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ABSTRACT

The colliding-wind binary system n 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. The VHE gamma-ray emission from n Carinae was detected during the periastron passage with a steep spectrum with the
spectral index I' = 3.3 + 0.2, + 0.1y 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.
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1. Introduction

The binary star n Carinae (henceforth n 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 i Car system is thought
to consist of a luminous blue variable with a mass of ~90 Mg
and a lighter companion with ~30M,, (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
(7 Car-B) is fast with a terminal velocity of v, = 3000kms™!
(Pittard & Corcoran 2002) and an associated mass-loss rate of
M = 1.4 x 107 Mg yr~! (Parkin et al. 2009). The primary star’s
(7 Car-A) wind is comparably slower with v, = 500kms™!
(Pittard & Corcoran 2002), but denser with M = 5 x
10~* Mg yr~! (Parkin et al. 2009). There is no evidence that the
properties of the winds of  Car-A (see also Groh et al. 2012) or
n 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 (€ ~ 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, ~100MeV to ~100GeV) gamma-ray
emission coincident with  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,  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; Marti-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 (Marti-Devesa & Reimer 2021). The HE
spectrum can be described by two distinct components, below
and above ~10GeV (see e.g. Balbo & Walter 2017; White
et al. 2020; Marti-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 7 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 5 Car was reported
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(H.E.S.S. Collaboration 2020). The 2020 periastron' 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 7 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 n Car with the
updated H.E.S.S. array was customised due to the unique field
of view (FoV). n 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 1 Car observations is sev-
eral times the value typically reached in observations along the
Galactic plane, which is ~300 MHz for CTS5. 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 ; Car field itself and
were chosen to prevent unstable trigger behaviour induced by
random noise triggers. This is particularly important for CTS5,
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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Table 1. Basic properties of 7 Car datasets.

Dataset  Start date End date Phase range Live time Mean zenith Telescopes considered
(h) )

DS-A  Jan. 13,2013 May 30,2016 -0.28-0.29  20.6 39.2 CT14@

DS-B Jan. 29,2017  Apr. 7, 2019 0.45-0.84 63.3 39.2 CT14 ®

DS-C Dec. 23,2019 May 24,2020 0.97-1.05 97.8 39.9 CT1-5 ©

DS-D Feb. 15,2021  Apr. 10,2021  1.18-1.21 31.5 372 CT14 ®

Notes. The phase is given with respect to the 2014 periastron passage (phase = 0) following the ephemeris from Teodoro et al. (2016). The live
time is given for the stereo observation time and is corrected for dead time. Y CT1—4 with the original cameras. ®’CT1-4 with upgraded cameras
(H.E.S.S.1U, Giavitto et al. 2018). ““H.E.S.S.1U and CT5 with FlashCam (Bi et al. 2022).
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Fig. 1. Average NSB photon rate for the 7 Car field using CT5. The map
has been derived by averaging the NSB maps from all observations of
the 2020 dataset (DS-C). The position of i Car is shown with a white
triangle. Contour levels for better visualisation have been added at 0.6,
1.2, and 1.8 GHz. The map is zoomed in from the full FoV for better
visibility of the main features.

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.

n Car is visible for H.E.S.S. at moderate zenith angles start-
ing from December until the beginning of June each year. The
adopted observation strategy was to obtain observations at zenith
angles lower than 40° or 45° depending on the dataset. All
data were taken using the wobble mode observation technique
(H.E.S.S. Collaboration 2006) with a typical pointing offset of
0.7° from the source position. During the period around the
actual periastron passage in February 2020, a loosened zenith
angle requirement of up to 60° was used to maximise the expo-
sure during this period. Unfortunately, the available observation
time, especially in February, was limited due to the Namibian
rainy season. Further data were acquired in 2021, assuring suf-
ficient coverage over the entire 5.5-year orbital period together
with the existing data from previous years.

A run® selection based on the standard spectral selection
criteria (H.E.S.S. Collaboration 2006) could be applied to the

2 A HES.S. run is an observation entity that lasts by default
1680 seconds.

CT1-4 data in the 2013-2016 time period (phase®: —0.28-0.29,
DS-A), as there the trigger threshold was still set at its default
value. This yielded 20.6 h of good-quality data in this time
period, whereas the combined observation campaigns of 2017
to 2019 (phase: 0.45-0.84, DS-B) had a live time of 63.3 h after
selection. For the data taken after 2019, a run selection based on
a trigger rate stability (RMS < 50 Hz for CT5) and run dura-
tion (=1500 s) was used. This resulted in a final dataset of 97.8
h during the 2020 periastron campaign (phase 0.97 to 1.05, DS-
C) and 31.5 h in 2021 (phase: 1.18—-1.21, DS-D). For DS-D, only
stereo data was considered due to the limited dataset and the
large systematics of the mono analysis. The basic properties of
the datasets are summarised in Table 1.

2.1. CT5 mono analysis

The data from the large central telescope can be analysed with
the monoscopic analysis method. As this method only consid-
ers data from one telescope, both the energy and the direction
reconstruction are computed utilising multi-layered perceptrons
with the image parameters of cleaned simulation images as input
for the training, following Murach et al. (2015). The excep-
tional noise levels in the 77 Car observations result in a mismatch
with simulations that assume standard observation conditions.
Therefore, a designated simulation set taking into account the
actually measured NSB (see Figure 1) has been produced with
the CORSIKA (Heck et al. 1998) and sim_telarray (Bernlohr
2008) packages. This simulation set was then utilised to pro-
duce custom instrument response functions that are valid for the
n Car observations. This involved retraining of the neural net-
works* used for reconstruction as well as for the gamma-hadron
separation. The cuts for the gamma-hadron optimisation and the
integration radius were optimised on simulations and real events
from source-free FoVs with increased noise level for a source
with a steep spectral index (3.7) and a flux of 2% of the Crab
Nebula (H.E.S.S. Collaboration 2006).

To get an accurate description of the background and its
acceptance, test runs targeted at other sources were transformed
to mimic the characteristics of reference runs from the n Car
field. The transformation was applied such that the test runs
would emulate the reference n Car run in pointing, time, and
camera features such as the measured pedestal width and broken
pixel pattern (H.E.S.S. Collaboration 2004). To properly imitate
the influence of increased and inhomogeneous noise, additional

3 The ephemeris from (Teodoro et al. 2016) was also used for the def-
initions of phase in this work. The phases of the datasets at hand are
quoted with respect to the 2014 periastron passage (phase = 0).
4 The neural networks were trained with the machine learning open
source platform TensorFlow using the Keras python interface.
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Fig. 2. Significance maps and radial excess distributions of the n Car
periastron dataset (DS-C). The resulting significance maps for CT5
mono (upper left) and CT1-4 stereo (upper right) are shown with cor-
relation radii of 0.13° and 0.09°, respectively. The position of n Car
is marked with a red cross. Additionally, all other Fermi-LAT 4FGL
sources (Abdollahi et al. 2022b) in the FoV are marked. The radial
excess distributions for mono (lower left) and stereo (lower right) anal-
yses are centred on the 1 Car position. They are compared to the PSF
derived from simulations with an assumed index of 3.3. The scale of the
PSF was matched to the first bin.

noise was added on a per-pixel basis to match the noise level of
the reference run. This procedure was repeated for every n Car
run. These runs were then stacked and utilised through an on-off
background approach (Berge et al. 2007) using the Gammapy
(version 1.0) software package (Donath et al. 2023; Acero et al.
2022). An additional cut on the shower displacement variable
that describes the offset from the reconstructed shower position
to the shower’s centre of gravity (see Murach et al. 2015, for def-
inition) was introduced. Showers influenced by NSB and broken
pixels, as is the case in the central region of the Carina Nebula,
are more likely to be incorrectly reconstructed close to their own
centre of gravity. Therefore, a lower limit on the shower displace-
ment variable was introduced, as is described in more detail in
Appendix A, to reduce the number of showers severely affected
by these effects.

The resulting significance map for the 2020 dataset (DS-C)
with a correlation radius of 0.13° is shown in Figure 2. At the
n Car position, a significance of 7.1 o is found using the approach
described in Li & Ma (1983). The signal appears point-like and
the residual significance distribution is described by a Gaussian
with a width of 1.3, which is wider than the desired case (see
Appendix B).

A circular region ® = 0.13° in size, centred at n Car, the
result of the cut-optimisation procedure, was chosen to derive the
spectral properties modelled with a power law of the form ¢ =

o (E%)—r- The lower energy threshold of the analysis, defined
as the energy bin at which 10 % of the maximal effective area
is reached, is 0.14 TeV. The fit results in a soft spectrum with a
spectral index of I' = 3.3 & 0.4, + 0.25y and a flux normali-
sation of ¢ = (4.5 £ 1045 797 s X 100" TeV-lem™2s! at a
fixed reference energy Ej of 0.2 TeV. The spectrum is presented
in Figure 3.
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Fig. 3. Resulting spectral model from the stereo analysis of the perias-
tron dataset (DS-C, red circles) compared to the spectral model derived
in the mono analysis (dark red triangles) of the same dataset. Further-
more, the best-fit spectral model for the 2021 dataset (DS-D, yellow
squares) at phase ~1.2 is shown. Additionally, also the derived flux
points are compared. The error estimates plotted are statistical uncer-
tainties only.

We note that the spectral properties derived with the
customised analysis configuration for DS-C are inconsistent
with the results presented in H.E.S.S. Collaboration (2020)
based on observations around the 2014 periastron passage. The
differences are attributed to improvements in the understanding
of noise levels and the effects on data analysis when using
FlashCam. Systematics were underestimated in the results pre-
sented previously due to the impact of the extreme NSB in the
n Car FoV on the mono analysis method (for more details, see
Appendix B). Consequently, no physics conclusions, especially
concerning variability, should be drawn from comparison with
the previous work.

We adopted a conservative treatment of the systematics of
the spectral parameters, in particular for the flux normalisation.
For previous mono analyses with FlashCam data, a systematic
uncertainty on the flux normalisation of ~20% (e.g. H.E.S.S.
Collaboration 2022) was estimated. Due to the reduced but still
present influence of NSB, the systematic uncertainty for the
analyses presented in this work can be assumed to be asymmet-
ric, potentially biasing the result towards a higher flux. This is
evident from the wider-than-expected residual significance dis-
tribution and the remaining features in the significance map,
which cannot be associated with sources from the Fermi-LAT
4FGL (Abdollahi et al. 2022b) catalogue. Therefore, it can be
assumed that these are remaining noise artefacts. From the sig-
nificance of the remaining features in the significance map, a
potential residual reconstructed emission caused by NSB trans-
lating into a systematic uncertainty of the flux level of ~50 % can
be estimated.

2.2. CT1-4 stereo analysis

For the CT1-4 stereo analysis, the InPACT reconstruction tech-
nique (Parsons & Hinton 2014) was chosen. As the stereo direc-
tion reconstruction is more robust against the effects of noise and
the noise level is taken into account for the InPACT-based recon-
struction, no custom analysis configuration and background
modelling method had to be employed. Instead, the ring back-
ground method and the reflected regions background method
(Berge et al. 2007) were utilised for the derivation of maps and
spectra, respectively. The analysis was reproduced with a second
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independent reconstruction method (Khelifi et al. 2016). This
cross-check analysis yielded compatible results within uncer-
tainties.

For the 2020 periastron dataset (DS-C), a point-like signal
with a significance of 8.5 o is found at the i Car position using
the default integration radius of 0.07°. The resulting significance
map is shown in Figure 2. If compared to other Fermi-LAT 4FGL
sources (Abdollahi et al. 2022b), no other sources are signifi-
cantly detected. The background outside of the exclusion region
is normalised with a significance distribution fitted by a Gaussian
with a width of 1.17 and a mean of -0.02, which is also a bit wider
than desired.

The lower energy threshold is 0.31 TeV and the reference
energy was fixed at 1 TeV. Assuming again a power-law spec-
trum, the best-fit result yielded a spectral index of I = 3.3 +
0.24at £ 0.14y, and a flux normalisation of ¢g = (2.0 £ 0.3, *
0.5yst) X 10783 TeV- ecm™2s~!, which is consistent with the
mono result, as is shown in Figure 3. The highest significant flux
point has an energy of 1.18 TeV and bin edges of 0.98 TeV and
1.43 TeV. In the following, this is adopted as a tentative estimate
of the maximum photon energy.

The 2021 dataset (DS-D) was analysed with the same meth-
ods as DS-C. This yielded a 5.1 o detection and a consistent
spectrum (see as well Figure 3) with a spectral index of I' =
3.7 £ 0.54q * 0.15y and a flux normalisation of ¢p = (1.3 +
0.641a = 0.34y5) X 1073 TeV~' cm™2s7! at a reference energy of
1 TeV.

As the stereo CT1-4 analysis uses standard configurations
and methods, the systematic uncertainties were taken to be on a
comparable level to H.E.S.S. Collaboration (2006) with an addi-
tional systematics of 15% on the flux normalisation based on the
larger than expected width of the residual significance distribu-
tion. This results in a total systematic error on the index of 0.1
and the flux of 25%.

3. Fermi-LAT data analysis

Data from Fermi-LAT was analysed in a time interval contem-
poraneous to the H.E.S.S. periastron dataset (DS-C). In order
to retrieve a steady model of the FoV, in a first iteration a fit
was performed on the full 14-year dataset of Fermi-LAT on that
region. The data selection was based on the latest Fermi-LAT
Pass 8 data (Bruel et al. 2018) starting from August 4 2008 (MET
239557417) to October 26 2022 (MET 688521600). Events over
an energy range from 100 MeV to 500 GeV were included from
a region of interest (ROI) of 20° by 20°, centred at the nomi-
nal position of n Car and using equally spaced binning (0.1°)
in Galactic coordinates. Data were selected using the SOURCE
event class (evclass=128) with joint FRONT+BACK event types
(evtype=3). Time intervals in which the ROI was observed at a
zenith angle greater than 90° were discarded. Data were analysed
using the Fermitools (version 2.2.0), which is the official Sci-
enceTools suite provided by the Fermi Science Support Center?,
and FermiPy (version 1.2) (Wood et al. 2017) software packages.

The model of sources surrounding r Car includes all sources
in the ROI from the Fermi-LAT 12-year source catalogue
(4FGL-DR3, Abdollahi et al. 2022b), except the unidentified
point source 4FGL J1046.7-6010. This particular source is
located in the centre of the molecular cloud Southern Pillars
(Rebolledo et al. 2016), which was added as a diffuse source
together with other molecular cloud templates as described in

5 https://fermi.gsfc.nasa.gov/ssc/
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Fig. 4. Fermi-LAT and H.E.S.S. flux points for the SED obtained
around the 2020 periastron (orbital phase 0.97-1.05). The total peri-
astron model as well as the individual components from White et al.
(2020), assuming a radial distance of the gamma-ray emission of 20 au
as is discussed in the text, is shown. The individual components denote
the absorbed hadronic and secondary leptonic components from both
winds. The dashed line denotes the unabsorbed model.

Steinmassl et al. (2023). The exact analysis details are sum-
marised in Table C.1.

After retrieving a model valid for the full time interval, all
data between the start (MET 598755697) and the end (MET
612045512) of the H.E.S.S. periastron dataset (see DS-C in
Table 1) were selected. The spectral properties of  Car (4FGL
J1045.1-5940), modelled as a point source with a log-parabola
spectrum ¢ = ¢o(E/Eq) @ P1oeE/E0)  were freed and fit. Next,
sources associated with large residuals (test statistic® ATS >
25) in the periastron dataset were additionally freed and the
fit was repeated to improve the overall fit quality. Using this
approach, a highly significant excess from the position of i Car
(ATS = 489) was found. The retrieved best-fit model for 7 Car,
with @ = 231 £ 0.08, 8 = 0.18 £ 0.04, and ¢y = (2.99 =
0.23) x 1078 cm~2erg™' s™! at a fixed reference energy of Ey =
2.11 GeV, is consistent with previous studies (Marti-Devesa &
Reimer 2021; Steinmassl et al. 2023).

Furthermore, from the analysis of the full-time interval, a
temporal analysis was obtained using the lightcurve function of
FermiPy. For this, time bins of ~60 days (phase = 0.03) were
defined and the model parameters of 7 Car and the isotropic
background component were freed.

4. Combined spectrum and light curve

The spectral result for the H.E.S.S. periastron observation cor-
responds to the phase interval from 0.97 to 1.05. Overall, the
combined spectral energy distribution (SED) of the H.E.S.S.
and the Fermi-LAT flux points extends from 100 MeV up to
tera-electronvolt energies (see Figure 4). Its shape highlights the
two components (below and above ~10 GeV) already revealed
by other studies (e.g. Farnier et al. 2011; Balbo & Walter 2017,
Marti-Devesa & Reimer 2021).

The datasets for the years from 2013 to 2019 (see Table 1)
were also analysed with the reflected regions background method
to derive a long-term light curve (see Figure 5). As the

6 The test statistic is defined as the difference in the Cash statistic (Cash
1979) between the models with and without the evaluated source.
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Fig. 5. H.EE.S.S. light curve (red) above 310 GeV derived from the
stereo data in this work compared to the Fermi-LAT light curve (blue)
above 100 MeV (scaled down with 1072) with a bin size of ~60 days.
The dashed lines represent the periastron passages of 2014 and 2020 at
phases 0 and 1, respectively. The error bars correspond to the 68% con-
fidence interval and upper limits (at 95% confidence) were calculated
for phase bins with a less than 2 o~ detection significance.

systematics of the mono reconstruction on the n Car field are
large (Section 2.1), the light curve is based on the stereoscopic
reconstruction of CT1-4 data only. Stereoscopic datasets from
the years before 2012 have already been published in H.E.S.S.
Collaboration (2012). The data-taking stability during the early
years of n Car observations was not yet optimised with tailored
trigger settings for CT1-4 and during some observation phases,
only CT5 mono observations were taken. Therefore, the avail-
able CT1-4 dataset is rather limited, especially for the years 2013
to 2016. The stereo data taken around the last periastron was not
considered in H.E.S.S. Collaboration (2020) but is taken into
account in this work. However, only a few runs pass the selec-
tion cuts. The data were analysed separately for the DS-A and
DS-B datasets (as is defined in Table 1).

In the combined DS-A dataset, the total significance at the
n Car position was below 20~. Hence, only upper limits for a
light curve could be derived. For this, the time bins were cho-
sen according to the observation campaigns in the different
years. The energy flux for the light curve in general was derived
between 0.31 and 3.1 TeV.

In the 2017-19 data (DS-B), the detection significance
reaches only 3.40. For this period, a spectral index of I' =
3.6 £ 0.54a * 0.15y and a flux normalisation of ¢p = (0.7 +
0.35tar + 0.24y6) X 1078 TeV-L cm™2s7! at a reference energy of
1 TeV was retrieved, even though these should be considered
only as tentative estimates due to the low significance. To obtain
light curve points, the time bins were again chosen according to
the observation campaigns in the different years. With this, only
the 2019 data yielded a flux point above the 20 threshold, with a
significance of 2.30-.

Due to the large quantity of observational data, the 2020 peri-
astron dataset (DS-C) could be split up into shorter time bins,
each several weeks in duration. The bins were defined from the
different periods between observation breaks in H.E.S.S. due to
the bright moon. The resulting light curve as a function of time
and phase can be seen in Figure 5. A reduction in the flux before
the 2020 periastron passage in the combined flux of DS-B (phase
0.45-0.84) is hinted at, whereas the flux rises towards the 2020
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periastron. Nevertheless, the null hypothesis of a constant flux
cannot be ruled out. During the periastron passage, no clear vari-
ability within the uncertainties on short timescales of roughly
a month is present. At phase 1.18-1.21 (corresponding to DS-
D), the flux is still comparable to the periastron flux. If the hint
can be confirmed, the general behaviour of the long-term VHE
light curve is rather similar to the Fermi-LAT light curve above
100 MeV derived using the full dataset described in Section 3.

5. Interpretation and discussion

The emission of the higher-energy component (above 10 GeV)
is generally believed to be of hadronic origin (e.g. Farnier et al.
2011; Ohm et al. 2015; Balbo & Walter 2017; Marti-Devesa &
Reimer 2021; Steinmassl et al. 2023). Producing photons with
these energies in a leptonic scenario is challenging. Estimations
of the stellar wind and shock parameters imply a Hillas limit of
several tens of tera-electronvolts (see e.g. H.E.S.S. Collaboration
2020), which is well in line with the observed gamma-ray
spectrum reaching up to tera-electronvolt energies.

At each of the two shocks associated with the two winds
(Eichler & Usov 1993), protons and electrons are accelerated.
To derive a resulting gamma-ray spectrum, we employed a col-
liding wind shock-acceleration model (see White et al. 2020).
Within this model, protons accelerated at the shock of the com-
panion star radiating via proton-proton interactions are the main
contributing population to VHE gamma-rays. This is similar to
other models (Gupta & Razzaque 2017).

The picture in the lower-energy gamma-ray domain is not
as clear, and the hadronic scenario of the model, assigning the
emission below 10 GeV to protons accelerated in the primary
wind, is not yet fully confirmed (Marti-Devesa & Reimer 2021).
Nevertheless, there is a clear hint of a spectral break at ener-
gies consistent with the interpretation of a pion bump (Abdollahi
et al. 2022a). As the focus of this work is on the higher-energy
domain, the lower-energy component is not further discussed.

To match the observed H.E.S.S. data from the 2020 perias-
tron passage, the predicted gamma-ray spectra at the periastron
phase before absorption (phase 0.995 to 1.025) were taken from
White et al. (2020). In their model, the highest-energy protons
are accelerated at the termination shock of the companion’s
wind, and mix with the shocked material of the denser primary
wind. The gamma-ray emission is thus produced in the bal-
listic region right outside the shock cap (see Parkin & Pittard
2008), which during periastron is located close to the two lumi-
nous stars. The resulting absorption, and associated reduction in
the H.E.S.S. flux around periastron, is too strong to explain the
findings in this work (see Appendix D and Figure D.1).

Hence, a reduced gamma-gamma absorption during perias-
tron with respect to their model needs to be assumed. To reduce
the absorption, the emission region of gamma rays should be
located further out. This effectively implies an enlarged mix-
ing region in the system. To account for this, transparency
curves were calculated at several radial distances from the cen-
tre of mass of the binary system (more details can be found
in Steinmassl et al. 2023). The emission was assumed to be
spherically symmetric and the geometry of the system adapted
to periastron assuming the stellar and orbital parameters as
summarised in Tables D.1 and D.2.

When compared to the H.E.S.S. data during periastron, the
modelled flux level is better matched if the emission takes place
at a distance of 10 au to 20 au from the binary. Further details
are provided in Appendix D. In Figure 4, the individual com-
ponents and the total emission of the model are compared to
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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 n 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
n 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 1 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 1 Car-B is assumed. These findings are also in
line with the light curve of ; 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 r Car
has been presented, with a special emphasis on the 2020 perias-
tron passage. n7 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 n 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 I' ~ 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 7 Car, with the H.E.S.S. detection
tracing the protons accelerated on the side of  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.
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Appendix A: H.E.S.S. mono analysis — Cut on
shower displacement variable

The direction of shower images influenced by high noise lev-
els and broken pixels is hard to reconstruct with a single image.
The resulting displacement parameter dggco (see Murach et al.
2015) might thus be poorly constrained. Especially in the high
NSB region around n Car (see Figure 1), the shower direction
might be reconstructed rather close to the image itself, having a
small Sggco. This would contribute to an excess in the region not
originating from a true gamma-ray source. The dggco distribu-
tion was derived from point source gamma-ray simulations with
0.7° wobble offset, which were weighted to represent a source
with a spectral index of 3.5. This was compared to the excess
in the n Car on region (radius = 0.13°). The excess in the on
region was derived by subtracting the normalised distribution
found in the transformed off runs from the distribution found
in the 7 Car runs. The normalisation @ was derived to have equal
counts in the on and off maps outside of the exclusion mask. As
presented in Figure A.l the distribution from gamma-ray sim-
ulations is well constrained, whereas the excess events exhibit
some excess at smaller dggco values. Consequently, a cut on
Oreco = 0.009 was introduced, which keeps 80% of the gamma
rays but limits the number of closely reconstructed background
events. The resulting distribution after applying this cut to the
full DS-C dataset and the corresponding off dataset yields a bet-
ter match. The loss in gamma-ray efficiency was incorporated in
the instrument response functions accordingly.
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Fig. A.1. On the left the distributions of the displacement variable
Oreco are compared between gamma simulations and excess events from
the on region. The gamma simulations are point-like simulations at 40°
zenith and 0.7° offset. A spectral index of 3.5 is assumed. After applying
a cut of Sgrco = 0.009 the distributions, as well as a have been derived
again and are compared in on the right. Both the MC and excess distri-
bution are normalised to an area under the curve of 1.

Appendix B: H.E.S.S. mono analysis comparison
details

For the mono analysis described in Section 2.1 an on-off
background method built from Off-runs emulating the n Car
observing conditions was utilised. If a ring or reflected regions
background technique (Berge et al. 2007) is applied as it was
done in H.E.S.S. Collaboration (2020), due to the inhomo-
geneous NSB, the resulting signal is contaminated by noise
artefacts depicting a very large extended excess strongly devi-
ating from the size of the point-spread function. This is not in
line with the expectation of a point-like signal, as the physical
scales relevant for the VHE emission (see e.g. Steinmassl et al.
2023) are well below the resolution limit of H.E.S.S. Further-
more, the background normalisation is very poor with obvious
features in the significance map outside the exclusion regions
up to =12 0. A Gaussian fit to the distribution of these signif-
icance values yielded a width of 2.4 deviating strongly from a
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Fig. B.1. Upper panel: resulting histogram of significance values

outside of the exclusion mask (0.8° centred on 7 Car) from the ring back-
ground analysis method as also used in H.E.S.S. Collaboration (2020)
drawn together with a fitted Gaussian. The Gaussian strongly deviates
from an ideal background description with width 1. For comparison the
distribution of significances for the on-off method is shown as well.
Lower panel: radial excess distribution from the ring background and
the on-off background analysis centred at 7 Car compared with the point
spread function (PSF) derived from simulations (scaled to match the on-
off excess in the first bin). Additionally, the radial NSB profile is shown
with arbitrary scaling.

good background description with width 1. These findings are
summarised in Figure B.1.

The effects of noise and broken pixels, that will e.g. crop
or enlarge images ultimately leading to a bad direction recon-
struction, are not negligible and not homogeneously distributed.
From this, it is obvious that the assumption of a radially symmet-
ric acceptance does not hold for this particular FoV. The NSB
peaks close to the position of 7 Car with an extended high NSB
region coincident with the extent of the Carina Nebula (see Fig-
ure 1 and Figure B.1). This strengthens the point that the excess
derived with the ring background method is indeed mostly a
noise artefact.

A spectrum derived with the default reflected regions back-
ground method resulting in a similar large signal as with the ring
background method yields a flux estimate considerably higher
than the one derived with the careful on-off background treat-
ment. The two flux levels are inconsistent but the result of
the reflected region analysis is consistent with the results pub-
lished in H.E.S.S. Collaboration (2020) (see Figure B.2). This
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strongly implies that the spectrum presented there suffers from
unaccounted systematics due to noise.
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Fig. B.2. The resulting SED from the on-off approach with flux points
is compared to the spectral model derived from a reflected regions anal-
ysis without any special treatment to model the noise influence. The
spectra from the datasets (DS) 1 and 2 taken around the 2014 periastron
passage from H.E.S.S. Collaboration (2020) are also shown for com-
parison. The spectral models for the 2020 dataset (DS-C) only include
statistical errors, whereas the 2014 spectra also include systematic errors
as discussed in the paper.

Appendix C: Further Fermi-LAT analysis details

Table C.1. Configuration used for the Fermi-LAT analysis.

Parameter Value

Data release PSR3

IRFs P8R3_SOURCE_V3
ROI data width 20°

ROI model width 25°

Bin size 0.1°

zmax 90°

Coordinate system GAL

Minimum energy 100 MeV

Maximum Energy 500 GeV

MET start 239557417 1 598755697
MET stop 688521600 / 612045512
MET excluded (ASASSN-18fv) 542144904 — 550885992
evclass 128

evtype 3

edisp True

edisp binning -1

edisp disabled Isotropic

Light curve binsize 5244652.8 s

Galactic diffuse template gll_iem_vO07 fits
Isotropic background component | iso_PSR3_SOURCE_V3_vl.txt
Fermi-LAT catalogue 4FGL-DR3 (gll_psc_v29 fits)

Notes. The time period MET 542144904 — 550885992 was excluded due
to the bright nova ASASSN-18fv, or V906 Carinae, (Aydi et al. 2020)
within the ROL
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Appendix D: Further details on the model

As discussed in Section 5 the predicted gamma-ray spectra
before absorption were taken from White et al. (2020). In their
model, diffusive shock acceleration at the two shocks associ-
ated with the two winds is calculated for several phases based
on the model described in Ohm et al. (2015). The model adopts
a highly eccentric orbit of the system (see Table D.1) and the
stellar parameters as summarised in Table D.2.

The individual winds are assumed to be constant, spheri-
cally symmetric and to have reached terminal velocity before the
WCR. The geometry of the shock cap itself is governed by the
momentum balance of the two winds. The parameters used to
model the efficient acceleration in the system are summarised in
Table D.2. It is assumed that ~10% of the available wind power
goes into the acceleration of protons on each shock.

In all cases, the electron acceleration is limited by inverse
Compton losses. Furthermore, all non-thermal particles acceler-
ated at the shock of n Car-A are calorimetric, due to the small
energy-loss timescale (~10 days) for interactions of accelerated
protons with nuclei in the dense wind. The protons accelerated
on the more tenuous wind of 7 Car-B eventually escape the WCR
ballistically and can interact where the mixing of the two winds
occurs. As discussed in more detail in Steinmassl et al. (2023), it
is estimated that approximately 90% of cosmic rays accelerated
at the shock of n Car-B eventually escape, resulting in a power
of escaping cosmic rays of 6.5 x 10°° ergs™'.

White et al. (2020) assumed in their paper a mixing length
of one shock cap radius. This implies a small emission region
during periastron and was used in their paper to calculate the
absorption behaviour due to gamma-gamma interactions with
the stellar photon fields. The H.E.S.S. measurements constrain
the absorption and hence the size of the emission region, which
was further investigated in this work.

Therefore, we utilised the predicted gamma-ray spectra
before absorption during the periastron phase (phase 0.995 to
1.025 in their work). They were then matched with different
transparency curves as a function of energy with the same
method as in Steinmass] et al. (2023). The characteristics of the
photon fields are summarised as well in Table D.2. For n Car-A
two different variants were assumed, one following the higher
temperature value used in White et al. (2020) and another one
using the lower temperature derived by Groh et al. (2012). The
transparency curves were calculated for spheres at radial dis-
tances of 10 to 200 au. As a result, the total gamma-ray emission
assuming the different absorption curves is presented in Fig-
ure D.1. There, the results obtained with the lower temperature
case for n Car-A are presented. Nevertheless, even though the
shape of the transparency curve changes between the two vari-
ants, in both cases an emission region at distances of ~10 to
~20 au is needed to explain the VHE flux level.

To account for a slightly higher flux in the low-energy com-
ponent in comparison with the dataset in White et al. (2020)
based on the previous periastron passage, the flux from n Car-A
was increased by a factor of 1.1.

Furthermore, the cut-off energy of the proton spectrum with
index 1.8 was estimated to be 1.1 TeV in the model of White
et al. (2020). This estimate was obtained by fitting an expo-
nential cut-off power law proton spectrum of the form ¢ =

- a .
do (EEO) exp (— (EE) ) using the Gamera package (Hahn 2015;
Hahn et al. 2022). The normalisation ¢, was fixed to be equal to
the model spectrum at 1 GeV, the cut-off index set to @ = 1 and

the fit was run between 1 GeV and 3 TeV. As this cut-off can
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Table D.1. Assumed orbital parameters

Parameter Value Reference
Eccentricity € 0.9 1
Semi-major axis a [au] | 16.64 2
Inclination [°] 135 3
Position angle [°] 10 3

References. (1) Damineli et al. (2008); (2) Hillier et al. (2001); (3)
Madura et al. (2012).

Table D.2. Stellar and model parameters

Parameter n Car-A n Car-B References
R, [Ro] 100/ 843 20 1,2
T, [10*K] 2.58/7 0.94 3.0 3,2
L, [10°Lo] 4/5 0.3 3,2
M[Mpyr'] | 48x10™% 14x107 4
Voo [kms™!] 5x 10? 3x 103 4
B, [G] 100 100

Vrot [Uoo ] 0.15 0.15

Nacc 15 5

Py [Pyind] 10 % 9%

P./P, 3% 3%

Notes. Adapted from Table 1 in White et al. (2020). R, denotes the
stellar radius, 7', the surface temperature, L, the luminosity, M the mass
loss rate and v., the thermal velocity. The surface magnetic fields B,
the rotation velocities v,o, the acceleration efficiency parameters 7.,
the wind power going into the acceleration of protons P, and the ratio
P. /Py, of the power going into the acceleration of electrons above 1 MeV
and protons above 1 GeV were chosen in their model. For the photon
field of  Car-A two different scenarios were assumed.

References. (1) Corcoran & Hamaguchi (2007); (2) Groh et al. (2012);
(3) Davidson & Humphreys (1997); (4) Parkin et al. (2009).

be better constrained by the H.E.S.S. measurements presented in
this paper the proton cut-off energy was varied in 20 logarith-
mic bins between 0.32 and 3.2 TeV keeping all other parameters
fixed. The corresponding gamma-ray spectra were calculated
using again the Gamera package and compared to the perias-
tron SED (see also Figure D.1) applying the absorption curves at
20 au. This implies a cut-off energy for protons of ~1.5TeV to
explain the shape of the VHE data.
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Fig. D.1. Model spectra for different emission regions and cut-off ener-
gies compared to the combined SED.

Upper panel: The total predicted model flux for the periastron phase
is compared to the data assuming different gamma-gamma absorption
curves. For comparison, also the absorbed and unabsorbed model from
White et al. (2020) (as also presented in Figure 4) is shown. The absorp-
tion in their model assumes gamma-ray production close to the shock
cap.

Lower panel: The cut-off energy, E., is varied, keeping the index and
normalisation fixed. The cut-off energy was varied in 20 logarithmic
bins between 0.32 and 3.2 TeV. The emission region was assumed to be
at a distance of 20 au and the resulting absorption curve was used. The
total model refers to the total emission from the original model without
adapting E..
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