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Geminga is an enigmatic radio-quiet gamma-ray pulsar located at a mere 250 pc distance from
Earth. Extended very-high-energy gamma-ray emission around the pulsar has been detected by
multiple water Cherenkov detector based instruments. However, the detection of extended TeV
gamma-ray emission around the Geminga pulsar has proven challenging for IACTs due to the
angular scale exceeding the typical field-of-view. By detailed studies of background estimation
techniques and characterising systematic effects, a detection of highly extended TeV gamma-ray
emission could be confirmed by the H.E.S.S. IACT array. Building on the previously announced
detection, in this contribution we further characterise the emission and apply an electron diffusion
model to the combined gamma-ray data from the H.E.S.S. and HAWC experiments, as well as
X-ray data from XMM-Newton.
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1. Introduction

Geminga (PSR J0633+1746) is a middle-aged pulsar (7. = 342 kyr) in close proximity to Earth
(d = 250 pc), with a spin-down luminosity of £ = 3.2 x 103*erg/s, that is radio quiet, yet exhibits
pulsed gamma-ray emission. The detection of extended y-ray emission coincident with the pulsar
was first achieved by Milagro [1] and subsequently verified by HAWC [2], yet the angular scale
of > 2° posed a challenge for Imaging Atmospheric Cherenkov Telescopes (IACTs). The angular
scale of the very-high-energy (VHE, E > 100 GeV) y-ray emission of ~ 5.5° is considerably larger
than that of the associated X-ray pulsar wind nebula (PWN), of ~ 10’ [3].

Given that the majority of PWNe that are detected in VHE y-rays are associated with young,
energetic pulsars and that at these later stages the structure of the former PWN has been disrupted,
such that particles can leak out into the surrounding interstellar medium (ISM), it was proposed that
the y-ray emission sounding Geminga (and the nearby companion PSR B0656+14) form a distinct
class in the evolutionary history of pulsar environments, termed ‘pulsar halos’ (or ‘TeV halos’,
whereby the latter is a popular yet ambiguous term) [4, 5]. A key distinguishing feature between
PWNe and pulsar halos is the average energy density in electrons responsible for the y-ray emission
via inverse Compton scattering, which for PWNe is higher and for halos lower than that typical of
the surrounding ISM [4, 6].

With improving performance and exposure of ground-based particle detector facilities such as
HAWC and LHAASO, the y-ray sky has continued to reveal an increasing number of pulsar halo
systems [6]. The morphology of the emission detected with HAWC around the Geminga pulsar
indicated that the diffusion coefficient in the vicinity of the pulsar is a factor ~ 100 below the
Galactic average expected for the ISM. Several scenarios have been suggested to reconcile the two,
such as suppressed diffusion due to turbulence in the vicinity of the pulsar [7].

Accounting for analysis differences between experiments, H.E.S.S. was able to detect the
presence of extended y-ray emission around the Geminga pulsar [8, 9]. To adjust for the large
angular size, an observation campaign was conducted in 2019 with telescope pointing offsets of
1.6° (much larger than the usual ~ 0.7°), from which a detailed analysis and modelling could be
performed. These proceedings provide a summary of the key analysis results and focus on the
modelling, where we endeavour to perform a joint fit combining data from HAWC and XMM-
Newton to place constraints on the diffusion properties.

2. H.E.S.S. Data Analysis

In [8], the H.E.S.S. Collaboration reported the significant detection of extended gamma-ray
emission around the Geminga pulsar, out to at least 3.2° radius. An excess counts sky map
constructed using the On-Off background estimation method is shown in figure 1. The 2019 dataset
provided 27.2 h exposure with observations obtained at offsets of +1.6° from the location of the
Geminga pulsar. Background normalisation was hence performed on data beyond 3.2° (twice the
angular pointing offset). This limitation to the sky region meant that the full extent of the emission
could not be measured, yet a relative measurement indicating a significant excess above background
level was nevertheless found.
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Figure 1: Excess counts sky map of the region around the Geminga pulsar using 2019 data from the H.E.S.S.
experiment, analysed with an On-Off background method [8]. The location of the Geminga pulsar is indicated
with a green triangle. White dashed and dotted circles indicate the 1° and 3.2° radius regions used for the
spectral analysis and the radial profile respectively.

Within the innermost 1°, a significance of ~ 9 — 10 o~ was obtained with different background
estimation methods. A spectral analysis was performed to this region, indicated by a white dashed

line in figure 1. A power law spectral model was fit to the data, Z—’g = ¢ (E%) with best-fit

spectral index I' = 2.76 +0.22 and flux normalisation at 1 TeV of (2.8 +0.7) x 10~ 2cm =25~ ! TeV .
The spectral results and radial profile are shown together with best-fit models below.

The centroid of the y-ray emission across the energy range 0.5 TeV — 40 TeV was found to be
located at an offset of 0.6° from the pulsar, at R.A. 99.1° +£0.1° £0.5° and Dec. 17.7° +£0.1° £0.5°,
which is nevertheless compatible with the pulsar position within the systematic errors. Evaluating
the 68% containment radii in different energy bands, no evidence for statistically significant energy-
dependent morphology was found.

3. Diffusion Model

To describe the y-ray emission, we consider a scenario of electrons diffusing away from
the pulsar within a halo region, where the diffusion coefficient has a dependence on energy as
D(E) = Do(E/E()® with § € [0.3, 1]. The pulsar is considered as a point-like continuous source
of electrons, for which we take energy-dependent diffusion and energy losses into account. We
solve the diffusive transport equation:

O;N(E,7,t) — D(E)AN(E,7,t) + Og[b(E)N(E,7,1)] = Q(E,t) 6(F — Fy), 1)

where the source term Q(FE,t) depends on the energy released by the pulsar and describes the
injection of electrons into the pulsar environment:

O(E.1) = Qo(1 +1/10) 0D (E/Eo) ™ exp (—E/E,) . @)
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Figure 2: Properties of the electron diffusion model applied. Left: electron energy loss timescale, and
Right: electron diffusion radius, both with electron energy and magnetic field strength. The H.E.S.S. energy
threshold of ~1 TeV applied to this analysis corresponds to an electron energy of > 10 TeV.

with an initial spin-down timescale 1y and braking index n. The solution adopted for the diffusion
equation is:

b(E(E,to,T.)) 1 . ( r? +ri(to)

b(E) (a2, T BN _m)Q (Es(E, 19, T.), 10) ,

3)

where the subscript . indicates properties of the pulsar at the current time and A is the diffusion

T*
N(E,r,T,) = / dto
0

length. Table 1 summarises several parameters of the model, including their fixed and/or scanned
values as appropriate.

Figure 2 shows the energy loss time and the diffusion radius. Electrons with energies < 1 TeV
have not yet cooled, as the loss timescale is larger than the age of the pulsar. Correspondingly, the
peak diffusion radius also occurs at around 1 TeV, above which the expected size due to diffusion
decreases with increasing energy. At the energy threshold of H.E.S.S., the diffusion radius is larger
than the field of view of the H.E.S.S. telescopes.

4. Modelling Results

To obtain the best-fit model to the HAWC, H.E.S.S. and XMM-Newton data, we performed a
parameter scan over variables of the diffusion model as listed in table 1. Five variables (n, , @, B, 6)
were scanned over three values, yielding a total of 243 different parameter combinations. The
normalisation of the diffusion coeflicient was always left as a free parameter of the fit. A global
minimisation procedure was found not to converge, as multiple parameter combinations could yield
comparably consistent matches to the data. A combination of model parameters was considered
a good fit to the data if a p-value of > 0.003 was obtained, a criterion achieved by 53 out of the
243 parameter combinations. The process was repeated with both the cut-off energy of the electron
spectrum E fixed to 1 PeV and left free to vary.

Figure 3 shows the distribution of fitted E. for models with p-value > 0.003; as expected
this depends strongly on the assumed index @ of the electron injection spectrum. The best-fit
normalisation for the diffusion coefficient is found to be systematically less than the Galactic value
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Table 1: Input parameters for the diffusion model, where Dy is the normalisation at an electron energy
Ey = 100 TeV. Properties of the pulsar are set to known values where available (e.g. age 7, distance d, and
the luminosity and spin period at the current time, L., P.)

Parameter Value(s)
Braking index, n [1.5,3,4.5]
Initial period, Py 15 ms
Transverse velocity, Vr 211 km/s
Electron efficiency, n [0.01, 0.1, 0.5]
Electron injection index, [1.8,2.0,2.2]
Electron energy cut-off, E. [free,1 PeV]
Ambient magnetic field, B [1, 3, 5] uG
Diffusion coefficient normalisation, D free
Diffusion index, ¢ [0.3,0.6, 1]
| —— B/C diffusion 16 kpc
35 1 3.0 — HAWC diffusion
=~ F 4 kpc
ﬁ 3.0 £ 2.5
- ]
=) Y 2.0 1 kpc
525 < —
S s 1.5 o
8201 2 1.0
(@]
o |l L
1.51 0.5 e ——
18 2.0 2.2 E.=1PeV E. free

Injection index

Figure 3: Distribution of best-fit values for all parameter combinations resulting in a p-value < 0.003.
Left: correlation between injection index and cut-off energy when E. is left free. Right: Best-fit diffusion
coeflicient in the case of an energy cut-off fixed to 1 PeV and left free to vary.

derived from the cosmic ray B/C ratio (Figure 3). For both cases with E. = 1PeV and E,. as a free
parameter of the fit, the majority of models favour a D¢ value (at an electron energy of 100 TeV)
consistent with that obtained in [2].

Figure 4 shows the model curves for all models with a p-value > 0.003. The highlighted curve
represents the model with the highest overall p-value of 0.37, corresponding to the parameter values
n=45mn=0.1,a=18,6=1.0, B =1xG and with fitted parameters Do = 7.6*'-3 x 10*" cm?s~!
and E. = 74’:1171 TeV. Figure 5 shows a comparison between the best fit and a model curve assuming
a scenario in which the diffusion coefficient normalisation adopts a typical galactic average value.
This galactic diffusion scenario is defined as n = 3, = 0.5, « = 1.8, E. = 74 TeV, 6 = 0.3,
B =3uG [12] and Dy fixed to B/C diffusion values obtained under different assumptions of the

diffusive halo height [13].
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Figure 4: Diffusion model jointly fit to the HAWC, H.E.S.S. and XMM-Newton data. For the two ground-
based instruments radial profiles on degree scales are provided. The XMM-Newton upper limit is extracted
from a 10’ radius region, around the pulsar, from which a corresponding H.E.S.S. flux point is also extracted.

5. Conclusion

With this work, we show that the y-ray emission detected by H.E.S.S. in the vicinity of the
Geminga pulsar [8] is consistent with that measured by [2] in preferring a normalisation of the
diffusion coefficient considerably below the galactic average. The detectability of extended y-ray
emission around the Geminga pulsar for both H.E.S.S. and HAWC would have been impossible in
a case of a faster diffusion such as that expected in the galactic diffusion scenario. The discrepancy
is particularly clear when the model with typical galactic diffusion values is directly compared with
data. Based on our investigation of X-ray upper limits within a 10’ region surrounding the pulsar,
we can draw the conclusion that in a scenario involving a single diffusion zone, and assuming a
constant magnetic field spanning the X-ray to y-ray range, the magnetic field must be less than 1 G
in the absence of a sub-PeV energy cut-off. To account for a magnetic field of 1 uG, a lower energy
cut-off below 75 TeV is necessary.

In conclusion, a scenario comprising galactic-like diffusion and magnetic field properties in
the vicinity of Geminga would imply that the halo of electrons would be undetectable in VHE
vy-rays by both HAWC and H.E.S.S., and potentially detectable in X-ray. Observational evidence



Modelling Extended Gamma-ray emission around Geminga

A. M. W. Mitchell

1.50

1.25

1.00

0.75

0.50

0.25

0.00

-0.25

Surface Brightness (TeV / cm? s deg?)

—0.50

le—11 le—-13
—— 0.5-40 TeV profile (Galactic diffusion (1 kpc)) < —— 8-40 TeV profile (Galactic diffusion (1 kpc))
0.5-40 TeV profile (Galactic diffusion (4 kpc)) I 8-40 TeV profile (Galactic diffusion (4 kpc))
—— 8-40 TeV profile (best fit) E —— 8-40 TeV profile (best fit)
¢ HESS NE HAWC
S
>
3
e
+ 7
4]
i
=
| 5
1 t @
I | o
g t
S
n t ¥ ¥
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 0 4 6 8 10
Radius (deg) Radius (deg)
107°
10710 J
- —— SED 1° (best fit)
| 1 =11 ] —— SED 10° (best fit)
2 0 SED 10" (best fit)
| ==+ SED 1° Galactic diffusion (1 kpc)
E 12 —=—- SED 10° Galactic diffusion (1 kpc)
o 10 E SED 10' Galactic diffusion (1 kpc)
> —-- SED 1° Galactic diffusion (4 kpc)
2 —-- SED 10° Galactic diffusion (4 kpc)
— 10—13 | SED 10' Galactic diffusion (4 kpc)
w @® HESS.1°
E H.E.S.5 10
= B HESS. syst
NU 10714 B HAWC 2017
w XMM-Newton
10715 J
10—16

10-12 10-10

108 106
Energy (TeV)

102

Figure 5: Best fit model jointly fit to the HAWC, H.E.S.S. and XMM-Newton data. For the two ground-based
instruments radial profiles on degree scales are provided. The XMM-Newton upper limit is extracted from a
10’ radius region, around the pulsar, from which a corresponding H.E.S.S. flux point is also extracted. The
SEDs that is obtained for typical galactic diffusion parameters are displayed as well, under the assumption of
a diffusive halo height of 1 and 4 kpc.

now indicates that the converse is actually the case, hence the modelling results are consistent with

a diffusion coefficient considerably below galactic average values in the vicinity of the Geminga

pulsar.
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