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The identification of active PeVatrons, hadronic particle accelerators reaching the knee of the
cosmic-ray spectrum (at the energy of few PeV), is crucial to understand the origin of cosmic rays
in the Galaxy. In this context, we report on new H.E.S.S. observations of the PeVatron candidate
HESS J1702-420, which bring evidence for the presence of y-rays up to 100 TeV. This is the
first time in the history of H.E.S.S. that photons with such high energy are observed. Remark-
ably, the new deep observations allowed the discovery of a new 7y-ray source component, called
HESS J1702-420A, that was previously hidden under the bulk emission traditionally associated
with HESS J1702-420. This new object has a power-law spectral slope < 2 and a y-ray spectrum
that, extending with no sign of curvature up to 100 TeV, makes it an excellent candidate site for
the presence of PeV-energy cosmic rays. This discovery brings new information to the ongoing
debate on the nature of the unidentified source HESSJ1702-420, and on the origin of Galactic
cosmic rays.
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1. Introduction

The acceleration sites of cosmic rays are a century-old unknown in modern astrophysics. The
current understanding is that the bulk of cosmic rays reaching Earth — mostly energetic protons
— originate within our Galaxy, outside of the solar system, at unknown sites where they are ac-
celerated up to the energy of the knee feature in the cosmic ray spectrum. Since the measured
knee energy is around 3 —4 PeV (1), the Galactic accelerators responsible for cosmic rays up to
the knee are called PeVatrons. Several source populations, such as supernova remnants (SNRs)
and young massive stellar clusters, have been proposed as potential PeVatron candidates, but to
date no observation has definitively linked any particular source class to the acceleration of PeV
protons. The H.E.S.S. Collaboration has already reported evidence for the acceleration of PeV
protons in the central molecular zone around Sgr A* (2; 3), at a level that is presently insufficient
to sustain the flux of PeV cosmic rays observed at Earth. Recently, LHAASO has detected 12
sources in the Northern y-ray sky, at energies > 100TeV (4). Apart for the Crab Nebula, the na-
ture of the primary accelerators powering those sources is still unclear. HESS J1702-420 is a VHE
Y-ray source without known multi-wavelength counterpart, discovered during the first H.E.S.S.
Galactic plane survey campaign in the Southern sky with a significance of 40, based on a 5.7hr
observation livetime (5). In (6), a dedicated analysis revealed a hard power law spectral index
of I' = 2.07 £ 0.08y 4= 0.20y, with no sign of cut-off, and a significantly extended morphology
which is well described by a 0.30° x 0.15° elliptical Gaussian template. With better reconstruc-
tion and data selection algorithms, the HGPS catalog (7) confirmed the spectral hardness of the
source, I' = 2.09 4= 0.07 5 4= 0.204y5, and estimated a source significance of 150 based on 9.5hr of
observations.

We report on new H.E.S.S. observations of HESS J1702-420 that have been processed with im-
proved techniques (8). Additionally, archival Fermi-LAT data were analyzed, to perform a broad-
band modeling of the TeV source.

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

The results presented in this paper make use of data collected from 2004 to 2019, using ob-
servations from the CT1-4 H.E.S.S. array for a total of 44.9hr acceptance-corrected livetime on
the source. Observations were processed using the H.E.S.S. analysis package (HAP), with a dedi-
cated configuration which maximizes the collection area at high energies (E > 1TeV). The reduced
data together with the instrument response functions (IRFs)! were exported to FITS files, then all
high-level analysis results were obtained using gammapy (version 0.17), an open source python
package for y-ray astronomy (9; 10; 11). We performed a three-dimensional (3D) binned likeli-
hood analysis in a 4° x 4° region of interest (Rol) encompassing HESS J1702-420, above 2 TeV.
This technique, recently introduced in the VHE 7y-ray astronomy domain (12; 13), allows to adjust
a parametric spectro-morphological model to a data cube, which carries information on the number
of reconstructed events within each energy and spatial bin. The optimal source model for the Rol
was determined using a statistical approach based on the iterative addition of new components.

IThey are the effective area, exposure livetime, point-spread function, energy dispersion and field-of-view back-
ground model.


https://fits.gsfc.nasa.gov/
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Figure 1: Upper left panel: Counts map of the Rol (E > 2TeV), correlated with a 0.1°-radius top-hat kernel. The
hatched regions were excluded from the likelihood computation. Upper right panel: Model-predicted counts, with model
components overlaid. Lower left panel: Spatial distribution of model residuals, showing the statistical significance — in
units of Gaussian standard deviations — of counts - model fluctuations. Lower right panel: Histogram of the significance
values from the lower left panel. The adjustment of a Gaussian function to the histogram is shown, together with a
reference standard normal distribution.

Step-by-step, the improvement of the source model was assessed by using the likelihood-ratio test
and visual inspecting the flattening of spatial and spectral residuals toward zero.

The result of the 3D analysis is shown in Figure 1. The top left (right) panel shows the mea-
sured (model-predicted) counts map. Diagonal line hatches represent portions of the Rol that
were excluded from the likelihood computation, to limit edge effects and remove an unmodeled
~ 30 hotspot. The measured data are well matched by the model prediction, since the spatial
distribution of the significance of model residuals (bottom left panel) does not contain significant
structures. The histogram of significance values (bottom right panel) closely follows a standard
normal distribution, as expected if residuals are only due to statistical Poisson fluctuations. The
top right panel of Figure 1 also shows the 16 contours of all components found in the final source
model. There are two overlapping objects, called HESS J1702-420A and HESS J1702-420B, that
together describe the emission from HESS J1702-420. The other known sources HESS J1708-410
and HESS J1708-443 are consistent with the HGPS (7). We also found a large-scale component,
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indicated by the dashed circle in Figure 1 (top right panel), whose presence was not confirmed by
the crosscheck analysis. Future observation will help to assess its existence and nature.

Figure 2: Power law spectra

. of HESS J1702-420A (red solid
:g; line) and HESS J1702-420B
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The most relevant result for the identification of Galactic Pevatrons, as well as determining
their nature, is the discovery — with a TS-based confidence level corresponding to 5.46 — of a
new source component, HESS J1702-420A, hidden under the bulk emission formerly associated
with HESS J1702-420. This object has a spectral index of I' = 1.53 4= 0.195 = 0.204y5 and a y-ray
spectrum that, extending with no sign of curvature up to at least 64 TeV (possibly 100 TeV), makes
it a compelling candidate site for the presence of extremely high energy cosmic rays. With a flux
of (2.08 £ 0.4y £ 0.624y5) X 107 cm™2s~! above 2TeV and a 10 radius of (0.06 + 0.024 £
0.034y5)°, HESS J1702-420A is outshone below ~ 40TeV by the companion HESS J1702-420B.
The test of a point-source hypothesis for HESS J1702-420A resulted in a non-convergence of the
fit. HESS J1702-420B has a steep spectral index of I' = 2.62 + 0.10ga &= 0.204y5, €longated shape
and a flux above 2TeV of (1.57 £0.124, = 0.47sys) 10~ "2c¢cm~2s7! that accounts for most of the
low-energy HESS J1702-420 emission. For neither of the two sources did an exponential cut-off
function statistically improve the fit with respect to a simple power law (cut-off significance < 10).
The y-ray spectra of both components are shown in Figure 2, together with spectral points obtained
by rescaling the amplitude of the reference power law in each energy bin. HESS J1702-420B
is the brightest component up until roughly 40TeV, where HESS J1702-420A eventually starts
dominating with its I" = 1.5 power law spectrum up to 100TeV. The second to last spectral point of
HESS J1702-420A (HESS J1702-420B), covering the reconstructed 64 — 113 TeV (36 —113TeV)
range, has a 4.00 (3.20) significance.

As a complementary study, we used the adaptive ring background estimation method (14)
to measure the y-ray flux above 2, 5, 15 and 40TeV inside a 1.6° x 1.6° region encompassing
HESS J1702-420 (see Figure 3). The figure suggests a shrinking of the VHE emission at high
energy, with a shift of the y-ray peak toward the position of the unidentified source Suzaku src B.
Based on the 3D analysis results, this effect is understood as the transition between a low energy
regime — dominated by the steep spectrum of HESS J1702-420B — to a high energy one, in which
HESS J1702-420A stands out with its exceptionally hard power law spectrum.

3. Discussion

Owing to the NaimaSpectralModel class implemented in gammapy, we could forward-
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Figure 3: y-ray flux maps of the HESS J1702-420 region, computed with the Ring Background Method, above 2 (top
left), 5 (top right), 15 (bottom left) and 40 (bottom right) TeV. All maps are correlated with a 0.1°-radius top-hat kernel,
and the color code is in unit of y-ray flux (cm~2s~!) per smoothing area. The white contours indicate the 3¢ and 56
H.E.S.S. significance levels. The positions of known astrophysical objects, together with the H.E.S.S. PSF, are also
shown in each panel.

fold the physically-motivated naima radiative models directly on the H.E.S.S. 3D data. This
represents a significant improvement on the typical naima fit to precomputed flux points, which is
inevitably biased by the spectral assumption underlying the flux point computation. The (unknown)
source distance and target gas density values were chosen arbitrarily, being both degenerate with the
source intrinsic luminosity. In the leptonic scenario, we considered inverse Compton up-scattering
of the CMB and infra-red radiation fields from (15).

A pure power law distribution of protons (electrons) with slope I', = 1.58 &= 0.14 (I', =
1.61 £ 0.154,) well describes the y-ray emission of HESS J1702-420A, via hadronic (leptonic)
radiative processes. The two spectra, with their 1o butterfly envelopes, are shown in Figure 4
(left panel). We computed lower limits on the particle cut-off energy, using a Gaussian prior on
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Figure 4: Models of y-ray emission based on hadronic (red) and leptonic (blue) one-zone scenarios, for
HESS J1702-420A — left panel — and HESS J1702-420B — right panel. The best-fit spectra, under the assump-
tion of simple power law distribution of the underlying particle populations, are shown as solid lines, while the shaded
areas and dotted lines represent the 10 statistical error envelope and extrapolations outside the fit range, respectively.
The H.E.S.S. and Fermi-LAT flux points are also shown, for reference purpose.

the particle spectral index to prevent it from floating toward nonphysical regions (i.e., very small
or even negative values). In the case of the hadronic model, we assumed as a prior a Gaussian
distribution centered at I', = 2 and with o = 0.5, based on standard diffusive shock acceleration
theory (DSA; (16)). We found that for a prior centered atI', = 2 (1.7, 2.3) the 95% confidence-level
lower limit on the proton cut-off energy is 0.82 (0.55, 1.16) PeV. The fact that — independenly of
the chosen prior — the cut-off energy lower limit is found at £, > 0.5PeV means that in a hadronic
scenario the source likely harbors PeV cosmic rays. In a leptonic scenario instead, assuming I', =
2.0 (1.5, 2.5), the 95% confidence-level lower limit on the electron cut-off energy is 106 (64,
152) TeV. The energy contents in protons and electrons, necessary to sustain the y-ray emission
of HESS J1702-420A, are W,(E, > 1TeV) > 1.8 x 10%7 (d/3.5kpc)* (nH/100cm—3)’1 erg and
W,.(E, > 1TeV) > 8.1 x 10° (d /3.5kpc)? erg , respectively.

In a leptonic scenario, HESS J1702-420A would be powered by an electron population with
unusually hard spectral index, I, ~ 1.6, and the electron energy required to power the y-ray
emission would be high compared to the typical values for TeV detected PWNe (17). A sim-
ple one-zone leptonic model is therefore challenged, also because it would imply the presence of
inverse-Compton emitting electrons with E, ~ 100TeV. Indeed, given the «< 1/E, dependence
of the synchrotron loss timescale in the Thomson regime, such energetic electrons would cool
down extremely fast creating a high energy spectral curvature or break, which is not observed
for HESS J1702-420A. Also, the only known nearby pulsar is PSR J1702-4128, that to power
the whole HESS J1702-420 would require an extremely high conversion efficiency (= 20%)>. As
visible in figure 3, Suzaku has detected a faint X-ray source called src B positionally close to
HESS J1702-420A (18). Based on its measured X-ray flux®, our simplistic one-zone leptonic

2But it remains possible that it powers at least part of HESS J1702-420B. Indeed, significant VHE y-ray emission

is detected by H.E.S.S. near the pulsar position — see Figure 3 (upper right panel).
3Which may however suffer from strong systematics (in particular be underestimated) due to edge effects at the

borders of the Suzaku field of view.
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model implies an unrealistical magnetic field value of B = 0.3 uG, which disfavor this multi-
wavelength association. We notice that an alternative interpretation is possible, in which the ob-
served y-ray emission is due to electrons that are accelerated by the reconnection electric field at
X-points in the current sheets of a pulsar striped wind, where the magnetic field value is expected
to be low (19). If true, this would be the first time that a TeV measurement probes the reconnection
spectrum immediately downstream of the termination shock of a pulsar wind.

In a hadronic scenario, the 100TeV y-ray emission from HESS J1702-420A, together with its
proton cut-off energy lower limit at 0.55 — 1.16 PeV, would make it a compelling candidate site
for the presence of PeV cosmic ray protons. Therefore HESS J1702-420A becomes one of the
most solid PeVatron candidates detected in H.E.S.S. data, also based on the modest value of the
total energy in protons that is necessary to power its y-ray emission and the excellent agreement
of a simple proton power law spectrum with the data. However, we notice that a proton spec-
trum with a slope of I', = 1.6 over two energy decades is hard to achieve in the standard DSA
framework (16). This fact may suggest that HESS J1702-420A, instead of being a proton accel-
erator, is in fact a gas cloud that, being illuminated by cosmic rays transported from elsewhere,
acts as a passive y-ray emitter. In that case, the hard measured proton spectrum could result from
the energy-dependent particle escape from a nearby proton PeVatron (20). Alternatively, the y-ray
emission from HESS J1702-420A might be interpreted as the hard high energy end of a concave
spectrum arising from nonlinear DSA effects (21). Also, it might originate from the interaction of
SNR shock waves with a young stellar cluster wind (22), or cosmic ray interactions with turbulent
plasma near OB Associations (23). The absence of a clear spatial correlation between the ISM and
the observed TeV emission (24) prevents however a confirmation of the hadronic scenario, unless
an extremely powerful hidden PeVatron is present. In the latter case, even a modest gas density
would suffice to produce the measured y-ray emission of HESS J1702-420A, which would explain
the observed nonlinearity between the ISM and TeV maps.

Finally, the baseline proton and electron spectra used to model HESS J1702-420B are broken
power laws (see Figure 4, right panel). The presence of a spectral break may be interpreted as
a signature of energy-dependent particle escape. In the hadronic (leptonic) scenario, the best-fit
proton (electron) spectrum corresponds to a broken power-law with slopes ¢ = 1.6 (1.4) and
0 =2.66 £0.114 (3.39 £0.114y), and with break energy of £ = (6.77 £3.644a) TeV ((4.19 +
1.254a¢) TeV). The values of proton and electron energetics, necessary to power the y-ray emission

2 _
of HESS J1702-420B, are respectively W,(E, > 1GeV) ~ 2.8 x 10* <3.5‘f(pc) (100'2*;1,3) ! erg

2
and W,(E, > 1GeV) ~4.5x 107 (55 ) ere.

4. Conclusions

We present new H.E.S.S. observations of the unidentified source HESS J1702-420, processed
with a high-energy oriented analysis configuration (8). We performed a 3D likelihood analysis
with gammapy, which allowed to separate for the first time two components — both detected at
> 50 confidence level — inside HESS J1702-420. We report on the 4.00 confidence level detec-
tion of y-ray emission from the hardest component, called HESS J1702-420A, in the energy band
64 — 113TeV, which is an unprecedented achievement for the H.E.S.S. experiment and brings evi-
dence for the source emission up to 100 TeV. With a spectral index of I' = 1.53 2= 0.19a 3= 0.205ys,
this object is a compelling candidate site for the presence of PeV cosmic rays. We observe that if
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this source is of the same type as the new unidentified LHAASO objects (4), then its y-ray spectrum
might extend up to hundreds of TeV. To assess that, a Southern ultra-high energy facility such as
SWGO will be necessary. On the other hand, the improved angular resolution of the CTA-South
array will help constraining the source morphology, and possibly close the debate on the nature
of HESS J1702-420. Observations in the X-ray band will also be important, to search for a multi
wavelength counterpart of the TeV source, and clarify the relationship between HESS J1702-420A
and the unidentified Suzaku src B.
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