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ABSTRACT

Geminga is an enigmatic radio-quiet γ-ray pulsar located at a mere 250 pc distance from Earth. Extended very-high-energy γ-ray
emission around the pulsar was discovered by Milagro and later confirmed by HAWC, which are both water Cherenkov detector-
based experiments. However, evidence for the Geminga pulsar wind nebula in gamma rays has long evaded detection by imaging
atmospheric Cherenkov telescopes (IACTs) despite targeted observations. The detection of γ-ray emission on angular scales &2◦

poses a considerable challenge for the background estimation in IACT data analysis. With recent developments in understanding the
complementary background estimation techniques of water Cherenkov and atmospheric Cherenkov instruments, the H.E.S.S. IACT
array can now confirm the detection of highly extended γ-ray emission around the Geminga pulsar with a radius of at least 3◦ in the
energy range 0.5–40 TeV. We find no indications for statistically significant asymmetries or energy-dependent morphology. A flux
normalisation of (2.8 ± 0.7) × 10−12 cm−2 s−1 TeV−1 at 1 TeV is obtained within a 1◦ radius region around the pulsar. To investigate
the particle transport within the halo of energetic leptons around the pulsar, we fitted an electron diffusion model to the data. The
normalisation of the diffusion coefficient obtained of D0 = 7.6+1.5

−1.2 × 1027 cm2 s−1, at an electron energy of 100 TeV, is compatible with
values previously reported for the pulsar halo around Geminga, which is considerably below the Galactic average.

Key words. gamma rays: general – acceleration of particles – pulsars: general – diffusion

1. Introduction

The Geminga pulsar (PSR J0633+1746) is a radio-quiet γ-ray
source that was established as a pulsar in 1992, and at 250 pc

⋆ Corresponding authors; e-mail: contact.hess@hess-experiment.eu

is one of the closest pulsars to Earth (Bignami et al. 1983;
Bertsch et al. 1992; Bignami & Caraveo 1992; Faherty et al.
2007). Searches for extended γ-ray emission around Geminga
have been conducted ever since, proving unsuccessful for many
years (Akerlof et al. 1993; Aharonian et al. 1999), until it
was first detected at TeV energies by Milagro in 2007, with a
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diameter of 2.8◦ ± 0.8◦ (Abdo et al. 2007). This discovery was
subsequently confirmed by the High Altitude Water Cherenkov
(HAWC) collaboration, presenting evidence for significantly
extended emission on angular scales of up to ∼5.5◦ radius
(Abeysekara et al. 2017b). However, a detection with imaging
atmospheric Cherenkov telescopes (IACTs) remained elusive
(Singh et al. 2009; Finnegan 2009; Ahnen et al. 2016). With a
spin-down luminosity of Ė = 3.2 × 1034 erg−1, a spin period of
P = 237 ms and a characteristic age of τc = 342 kyr, Geminga
is one of the oldest pulsars around which extended very-high-
energy γ-ray emission has been detected, providing evidence
of energetic electron acceleration by middle-aged pulsars (τc ∼

0.1–1 Myr; Manchester et al. 2005)1.
The morphology of the emission as seen with HAWC was

found to indicate considerably slower diffusion than values
typical for the interstellar medium (ISM), yielding diffusion
coefficients a factor ∼100 lower at 100 TeV (Abeysekara et al.
2017a). Geminga and the similar nearby pulsar PSR B0656+14
are considerably older pulsars, with longer periods and lower
spin-down powers with respect to other pulsars associated with
extended TeV γ-ray emission. It has been proposed that the γ-ray
emission regions around these systems are in a different evo-
lutionary stage to other TeV pulsar wind nebulae (PWNe) and
they constitute a distinct source class of ‘TeV halos’ or ‘pulsar
halos’ (Giacinti et al. 2020; Linden et al. 2017)2. Within such
halos, the γ-ray emission is due to inverse Compton (IC) scatter-
ing by electrons that have escaped from the PWN and the energy
density of these electrons is lower than the ISM energy density,
that is they do not dominate the surrounding region dynami-
cally or energetically. As such, in contrast to the many PWNe
detected with the High Energy Stereoscopic System (H.E.S.S.),
with 12 firmly identified in the H.E.S.S. Galactic Plane Survey
(H.E.S.S. Collaboration 2018), the detection of extended γ-ray
emission around the Geminga pulsar with H.E.S.S. constitutes
the first unambiguous detection of a pulsar halo at TeV energies
by IACTs.

Extensive air showers (EAS) caused by cosmic rays are the
primary background source of triggered events for a γ-ray analy-
sis with IACTs. Despite state-of-the-art techniques in separating
gamma-initiated from hadron-initiated EAS, there remains an
irreducible background of gamma-like hadronic (mostly proton)
showers – those in which a large fraction of the energy is trans-
ferred to neutral pions in the first interaction (Maier & Knapp
2007). As the rate of background events can vary based on
the atmospheric conditions, observing direction, and hardware
settings, methods to estimate and model the background level
typically rely on counting gamma-like events within a region
of the sky in the same dataset away from the target region
(‘Off’), and subtracting this level from the region of interest
(‘On’; Berge et al. 2007). In the case of the Geminga halo, the
emission fills the field of view, such that there is no region free
from γ-ray emission available for such a background estimation.
This results in emission belonging to the halo being counted as
background.

Previous IACT observations of the region have resulted in
upper limits when probing angular scales in the range 0.1◦

to 0.3◦ (Finnegan 2009; Ahnen et al. 2016). Within the X-ray
range a PWN has been identified with two lateral tails of length

1 The term ‘electron’ is used to refer, collectively, to electrons and
positrons throughout, unless explicitly stated otherwise.
2 We adopt the latter term ‘pulsar halo’ to distinguish from the similar
escape phenomenon occurring in other sources, such as halos around
supernova remnants (Brose et al. 2021).

∼2–3′ and an axial tail of length 45′′, motivating searches
on these angular scales (Caraveo et al. 2003; Pavlov et al.
2010; Posselt et al. 2017). Analysis and detection of emission
on larger scales is challenging for IACTs, for reasons out-
lined above (Berge et al. 2007). Dedicated analysis approaches
developed for this sky region include matching observation
conditions between observations of this region and of empty
sky fields, in order to estimate the background across the
full region of interest (Flinders 2015; Abeysekara 2019; Hona
2021).

As shown in a systematic study of differences between the
analysis procedures of the water Cherenkov detector facility
HAWC and the H.E.S.S. IACT array (Abdalla et al. 2021), the
two experimental techniques are complementary approaches,
with HAWC providing good sensitivity to high energies (E &
10 TeV) and extended emission regions. In contrast, H.E.S.S. can
provide detailed morphological and spectral studies, thanks to
its few-arcmin angular and 10–15% energy resolution. Given the
extent of the significant emission detected with HAWC around
the Geminga pulsar (out to ∼5◦ radius), it is not currently pos-
sible for IACTs to measure the full extent of the emission using
standard background estimation techniques. However, as we also
show in the analysis presented here, it is nevertheless possible
for IACTs to significantly detect degree-scale extended emission
whilst controlling the estimated background, and to start probing
the morphological and spectral properties of the inner regions of
such sources (Aharonian et al. 2022).

Searches for spectral variation, energy-dependent morphol-
ogy or asymmetries to the emission are of particular interest to
investigate properties of the large scale pulsar halo. Similarly,
investigating the transport of energetic particles in the vicinity
of the pulsar is important to establish whether the properties
are consistent with suppressed diffusion as seen in previous
analyses.

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

2.1. H.E.S.S. observations

H.E.S.S. is an array of five IACTs, located in the Khomas High-
land of Namibia at 1800 m above sea level. Four of the telescopes
(CT1–4) have mirror areas of 107 m2 whilst the fifth (CT5) has a
mirror area of 612 m2 and correspondingly lower energy thresh-
old (Holler et al. 2015). Due to its smaller field of view, of 3.2◦

(compared with the 5◦ field of view for the smaller telescopes),
CT5 is not used in this analysis. The electronics of the cameras
of the CT1–4 telescopes were upgraded in 2017 (Ashton et al.
2020). Observation data are collected with H.E.S.S. in ‘runs’
typically 28 min in length, during which telescopes are pointed
towards a specific sky position.

H.E.S.S. observed the Geminga region using ‘wobble’ mode
offsets of 0.5◦ and 0.7◦ around the Geminga pulsar (RA
06h33m54s, Dec +17◦46′13′′) over two seasons in 2006–2008,
for a total of 14.2 h of livetime (see Table 1; Aharonian et al.
2006). With these default wobble offsets, no γ-ray emission
has been detected when using background estimation techniques
probing radii of .0.3◦. Further observations were taken dur-
ing the first quarter of 2019, employing a pointing strategy
with much wider pointing offsets of ±1.6◦ from the pulsar
in RA and Dec, for a total livetime of 27.2 h. These offsets
are among the widest ‘wobble’ mode pointing offsets yet used
with IACTs, thereby pushing the limits of standard analysis
techniques.
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Table 1. Observation data taken on the Geminga region.

Telescopes Time period Livetime θz Offset

CT1–4 Nov. 2006 7.7 h 42.2◦ ±0.5◦

CT1–4 Jan. 2008 6.5 h 42.0◦ ±0.7◦

CT1–4 Jan.-Mar. 2019 27.2 h 43.5◦ ±1.6◦

Notes. For each dataset we provide the cumulative livetime after run
selection, average zenith angle θz and wobble offset in both RA and Dec
of the observation positions from the location of the Geminga pulsar.

2.2. Analysis

Considerable advances in gamma-hadron separation were
achieved by the use of template or model-based approaches.
In this analysis, a sensitive likelihood-based template fitting
analysis is used (Parsons & Hinton 2014) and the results are
cross-checked using an independent calibration and analysis
chain (de Naurois & Rolland 2009).

The Geminga region is observable with H.E.S.S. from
November to April only at large zenith angles >40◦, which
raises the intrinsic energy threshold of the analysis. Addition-
ally, depending on the method of background estimation and
due to systematic uncertainties at the level of the statistical
uncertainties or higher (caused for example by variation in the
atmospheric conditions Hahn et al. 2014) we use a conservative
set of selection cuts on reconstruction quality, known as hard
selection cuts, such that only the best candidate γ-ray events
are retained. This also has the effect of improving the signal-
to-background ratio such that the uncertainty on the background
normalisation is reduced. Correspondingly, the energy threshold
is 1 TeV for the spectral analysis; whilst for the morphological
analysis, we used an energy threshold of 0.5 TeV. This is due to
the higher event reconstruction quality and an energy bias of less
than 10% required for the spectral analysis.

3. Detection of extended γ-ray emission

A systematic study of analysis differences and background esti-
mation techniques between H.E.S.S. and HAWC was conducted
and applied to the Galactic plane (Abdalla et al. 2021). By
adapting the analysis of H.E.S.S. data to techniques suitable for
angular scales comparable to those probed by HAWC, it was
found that the detectability of large, extended sources could be
improved. This enabled the measurement of γ-ray emission from
a very extended region and, although the background analysis
remains challenging, the H.E.S.S. data retains the advantage
of being able to identify smaller scale structures, including
potential point-like sources.

As the γ-ray emission is considerably more extended than
most other single TeV γ-ray sources detected by IACTs to date, a
variety of approaches are used to verify the detection and nature
of the emission. Particular care needed to be taken with the back-
ground estimation, which is described in detail in Sects. 3.1 and
3.2. It is not yet possible to evaluate the true extent of the TeV γ-
ray emission, as it extends beyond the sky region available with
the current dataset.

Using an integration region of 1◦ radius, extended emission
around the Geminga pulsar is detected at >6σ (evaluated using
Li & Ma 1983) in the 2006–2008 dataset and similarly at ∼9σ in
the 2019 dataset. Due to the differences in wobble offset between
the 2006–2008 and the 2019 observations, different background
estimation techniques are used for the two datasets.

Table 2. Li & Ma significance for γ-ray emission within a 1◦ radius
around the Geminga pulsar obtained with different background methods
and datasets.

Dataset Background method σ in 1◦ Cut level

2006–08 Ring 9σ std
2006–08 On–Off 6.6σ hard
2019 Field-of-View 9.8σ hard
2019 On–Off (1) 9.6σ hard
2019 On–Off (2) 11.6σ hard

Notes. For the Field-of-View background method, the Cash statistic
was used to evaluate the significance instead. The level of selection cuts
applied (std or hard) is also indicated.

3.1. Background estimation: 2006–2008 dataset

Revisiting the Geminga observations taken with H.E.S.S. in
2006–2008, the detection of emission over a much larger angu-
lar scale is enabled by increasing the exclusion region3 radius
from ∼0.4◦ to 1.5◦. The reflected region background method is
well suited to spectral analysis, in which a region of the same
size as the ON region yet reflected across the telescope pointing
direction is used to estimate the background. However, this is not
possible for cases where the ON region size (here of 1◦ radius)
exceeds the pointing offset (here of ±0.5◦–0.7◦, see Table 1).
Additionally, due to the large exclusion regions, a spectral analy-
sis of the emission using the reflected background method is not
possible on the Geminga region for any of the current H.E.S.S.
datasets (Aharonian et al. 2001).

Employing the ring background method with a fixed ring
thickness of 0.5◦ and a minimum radius in excess of 1.5◦, for
a 250 pc distance to Geminga, this corresponds to background
estimation from radii >6.5 pc away from the pulsar (Berge et al.
2007). As the background counts are sampled from the same
region of the sky in the ring background method, standard (std)
selection cuts are used, whereas more conservative (hard) selec-
tion cuts are used for other methods of background estimation.
With such a ring background subtraction, H.E.S.S. is sensitive
to the difference in γ-ray emission between the ON region at
small radii from the pulsar, and the emission at larger radii that
is used to estimate the background. The limited field of view pre-
vents using a background ring radius large enough such that the
background region does not contain emission from the source.
The measured flux is therefore a relative measurement and will
underestimate the true flux (see also Mitchell et al. 2019).

Two different background methods, Ring and On–Off, are
applied to evaluate the significance of γ-ray emission within a 1◦

radius region around the pulsar in this dataset, with a consistent
detection obtained using both approaches (see Table 2). When
using the On–Off background estimation, the entire field of view
of the observations is considered as the On region, with Off data
taken from observing runs matched for comparable conditions.
The parameters used to match the Off data to On data include
the zenith angle of the observations, the run duration, and the
combination of telescopes participating. The presence of all four
telescopes CT1–4 is required for this analysis in order to provide
a smooth acceptance4 across the sky region. The Off runs used
to estimate the background are extragalactic observations from

3 The region excluded from background estimation.
4 The probability of accepting a γ-ray candidate event reconstructed at
a certain position and energy.
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7. Conclusions

With this study, H.E.S.S. confirms the presence of extended
very-high-energy γ-ray emission around the Geminga pulsar,
on angular scales reaching at least 3.2◦ radius. Two differ-
ent methods of background estimation were used to evaluate
the systematic uncertainties of the measurement; the field-of-
view background method and the On–Off background method,
with two independent lists of Off runs for the latter. No evi-
dence for statistically significant asymmetries to the emission
or energy-dependent morphology is found. Within a 1◦ radius
region around the pulsar, a spectral analysis obtained a flux nor-
malisation at 1 TeV of (2.8 ± 0.7) × 10−12 cm−2 s−1 TeV−1 with
a best-fit power law spectral index of 2.76 ± 0.22. We fitted
an electron diffusion model jointly to the H.E.S.S. data com-
bined with HAWC and compare to XMM-Newton, taking the
different spectral extraction regions into account. Thanks to the
few-arcmin angular resolution of H.E.S.S., it was possible to
extract a flux point for the innermost 10’ radius region around
the pulsar, corresponding to the XMM-Newton upper limit. Due
to the large number of free variables in the fit, a parameter scan
was conducted to cycle over specific values for several quanti-
ties, whilst leaving the diffusion coefficient normalisation free.
For the best-fit model, a normalisation of the diffusion coeffi-
cient of D0 = 7.6+1.5

−1.2 × 1027 cm2 s−1 is preferred at an electron
energy of 100 TeV, as well as a cut off energy of the electron
spectrum Ec = 74+17

−11 TeV. This value is considerably lower than
the Galactic average, yet consistent with results obtained by the
HAWC collaboration (Abeysekara et al. 2017a). We find that the
mean statistical uncertainty on the diffusion coefficient obtained
from our model fit is 17% for the joint fit of H.E.S.S. and HAWC
data, whereas it is 27% for the fit to HAWC data only.

This is a challenging analysis: due to the γ-ray emission
extending beyond the available sky region, limitations apply such
as a lower limit rather than absolute measurement of the size, and
a relative rather than absolute flux measurement, likely underes-
timating the true γ-ray flux. Despite these caveats, we anticipate
that this detection and study of extended γ-ray emission around
the Geminga pulsar paves the way for further detailed studies of
pulsar halos with current and future generation IACT facilities.
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