Bonnefoy, S., Ashton, T., et al. 2018, in Proceedings of 35th

International Cosmic Ray Conference — PoS(ICRC2017), 301, 805
Groh, J. H., Hillier, D. J., Madura, T. I., & Weigelt, G. 2012, MNRAS, 423, 1623
Gull, T. R., Navarete, F., Corcoran, M. F., et al. 2021, ApJ, 923, 102
Gull, T. R., Hillier, D. J., Hartman, H., et al. 2022, ApJ, 933, 175
Gupta, N., & Razzaque, S. 2017, Phys. Rev. D, 96, 123017
Hahn, J. 2015, in International Cosmic Ray Conference, 34, 917
Hahn, J., Romoli, C., & Breuhaus, M. 2022, GAMERA: Source model-

ing in gamma astronomy, Astrophysics Source Code Library, [record
ascl:2203.007]

Hamaguchi, K., Corcoran, M. F., Pittard, J. M., et al. 2018, Nat. Astron., 2, 731
Heck, D., Knapp, J., Capdevielle, J. N., Schatz, G., & Thouw, T. 1998, COR-

SIKA: a Monte Carlo code to simulate extensive air showers (Forschungszen-
trum Harlsruhe GmbH, Karlsruhe)

H.E.S.S. Collaboration (Aharonian, F., et al.) 2004, Astropart. Phys., 22, 109
H.E.S.S. Collaboration (Aharonian, F., et al.) 2006, A&A, 457, 899
H.E.S.S. Collaboration (Abramowski, A., et al.) 2012, MNRAS, 424, 128
H.E.S.S. Collaboration (Abdalla, H., et al.) 2020, A&A, 635, A167
H.E.S.S. Collaboration (Aharonian, F., et al.) 2022, Science, 376, 77
Hillier, D. J., Davidson, K., Ishibashi, K., & Gull, T. 2001, ApJ, 553, 837
Kashi, A., Principe, D. A., Soker, N., & Kastner, J. H. 2021, ApJ, 914, 47
Khelifi, B., Djannati-Ataï, A., Jouvin, L., et al. 2016, PoS, ICRC2015, 837
Li, T. P., & Ma, Y. Q. 1983, ApJ, 272, 317
Madura, T. I., Gull, T. R., Owocki, S. P., et al. 2012, MNRAS, 420, 2064
Martí-Devesa, G., & Reimer, O. 2021, A&A, 654, A44
Mehner, A., Davidson, K., Humphreys, R. M., et al. 2015, A&A, 578, A122
Murach, T., Gajdus, M., & Parsons, R. 2015, in International Cosmic Ray

Conference, 34, 1022
Ohm, S., Zabalza, V., Hinton, J. A., & Parkin, E. R. 2015, MNRAS, 449, L132
Parkin, E. R., & Pittard, J. M. 2008, MNRAS, 388, 1047
Parkin, E. R., Pittard, J. M., Corcoran, M. F., Hamaguchi, K., & Stevens, I. R.

2009, MNRAS, 394, 1758
Parkin, E. R., Pittard, J. M., Corcoran, M. F., & Hamaguchi, K. 2011, ApJ, 726,

105
Parsons, R. D., & Hinton, J. A. 2014, Astropart. Phys., 56, 26
Pittard, J. M., & Corcoran, M. F. 2002, A&A, 383, 636
Puehlhofer, G., Bernlöhr, K., Bi, B., et al. 2022, in 37th International Cosmic

Ray Conference 12–23 July 2021. Berlin, 764
Rebolledo, D., Burton, M., Green, A., et al. 2016, MNRAS, 456, 2406
Reimer, A., Pohl, M., & Reimer, O. 2006, ApJ, 644, 1118
Reitberger, K., Reimer, O., Reimer, A., et al. 2012, A&A, 544, A98
Reitberger, K., Reimer, A., Reimer, O., & Takahashi, H. 2015, A&A, 577, A100
Smith, N. 2006, ApJ, 644, 1151
Steinmassl, S., Breuhaus, M., White, R., Reville, B., & Hinton, J. A. 2023, A&A,

679, A118
Tavani, M., Sabatini, S., Pian, E., et al. 2009, ApJ, 698, L142
Teodoro, M., Damineli, A., Heathcote, B., et al. 2016, ApJ, 819, 131
Werner, F., Bauer, C., Bernhard, S., et al. 2017, Nucl. Instrum. Methods Phys.

Res. A, 876, 31
White, R., Breuhaus, M., Konno, R., et al. 2020, A&A, 635, A144
Wood, M., Caputo, R., Charles, E., et al. 2017, Proceedings of International

Cosmic Ray Conference, 301, 824

1 Dublin Institute for Advanced Studies, 31 Fitzwilliam Place, Dublin
2, Ireland

2 Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Hei-
delberg, Germany

3 Yerevan State University, 1 Alek Manukyan St, Yerevan 0025,
Armenia

4 Landessternwarte, Universität Heidelberg, Königstuhl, 69117 Hei-
delberg, Germany

5 Kapteyn Astronomical Institute, University of Groningen,
Landleven 12, 9747 AD Groningen, The Netherlands

6 Laboratoire Leprince-Ringuet, École Polytechnique, CNRS, Institut
Polytechnique de Paris, 91128 Palaiseau, France

7 Deutsches Elektronen-Synchrotron DESY, Platanenallee 6, 15738
Zeuthen, Germany

8 Institut für Physik und Astronomie, Universität Potsdam,
Karl-Liebknecht-Strasse 24/25, 14476 Potsdam, Germany

9 Université Paris Cité, CNRS, Astroparticule et Cosmologie, 75013
Paris, France

10 Department of Physics and Electrical Engineering, Linnaeus
University, 351 95 Växjö, Sweden

11 Institut für Physik, Humboldt-Universität zu Berlin, Newtonstr. 15,
12489 Berlin, Germany

12 Centre for Space Research, North-West University, Potchefstroom
2520, South Africa

13 Laboratoire Univers et Théories, Observatoire de Paris, Univer-
sité PSL, CNRS, Université Paris Cité, 5 Pl. Jules Janssen, 92190
Meudon, France

14 Sorbonne Université, CNRS/IN2P3, Laboratoire de Physique
Nucléaire et de Hautes Energies, LPNHE, 4 place Jussieu, 75005
Paris, France

15 IRFU, CEA, Université Paris-Saclay, 91191 Gif-sur-Yvette, France
16 University of Oxford, Department of Physics, Denys Wilkinson

Building, Keble Road, Oxford OX1 3RH, UK
17 Friedrich-Alexander-Universität Erlangen-Nürnberg, Erlangen Cen-

tre for Astroparticle Physics, Nikolaus-Fiebiger-Str. 2, 91058 Erlan-
gen, Germany

18 Instytut Fizyki Ja̧drowej PAN, ul. Radzikowskiego 152, 31-342
Kraków, Poland

19 School of Physics, University of the Witwatersrand, 1 Jan Smuts
Avenue, Braamfontein, Johannesburg, 2050 South Africa

20 Laboratoire Univers et Particules de Montpellier, Université Mont-
pellier, CNRS/IN2P3, CC 72, Place Eugène Bataillon, 34095 Mont-
pellier Cedex 5, France

21 School of Physical Sciences, University of Adelaide, Adelaide 5005,
Australia

22 Aix Marseille Université, CNRS/IN2P3, CPPM, Marseille,
France

23 School of Science, Western Sydney University, Locked Bag 1797,
Penrith South DC, NSW 2751, Australia

24 Université Bordeaux, CNRS, LP2I Bordeaux, UMR 5797, 33170
Gradignan, France

25 Institut für Astronomie und Astrophysik, Universität Tübingen,
Sand 1, 72076 Tübingen, Germany

26 Universität Innsbruck, Institut für Astro- und Teilchenphysik, Tech-
nikerstraße 25, 6020 Innsbruck, Austria

27 Universität Hamburg, Institut für Experimentalphysik, Luruper
Chaussee 149, 22761 Hamburg, Germany

28 Obserwatorium Astronomiczne, Uniwersytet Jagielloński, ul. Orla
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