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The supernova remnant (SNR) G106.3+2.7 associated with a 100 TeV gamma-ray source reported
by HAWC, Tibet ASW, and LHAASO Collaborations is one of the promising PeVatron candidates.
Because the SNR contains an energetic pulsar wind nebula (PWN) dubbed Boomerang powered
by the pulsar PSR J2229+6114, it is unclear whether the gamma-ray emission originates from the
SNR or PWN complex and whether it is caused by hadronic or leptonic processes. We observed
gamma rays above 200GeV in the vicinity of the SNR G106.3+2.7 using the MAGIC telescopes
for total ∼ 120 hours between May 2017 and August 2019 with an angular resolution of 0.07–
0.10 degrees, achieving an unprecedented exposure for this object at these energies. An extended
gamma-ray emission spatially correlated with the radio continuum emission at the head and tail of
SNR G106.3+2.7 was detected using the MAGIC telescopes. We found a significant gamma-ray
emission above 5.65 TeV only from the SNR tail region, while no significant emission in the same
band is found at the SNR head region containing the Boomerang PWN. Therefore, the gamma rays
above 10 TeV detected with the air shower experiments are, likely, mainly emitted from the SNR
tail region. In this presentation, we discuss the morphology of the gamma-ray emission from this
complex region and attempt self-consistent multi-wavelength modeling of the energy spectrum.
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1. Introduction

Supernova remnants (SNRs) in our Galaxy are believed to be cosmic-ray accelerators up
to PeV energies, and are commonly referred to as "PeVatrons" [1]. An observation of gamma
rays above 100 TeV is a reliable (actually only reliable when emission is proven to be hadronic)
method to confirm the potential PeVatron. Recent observations by air shower experiments have
revealed 100 TeV gamma-ray emissions fromSNRG106.3+2.7. Observations in the vicinity of SNR
G106.3+2.7 by HAWC and Tibet ASW experiments observed a gamma-ray spectrum without an
exponential cutoff up to 100 TeV, providing a lower limit on the maximum energy of the accelerated
particles, 270+140

−170 TeV [2] or 190 TeV [3] for electrons and 800+990
−640 TeV [2] or 500 TeV [3] for

protons. In addition, LHAASO experiment detected a gamma-ray spectrum with more statistics,
providing the photon cutoff energy of 570 ± 190 TeV [4]. However, an interpretation of the
very-high-energy (VHE) gamma-ray emissions from this region is still challenging because SNR
G106.3+2.7 contains an energetic pulsar accompanied with GeV pulse emissions [5] and a pulsar
wind nebula (PWN) G106.6+2.9 named Boomerang [6].

SNR G106.3+2.7 has a comet-like shape and consists two patches called head (G106.58+2.86)
and tail (G106.10+2.73) in the radio continuum band [7]. X-ray observations revealed non-thermal
X-ray emissions from this SNR [8, 9], and one of the observations suggests that SNR-head originates
from electrons escaped from the PWN[8]. In the gamma-ray band, the angular resolution of previous
gamma-ray observations has not been sufficient to resolve the PWN or SNR components. Hence, it
is unclear whether the gamma-ray emission originates from the SNR or PWN complex and whether
it is caused by hadronic or leptonic processes. With an aim to resolve the origin of the VHE
gamma-ray emission, we study this complex region using 122 hours of MAGIC data.

2. MAGIC observations

The MAGIC (Major Atmospheric Gamma Imaging Cherenkov) telescope is a system of two
17m diameter imaging Cherenkov telescopes located in the Canary island La Palma, Spain (28.76◦

N; 17.89◦ W). MAGIC is capable of observing gamma-ray induced extensive air showers in the
atmosphere via their Cherenkov light. At medium Zenith angles (30–45 deg), it can detect sources
as weak as (0.76 ± 0.04)% of the Crab Nebula flux at 5f significance level above 0.21 TeV within
50 hours [10]. The gamma-ray observations in the vicinity of SNR G106.3+2.7 were performed
between May 2017 and August 2019 at zenith angles between 30 and 50 degrees, yielding an
analysis energy threshold of ∼0.2 TeV. The MAGIC angular resolution, characterised by the point
spread function (PSF), for this analysis is estimated to be 0.084 degree (68% containment radius)
at � > 0.2 TeV and 0.072 degree at � > 1 TeV, which is the best angular resolution among the
previous gamma-ray observations for this object. To measure the background data simultaneously,
we observed this region in wobble mode [11] at three positions (U = 336.◦31, X = 61.◦40; U =
338.◦25, X = 61.◦06; U = 336.◦66, X = 60.◦42) with an offset of 0.57 degree from a position close
to the center of VERITAS source (U = 337.◦05, X = 60.◦96). In this analysis the standard MAGIC
analysis and reconstruction software [12] is used. To suppress the systematic effects caused by the
atmospheric condition, we selected data with the atmospheric transmission above 85% based on
the LIDAR system [13]. After applying these quality cuts, the total live-time is ∼122 hours.
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Figure 1: MAGIC relative flux (excess events over background events) maps in the vicinity of SNR
G106.3+2.7. The energy ranges are for (a) >0.2 TeV (b) 0.2–1.06 TeV, (c) 1.06–5.65 TeV and (d) 5.65–
30.0 TeV, respectively. All maps are smoothed with a Gaussian kernel, the size of which are shown with the
white circle labeled PSF. In all panels, the open yellow cross represents the position of PSR J2229.0+6114.
The cyan contours show the radio emission of SNR G106.3+2.7 at 408 MHz by DRAO [6]. The green ellipse
represents the extended TeV gamma-ray emission of VER J2227+608 [14]. In panel (a), the white and green
dotted circles represent \2 cut regions for the head, tail regions, and that used in the VERITAS paper [14],
respectively. In panel (b), the yellow circle represents an extension of the Fermi-LAT source [15]. In panel
(d), the magenta dotted and solid circle represent the upper limit at 90% confidence level of the Gaussian
extension of HAWC J2227+610 [2] and the extended gamma-ray emission above 10 TeV observed with Tibet
ASW [3]. The open square and diamond show the centroid of the VHE emission detected with Milagro [16]
and LHAASO [4], respectively.

3. Results

Figure 1(a) shows a relative flux map in the vicinity of SNR G106.3+2.7 above 0.2 TeV. The
gamma-ray emissions extend and spatially coincide with the radio continuum emission from the
SNR as shown with the cyan contours. To clarify the extended gamma-ray emission, we analyzed
two regions, Head and Tail, as defined in Table 1. The center positions of these regions are obtained
by fitting a double symmetric Gaussian to the gamma-ray map above 0.2 TeV (Fig. 1 (a)). The radii
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Table 1: Regions considered in this work for the analysis and the detection significance evaluated using a
method of [17], in the two energy ranges of (i) >0.2 TeV and (ii) 5.65–30 TeV.

Source RA DEC Radius (i) >0.2 TeV (ii) 5.65–30 TeV
Head region 337.◦13 61.◦10 0.◦16 6.2f 2.4f
Tail region 336.◦72 60.◦84 0.◦16 6.9f 6.5f

are chosen maximizing the extraction regions without overlapping with each other. The detection
significances of each region were evaluated using a method of [17]. The gamma-ray excesses above
0.2 TeV are detected in both regions above 6f confidence level (see Table 1). Figure 1(b-d) show
the energy-dependent skymaps in the energy ranges for (b) 0.2–1.06 TeV, (c) 1.06–5.65 TeV and (d)
5.65–30.0 TeV, respectively. In panel (d) the significant emission is visible only in the tail region.
In the higher band for 5.65–30 TeV, the gamma-ray emission in the tail region is detected with 6.5f
confidence level, in contrast, no significant emission is found in the head region (2.4f).

We extracted the gamma-ray spectra of each region. Fig. 2 shows the gamma-ray spectra of the
two regions defined in Table 1. The spectra were fitted by a single power-law function of 3#/3� =
#0(�/3TeV)−Γ. The best-fit parameters are #0 = (3.8± 0.7stat ± 0.7sys) × 10−14cm−2s−1TeV−1 and
Γ = 2.12±0.12stat±0.15sys for the head, while #0 = (6.0±0.7stat±1.0sys)×10−14cm−2s−1TeV−1 and
Γ = 1.83±0.10stat±0.15sys for the tail. Both differential flux and spectral index of the tail region are
slightly larger and flatter than those of the head region, however in agreement within 2f statistical
uncertainty. The sum of differential flux of the head and tail is #0 = (9.8 ± 0.9stat ± 1.2sys) ×
10−14cm−2s−1TeV−1, which is consistent within 1f statistical uncertainty with the VERITAS result
((11.5 ± 2.7stat ± 3.5sys) × 10−14cm−2s−1TeV−1) [14].

4. Discussion

In the previous observations, the location of the gamma-ray emissions suggested to be consistent
with the SNR-tail region [e.g., 14, 15]. This analysis discovered significant gamma-ray emissions
on both head and tail regions, which spatially coincide with the radio continuum emissions. Since
the gamma-ray spectra in the head and tail regions are similar, the origins of these emissions might
be considered from the same source. Several models have been already attempted to explain the
gamma-ray emissions from the entire region of this SNR [e.g., 8, 9]. Some models show that the
hadronic origin model is preferred to leptonic for the gamma-ray emission above 10 TeV [8, 19],
however, leptonic emission remains as a possible explanation [9].

The center position of the tail region is in a good agreement with the peak positions of gamma-
ray emissions reported > 10 TeV [2–4, 14]. There is the significant gamma-ray emission above
5.65 TeV from the tail in contrast with no significant emission from the head as shown in Fig. 1(d).
This suggests that the gamma rays above 10 TeV detected with the air shower arrays [2, 3, 16] are
mainly emitted from the tail region. Here, we tried to model the multi-wavelength spectrum of
each region and interpret the origin of the VHE gamma-ray emissions under the assumption that
the gamma-ray emissions above 10 TeV measured with the air shower experiments are only from
the tail region.
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Figure 2: Gamma-ray spectra of the head (red), tail (blue) regions as measured with the MAGIC telescopes.
The magenta triangles represent the total fluxes of head and tail. The open triangles, open stars, open
squares, x marks, and open diamonds show the results for whole region of SNR G106.3+2.7 as measured
with Fermi-LAT [15], VERITAS [14], Milagro [16, 18], Tibet ASW [3], and LHAASO [4], respectively. The
bow-tie area shows a power-law fit and 1f statistical uncertainty measured with HAWC [2]. The black dotted
line shows the lepto-hadronic model for the whole region (Model 1 in [19]).

4.1 Head region

The head region defined in this work contains the Boomerang PWN and the SNR-head. In
particular, the X-ray observation of the SNR-head found a gradual softening of the spectrumwith the
distance from the pulsar, supporting leptonic origin escaped from the PWN. Therefore, we modeled
the energy spectrum of the head region with the leptonic model. For the gamma-ray emission
mechanism, the inverse Compton (IC) scatterings with cosmic microwave background and infrared
emissions are only considered as the target photon field [20]. The energy densities of infrared
emissions are estimated to 0.1 eV cm−3 at 30K and 0.3 eV cm−3 at 3000K using the package of
GALPROP [21]. The Synchrotron radiation is also considered for the lower band. The modeling
is performed by the naima package [22]. In this modeling, a distance to the SNR G106.3+2.7
from the Earth is assumed to be 0.8 kpc [23]. The data points in the radio band are adopted the
SNR-head flux [6]. The X-ray spectra for the head region is taken from results of the "East"
region [9], multiplying the intensity by the area of a circle with a radius of 0.16 degrees. Regarding
the Fermi-LAT data, the spectrum of this SNR in an energy range of 3–500GeV computed under
the assumption of the spatial model of an uniform disk with radius of 0.25 degrees depicted in
Fig. 1(b), which overlaps with the part of the head region as well as the tail region [15, 24]. Hence,
we treated the flux as an upper limit on that of both region. The left panel of Figure 3 shows the
modeling results for the head region. The magnetic field and total electron energy above 1 GeV
are given to be 6 `G and 5.7 × 1046 erg, respectively. Electrons with an index of 2.5 and the cutoff
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Figure 3: Modeling for the head and tail regions. The open circles show the data in the radio band [6]. The
green bow-tie area shows a single power-law fit and 1f statistical uncertainty measured by Suzaku [9] (see
text). The markers in the gamma band is the same as in Figure 2.

energy of 30 TeV can reproduce the observed spectrum of the head region (j2/d.o.f = 2.57/5 with
respect to the MAGIC data).

4.2 Tail region

Wemodeled the gamma-ray spectrum in the tail region with a leptonic model, as with the head
region. The data points are treated almost the same as in the case of the head region. We used
the SNR-tail flux in the radio band [6] and the X-ray flux of "West" region observed Suzaku [9],
multiplying the intensity by the area of a circle with a radius of 0.16 degrees in the latter case. We
found that the MAGIC spectrum in the tail region can be reproduced by leptonic emission model
(j2/d.o.f = 11.2/5 with respect to the MAGIC data). The magnetic field, total electron energy above
1GeV, a spectral index, and a cutoff energy are given to be 6 `G, 4.9 × 1046 erg, 2.4, and 30 TeV,
respectively. However, to reproduce the flux measured by the air shower experiments requires a
higher cutoff energy of ∼ 300TeV in tension with the X-ray flux.

On the other hand, the overlap with the molecular clouds and the tail region suggests that
hadronic origin of the gamma-ray emission [14]. We also modeled the spectrum of the tail with
the hadronic emission under the assumption that gamma-ray emissions are produced pion decay
via p-p interactions. The hadronic model emission is computed using naima package [22]. The red
model curve as shown in the right panel of Figure 3 is found to be consistent with the observed
spectrum (j2/d.o.f = 2.2/5 with respect to the MAGIC data). For the model parameters, the proton
index of 1.7, the cutoff energy of 1 PeV, and total proton energy above 1GeV of 8.2 × 1045 erg
(#gas/200 cm−3), are given. Although an age of this SNR is estimated to be 3.9–10 kyr [25, 26],
the model requires the maximum energy of ∼ 1PeV, expected to be archived in younger SNRs than
1 kyr [27]. The discrepancy could be explained with the CR-escape model that protons accelerated
up to ∼ PeV energies at a young SNR escaped from the shock wave and illuminated the nearby
clouds, inducing the gamma-ray emission [e.g. 28]. The CR-escape scenario also allows the harder
index than 2.0 expected in DSA [e.g., 29, 30]

The assumption that the gamma-ray emissions above 10 TeV are emitted only from the tail
region favor a proton acceleration up to ∼ 1PeV in the SNR. However, the measurements above

6



P
o
S
(
I
C
R
C
2
0
2
1
)
7
9
6

MAGIC observations for the vicinity of SNR G106.3+2.7 T. Oka

10 TeV performed with the air shower experiments may include the gamma-ray emissions from the
head region as well as tail, due to the insufficient angular resolution to resolve the two regions.
Further observations with better angular resolution are required to measure the cutoff energy of
each region more precisely.

5. Conclusion

We observed gamma-rays with high angular resolution derived from 122 hours in the vicinity
of the SNR G106.3+2.7 using MAGIC telescopes. MAGIC detected (> 6f confidence level) the
extended gamma-ray emissions spatially coincided with the radio continuum emission. We found
that the significant gamma-ray emission in the energy range for 5.65–30 TeV is only in the tail
region. This result suggests that the gamma-ray emissions above 10 TeV observed with the air
shower experiments are most likely emitted from the SNR tail. By the modeling, the MAGIC
spectra of the head and tail region could be reproduced with the leptonic emissions. Once we
assumed that the emission above 10 TeV detected by air shower experiments are mainly emitted
from the tail region, the leptonic model requires a higher cutoff energy of electrons in tension
with the X-ray flux. Therefore, the hadronic model is favored to explain the emission from the
tail. Further observations of gamma rays higher than 10 TeV with an angular resolution enough for
resolving the two regions and quantitatively evaluate the difference of the cutoff energies between
head and tail, are required to reveal better the VHE gamma-ray origin.
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