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Highly extended gamma-ray emission around the Geminga pulsar was discovered by Milagro and
verified by HAWC. Despite many observations with Imaging Atmospheric Cherenkov Telescopes
(IACTs), detection of gamma-ray emission on angular scales exceeding the IACT field-of-view
has proven challenging. Recent developments in analysis techniques have enabled the detection of
significant emission around Geminga in archival data with H.E.S.S.. In 2019, further data on the
Geminga region were obtained with an adapted observation strategy. Following the announcement
of the detection of significant TeV emission around Geminga in archival data, in this contribution
we present the detection in an independent dataset. New analysis results will be presented, and
emphasis given to the technical challenges involved in observations of highly extended gamma-ray
emission with IACTs.
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1. Introduction

The curious nature of the Geminga pulsar is reflected in its name; originating from aGAmma-
ray source in Gemini, yet also from a Milanese dialect meaning “it’s not there” [1]. Unusually for
pulsars, Geminga is radio quiet and was first detected through pulsed emission in gamma-rays. It is
also one of the closest pulsars to Earth, located at a mere 250 pc away, with a spin period of 237ms,
a characteristic age of 342 kyr, and a spin-down luminosity of ÛE = 3.2 × 1034ergs−1 [2].

Despite the detection of extended gamma-ray emission around Geminga by Milagro and the
subsequent confirmation by HAWC, detection of the emission by Imaging Atmospheric Cherenkov
Telescopes (IACTs) has remained elusive [3, 4]. Given its proximity and age, the emission is
considerably extended, at ∼ 5.5◦ radius measured by HAWC in the energy range 8-40 TeV [3]. This
size is beyond that of the typical IACT field of view, making its detection particularly challenging.

Whilst IACT facilities such as H.E.S.S. observe the Cherenkov light from extensive air showers
initiated by cosmic rays and gamma-rays in our atmosphere, HAWC is a ground-based particle
detector that observes the Cherenkov light in water tanks for energetic extensive air showers [5, 6].
As such, the two facilities employ distinct but complementary techniques. The H.E.S.S. (High
Energy Stereoscopic System) experiment is an array of five IACTs located in the Khomas Highlands
of Namibia at ∼ 1800m altitude. Four telescopes are located on the corners of a square with 120m
sides, have a mirror dish area of 108m2, a field-of-view of 5◦ and are known as CT1-4 respectively.
The fifth telescope (CT5) is located at the centre of the square, has a mirror dish area of 614m2, a
field-of-view of 3.2◦ and is sensitive to lower energy gamma-rays.

Recently, several discrepancies were found between HAWC and H.E.S.S. data, especially
concerning more extended gamma-ray sources, and a more concerted effort was made to compare
and understand data from the two experiments in the common part of the Galactic plane [7].
Applying some of the lessons learnt to archival H.E.S.S. data on the Geminga pulsar, extended
emission could be confirmed by the H.E.S.S. experiment as shown in [8].

In 2019, further observations of the Geminga pulsar were made, with a particularly large offset
of pointing positions around the pulsar, namely ±1.6◦ in R.A. and Dec (compared to the more
usual ∼ 0.7◦). Offsets this large push the limits of the system capabilities in an attempt to cover as
much of the extended emission as possible, given the limited H.E.S.S. field-of-view of 5◦, as the
relative acceptance starts to degrade considerably for offsets beyond & 1◦ [5]. For this reason the
fifth telescope (CT5), with an even smaller field-of-view of 3.2◦, was not included in this analysis.
Using this independent dataset, we confirm the detection by H.E.S.S. of extended emission around
the Geminga pulsar, and present first results concerning the morphology of the emission. It should
be noted, however, that even with the adapted pointing positions, the full scale of the emission
continues to exceed the H.E.S.S. field of view such that the true extent of the TeV emission cannot
be measured.

2. Analysis and Results

Given the challenges posed by such highly extended emission, standard background approaches
such as the Ring background or the Reflected background are ineffective [9]. In the Ring method,
the background is estimated from regions free of source emission at equal distance from the source,
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Figure 1: Excess emission around the Geminga pulsar with two different background estimation methods.
Left: using the On-Off background method and Right: using the FOV background method.

whereas in the Reflected method the background is estimated from regions of equal size to the
test region yet reflected around the pointing position of the telescope in order to provide equal
camera acceptance. Both of these methods rely on utilising source-free regions of the sky within
the field-of-view; yet with observations of the Geminga region, the source fills the field-of-view
such that there are no source-free regions available.

For this reason, two different background estimation methods were used; the so-called On-Off
and field-of-view (FOV) methods. The FOV method uses a model of the acceptance to predict the
expected background over the full FOV, and is the approach most similar to that used by the HAWC
collaboration [7]. The On-Off method treats all data taken on the Geminga region as "On source"
data, and estimates the background from "Off source" data which are defined by the user. In this
case, extragalactic data taken on regions with no significant source (e.g. observations of dwarf
spheroidal galaxies) are used.

H.E.S.S. observation data is typically collected in “runs” that last ∼ 28min; each On run
is therefore matched with a suitable Off run for the analysis. Matching criteria include: the
combination of telescopes present in the run, which we require to be all four of the 12m telescopes;
the duration of the run, which must agree to within ∼ 4min; and the average zenith angle of the
run, which must agree to within ∼ 5◦. Additional corrections for remaining differences are applied
during the analysis.

To gain a handle on the systematics that affect this analysis, two independent lists of Off runs
were prepared; variation in the results between the two can then be used as a measure of the
intrinsic systematic uncertainties of this approach. All results were analysed using a sensitive image
template-based analysis [10] and cross-checked using an independent analysis chain [11].

Figure 1 shows excess maps of the Geminga region, with a correlation radius of 0.08◦, slightly
larger than the point spread function (PSF) in both analyses. Overlaid on the maps are the pulsar
location, the proper motion direction of the pulsar (white arrow) [12] and the Galactic plane (white
dashed line). Cyan contours are obtained with a 0.5◦ correlation radius and additionally smoothed,
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Figure 2: Excess emission in the Geminga region, correlated with 0.5◦ radius. To establish whether the
emission is isotropic, two regions (A & B) were defined as described in the main text. There is a clear
asymmetry to the emission, with side A a factor ∼ 1.5 brighter than side B.

whilst the PSF is indicated on the maps for scale. There are three things to note in figure 1: firstly,
that the emission is not centred on the pulsar location but appears offset; secondly, that the emission
distribution is not identical between the two background methods; and thirdly, that there is no clear
distinction / edge to the emission. We address each of these points in turn below.

2.1 Offset and asymmetric emission

To verify the apparent offset and asymmetric nature to the TeV emission, we first investigated
the azimuthal distribution of emission around the pulsar (within a 3◦ radius), finding the direction
in which the emission was seen to peak and averaging this over different background methods.
Defining a line perpendicular to this, we split the region into two as shown in figure 2. Radial
profiles of the emission were constructed out to 3◦ radius (as shown by the circle in figure 2) and the
ratio of the profiles from sides A and B were used to determine if there was a significant difference
in brightness. We find that side A is indeed systematically brighter than side B by a factor ∼ 1.5,
confirming this apparent asymmetry to the emission.

From figure 2, one might be forgiven for thinking that there is additional substructure to
the emission around Geminga; however, we conducted several tests varying the excess counts
within statistical uncertainties, concluding that this sub-structure is not statistically significant. The
discrepancy between background methods illustrated in figure 1 supports this assessment.

2.2 Discrepancy in morphology between background methods

In order to directly compare the two background methods, the uncorrelated On counts were
projected onto the R.A. and Dec axes, together with the background counts from the two methods.
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Figure 3: Projections of the excess emission onto theR.A. (left) andDec (right) axes, compared to background
using two different methods. A clear excess is seen over much of the field of view, with some discrepancies
between the two background methods.

These slice projections are shown in figure 3, where the differences between levels of background
counts agrees with the morphology shown in figure 1. For example, towards lower declinations
than the pulsar position, the FOV background is lower than the On-Off background, such that the
emission would consequently be more pronounced in lower declinations for FOV background – as
indeed shown in figure 1.

It should be noted that the FOV background is normalised outside of an exclusion region,
defined to be a circle around Geminga with a 3.2◦ radius, whereas this is not the case for the On-Off
method. Additionally, the On-Off analysis was found to be very sensitive to the choice of Off data,
despite the corrections applied at analysis stage. It is therefore important that Off data is chosen
carefully to also be comparable in terms of atmospheric conditions and the status of the instrument.
Ideally, dedicated Off data would be taken specifically for such an analysis, although observation
time constraints typically do not allow for such an intensive programme.

2.3 Radial extent of the emission

The integration region is the region treated as “On source” from which the significance is
estimated. Figure 4 shows how the significance of the gamma-ray emission increaseswith increasing
radius of the integration region without flattening out to 2◦. This lack of flattening to the curve
allows us to confirm that the gamma-ray emission extends beyond 2◦, yet does not enable the
true extent of the emission to be measured. Integration regions larger than this are challenging
to analyse, such that we merely state here that we expect that gamma-ray emission from around
the Geminga pulsar continues to fill the field-of-view of H.E.S.S., despite our efforts with a much
increased pointing offset of 1.6◦ in this dataset.
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Figure 4: The significance is seen to increasewith radius of the integration region out to 2◦ without noticeable
saturation. A radius of 2◦ is therefore a lower limit on the true extent of the emission.

3. Conclusions and Outlook

H.E.S.S. confirms the detection of extended gamma-ray emission around the Geminga pulsar
in an independent dataset from that of the previously announced detection. Analysis of such TeV
sources with IACTs does, however, remain challenging. As particle detectors such as HAWC and
LHAASO discover increasingly more extended TeV sources around middle-aged pulsars; many of
them likely to be in the halo evolutionary phase; detailed studies of such sources with the IACT
capabilities (improved energy and angular resolution) are of great interest.

In this contribution we describe some of the challenges IACTs are faced with in the analysis of
Geminga, and some of the steps we have taken to check and verify our results internally. Systematic
uncertainties of such a measurement are highly relevant to the interpretation of the results; the
distribution of the emission is found to be asymmetric around the pulsar, but we do not claim
further specific details of sub-structure to the morphology. Such features are below the sensitivity
that our analysis can confirm within the level of the uncertainties.

Nevertheless, we can state that the true radial extent of the emission is definitely ≥ 2◦ and highly
likely to be ≥ 3.2◦. A forthcoming publication will describe this analysis in detail, including the
tests made with different background approaches. This will additionally include a spectral analysis
of the innermost region around the Geminga pulsar, and a radial profile of the emission, to which
a diffusion model will be applied. We look forward to releasing these results to the community in
due course.
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