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The existence of a “knee” at energy ∼1 PeV in the cosmic-ray spectrum suggests the presence of
Galactic PeV proton accelerators called “PeVatrons.” Supernova remnant (SNR) G106.3þ 2.7 is a prime
candidate for one of these. The recent detection of very high energy (0.1–100 TeV) gamma rays from
G106.3þ 2.7 may be explained either by the decay of neutral pions or inverse Compton scattering by
relativistic electrons. We report an analysis of 12 years of Fermi-LAT gamma-ray data that shows that the
GeV-TeV gamma-ray spectrum is much harder and requires a different total electron energy than the radio
and x-ray spectra, suggesting it has a distinct, hadronic origin. The nondetection of gamma rays below
10 GeV implies additional constraints on the relativistic electron spectrum. A hadronic interpretation of the
observed gamma rays is strongly supported. This observation confirms the long-sought connection
between Galactic PeVatrons and SNRs. Moreover, it suggests that G106.3þ 2.7 could be the brightest
member of a new population of SNRs whose gamma-ray energy flux peaks at TeV energies. Such a
population may contribute to the cosmic-ray knee and be revealed by future very high energy gamma-ray
detectors.
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G106.3þ 2.7 is a comet-shaped, middle-aged (∼10 kyr)
SNR at a distance of ∼800 pc [1,2]. In the radio and x-ray
bands, it is composed of a small “head” structure in the
north and an extended “tail” in the southwest with lower
surface brightness. The pulsar PSR J2229þ 6114 and its
wind nebula, the “Boomerang" (with a length of about 3’),
are located at the northern edge of the head (see Fig. 1) and
are conjectured to result from the same supernova explo-
sion that led to the formation of G106.3þ 2.7 [2].
Nonthermal diffuse x-ray emission [3,4] and radio emission
[2] are detected from the entire SNR. The intensity in both
bands increases toward PSR J2229þ 6114 [1,3,4]. The
radio and x-ray spectra from XMM-Newton and Chandra
are found to be harder in the head than in the tail [1,3],
though an analysis of the Suzaku data concludes that the
photon index does not change with the distance from the
pulsar [4].
The very high energy (VHE; 0.1–100 TeV) gamma-ray

emission of the SNR appears to come from the tail [32–35].
The 68% extension of the VHE emission is measured to be
0.23°–0.45° by different experiments, though the values are
consistent within uncertainties. The centroids of gamma-
ray emission regions measured by VERITAS and Tibet and
the best-fit position found by LHAASO overlap with a

molecular cloud, while the VHE emission region in the
HAWC data is consistent with both the pulsar and the
molecular cloud due to the large position uncertainty. When
modeling the VHE counts rate spectrum (photons
eV−1 cm−2 s−1) as a power law, dN=dEdAdt ∝ E−α, the
best-fit spectral index α is found between 2.3 and 3.0. The
observed spectrum and the morphology may be explained
by the interaction of hadronic cosmic rays and the molecu-
lar cloud, but a leptonic scenario, where gamma rays are
produced by locally accelerated relativistic electrons, is still
possible [32–34].
High-energy (0.1–100 GeV) gamma-ray observations,

especially below 10 GeV, are crucial to breaking the
degeneracy of the hadronic and leptonic scenarios. A
previous analysis [36] using 10 years of Fermi-LAT data
above 3 GeV found an excess in the tail with a test statistic
(TS) [37] of 35.5 and a disk morphology of radius 0.25°,
while the properties of G106.3þ 2.7 below 3 GeV
remained unexplored. Such low-energy analysis is com-
plicated because PSR J2229þ 6114, also known as 4FGL
J2229.0þ 6114 in the fourth Fermi-LAT catalog of
gamma-ray sources (4FGL-DR2 [38,39]), dominates the
gamma-ray emission of the entire region up to a few GeVas
explained in the Supplemental Material [8].
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Results of the Fermi-LAT analysis.—We searched for
high-energy gamma-ray signals using 12 years of Fermi-
LAT data selected to include only rotational phases when
the gamma-ray emission of the pulsar is minimal to avoid
this background contamination. By eliminating 50% of the
observing time, we reduce the background from PSR
J2229þ 6114 by > 95% at low energies (0.1 GeV) and
by 99% above 1 GeV (details are provided in Figs. S1 and
S2 in the Supplemental Material [8]). Figure 1 presents the
maps of the significance of the deviations between the LAT
data and the source model, comprising sources in the
4FGL-DR2 catalog [39] and diffuse backgrounds, in the

full energy range and three energy bins: 0.1–1 GeV, 1–
10 GeV, and above 10 GeV. The deviation significance is
computed according to [5], applying for each pixel an
energy-dependent spatial selection that roughly follows the
LAT point-spread function (PSF). Such maps allow us to
detect potential excess emissions (pointlike or with a
relatively small, degree-scale extension, as explained in
the Supplemental Material [8]), whose spatial and spectral
characteristics are subsequently investigated with a more
detailed analysis, as explained below. In the lowest-energy
bin, excess emission is present in the entire vicinity of the
remnant with low significance. As the 68% containment

FIG. 1. Residual significance maps of the G106.3þ 2.7 region computed using the method of [5] from the analysis of 12 years of 0.1–
500 GeV Fermi-LAT [6] data (top left) and divided into three energy bins: 0.1–1 GeV (top right), 1–10 GeV (bottom left), and
> 10 GeV (bottom right). All maps except the > 10 GeV one were computed using the weighted likelihood analysis [7] and phase-
gated data (see the Supplemental Material [8]), while the > 10 GeV analysis used all of the data. The color scale indicates the statistical
significance of a deviation between the data and the source model, evaluated on a grid with 0.1° × 0.1° spacing. The maps are smoothed
by Gaussian interpolation. For comparison, we show the radio continuum emission at 1420 MHz [2] (white contours), the position of the
pulsar PSR J2227þ 6114 (red plus marker), the point source detected by HAWC [32] (orange square marker), and extended gamma-ray
emitting regions observed by VERITAS [33] (yellow dashed circle), Tibet ASγ [34] (green dash-dotted circle), and LHAASO [35] (coral
dotted circle).

PHYSICAL REVIEW LETTERS 129, 071101 (2022)

071101-2



radius of the PSF of the LAT below 1 GeV is larger than 2°,
the photons may also come from nearby sources or the
Galactic plane. In the intermediate energy bin, no signifi-
cant excess or deficit is observed inside the remnant. A
source is clearly present in the highest-energy bin, with the
best-fit position consistent with the VHE gamma-ray
emitting site.
Above 10 GeV, the pulsar emission is negligible, and the

68% containment radius of the PSF of the LAT (≲ 0.2°) is
narrower than the angular distance between the pulsar and
the gamma-ray emitting site, so we use all the data for the
analysis. When fitting the data with a point-source mor-
phology and a power-law energy distribution, we obtain
TS ¼ 36.5 with four free parameters, including the coor-
dinates of the source position, and the flux normalization
and spectral index. This corresponds to 5.2σ standard
deviations. The best-fit spectral index is 1.72� 0.20 and
the maximum likelihood coordinates are ðRA;DecÞ ¼
ð336.71°� 0.03°; 60.90°� 0.03°Þ (J2000), correspond-
ing to Galactic coordinates ðl; bÞ ¼ ð106.24°� 0.03°;
2.81°� 0.03°Þ. The position and the differential energy
flux of the emission are consistent with those found in
the TeV measurements. We also fit the data with ex-
tended spatial profiles and summarize the results in the
Supplemental Material [8]. In general an extended mor-
phology yields a larger TS since the extended model has
one more degree of freedom than the point-source model.
The most favored extended model with a Gaussian radial
profile yields ΔTS ¼ 7.4 with 0.2° radius, which is not a
significant improvement over the point-source model
(< 3σ). We thus conclude that gamma-ray emission from
G106.3þ 2.7 is unresolved in the LAT data above 10 GeV.
We then use these> 10 GeV results to guide the analysis

above 0.1 GeV, where the angular resolution is poorer and
the diffuse background emission is larger. To reduce the
impact of diffuse emission below ∼3 GeV, we maximize a
likelihood function that includes deweighting the photons
in that energy range [7]. Using the phase-gated data, fixing
the G106.3þ 2.7 position to the best-fit values found in the
> 10 GeV analysis, and leaving the spectral parameters of
the SNR free, we find a TS of 20.8 with a point-source
morphology and 34.8 with a 2D Gaussian template with
68% containment radius of 0.2°, corresponding to 4.2σ and
5.6σ standard deviations, respectively. Below we take the
extended template as a benchmark model that provides the
greatest likelihood of the SNR among the models that we
studied. The blue data points in Fig. 2 show the spectral
energy distribution (SED) of the SNR from the fit results
from the benchmark model. The SED is calculated by
binning the photons into four bins per decade in energy and
performing a weighted likelihood analysis in each energy
bin. For all spatial templates we tested, no significant
emission is detected below 10 GeV.
Since the SNR is not bright, the measured flux may be

affected by the modeling of nearby faint emission regions.

We discuss this impact in the Supplemental Material [8],
but note that transferring more of the GeV emission from
the SNR to any background source than in the benchmark
model only strengthens the evidence, discussed below, for
the presence of protons accelerated by SNR G106.3þ 2.7.
Multiwavelength observation and broadband SED.—We

combine the Fermi-LAT spectral results with the radio,
x-ray, and VHE observations of the remnant and use the
broadband SED to constrain physical models through the
Markov chain Monte Carlo technique. Nested models are
then compared using both the likelihood-ratio test and the
Bayesian information criterion (BIC) [41]. Since Wilks’
theorem [42] applies only to nested models, our compar-
isons of other models are based only on BIC values.
Physical models of VHE gamma-ray emission invoke

high-energy leptons, hadrons, or a combination of the two.
In the one-component leptonic version, a population of
relativistic electrons is continuously injected by either the
magnetosphere or the nebula of the pulsar, or the supernova
remnant shock front. The electrons are confined by
magnetic turbulence over the source age tage ∼ 10 kyr

FIG. 2. Broadband spectral energy distribution of supernova
remnant G106.3þ 2.7. The multiwavelength data include radio
[1,40], x-ray [3,4], and VHE gamma ray [32–35]. Error bars
indicate 1σ uncertainties. For the LAT data points, 95% upper
limits are shown when TS < 4, otherwise 1σ error bars are
shown. The VERITAS flux points are scaled up by a factor of
1.62 from the original values to account for the gamma-ray
signals outside the signal extraction region of the analysis
[33,34]. For comparison, the multiwavelength spectrum from a
hybrid model including an electron population (in gray color) and
a proton population (in red color) is shown. The injection spectra
of both populations are assumed to be exponentially cut off power
laws (refer to the text for the best-fit values of the spectral
parameters). The electrons produce radio to x-ray photons
through synchrotron emission in a magnetic field (dotted curve),
hard x-ray to sub-GeV gamma ray through Bremsstrahlung
emission with gas in the interstellar medium (dash dotted curve),
and gamma rays above 10 GeV through inverse Compton
scattering of the CMB (dashed curve). The protons produce
gamma rays through gas interaction (dash-dotted curve).
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and cool through synchrotron, bremsstrahlung, and inverse
Compton radiation. The electron spectrum can be modeled
by a power-law spectrum with an exponential cutoff,
dNe=dE ¼ Ne0γ

−αe expð−E=Ee maxÞ, where γ ¼ E=mec2

is the Lorentz factor. To calculate the flux of the brems-
strahlung radiation, we adopt a gas density equal to the
average interstellar medium density, ngas ¼ 1 cm−3. This
mean density is supported by the presence of H I and CO
gas associated with the SNR [2], and ngas would be much
greater at the location of the molecular cloud [34,43]. The
value is consistent with the expected SNR gas density in the
Taylor-Sedov phase [44,45], nSedov ∼ 2.1ðEexp=1051 ergÞ×
ðtage=10 kyrÞ2ðR=10 pcÞ−5 cm−3, where Eexp is the total
energy released by the supernova explosion and R is the
size of the SNR. As no conspicuous infrared emission is
found from the SNR [2], the inverse Compton radiation is
calculated using the cosmic microwave background (CMB)
and a background Galactic far infrared emission with
temperature 30 K and energy density 0.3 eV cm−3 [46]
as the target radiation background. The electron spectrum is
obtained by numerically solving the transport equation
assuming a continuous injection as described in the
Supplemental Material [8]. The top panel of Fig. S5
presents the best-fit one-component leptonic model. We
find that the leptonic model fails to explain the multi-
wavelength emission for two main reasons. First, the radio
and nonthermal x-ray emission suggests an electron spec-
tral index αe ¼ 2.42þ0.04

−0.06 , whereas a harder electron spec-
trum with αe ¼ 2.14þ0.09

−0.11 is needed to explain the gamma-
ray flux from sub-GeV to a few TeV. The best-fit electron
spectrum based on the radio to x-ray data has a total energy
We ∼ 10 times higher than the We derived from the
gamma-ray data. The differences in αe and We are smaller
in a less physical model where the cooling of electrons is
not included. Second, the bremsstrahlung emission by low-
energy and high-energy electrons appears at the energy
ranges where the end of the synchrotron emission and the
beginning of the inverse Compton emission also contribute.
Together, these components are in tension with the x-ray
measurements at 2–10 keV and the 1–10 GeV Fermi-LAT
upper limits, respectively. As a result, the best-fit model
flux is 5–10 times lower than the measured flux above
100 TeV. The tension would be stronger if ngas is higher
than 1 cm−3.
By contrast, a similarly simple hybrid model that

includes a hadronic contribution naturally accounts for
these spectral features. The proton spectrum can be
modeled by a single power-law spectrum with an expo-
nential cutoff, dNp=dE ¼ Np0γ

−αp expð−E=Ep maxÞ,
where γ ¼ E=mpc2 is the Lorentz factor of protons. The
relativistic protons interact with gas in the surrounding
medium and produce neutral pions that decay into gamma
rays. Figure 2 shows the best-fit model with the following
parameters: logðNp0=eV−1Þ ¼ 40.27þ0.50

−0.77 , αp ¼ 1.73þ0.12
−0.16 ,

logðEp;max=eVÞ¼14.95þ0.13
−0.13 , logðNe0=eV−1Þ¼47.69þ0.57

−0.53 ,
αe ¼ 2.39þ0.05

−0.06 , logðEe;max=eVÞ ¼ 14.54þ0.26
−0.15 , and B ¼

8.99þ4.85
−3.54 μG. By integrating the energy flux EdN=dE

above the rest masses of electrons and protons, we find
a total proton energyWp ¼ 3.3 × 1048 erg and electron in-
jection energy We¼5.3×1047 erg, respectively. The requi-
red particle acceleration efficiency, ϵCR∼ðWeþWpÞ=Ek¼
0.4%ðEk=1051 ergÞ−1 with Ek being the kinetic energy of
the SNR, can be achieved by a typical SNR. The ratio
of the proton and electron acceleration efficiencies is
Wp=We ∼ 10, which is consistent with the finding from
individual SNR observation and collectively in the cosmic-
ray spectrum that SNRs accelerate protons ∼10–100 times
more efficiently than electrons [47]. The hybrid model is
significantly preferred over the one-component leptonic
model by ΔBIC ¼ −20.6, and TS ¼ 31.7, which corre-
sponds to 5.0σ.
We further investigate whether a more complicated

leptonic model could better explain the data. Figure S5
shows such a model where two populations of electrons are
invoked to resolve the difficulty of the one-component
model in explaining the radio to x-ray and gamma-ray
measurements simultaneously. The two components are
assumed to be accelerated by different mechanisms, such as
the pulsar and remnant shocks, and thus have different
spectra. The two populations of electrons are assumed to
both contribute to the tail region. This model is, however,
again disfavored by data. The lepto-hadronic hybrid model
yields a much lower BIC, ΔBIC ¼ −20.1, compared to the
two-component leptonic model, suggesting that it is signi-
ficantly preferred. Moreover, as the radio and x-ray
intensities are observed to span the entire remnant with
their fluxes increasing toward the pulsar in a similar way,
they likely share the same production mechanism. The two-
component leptonic model would break down the natural
connection of the two bands.
Besides poorer fits to data, leptonic models share a

common weakness. If the x-ray and gamma-ray fluxes
come from the synchrotron and inverse-Compton emission
of electrons, respectively, themagnetic energy density of the
SNR would be comparable to the energy density of the
radiation field. Since gamma rays above 10 TeVare mostly
upscatteredCMBphotons, the field strength cannot bemuch
higher than ∼3 μG. Such a field strength is too low for the
acceleration of near-PeV electrons, which are needed to
produce 100–500 TeV gamma rays. The maximum electron
energy that can be accelerated by the remnant shocks is [48]
Ee;max ¼ 188 TeV η1=2ðB=3 μGÞ−1=2ðvsh=3000 kms−1Þ,
where vsh is the shock velocity and η ¼ δB2=B2 is the degree
of magnetic field fluctuations that characterizes the accel-
eration efficiency. Such a low field does not support an
electron acceleration by the pulsar or its nebula. Because in
that case, as the physical condition of the gamma-ray
emitting site is not much different from the average
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interstellar medium condition [49], GeV gamma rays should
have been found in the head region of G106.3þ 2.7.
Summary and discussion.—SNRs have long been pro-

posed as efficient accelerators of cosmic rays [45,50] up to
PeVenergies [51]. However, only a handful [52,53], out of
hundreds of radio-emitting SNRs, have been observed to
emit VHE radiation with a hard spectrum. The scarcity of
PeVatron candidates and the rareness of SNRs with VHE
emissions make SNR G106.3þ 2.7 a unique source. Our
study provides strong evidence for proton acceleration in
this nearby SNR, and by extension, supports a potential
role for G106.3þ 2.7-like SNRs in meeting the challenge
of accounting for the observed cosmic-ray knee using
Galactic sources. Future VHE gamma-ray observatories
such as Cherenkov Telescope Array [54] and Southern
Wide-field Gamma-ray Observatory [55] could reveal the
subgroup of SNRs that has gamma-ray energy flux peaked
at TeV energies like G106.3þ 2.7.
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