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The gamma Cygni supernova remnant (SNR) is a middle-aged, Sedov-phase SNR in the
Cygnus region. It is a known source of non-thermal emission at radio, X-ray, and gamma-ray
energies. Very-high energy (VHE, >100 GeV) gamma-ray emission from gamma Cygni was
first detected by the VERITAS observatory and it has since been observed by other experiments.
Observations so far indicate that there must be a population of non-thermal particles present
in the remnant which produces the observed emission. However, it is not clear what kind of
particles (protons/ions or electrons) are accelerated in the remnant, how efficient the acceleration
is, and up to which energy particles can be accelerated. Accurate measurements of the VHE
gamma-ray spectrum are crucial to investigate particle acceleration above TeV energies.
This presentation will focus on multi-wavelength observations of the gamma Cygni SNR and their
interpretation. We will present improved measurements of the VHE gamma-ray emission spectrum of gamma Cygni by the High-Altitude Water Cherenkov (HAWC) gamma-ray observatory,
and use these results as well as measurements from other instruments to model the underlying
particle populations producing this emission. HAWC’s excellent sensitivity at TeV energies and
above enables us to extend spectral measurements to higher energies and better constrain the
maximum acceleration energy.
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1. Introduction

2. Instruments and Data Analysis
Data from two instruments was used in this study: The HAWC (High Altitude Water Cherenkov)
ground-based gamma-ray Observatory and the Fermi-LAT (Large Area Telescope aboard NASA’s
Fermi satellite).
HAWC is sensitive to gamma-ray air showers with a primary energy between a few hundred
GeV to hundreds of TeV. Its angular resolution depends mainly on the fraction of the detector hit by
a given event, and ranges from 0.10◦ to 1◦ . As an air shower detector, HAWC’s main background is
due to cosmic-ray induced showers which mimic gamma-ray events. HAWC’s data are proprietary;
details on data reconstruction and basic analysis can be found in [12, 13]. The dataset used for this
analysis comprises 1038 days of HAWC data, reconstructed with the ground parameter energy
estimator and binned according to the two-dimensional scheme described in [14].
HAWC data are analyzed using a binned likelihood prescription as described in [15]. For this
study, the threeML framework [16] with the HAL plugin was used for HAWC data analysis as well
as joint fits to HAWC and Fermi-LAT data.
The LAT detects gamma rays from 20 MeV to several TeV [17, 18, 19]. Its angular resolution
ranges from several degrees below 100 MeV to about 0.10◦ above 30 GeV1 . The LAT has very good
hadron rejection capabilities; for most analyses, the main backgrounds are gamma-ray photons
from nearby sources or diffuse emission from the Galactic plane.
For this study, we used 9.8 years of Fermi-LAT data (up to May 15, 2018), reconstructed
according to pass 8 revision 2. SOURCE class events in between 1 GeV and 870 GeV, originating
from the Cygnus region, were analyzed using the fermipy[20] analysis framework.
1 https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
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The γ Cygni SNR (G78.2+2.1) is a middle-aged SNR located in the Cygnus region of our
Galaxy, named for its location near the star γ Cygni. The star is not related to the remnant; in the
following text, “γ Cygni” will be used to refer to the SNR. Its age has been estimated to be 5 kyr to
10 kyr [1, 2], and its distance from Earth to 1.7 kpc to 2.6 kpc [2].
Gamma-ray emission from the γ Cygni SNR has been detected both in the GeV and the TeV
range. The GeV emission has two components, an extended ‘disk’ coincicent with the radio shell
as well as a hotspot in the northwestern quadrant of the remnant (see e.g. [3, 4, 5, 6]). In the
VHE regime, gamma-ray emission was first reported by VERITAS, which detected emission from
the north-western hotpot, VER J2019+407 [7]. The MAGIC collaboration has reported significant
emission from both the hotspot and the disk component [8].
The Cygnus region, in which γ Cygni is located, contains several gamma-ray sources. In
particular, γ Cygni overlaps with the Cygnus cocoon, an extended source of GeV to TeV gamma
rays [9, 10]. In the analysis of HAWC data, care must be taken to dis-entangle the two sources
from each other, as not to over-estimate the emission from γ Cygni. The multi-source analysis of
the TeV emission from the region is described in [9]
In this study, we will extract the GeV to TeV energy spectrum of the γ Cygni SNR and model
it as a pion decay spectrum.
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Figure 1: Fermi-LAT gamma-ray maps. Left: Gamma-ray counts above 1 GeV, smoothed. Right:
TS map of γ Cygni after subtracting all other sources in the region (point source assumption,
spectral index -2).

Figure 2: HAWC gamma-ray maps. Left: significance map of the Cygnus cocoon region, with the
ROI marked in green. Blue contours: Cygnus cocoon [10], White contours; VERITAS ([11], data
provided by R. Bird). Right: Significance map of γ Cygni after subtracting all other sources in the
model (point source assumption, spectral index -2.7). Grey contours; VERITAS ([11].
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3. Modeling of the Region

The HAWC data mirrors what is described in [9]. The region of interest was chosen to be 6◦
around RA=307.17◦ Dec=41.17◦ , with a 2◦ cutout to remove contributions from the bright source
2HWC J2019+367. The HAWC emission is well described by three components. The extended
TeV counterpart of the cocoon and the counterpart of VER J2031+415 are modeled as described in
[9], with their morphologies fixed and spectral parameters free. γ Cygni was modeled with a disklike morphology as in the 3FGL, with a power law energy spectrum. For this study, the morphology
was fixed.
As in [6], we also considered the presence of a second ‘hotspot’ component, a possible counterpart of VER J2019+407. For the Fermi-LAT analysis, this was modeled with a gaussian morphology, centered on RA 305.02◦ , Dec 40.76◦ , with a 68% containment radius of 0.23◦ , and a
power law energy spectrum. For the HAWC analysis, this source was modeled as a point source
as its extend is small compared to HAWC’s angular resolution, again with a power-law energy
spectrum.

4. Gamma-Ray Emission from the γ Cygni SNR
4.1 Morphology
In Fermi-LAT data, both the ‘disk’ and the ‘hotspot’ component of the γ Cygni SNR are
significantly detected (TS of 142 for the hotspot and 581 for the disk). Their spectral indices are
consistent with each other within uncertainties (see Table 1). HAWC significantly detects the ‘disk’
component, but there is no preference for including the hotspot. Significance maps derived from
both datasets are show in Fig. 1 and Fig. 2.
4.2 Energy Spectra
In both the Fermi-LAT and the HAWC data, γ Cygni is well fit by power-law energy spectra,
with no significant preference for curvature (see Table 1, Fig. 3). Spectral points were extracted for
the Fermi-LAT data range using fermipy’s sed function. γ Cygni is detected with a TS of 39.3
in the HAWC dataset; this detection was not significant enough to extract spectral points.
The two spectra are plotted in Fig. 3. They line up reasonably well with each other, but the
TeV spectrum measured by HAWC is significanly softer than the GeV spectrum, indicating the
presence of a spectral break or cutoff.
3
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For the analysis of the Fermi-LAT data set, data within 10◦ of the nominal position of the γ
Cygni SNR were selected. For the model, all 3FGL [4] sources within 15◦ (accounting for photon leakage from sources outside the region of interest [ROI]) of the ROI center were considered,
as well as the usual diffuse emission templates. All sources within 5◦ of the ROI center and/or
with at T S > 10 in the initial optimize step were freed for the fit. Source positions and morphologies (for extended sources) were fixed to their 3FGL values. In particular, γ Cygni (3FGL
J2021.0+4031e) was modeled as a disk with centroid at RA 305.27◦ , Dec 40.52◦ and radius 0.63◦ .
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5. Hadronic Modeling

• Total energy Wp in relativistic protons (above 1 GeV):
 2
−3
Wp = (1.4 ± 0.1) · 1050 erg · 2dpc · 1 cmn , where d is the distance to the SNR and n is the
number density of hydrogen nuclei in the emission region.
• Proton spectral index γ = 2.137 ± 0.033
• Proton cutoff energy: EC = (20 ± 5) TeV.
The uncertainties given here are statistical only. Not that there is no cross-calibration between
Fermi-LAT and HAWC yet; systematic differences in the flux or energy scales between the two
instruments are under investigation and could lead to large uncertainties on the cutoff energy. The
resulting gamma-ray energy spectrum can be seen in Fig. 3.
These results are similar to what had been found in [6], which focussed on the hotspot component instead.

6. Conclusions and Discussion
HAWC detects VHE gamma-ray emission from the γ Cygni SNR, in spatial coincidence with
the ‘disk’ emission seen by Fermi-LAT. The VHE energy spectrum is significantly harder than what
is seen at GeV energies. The resulting GeV to TeV spectrum is well-fit by a pion decay model,
assuming the underlying proton spectrum is well described by a power-law with an exponential
cutoff.
In the future, we plan to repeat the Fermi-LAT analysis of the region, using the new 4FGL
catalog [22] and updated diffuse emission models as a baseline. In particular, we plan to look for a
pion bump, a characteristic cutoff below 100 MeV indicative of emission from pion decays.
Leptonic emission models are also under consideration.
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Assuming that the GeV–TeV emission from γ Cygni is dominated by hadronic processes (relativistic protons and nuclei produce pions in interactions with the ISM, some of which decay into
gamma rays), we attempted to extract the parameters of the underlying proton spectrum. The
naima package [21] was used to predict the gamma-ray emission from a given proton spectrum.
The threeML framework was used to fit the underlying model parameters to the Fermi-LAT and
HAWC data simultaneously. In this case, the HAWC data was read in directly via the hawc_hal
plugin, while the spectral points corresponding to the Fermi-LAT measurement of γ Cygni were
read in via the XYlike plugin. The other two HAWC sources in the region were modeled as
described above.
Pion decay emission from a simple power-law proton spectrum would produce gamma-ray
emission following a pure power law above about 1 GeV, which is not compatible with the observed
break in the gamma-ray spectrum. However, a powerlaw spectrum with an exponential cutoff, dN
dE ∝
 −γ


E
· exp − EEC , reproduces the GeV to TeV data well. The best-fit proton model parameters
E0
is described by the following:
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Table 1: Fit parameters of the energy spectra of the γ Cygni SNR, fit to Fermi-LAT and HAWC
data separately. Statistical uncertainties only.
Instrument

Component

[cm−2 s−1 TeV−1 ]

K

γ

TS

Fermi-LAT

Disk
Hotspot

0.001
0.001

(1.2 ± 0.1) · 10−5
(2.8 ± 0.6) · 10−6

2.06 ± 0.03
2.11 ± 0.09

580
142

Fermi-LAT

Disk

0.001

(1.50 ± 0.06) · 10−5

2.06 ± 0.02

767

HAWC

Disk

2.6

(3 ± 0.5) · 10−13

3.02 ± 0.14

39.3

HAWC Preliminary
11

10

12

E2

[

dF TeV
dE cm2s

]

10

LAT 10 years, disk model
HAWC 3 years, disk model
Joint fit, pion decay model
10 3
10 2

10 1
Energy [TeV]

100

Figure 3: Gamma-ray energy spectra of γ Cygni. Statistical uncertainties only.
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