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Abstract

The High Altitude Water Cherenkov (HAWC) observatory and the High Energy Stereoscopic System (H.E.S.S.)
are two leading instruments in the ground-based very-high-energy ~-ray domain. HAWC employs the water
Cherenkov detection (WCD) technique, while H.E.S.S. is an array of Imaging Atmospheric Cherenkov Telescopes
(IACTs). The two facilities therefore differ in multiple aspects, including their observation strategy, the size of their
field of view, and their angular resolution, leading to different analysis approaches. Until now, it has been unclear if
the results of observations by both types of instruments are consistent: several of the recently discovered HAWC
sources have been followed up by IACTs, resulting in a confirmed detection only in a minority of cases. With this
paper, we go further and try to resolve the tensions between previous results by performing a new analysis of the
H.E.S.S. Galactic plane survey data, applying an analysis technique comparable between H.E.S.S. and HAWC.
Events above 1 TeV are selected for both data sets, the point-spread function of H.E.S.S. is broadened to approach
that of HAWC, and a similar background estimation method is used. This is the first detailed comparison of the
Galactic plane observed by both instruments. H.E.S.S. can confirm the +-ray emission of four HAWC sources
among seven previously undetected by IACTs, while the three others have measured fluxes below the sensitivity of
the H.E.S.S. data set. Remaining differences in the overall y-ray flux can be explained by the systematic
uncertainties. Therefore, we confirm a consistent view of the y-ray sky between WCD and IACT techniques.

Unified Astronomy Thesaurus concepts: High energy astrophysics (739); Gamma-ray observatories (632); Gamma-
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ray astronomy (628); Surveys (1671)

1. Introduction

The High Energy Stereoscopic System (H.E.S.S.) telescope
array and the High Altitude Water Cherenkov (HAWC)
observatory are examples of instruments using the two main
techniques developed in very high energy (VHE) ~-ray
astronomy. H.E.S.S. is an array of five Imaging Atmospheric
Cherenkov Telescopes (IACTs) that image the Cherenkov light
produced by the atmospheric air showers. H.E.S.S. is located in
Namibia at a latitude of approximately 23° south, and at an
altitude of 1800 m. Its collection area is of the order of 10° m?
above 1 TeV. H.E.S.S. has a field of view of 5° in diameter,
with a y-ray sensitivity roughly uniform for the innermost 2° that
gradually drops toward the edges. Its point-spread function
(PSF) is better than 0.1° above 1 TeV for zenith angles less than
30° (Aharonian et al. 2006). H.E.S.S. is a pointing instrument
observing only at night. Including CT5, the biggest telescope at
the center of the array, it is sensitive in the energy range
30 GeV-100 TeV, and its energy resolution is better than 15%
above 1 TeV. H.E.S.S. surveyed the Galactic plane from 2004 to
2013, producing the H.E.S.S. Galactic Plane Survey (HGPS;
H.E.S.S. Collaboration et al. 2018a) based on 2700 hours of
selected data, with 78 detected ~-ray sources. The survey covers
the inner Galactic plane from 250° to 65° in longitude and from
—3° to +3° in latitude, extending up to —5° and +5° in some
regions. This observation program was carried out by the four
middle-size telescopes, known as H.E.S.S. phase 1. The energy
threshold for the hard cuts used in making emission maps is, for
most ranges of Galactic longitude, between 400 and 700 GeV
(see Figure2 of H.E.S.S. Collaboration et al. (2018a)). The
achieved sensitivity is better than 2% of the Crab flux, assuming
a point source with a spectral index of —2.3, and improves to
0.5% in some regions with high observation time, like in the
vicinity of the Galactic Center.

The second observatory, HAWC, is an array of 300 water
Cherenkov detectors (WCDs) located at a latitude of about 19°
north in Mexico, at an altitude of 4100 m. The collection area of
HAWC is of the order of the physical area of the detector,
~10* m? above 500 GeV for a source at the Crab decl. HAWC
detects the Cherenkov light produced in the water by the
individual charged particles of air showers. Since HAWC is a
survey instrument, it continuously monitors the sky above it. It has

an instantaneous field of view of ~2 sr and can observe two-thirds
of the sky from ~—20° to ~+60° in decl, every day. The
achieved sensitivity is ~2% of the Crab flux for sources with decl.
0° < 6 < 40° assuming a spectral index of —2.5, and degrades to
8% of the Crab flux for sources at the edge of HAWC observable
sky (6 = —20° and +60°). HAWC is sensitive in the energy
range between ~300 GeV to above 100 TeV, but is optimized to
~y rays with a primary energy above ~1 TeV. The detected events
are allocated to one of the nine analysis bins, depending on the
fraction of the array that triggered, from analysis bin 1 gathering
events triggering 7%—10% of the array, to analysis bin 9 for
events hitting 84%—-100% of the array. This binning is linked to
the energy of the incoming particle, since events triggering only a
small fraction of the array are likely to have lower energy than
events triggering most of the array. However, there is some
degeneracy and each analysis bin spans roughly one order of
magnitude of energy, making HAWC’s energy resolution quite
poor as shown by Abeysekara et al. (2017a), Figure 3. The PSF of
HAWC is ~1° for the first analysis bin and improves to ~0.2° for
the ninth analysis bin, as depicted in Figure 9 of Abeysekara et al.
(2017a).

The HAWC Collaboration published its 2HWC catalog based
on 507 days of data (Abeysekara et al. 2017b) as the result of
the first source search performed with the complete HAWC
detector. More recently, using three times more data, the HAWC
Collaboration published the 3HWC catalog (Albert et al. 2020).
In this search, 65 sources have been reported, among them 20
detected for the first time at TeV energies. The newly detected
unassociated sources were subsequently studied by IACT
collaborations who looked for counterparts. The VERITAS
Collaboration (Very Energetic Radiation Imaging Telescope
Array System), for example, looked at 14 2HWC sources and
confirmed only one (Abeysekara et al. 2018). Archival data
taken with the Major Atmospheric Gamma Imaging Cherenkov
(MAGIC) telescopes were analyzed again to look for three
unassociated 2HWC sources, without detecting any significant
emission (Ahnen et al. 2019). One explanation would be that
these sources might be relatively extended, with a low surface
brightness and possibly a hard spectrum. IACTs, with their
limited field of view and their very good angular resolution, may
not be sensitive to angularly extended objects with low surface
brightness, using their standard analysis. We show in this paper
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that a dedicated analysis of IACT data is required to detect the
extended and faint HAWC sources.

IACTs and WCDs have already demonstrated that they
complement each other, with their overlapping observable sky
and similar energy range yet different field of view and angular
resolution. One example is the source MGRO J1908+-06, first
detected by the Milagro observatory (Abdo et al. 2007), the
predecessor of HAWC, and confirmed by H.E.S.S. (Aharonian
et al. 2009). In this paper we go further in exploiting their
complementarity. Using a new analysis for the H.E.S.S. data,
we present a comparison of the part of the Galactic plane
common to H.E.S.S. and HAWC. After describing the data sets
in Section 2, Section 3 presents the new analysis method that
aims at producing a H.E.S.S. Galactic plane map in the most
similar way to HAWC. The results are presented in Section 4
and the conclusion in Section 5.

2. Data Set
2.1. HAWC Data

The analysis presented here uses 1523 days of data, taken
between 2014 November 26 and 2019 June 3 and makes use of
events falling in the analysis bins 4-9. As defined in Abeysekara
et al. (2017a), these are events that triggered more than ~25% of
the array. The main motivation for this selection is to have a
reasonably good reconstruction, sufficient statistics, and a
reasonable PSF. These cuts result in an energy threshold of
approximately 1 TeV for a source at the Crab decl., increasing
toward the central Galaxy. The PSF of the instrument is 0.4° for
bin 4 and decreases to less than 0.2° for the highest bin.

2.2. HE.S.S. Data

The maps used to perform the H.E.S.S. analysis presented here
have been made using the HGPS data set (H.E.S.S. Collaboration
et al. 2018a) for Galactic longitude 10° < ¢ < 60°, reconstructed
with the Image Pixel-wise fit for Atmospheric Cherenkov
Telescopes (ImPACT) algorithm (Parsons & Hinton 2014).
ImPACT uses a maximum likelihood approach to determine the
best-fit shower parameters instead of using the traditional
parameterization of the camera images (Cawley et al. 1985),
which was used in the published HGPS (H.E.S.S. Collaboration
et al. 2018a). Using ImPACT reconstruction, the PSF of H.E.S.S.
is about 0.06° at 1 TeV for zenith angles smaller than 30° and its
energy resolution is ~10% above 1 TeV. In this analysis, events
above 1 TeV are selected to match the HAWC energy range.

The results presented here have been verified with a different
calibration, reconstruction, and gamma/hadron separation
method using a semianalytical description of the air shower (de
Naurois & Rolland 2009).

3. Analysis

For both data sets described in the previous section, a test
statistic (T'S) map is created with Gammapy (Deil et al. 2017)
using a data map, a background map, and an exposure map. The
TS is obtained by computing the likelihood ratio between the
hypothesis of a source model, and a null hypothesis assuming no
source but background only, for the test source centered on each
pixel of the sky map. The source image through the instrument is
assumed to have the shape of a Gaussian with a fixed angular
extent 0. The flux normalization is the only free parameter.
According to Wilks’s theorem (Wilks 1938), the distribution of
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the TS under the null hypothesis follows asymptotically a x?
distribution with one degree of freedom (see Appendix D). The
statistical significance is then equal to ++/TS. Note that the
significance mentioned thereafter is not corrected for trials.
The flux is obtained by dividing the excess that maximizes the
likelihood by the «-ray exposure. The first row of Figure 1 shows
the significance maps of the Galactic plane detected by H.E.S.S.,
above ~1 TeV, made in a similar way to the published HGPS:
using a Gaussian of size o = 0.1° and the ring background
method (described in H.E.S.S. Collaboration et al. (2018a)). The
background estimate is normalized in a ring region surrounding
the sources, where detected sources or suspected y-ray emission
have been excluded. A spectral index of —2.5 is used, while it is
—2.3 in the HGPS.

For the HAWC map, due to the large variation of the PSF
with analysis bin, the TS map is produced by a maximum
likelihood method over all analysis bins 4-9. A simple power
law with a spectral index of —2.5 is used as the spectral
assumption. More details can be found in Abeysekara et al.
(2017b). A new catalog search has been performed on the
HAWC data selected for this analysis, following the procedure
described in Albert et al. (2020) and assuming sources that
are point-like on the scale of HAWC angular resolution. The
HAWTC sources presented here, using the prefix HAWC at the
beginning of their name, result from this new source search.
They are listed in Table 2, in Appendix A, with their fitted
position and their counterpart in the 3HWC catalog.

In the spirit of making the Galactic plane maps from both
instruments in the most similar way, a new H.E.S.S. TS map is
computed using a Gaussian of o = 0.4°, comparable to the size of
the largest HAWC PSF for our data set. It corresponds to the PSF
of the analysis bin 4 where the most events are expected. This has
as direct consequence to decrease the flux sensitivity as more
background is included, which is visible in the Figure 2. The
corresponding significance map is displayed in the second row of
Figure 1. Finally, another background estimation method called
the field-of-view background method (Berge et al. 2007) is used,
as it is the closest one to the HAWC direct integration background
method (Abeysekara et al. 2017a). The field-of-view method uses
as background the H.E.S.S. exposure map, i.e., the expected
events from cosmic-ray background, taking advantage of the
whole field of view of H.E.S.S. and not only a small area
contained in a ring around the source position. The shape of the
background map is estimated from regions of the sky at similar
zenith angle, excluding known VHE ~-ray sources. The map is
normalized to the number of events outside the exclusion regions.
However, note that using an average exposure assumes that its
shape does not change with time and is not an instantaneous
measurement as it does not fully account for variations in the
instrument response over time, contrary to the HAWC direct
integration method. Moreover, the required normalization step
uses the number of events outside exclusion regions in the field of
view, which has a limited size. The third map of Figure 1 shows
the H.E.S.S. significance map produced using a Gaussian of 0.4°,
similarly to the map in the second row, but using the field-of-view
background method instead of the ring background method.
Furthermore, an additional exclusion region defined by a 2° wide
strip centered on the Galactic plane (—1° <b < 1°) is used, to
avoid any contamination from the Galactic plane large scale y-ray
emission to the background estimation. This is the H.E.S.S. map
produced with the most similar analysis method to the HAWC
one, visible on the fourth row.
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Figure 1. HAWC and H.E.S.S. Galactic plane maps. The green circles are the 68§% containment of the HGPS sources and the black dots are the location of the HAWC
sources. The regions in the white boxes are highlighted in Figure 3. The green dotted lines point to H.E.S.S. sources undetected by HAWC. The orange dotted lines
point to HAWC sources previously undetected by H.E.S.S. (see Section 4.2). From top to bottom: (1) H.E.S.S. Galactic plane map for E > 1 TeV, using InPACT
reconstruction and a Gaussian kernel of size 0.1°; the ring background method is applied on each observation run separately, with an adaptive radius. The standard
exclusion regions around sources are used. (2) Same H.E.S.S. data, using a Gaussian kernel of 0.4°. (3) Same H.E.S.S. data, using the field-of-view background
method and a Gaussian kernel of 0.4°. For the background normalization, in addition to the standard exclusion regions around sources, a 2° wide exclusion band
covering the Galactic plane is used. (4) HAWC Galactic plane map with 1523 days of data, using events in the analysis bins 4-9.

4. Results and Discussion
4.1. HAWC and H.E.S.S. Original Maps

The H.E.S.S. significance map in the first row of Figure 1,
produced in a traditional way with a Gaussian size o = 0.1° and
the ring background method, shows some important differences
compared to the HAWC significance map, in the last row of the
same figure. The corresponding point-like sensitivity curves at
b = 0° are displayed in the left panel of Figure 2 in dark blue and
dashed orange, respectively, for the part of the Galactic plane
studied here. The right panel of Figure 2 shows the detection
horizon corresponding to the sensitivity curves plotted in the left
panel of the same figure, for a source luminosity of 10** erg s,
It illustrates the difference in exposure between both instruments:
H.E.S.S. has an exposure time that varies significantly from one

region to another, while the HAWC exposure changes very
smoothly across the sky. It also illustrates the part of the sky
covered by HAWC and by H.E.S.S. for the HGPS.

Among the 29 sources detected by H.E.S.S. in the selected
region of the HGPS, HAWC detected significant emission at the
location of 27 of them, even though only 15 sources are actually
resolved. The two HGPS sources that do not show significant
emission in the HAWC map are HESS J1943+213, which
is likely to be an extragalactic source seen in the Galactic plane
(H.E.S.S. Collaboration et al. 2018a) and HESS J1911+090
associated with the supernova remnant (SNR) W49B. This is
expected because the flux of these sources lies below the HAWC
sensitivity curve, as shown in Figure 2. On the other hand, HAWC
detected 22 sources and only 15 have a counterpart in the HGPS
catalog. Hence, seven sources are detected only by HAWC.
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Figure 2. Left: sensitivity curves at b = 0° corresponding to the first (H.E.S.S. point-like source analysis, dark blue curve), third (new H.E.S.S. extended source
analysis, light blue curve), and fourth maps (HAWC, dashed orange) of Figure 1. The orange and blue points represent the flux in Crab units of the seven HAWC
sources that were previously undetected by H.E.S.S., obtained using the analysis presented here at the location of the HAWC sources. The black borders highlight the
four HAWC sources newly detected by H.E.S.S., and they lie above the sensitivity curve corresponding to this analysis. The flux values can be found in Table 2 of
Appendix A. The green points correspond to the flux of the two H.E.S.S. sources not detected by HAWC and they lie below the HAWC sensitivity curve. Note that 1
crab unit is equal to 2.26 x 10~ cm~2s~! for HE.S.S. (from H.E.S.S. Collaboration et al. (2018a)) and 2.24 x 10~''cm~2s~! for HAWC (from Albert et al.
(2020)). Right: face-on view of the galaxy. The H.E.S.S. horizon at b = 0° for a 5o detection of a point-like source is depicted in dark blue. The H.E.S.S. horizon
corresponding to this analysis is depicted in light blue. The HAWC horizon is shown in dashed orange. The horizons are produced using the sensitivity curves from
the left plot (plotted here for the longitude range corresponding to the comparison) for a source luminosity of 10** erg s~' . The spiral arms of the galaxy (Vallée 2014)
are schematically drawn in gray. The green and orange triangles represent the sources detected by H.E.S.S. and HAWC, respectively, for which a distance is known.

The sources located further than the horizon must be brighter than 10** erg s~'. Adapted from the H.E.S.S. Collaboration et al. (2018a).

There are several possible explanations for the different
number of sources detected by HAWC and H.E.S.S.:

1. The resolution of H.E.S.S. at 1 TeV is several times
better than the resolution of HAWC for analysis bin 4.
Since its PSF is wider, HAWC cannot resolve all the
H.E.S.S. sources and several H.E.S.S. sources are seen as
only one by HAWC.

2. With its 0.1° kernel and the ring background subtraction,
the HGPS analysis is optimized for sources that are point-
like or have a modest extension. Extended sources with
low surface brightness are challenging for this kind of
analysis. The variation of sensitivity as a function of the
source extension is illustrated by H.E.S.S. Collaboration
et al. (2018a), Figure 13. The seven HAWC sources
undetected by H.E.S.S. lie above the H.E.S.S. sensitivity
curve (dark blue curve in Figure 2), which means that if
their image was a Gaussian of the order of 0.1° in size,
H.E.S.S. would have detected them. Therefore, they
likely have a larger extension.

3. The HE.S.S. sensitivity peaks at lower energy than HAWC,
as illustrated by Abeysekara et al. (2017a), Figure 15: above
~10 TeV, gamma/hadron separation in HAWC becomes
very efficient and detection is not limited by the background
anymore but by the number of arriving photons. Hence,
continuous observing instruments like HAWC take advan-
tage over short exposure instruments like H.E.S.S.

4.2. HAWC Sources Newly Detected by H.E.S.S.

Using the new analysis presented in Section 3, a new
significance map is produced, shown in the third row of
Figure 1. Its corresponding sensitivity curve is plotted in light
blue in the left panel of Figure 2. Statistically significant emission
>50 is now visible next to four of the previously undetected
HAWC sources: HAWC J1928+178, HAWC J1914+118,
HAWC J1907+085, and HAWC J1852+013. These sources
are visible in the four panels of Figure 3, with their possible
counterparts. White contours indicate the significance level.
For each new H.E.S.S. source, a maximum of emission is
identified in the flux map produced together with the TS map,
to give a preliminary estimate of the location of the H.E.S.S.
source. In the case of the H.E.S.S. source corresponding to
HAWC J1852+013, the location of maximum flux is identified
by increasing the energy threshold to 2 and 5 TeV in order to
lower the contamination from the extended emission from the
neighboring sources and possibly from large scale diffuse ~-ray
emission. The four new H.E.S.S. sources are located 0.3°-0.5°
away from the HAWC source.

HESS J1928+-181 is the H.E.S.S. detection of the source of
unknown origin HAWC J19284-178. It may be associated with
the middle-aged pulsar (82 kyr) PSR J1928+1746 (Lopez-
Coto et al. 2017; Jardin-Blicq 2019), located 4.3 kpc away.
Detected in radio wavelength (Cordes et al. 2006), it has a spin-
down power of E = 1.6 x 103¢ erg s™'. In that case, the y-ray
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Figure 3. Regions in the white boxes of the third and fourth panels of Figure 1 showing the four HAWC sources newly undetected by H.E.S.S. using a HAWC-like
map-making process. The white contours represent the 5o, 60, 70, and 8¢ significance levels. The green circles are the 68% containment of the HGPS sources and the
black dots are the location of the HAWC sources. The new H.E.S.S. sources are indicated with the green crosses. Some possible counterparts are highlighted using
yellow triangles (pulsars), magenta triangle (magnetar), and cyan circle (SNR). Note that the HAWC sources are considered as point-like for HAWC. Their 1o statistic

uncertainty is of the order of 0.1°.

emission would come from inverse Compton (IC) scattering of
et from the associated pulsar wind nebula (PWN) with ambient
photons. However, the lack of an X-ray counterpart, despite the
90 ks exposure of NuSTAR and 20 ks of Chandra (Kargaltsev
et al. (2012); Mori et al. (2020)), may indicate the evolved state
of the PWN. Alternatively, accelerated protons from the PWN
may be interacting with a nearby molecular cloud and produce
~y-ray emission via 7° decay (Jardin-Blicq 2019). Mori et al.
(2020) proposed a third scenario, involving a binary system
where the variable X-ray source CXO J192812.04-174712
would be a massive star with a pulsar companion. In that case,
e* from the pulsar wind would be accelerated at the shock
between the pulsar and the stellar wind of the massive star and
produce +y rays via synchrotron emission and IC scattering.
HESS J1915+115 is the H.E.S.S. counterpart of the source
HAWC J1914+4-118, an unidentified source without any obvious
counterpart. Two pulsars detected in radio wavelength (Lazarus
et al. 2015) are found in the vicinity: PSR J1915+1149 and
PSR J1915+1144 located 0.09° and 0.16° away from the HAWC
source. No spin-down power E has been reported. They are located
at a distance of 14 and 7.2 kpc, respectively, using Yao et al.
(2017). Moreover, the Fermi-LAT source 4FGL J1915.3+1149
overlaps with PSR J1915+1149 and the HAWC source within
the location errors. 4FGL J1915.34+1149 is associated with
TXS 19134115 and classified as an active galaxy of uncertain
type, but the association probability is close to the threshold.
HESS J1907+089 is the H.E.S.S. detection of the source
HAWC J1907+085 and was formally reported in the HGPS as
the hotspot HOTS J19074-091. Two potential counterparts
are spatially coincident: the magnetar SGR 1900414 (Mazets
et al. 1979) and the SNR G42.8+0.6 (Fuerst et al. 1987).
HAWC J19074-085 is one of the new HAWC sources followed
up by MAGIC and Fermi-LAT (Ahnen et al. 2019) without being

detected. A detailed study of SGR 1900+-14 and its environment
is presented in Hnatyk et al. (2020), including a model of the
observed high energy (E > 100 MeV; 4FGL J1908.6+0915¢)
and VHE ~-ray emission (£ > 100 GeV; HOTS J19074-091 and
3HWC J19074-085).

HESS J1854+4-013, finally, is a source of significant y-ray
emission in the H.E.S.S. map near HAWC J18524-013. Source
confusion is very obvious in this region and affects the
accuracy of deriving a clear peak position. Note the presence in
this region, ~1° away from HAWC J1852+013, of the
SNR G34.7-0.4 (W44), detected in the radio, X-ray, and
GeV ~-ray bands. W44 hosts the pulsar PSR B1853+01, a
20 kyr pulsar with E = 4.3 x 10¥ ergs~! located ~3 kpc
away. W44 has not been detected by H.E.S.S. during the
HGPS, but H.E.S.S. reported significant emission with only
one of their analysis chains at the location of W44, without
claiming a detection (H.E.S.S. Collaboration et al. 2018b).

For the three remaining HAWC sources undetected in
the HGPS, HAWC J1923+1697, HAWC J1920+147, and
HAWC J1859+057", no emission is seen in the H.E.S.S.
map with the new analysis. These sources lie below the
corresponding H.E.S.S. sensitivity curve (light blue curve in
Figure 2). Hence, they are not expected to be detected by
H.E.S.S. even with this new analysis.

4.3. Longitude and Latitude Profiles

Figure 4 compares the longitude profiles at b = 0° of the
integrated flux above 1 TeV between the new H.E.S.S. map,
using the 0.4° Gaussian the field-of-view background method
and the large exclusion band, and the HAWC map obtained
from the standard HAWC analysis. The overall shape of the
profiles is in reasonable agreement. The difference between
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Figure 5. Profiles of the integrated flux above 1 TeV for H.E.S.S. and HAWC, along the latitude axis for different ranges in longitude (10° < ¢ < 60°,10° < ¢ < 30°,
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Dame et al. (2001) and the profile of the H 1 emission from the HI4PI survey (HI4PI Collaboration et al. 2016) are also shown for the corresponding range in
longitude, with an arbitrary normalization for display purposes.

them and the corresponding histogram is plotted on the bottom
panel. The integrated flux measured by H.E.S.S. is on average
slightly higher than that of HAWC by 3.7 x 1073 cm=2s71.
Nevertheless, the flux values are compatible within the
systematic uncertainties, described in Appendix B, over most
of the Galactic plane.

Figure 5 shows the latitude profiles of the integrated flux
above 1 TeV for H.E.S.S. and HAWC. In this case, a sliding
box of 0.4° width is defined with different lengths in longitude,
as indicated in the different plots of the figure, that scans the
Galactic plane in latitude between —3.5° and +3.5°. In each of
these boxes the surface brightness is derived by normalizing the
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average flux by the solid angle . The '2CO profile using data
from Dame et al. (2001) and the H 1 profile using the HI4PI
survey from HI4PI Collaboration et al. (2016) are also
superimposed with an arbitrary normalization for display.
The H.E.S.S. profile peaks at slightly negative latitude with a
small asymmetry and seems to follow the '>CO profile, similar
to what has been reported by H.E.S.S. Collaboration et al.
(2018a), Figure 11, when comparing with the distribution of
sources, or with Abramowski et al. (2014), Figure 2. The
HAWC profile is more symmetric and centered around b = 0°,
like the H 1 profile. The origin of this difference is not clear.
Since the H 1 emission is very broad around the Galactic plane,
the diffuse y-ray emission coming from these high-latitude
regions is likely removed in the H.E.S.S. analysis due to the
background estimation method, but is conserved in the HAWC
analysis because its very large field of view allows for a large
exclusion region of +3° around the Galactic plane. Hence, it
could be the indication of an underlying diffuse emission
component removed in the H.E.S.S. map. This may also
explain that the H.E.S.S. profile tends to be slightly negative
for |b| > 2°. A more detailed study of the large scale diffuse
emission is beyond the scope of this paper and will be the topic
of a future paper. Another possible explanation for the shift in
the H.E.S.S. profile with respect to b = 0° could be related to
the HAWC bias in the source location reconstruction as a
function of decl., reported by Albert et al. (2020), Figure 11.
This would affect the overall shape toward positive latitude as
it gets closer to the Galactic Center.

Moreover, the latitude profile for 10° < ¢ < 60° (visible in
the left plot of Figure 5) shows that H.E.S.S. detects more flux
than HAWC, while the profiles over smaller longitude bands
(visible in the right plots of Figure 5 for 10° < ¢ < 60° and
30° < ¢ < 60° Figure 6, in Appendix C, for 10° wide bands)
show that HAWC detects more flux than H.E.S.S. for ¢ < 40°.
This can be explained by the fact that the exposure time is
taken into account: more weight is given to regions with more
exposure time, and regions with £ < 40° have a low exposure
time for HAWC and a high exposure time for H.E.S.S.

5. Conclusion

HAWC and H.E.S.S. are two complementary instruments
using different analysis techniques. This study is the first attempt
to reconcile their data and this analysis shows consistent results:
constructing the maps by using comparable procedures, a
common energy range and comparable angular resolution leads
to two remarkably similar maps. Overall, HAWC and H.E.S.S.
measure similar fluxes. Nonetheless, there are some remaining
differences that are only partially understood. The difference in
sensitivity as a function of energy may play a role since HAWC
is more sensitive than H.E.S.S. at the highest energies, it will be
more sensitive to sources with a hard spectrum. In the part of the
Galactic plane common to H.E.S.S. and HAWC, four HAWC
sources previously undetected by H.E.S.S. show significant
emission above the detection level of 5o, using the analysis
presented here. The main ingredients leading to this result are the
use of a large Gaussian smearing factor, followed by the field-of-
view background estimation method together with a large
exclusion band to avoid contamination from the Galactic plane.
It is also an excellent demonstration of the capability for an
IACT to be sensitive to extended sources with low-surface-
brightness emission. Each of these sources will require a
dedicated analysis in order to study them in more detail and
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attempt to identify the possible origin of the observed ~-ray
emission. Future work would benefit from combining the data
from both instruments in a joint analysis, which will be
supported by ongoing efforts toward multi-instrument open
source tools like Gammapy (Deil et al. 2017) or the Multi-
Mission Maximum Likelihood (3ML) framework (Vianello
et al. 2015), together with a more realistic model of the exposure
map as presented in Mohrmann et al. (2019) for the background
estimation. The number of new extended ~-ray emission regions
is expected to increase further by applying this new analysis to
the southern part of the HGPS, which is out of HAWC’s reach.
The future observatories SWGO (Southern Wide-field Gamma-
ray Observatory (Schoorlemmer 2019)) and CTA (Cherenkov
Telescope Array; Cherenkov Telescope Array Consortium et al.
2019) can take advantage of the complementarity of the two
detection techniques illustrated here. SWGO will observe the
southern hemisphere with an improved sensitivity and angular
resolution in comparison with HAWC. Combination of SWGO
data with CTA data and their better control over systematic
errors will allow broadband spectrum analysis and provide a
deeper understanding of the sources.
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Appendix A
HAWC Sources

The HAWC sources in this analysis are the result of the
HAWC source search performed on the latest HAWC data using
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1523 days and events falling in the analysis bins 4-9 only.
According to the definition given in Abeysekara et al. (2017a),
they correspond to events triggering more than ~25% of the
array that would have an energy greater than approximately 1
TeV for a source at the Crab decl. The procedure is the same as
the one used for the 3HWC catalog (Albert et al. 2020). Table 1
shows the resulting list of sources with their position and the
association with the nearby TeVCat’® (Wakely & Horan 2008)
sources within 1° of the HAWC source. Table 2 gives the
integrated flux above 1 TeV from the HAWC flux map and the
H.E.S.S. flux map using the new analysis at the location of the
HAWC source reported in Table 1. The sources highlighted in
bold are found both in the HAWC search and in the HGPS
catalog. The sources highlighted in italic are the HAWC
sources discussed in this analysis having no H.E.S.S. counter-
part in the HGPS. The sources with a dagger (f) are called
secondary sources. They correspond to local maxima that have
reached the detection threshold but not the separation criteria
based on the TS gap between two neighbor sources, as defined
in the 3HWC catalog (Albert et al. 2020).

Table 1
HAWC Source List with Their Position and TeVCat Association
Name TS R.A. Decl. 13 b 1o Stat. Unc. TeVCat Source
(deg) (deg) (deg) (deg) (deg)
HAWC J1809-190 222.8 272.46 —19.04 11.33 0.18 0.11 3HWC J1809-190, HESS J1809-193
HAWC J1813-125 42.5 273.30 —12.56 17.40 2.59 0.15 3HWC J1813-125, HESS J1813-126
HAWC J1813-174 354.1 273.43 —17.47 13.15 0.13 0.06 3HWC J1813-174, HESS J1813-178
HAWC J1819-151 69.4 274.79 —15.17 15.79 0.07 0.14 3HWC J1819-1507, HESS J1818-154
HAWC J1825-134 1856.6 276.46 —13.40 18.12 —0.53 0.06 3HWC J1825-134, HESS J1825-137
HAWC J1831-096 176.4 27791 —-9.63 22.11 —0.03 0.11 3HWC J1831-095, HESS J1831-098
HAWC J1837-066 1111.9 279.40 —6.62 25.47 0.04 0.06 3HWC J1837-066, HESS J1837-069
HAWC J1843-034 705.0 280.99 —3.47 28.99 0.08 0.06 3HWC J1843-034, HESS J1843-033
HAWC J1847-017 226.8 281.91 —1.79 30.90 0.03 0.09 3HWC J1847-017, HESS J1848-018
HAWC J1849+001 3724 282.31 0.11 32.78 0.54 0.06 3HWC J1849+4001, HESS J1849-000,
IGR J18490-0000
HAWC J1852+013 93.7 283.01 1.38 34.23 0.50 0.10 3HWC J1852+013F
HAWC J18574027 507.4 284.33 2.80 36.09 —0.03 0.06 3HWC J1857+027, HESS J1857+026
HAWC J1859+057F 33.0 284.85 5.72 38.93 0.84 0.13 3HWC J1857+051F
HAWC J1907+085 48.2 286.79 8.57 42.35 0.44 0.10 3HWC J1907+085
HAWC J1908+063 1068.5 287.05 6.39 40.53 —0.80 0.06 3HWC J1908+063, HESS J1908+063,
MGRO J1908+-06
HAWC J1912+103 130.8 288.02 10.39 44.52 0.20 0.07 3HWC J1912+103, HESS J1912+101
HAWC J1914+118 64.2 288.68 11.87 46.13 0.32 0.09 3HWC J1914+118
HAWC J1920+147 34.4 290.17 14.79 49.39 0.39 0.10 3HWC J1920+1477, W 51
HAWC J1922+140 138.1 290.70 14.09 49.01 —0.38 0.06 3HWC J1922-+140, HESS J1923+140, W 51
HAWC J1923+169F 28.2 290.79 16.96 51.58 0.89 0.11 3HWC J1923+169F
HAWC J1928+178 172.5 292.10 17.82 52.93 0.20 0.09 3HWC J1928+178
HAWC J1930+188 86.1 292.54 18.84 54.03 0.32 0.09 3HWC J1930+188, HESS J1930+188,

SNR G054.1+00.3

Note. The position uncertainty reported here is statistical only. The systematic uncertainty varies with decl. and is discussed in more detail in Appendix B. For each
source, the nearby known TeV sources within 1° of the HAWC source, listed in TeVCat (Wakely & Horan 2008), are also given. See the text for more details.

76 http: / /tevcat.uchicago.edu/
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Table 2
HAWC Source List with the HAWC and H.E.S.S. Integrated Flux above 1 TeV

Name Faawc > 1 TeV

1072 em2s7h

Fugss > 1 TeV
1072 em2s™h

Fygss > 1 TeV at HGPS Location
(10712 cm 257

HGPS Counterpart (¢, b)
Integrated Flux above 1 TeV

HAWC J1809-190 5.98 £ 0.47 4.15 £0.17
HAWC J1813-125 1.29 £ 0.22 1.11 £0.25
HAWC J1813-174 6.49 + 0.41 5.74 £ 0.33
HAWC J1819-151 2.13 +0.28 1.16 = 0.17
HAWC J1825-134 11.4 £ 0.34 9.78 + 0.20
HAWC J1831-096 2.29 +0.20 2.28 + 0.18
HAWC J1837-066 5.65 £ 0.21 7.32 £0.25
HAWC J1843-034 3.64 £ 0.16 427 £0.24
HAWC J1847-017 1.82 £ 0.14 2.66 + 0.19
HAWC J1849+-001 2.11 £0.13 2.03 £ 0.17
HAWC J1852+4-013 0.97 = 0.11 1.22 £ 0.16
HAWC J1857+027 2.54 £ 0.13 4.75 £0.26
HAWC J1859+0577 0.48 + 0.091 0.39 + 0.31
HAWC J1907+-085 0.56 + 0.089 1.03 £ 0.16
HAWC J1908+-063 352 +£0.13 371 £0.22
HAWC J1912+103 0.98 + 0.096 2.01 £0.13
HAWC J1914+118 0.61 + 0.085 1.09 £ 0.20
HAWC J1920+-147 0.43 + 0.080 0.54 £ 0.22
HAWC J19224-140 0.92 + 0.088 1.38 £0.22
HAWC J1923+1697 0.39 £ 0.079 0.51 +0.31
HAWC J1928+178 1.01 &+ 0.09 1.49 £0.24
HAWC J1930+-188 0.74 £ 0.087 1.77 £ 0.23

HESS J1809-193 (11.11, —0.02) 537 £ 045
HESS J1813-126 (17.31, 2.49) 1.04 = 0.21
HESS J1813-178 (12.82, —0.025) 2.12 + 0.40
HESS J1818-154 (15.41, 0.16) 0.23 = 0.05
HESS J1825-137 (17.52, —0.62) 19.15 + 1.85
HESS J1837-069 (25.15, —0.087) 11.55 £ 0.49
HESS J1843-033 (28.90, 0.075) 3.04 = 0.20
HESS J1848-018 (30.92, —0.20) 1.11 £ 0.15
HESS J1849-000 (32.61, 0.53) 0.57 = 0.07
HESS 118574026 (36.06, —0.06) 4.0 £0.29
HESS J1908+063 (40.55, —0.84) 8.35 £ 0.57
HESS J1912+4-101 (44.46-0.13) 2.49 + 0.34
HESS J1923+141 (49.08, —0.40) 0.69 + 0.11
HESS 119304188 (54.06, 0.27) 0.32 £ 0.068

Note. The flux values are reported at the location of the HAWC sources from Table 1. The H.E.S.S. flux from this analysis is also reported at the location of the HGPS
source when there is an association. The positions of the HGPS sources are given in galactic coordinates in parentheses. The flux uncertainty reported here is statistical
only. The systematic uncertainties on the flux are estimated to be 30% for H.E.S.S. (H.E.S.S. Collaboration et al. 2018a) and for HAWC (Abeysekara et al. 2019). The
HAWC flux reported here is slightly different from the output from the HAWC source search from Albert et al. (2020) on the data set considered here because it
assumes a simple power-law spectrum with a constant spectral index of —2.5 for all sources, while in the catalog search it is a free parameter from the fit. Moreover,
the flux reported for H.E.S.S. is expected to differ from the one reported in the HGPS due to the hypotheses of 0.4° on the Gaussian size and the use of an spectral
index of —2.5 instead of —2.3, and the different background estimation method.

Appendix B
Systematic Uncertainties

The difference between HAWC and H.E.S.S. flux profiles
may be explained, at least partially, by evaluating the
systematic uncertainties. First, each instrument has its own
absolute systematic uncertainties on the flux: for H.E.S.S., they
are mainly due to atmospheric effects (weather condition and
seasonal effect), but also to the modeling of the instrument, and
have been evaluated to ~30% (H.E.S.S. Collaboration et al.
2018a). HAWC is dominated by the uncertainties on the
modeling of the instrument, which results in ~30% uncertainty
on the flux (Abeysekara et al. 2019). Second, the variation in
flux resulting from a variation of each of the parameters listed
bellow, used to produce the maps, is evaluated. For most of
them, the median flux variation over the part of the Galactic
plane used for the comparison (10° < ¢ < 60°) and local
effects may have to be taken into account for specific studies.
When a parameter highly depends on the longitude, the flux
variation is derived for all positions along the Galactic plane.
All systematic uncertainties are then added quadratically and
represented as the dotted envelope in Figure 4.

1. The spectral index: An index of —2.5 is used both for
HAWC and H.E.S.S. for the entire part of the Galactic
plane considered for the comparison. However, H.E.S.S.
used —2.3 when producing the HGPS, as being the mean
index of TeV Galactic sources. Another H.E.S.S. map
was produced (not presented here) using the new analysis
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presented in this paper and an index of —2.3. Using an
index of —2.3 instead of —2.5 leads to a median flux
variation of ~1.7% over the part of the Galactic plane
considered here.

2. The analysis energy threshold: While it can be set quite
precisely to be 1 TeV for H.E.S.S. data, with an
uncertainty of ~10% (Parsons & Hinton 2014), the
uncertainty on the HAWC energy threshold is much
larger due to the use of the analysis bins. This can cause
HAWC to be dominated by events of a few TeV instead
of 1 TeV, depending on the zenith angle. A H.E.S.S. map
was produced using the new analysis presented in this
paper and an energy threshold of 2 TeV instead of
1 TeV. Using 2 TeV would lead to a median variation
of ~14%.

3. The background method: A H.E.S.S. map was produced
(not presented here) using the new analysis presented in
this paper but using the ring background method. Using
the field-of-view background method instead of the ring
background method leads to a systematic increase of the
flux by a median value of 1.9 x 1073 cm=2s7!,

4. The imperfect knowledge of the H.E.S.S. background,
due to the local nature of the background estimation and
the sensitivity to instrumental conditions: Assuming that
the background is known with a 5% precision, the
corresponding error on the flux at each point in longitude
is evaluated to range between 1.5 x 1073 cm=2s~! at
¢ = 10°and 5 x 1073 cm2s ' atf = 60°.
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5. H.E.S.S. analysis chain: A H.E.S.S. map was produced
(not presented here) using the new analysis presented in
this paper with the other H.E.S.S. analysis chain to cross
check the results. The median variation in flux seen by
the two different H.E.S.S. analysis chains is ~25%.

6. Using the HAWC flux map: In the study presented in this
paper, the flux are obtained by reading the flux map,
making the assumption that the spectral index is —2.5 for
all sources. The flux values can be compared with the one
obtained from the HAWC catalog search, where both the
index and the flux normalization are fitted. The median
difference in flux between both is ~48% of the flux.

7. The source size hypotheses: A constant size of 0.4 was
used in this analysis to produce the H.E.S.S. TS map,
whereas the PSF of HAWC varies with zenith angle and
as a function of the analysis bin. The average HAWC
PSF over the analysis bins 4-9 is actually closer to 0.3°.
Another H.E.S.S. map using the new analysis presented
in this paper was produced (not shown here) using a
Gaussian of 0.3° instead of 0.4°. Decreasing the size of
the Gaussian to 0.3° leads to a flux 39% lower.

8. The systematic bias on the source position reconstruction
(visible in Figure 11 of Albert et al. (2020)) has also been
taken into account in the systematic uncertainties:
Similarly, a relation has been derived to describe the
difference in the reconstructed location of the sources in
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common to the HAWC data set used this analysis and the
HGPS (Table 2). Multiple profiles have then been derived
and averaged according to this relation and its errors,
given a mean systematic uncertainty that depends on the
longitude. The systematic error is then estimated to be
9.3 x 107" cm2s~! (median), which is negligible
compare to the other systematic uncertainties.

An in-depth study with joint analysis of common sources
would be needed to quantify these effects more precisely; this
is beyond the scope of the first approach presented here.

Appendix C
Latitude Profiles in 10° Longitude Bands

The latitude profiles of the integrated flux above 1 TeV for
H.E.S.S. and HAWC, as described in Section 4.3, are plotted in
Figure 6 in bands of 10° in longitude as indicated on the plots.
HAWC detects more flux than H.E.S.S. in all bands with
¢ < 40°. In the band with 40° < ¢ < 50° HAWC and H.E.S.S.
detect a similar level of flux, and for 50° < ¢ < 60°, H.E.S.S.
detects slightly more flux. However, when taking into account
the exposure time of each instrument over each latitude range,
in the average over 10° < ¢ < 60°, H.E.S.S. detects more flux
as shown in the left plot of Figure 5. Note that the systematic
uncertainties are not shown here but can reach 50% of the flux.
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Figure 6. Profiles of the integrated flux above 1 TeV for H.E.S.S. and HAWC along the latitude axis in bands of 10° in longitude. The shaded bands represent the 1o

uncertainties. The systematic uncertainties are not shown here.

Appendix D

Applicability of Wilks’s Theorem on HAWC and

H.E.S.S. Data

To validate the use of Wilks’s theorem and
significance distribution, synthetic maps have been

check the
created for

HAWC and H.E.S.S. by generating random Poisson realiza-
tions assuming background only. The significance maps are

13

then produced in the same way as the maps presented in the
paper, as described in Section 3. Figure 7 shows an example for
one synthetic map for H.E.S.S. with the new analysis and one
for HAWC using the standard analysis. The distribution of
significance in the resulting null hypothesis maps is found to be
consistent with a Gaussian centered on O with a standard

deviation of 1, as expected.
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Figure 7. H.E.S.S. (top) and HAWC (bottom) synthetic significance map with their distribution.
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