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ABSTRACT

The colliding-wind binary system η Carinae 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. VHE gamma-ray emission from η

Carinae was detected during the periastron passage with a steep spectrum with 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 of 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 TeV
inside the system in this phase.
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1. Introduction

The binary star η Carinae (henceforth η Car) is an extraordi-
nary colliding-wind binary (CWB) system, located in the Ca-
rina Nebula, a massive H II region with ongoing star forma-
tion at a distance of ∼2.3 kpc (Smith 2006). The η Car sys-
tem is thought to consist of a luminous blue variable with a
mass of ∼90M⊙ and a lighter companion with ∼30M⊙ (Hillier
et al. 2001). The system itself is a very prominent source in
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several wavelength bands partly due to its eruptive history (see
e.g. Davidson & Humphreys 2012). It is nowadays widely ac-
cepted as one of the few gamma-ray-detected CWB systems
with non-thermal emission probed by high-energy X-ray (Ham-
aguchi et al. 2018) and gamma-ray telescopes (Abdo et al. 2010;
H.E.S.S. Collaboration et al. 2020). In these unique laboratories,
particles are accelerated in the wind collision region (WCR) via
diffusive shock acceleration (e.g. Eichler & Usov 1993; Reimer
et al. 2006). In the 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
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of v∞ = 3000 km s−1 (Pittard & Corcoran 2002) and an associ-
ated 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 wavelength
bands over its full ∼5.5-year (Teodoro et al. 2016) orbit charac-
terised by a large eccentricity (ǫ ≈ 0.9, Mehner et al. 2015). The
periastron passage, at which the stars are separated by only 1−2
au is linked to strong variability at some wavelengths, such as
discovered with spectroscopic 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 3 periastron
passages (see e.g. Reitberger et al. 2012, 2015; Balbo & Wal-
ter 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 perias-
tron 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 ener-
gies from η Car was reported by the High Energy Stereoscopic
System (H.E.S.S.) (H.E.S.S. Collaboration et al. 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 pro-
vides crucial information on the shock physics (see e.g. Gull
et al. 2021; Parkin et al. 2011), the combined HE and VHE be-
haviour is thought to directly probe the acceleration of protons
and other nuclei, which have been argued to dominate the emis-
sion 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 de-
tection (H.E.S.S. Collaboration et al. 2012). Unfortunately, the
2014 periastron passage happened outside the visibility period
for H.E.S.S. This restricted observations to several months be-
fore and after the periastron passage for which a significant VHE
gamma-ray signal from η Car was reported (H.E.S.S. Collabo-

ration et al. 2020). The 2020 periastron 1 was the first periastron
passage visible for H.E.S.S. in its 5-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 as well as
the results of the H.E.S.S. analysis are presented. In Section 3 the
analysis of contemporaneous Fermi-LAT data is described, be-
fore 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 presented.

2. H.E.S.S. data set 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) with 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 GeV and several tens of TeV, de-
pending 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 Neb-
ula, 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 observa-
tions, which are based on signals recorded by photomultipliers
sensitive 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
distribution (for CT1-4, H.E.S.S. Collaboration et al. 2004). For
each telescope, the average NSB during η Car observations is
several times the value typically reached in observations along
the Galactic plane, which is ∼300 MHz for CT5. As presented
in Figure 1 the NSB rate reaches more than 10 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 threshold
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 defined in Bi et al. (2022) was used. These trigger settings
were derived using a scan on the η Car field itself and are chosen
to prevent unstable trigger behaviour induced by random noise
triggers. This is particularly important for CT5 which is oper-
ated with a monoscopic trigger and is further analysed 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). Con-
sequently, the number of switched-off pixels to prevent high an-
ode currents, even though it is still considerably larger than for
other observation targets, could be reduced to less than 3 % of
all pixels in each camera.

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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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 spec-
tral behaviour than suggested by the model. To account for that
as well, the cut-off energy of the proton spectrum can be var-
ied. 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 de-
tails in Appendix D). The proton cut-off energy was varied us-
ing the Gamera package (Hahn 2015; Hahn et al. 2022) to better
match the H.E.S.S. flux points, keeping the index and normali-
sation fixed. The resulting gamma-ray SEDs assuming emission
from a radial distance of 20 au were compared to the high energy
Fermi-LAT and H.E.S.S. flux points. As expected, a higher cut-
off energy ∼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 accelerated
at the shock of η Car-B is still in line with the Hillas limit of
several tens of TeV (H.E.S.S. Collaboration et al. 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 is not attempted.

With these estimates, it can be concluded that within an al-
ternative setup of parameters and location of the emission zone
from White et al. (2020) the spectrum of the 2020 periastron pas-
sage is well described, if the emission region is moved out to a
distance of ∼20 au, e.g. 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 of flux towards pe-
riastron yielding also 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, the study of the VHE gamma-ray emission of η Car
was presented with special emphasis on the 2020 periastron pas-
sage. η Car is situated in a peculiar FoV characterised by 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 ap-
plied to retrieve robust results. This customised mono analysis
approach was specifically designed for regions with and inhomo-
geneous NSB and could also be valuable for potential other ob-
servations of sources with steep spectra (e.g. transients) in bright
NSB regions or with bright, inhomogeneous moonlight over the
field of view.

For η Car significant gamma-ray emission was detected in-
dependently utilising mono and stereo analysis techniques. Both
analyses agree in the spectral shape and flux normalisation, re-
sulting in a periastron SED above energies of 130 GeV described
as a steep power law with an index Γ ≈ 3.3. The spectral prop-
erties derived with both analysis methods are inconsistent in

the flux level with the results derived in H.E.S.S. Collaboration
et al. (2020). This is attributed to underestimated systematics 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 time scales during the periastron passage itself, no sig-
nificant 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 TeV cosmic rays
provides clear evidence for the existence of a fast wind in the
system 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 Ob-
servatory (CTAO), employing stereo analysis techniques for the
full energy range, could provide further insight 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.
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