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The well-known supernova remnant (SNR) W 44 is observed in high-energy gamma rays and
widely studied to investigate cosmic ray (CR) acceleration. Several analyses of the W 44 sur-
roundings showed the presence of gamma-ray emission offset from the radio SNR shell. This
emission is thought to originate from escaped high-energy CRs. We present a detailed analysis
of the W 44 region as seen by Fermi-LAT, focusing on the spatial and spectral characteristics of
both W 44 SNR and its surroundings. The spatial analysis was limited to energies above 1 GeV in
order to exploit the improved angular resolution of the instrument, deriving a detailed description
of the region morphology. Observations of the north-western region of W 44, also known as
SRC-1 from previous works, were conducted with the MAGIC telescopes in the very high-energy
gamma-ray band. We analysed MAGIC data exploiting the spatial information derived with the
Fermi-LAT analysis at GeV energies. Here we show the results of both analyses and the combined
Fermi-LAT and MAGIC spectra, thus obtaining constraining information on the diffusion of the

escaped CRs.

37M International Cosmic Ray Conference (ICRC 2021)
July 12th — 23rd, 2021
Online — Berlin, Germany

*Presenter
Ta complete list of the MAGIC Collaboration authors can be found at the end of the proceedings

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/


mailto:leonardo.divenere@ba.infn.it
https://pos.sissa.it/

W 44 with Fermi-LAT and MAGIC Di Venere L.

1. Introduction

Supernova Remnants (SNRs) play a central role in the study of Cosmic rays (CRs) and in
particular to explain the origin of Galactic CRs. W 44 is one of the most luminous and studied
SNR in the gamma-ray energy band. AGILE and Fermi-LAT reported its emission with strong
evidence of hadronic interaction of accelerated cosmic rays with the dense environment [1, 2]. It is
amiddle-aged SNR (~ 2-10*yr), which is the optimal age to study the escaping of cosmic rays from
the acceleration region of the SNR. In particular, the softening of the spectrum observed around
tens of GeV, already suggested a possible escape of high energy cosmic rays. Studies conducted
on the surrounding region revealed an emission above the one expected from the cosmic ray sea.
Uchiyama et al. [2] discovered two extended regions emitting at GeV energies close to the W 44
shell, which are thought to derive from escaped cosmic rays interacting with the dense medium.
Peron et al. [3] recently confirmed this hypothesis.

In this contribution, we investigate the W 44 region from GeV to TeV energies with Fermi-LAT
and MAGIC data. In particular, we analysed the whole W 44 region with Fermi-LAT at energies
above 1 GeV, both spatially and spectrally. Afterwards, we analysed the North-Western region of
W 44 (also known as SRC-1 [2]) with MAGIC telescopes at energies above an analysis threshold
of 130 GeV.

2. Fermi-LAT analysis

The Large Area Telescope (LAT) instrument onboard the Fermi Gamma-Ray Space Telescope
satellite is a pair-conversion telescope with a precision converter-tracker and calorimeter that detects
gamma rays from tens of MeV to hundreds of GeV.

We selected almost 12 years of P8_R3 data from a Region of Interest (Rol) of 15° centered on
the W 44 position (GLON: 34.65°, GLAT: -0.38°) in the energy range from 1 GeV to 2 TeV. We
selected SOURCE class events with a maximum zenith angle of 105° to get rid of the Earth’s limb
contamination.

We performed a binned likelihood analysis in a squared region inscribed in the Rol selected.
Data were binned in energy adopting 8 bins/decade. In order to increase the Fermi-LAT sensitivity,
we divided the dataset according to the PSF event types available in the Pass 8 reprocessing of
Fermi-LAT data. The event types available go from PSFO to PSF3 with increasingly better angular
reconstruction. The corresponding set of IRFs, PSR3_SOURCE_V3, was used to perform the fitting
procedure. The Rol was described including in the model all the known sources from the 4FGL.-
DR2 catalog [4] within 20° from the Rol center and the Galactic and isotropic diffuse background
models (gll_iem_v07,iso_P8R3_SOURCE_V3_v1!). Among these, the normalization parameters
of the diffuse components and of sources having a significance larger than 20 were fitted, while other
parameters were kept fixed at the catalog values. The analysis was conducted using the fermitools
(v2.0.8) and the fermipy (v1.0.1) packages.

A detailed morphological analysis of the W 44 region was conducted. For this scope, we first
removed all known sources within 1° from the Rol center, except for the W 44. Afterwards, a

1See here https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html for more de-
tails.
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source-find algorithm was applied to detect new point-like sources within 1° from the center of the
Rol and having a significance above 5o. Each newly found source was subjected to an extension
fitting procedure in order to determine whether an extended spatial model is more suitable. A disk
model was used instead of the point-like model, and the radius of the disk was fitted to the data. A
source is considered extended if 7S¢y > 252. Finally, the new sources underwent also a curvature
fitting procedure in order to determine whether their spectra were characterized by a certain degree
of curvature or not. In the reference model My, the source under investigation was described with a

power-law spectrum iil_%] =Ny (EEO) y. For the alternative model the Log-Parabola spectrum? was
considered. The TS¢,v was calculated as 2 (InL{ — [nLg) and the source was considered “curved”
if TScury > 20.

The procedure previously described was repeated for different spatial template describing the
morphology of the W 44 SNR. The choice of the best configuration was made evaluating the value
of the Akaike Information Criterion (AIC)[5] for each analysis result, defined as AIC = 2k — 2InL,
where k is the number of parameters of the model. The best model is the one for which the AIC is
minimized. Since the variation in the number of parameters depends essentially on what happens
within 1° from the center of the ROI, we considered only the sources in this restricted region for
the calculation of the k.

The spatial templates considered for the description of the morphology of the remnant were:
the 4FGL catalog template, derived in [6], a radio (1420 MHz) template derived from the THOR
survey [7] and a full-ellipse template. The catalog template and the full-ellipse template were also
divided along the major axis. The two half-ellipses were fitted as independent sources (doubling
the number of free parameters).

Regarding the elliptical model, the dimension and orientation of the full-ellipse template were
derived with a dedicated analysis, by fitting templates with varying inclination angles with 10°-steps,
semi-major and semi-minor axes with 0.04°-steps. The AIC criterion was used to determine the best
elliptical template. The minimum AIC value was obtained for 115° of inclination angle, a=0.38°,
b=0.2°. A finer step of 0.01° was used for the ellipse semi-axes, fixing the inclination angle to
115°. The log-likelihood resulted maximized and the AIC minimized (Fig. 1) for [a=(0.41+0.01)°,
b=(0.23 £ 0.01)°].

Tablel shows the log-likelihood and AIC values for all the models adopted, showing that the
best result is obtained with the radio template. Fig. 2 shows a deviation probability map* obtained
with the best model. The red contours represent the W 44 morphology adopted while the red crosses
and circles show the sources added and fitted in this analysis. The black crosses and circles represent
all the sources from the 4FGL-DR2 catalog. In particular, two moderately extended sources located
at the opposite edges along the major axis of the SNR were detected, which are believed to be the
North-West (NW) and South-East (SE) sources already observed in previous works [2, 3]. As a
consequence of the extension fitting procedure, each of them was spatially modelled with a disk.

2TSext is defined as twice the log-likelihood difference between a model HI with an extended model and a null
hypothesis HO based on a point-like source.

3https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/source_models.html

4The deviation probability map shows the data/model agreement and is sensitive to both positive and negative
fluctuations. See here for more details https://indico.cern.ch/event/1010947/contributions/4278096/
attachments/2228212/3774978/bruel_FermiSymposium2021_PSmap_v4.pdf
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Figure 1: Left: 2-dimensional Log-Likelihood profile obtained with full elliptical template with an inclina-
tion angle of 115°. The white contour represent the 68% confidence level border. Right: A log-likelihood
(In L —1n L,,4x) profile as a function of the semi-major axes a of the ellipse for fixed values of the semi-minor
axis b.
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Figure 2: Deviation probability map, or PS map, of the W 44 surroundings with the best model obtained
from the likelihood analysis. Red contours represent the W 44 radio template adopted in the analysis.
The additional red crosses and circles show the newly sources added in this analysis, while the black ones
correspond to sources in the 4FGL-DR2 Fermi-LAT catalog. The radii of the circles represent the rgg of the
extended sources modelled with a disk shape.

In addition to the two small disks, a large central extended source needs to be added to the
model to describe a residual diffuse y-ray emission originating in the surroundings of W 44. Table
2 shows the position and radius of the “diffuse” disk as well as those of the two small NW and SE
extended sources.

The morphology of this diffuse emission was investigated in detail. In order to find possible
associations with gas complexes, we studied '>CO and '*CO data from the NRO FUGIN survey
obtained with the Nobeyama 45m-telescope [8] in a region within ~ 1.5° from the SNR.Nine
velocity intervals were chosen from the emission profiles of the gas in correspondence of the large
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Template (W 44) In. k(d.o.f.) AIC Aarc

4FGL 57702 18 -115368 289
4FGL divided 57755 25 -115460 197
Full ellipse 57743 18 -115450 207
Full ellipse divided 57770 20 -115501 156
Radio (1420 MHz) 57856 27 -115657 0

Table 1: Results for 4FGL, full ellipse and radio templates. The As;c is calculated with respect to the
minimum AIC, corresponding to the 'radio’ template.

Sources RA (deg) DEC (deg) res (deg)
NW source 283.87+0.01 1.67+0.01 0.16+0.01
SE source 284.24+0.01 1.05+£0.01 0.12+0.01

DIFFUSE disk  284.01+£0.02 1.59+0.02 0.73+0.02

Table 2: Fitted position and radius of the three extended sources of Fig. 2. reg represents the 68%
containment radius of the best-fit spatial model.

disk, and in correspondence of the NW and SE disks. The velocity intervals corresponded to peaks
of the gas profile within each of these regions. For each case we derived a template and repeated
the likelihood fitting procedure for Fermi-LAT data, adopting the radio template for the W 44. The
other sources in the Rol and in particular the NW and SE sources were refitted both spatially and
spectrally in each case. The AIC value was used to obtain the best configuration. Among the CO
templates derived, the one that provided the best results corresponds to the velocity interval (38.6
- 49.8) km/s, which is shown in Fig. 3. However, the large disk derived previously (and reported
in table 2) still provided the best description of the Rol, with a AAIC=10.6 in favour of the disk
hypothesis. Therefore, this latter model was used as reference spatial model also for the MAGIC
analysis.

It is important to note that when using the CO template instead of the large disk to model the
large diffuse background, the spatial and spectral parameters of both the NW and SE sources did not
change significantly, being compatible with the results in table 2 within the statistical uncertainties.

Finally, a spectral analysis was conducted on the whole region. A curvature test was performed
using a Log-Parabola spectrum, as described at the beginning of this section. The Spectral
Energy Distribution (SED) of each source was calculated in the energy range from 1 GeV to 2 TeV,
assuming a binning of 8 bins/decade for energies <30 GeV and 4 bins/decade for energies >30 GeV.
Fig. 4 shows the SEDs of the W 44 and of the three extended sources in the W 44 surroundings.

3. MAGIC analysis

The Major Atmospheric Gamma Imaging Cherenkov (MAGIC) telescopes are a system of
two IACTs located on the Canary island of La Palma at an altitude of 2200 m above sea level [9].
MAGIC observed the W 44 region between April 2013 and August 2014 for 173.7 h after quality
cuts at zenith angles between 25°—45°. The MAGIC observations were centered on the coordinates
of NW source from Uchiyama et al. [2] using the standard wobble distance of 0.4°. The low-level
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Figure 3: CO template derived from NRO FUGIN survey in the velocity interval (38.6, 49.8) km/s. The
template is the sum of both '>CO and '3CO data. For comparison, the white circle represents the diffuse disk

derived from the Fermi-LAT analysis.
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Figure 4: Spectral Energy Distribution of the W 44 SNR, NW, SE small disks and large diffuse disks derived

with Fermi-LAT data.

analysis was performed with the MAGIC Analysis and Reconstruction Software (MARS) [10]. We
used the spatial likelihood analysis package SkyPrism [11] for our subsequent high-level analysis.

An estimation of the systematic uncertainties of the MAGIC telescopes and the low and high-level

analysis pipelines can be found in Aleksic et al. [12] and Vovk et al. [11]. Uncertainties are directly

calculated from the log-likelihood deviation from the obtained best fit.

From the wobble observations we constructed the background camera exposure model us-

ing an Exclusion Map. We excluded the known sources in our field of view (FoV). Namely

HESS J1857+026 [13] using an exclusion zone radius of 0.45°which is large enough to enclose
the two known high energy sources MAGIC J1857.2+0263 (RA: 18"57™13.0° Dec: 02°37'31"),
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Figure 5: Spectral Energy Distribution of the NW source obtained combining the Fermi-LAT (blue) and
MAGIC (green) data. The light blue lines represent the gamma-ray emission in the hypothesis of CRs
escaped from W 44 and illuminating a nearby cloud for three values of the diffusion coeflicient, as derived
in [2].

MAGIC J1857.6+0297 (RA: 18"57™35.6° Dec: 02°58’02"") [14]. We also excluded HESS J1858+020
[13] with a radius of 0.17°, NW and SE with their position and extension from the Fermi-LAT anal-
ysis above. The centers of the exclusion regions around HESS J1857+026 and HESS J1858+020
where set to the respective maximum in our sky map. Due to the curved spectra of W 44 and the
large background components theses sources do not need to be included in the analysis of MAGIC
data, being their flux negligible at energies above 100 GeV.

A signal was searched in the region of the NW disk, taking the center and radius derived in the
previous Fermi-LAT analysis. No significant detection was obtained with MAGIC. We therefore
calculate 95% CL upper limits in each of our energy bins, which are shown in Fig. 5, together with
Fermi-LAT data related to the NW source.

4. Summary

We report here on the observations of the W 44 SNR and its surroundings with Fermi-LAT
and MAGIC data. Previous works already reported the detection of this SNR and of localized
GeV emissions in its surroundings with Fermi-LAT. Observations were conducted with the MAGIC
telescopes centered on one of these surrounding emissions, namely the source known as SRC-1 or
NW emission.

A detailed morphological analysis of the whole W 44 region was conducted in this work
with the Fermi-LAT data above 1 GeV, deriving both spatial and spectral information. The spatial
parameters of the NW emission were used to analyse MAGIC data. No detection at energies above
100 GeV was found with these observations and upper limits on the differential flux were derived
from MAGIC data.
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Group: Astronomy Research Unit, University of Oulu, FI-90014 Oulu, Finland 37 Croatian MAGIC Group: Ruder Boskovié Institute,
10000 Zagreb, Croatia 38 INFN MAGIC Group: INEN Sezione di Perugia, I-06123 Perugia, Italy 3 INFN MAGIC Group: INFN
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