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ABSTRACT

Context. Supernova remnants (SNRs) are believed to be capable of accelerating cosmic rays (CRs) to PeV energies. SNR G106.3+2.7 is a prime
PeVatron candidate. It is formed by a head region, where the pulsar J2229+6114 and its boomerang-shaped pulsar wind nebula are located, and a
tail region containing SN ejecta. The lack of observed gamma ray emission from the two regions of this SNR has made it difficult to assess which
region would be responsible for the PeV CRs.

Aims. We aim to characterize the very-high-energy (VHE, 0.1-100 TeV) gamma ray emission from SNR G106.3+2.7 by determining the morphol-
ogy and spectral energy distribution of the region. This is accomplished using 2565 days of data and improved reconstruction algorithms from the
High Altitude Water Cherenkov (HAWC) Observatory. We also explore possible gamma ray production mechanisms for different energy ranges.
Methods. Using a multi-source fitting procedure based on a maximum-likelihood estimation method, we evaluate the complex nature of this re-
gion. We determine the morphology, spectrum, and energy range for the source found in the region. Molecular cloud information is also used to
create a template and evaluate the HAWC gamma ray spectral properties at ultra-high-energies (UHE, >56 TeV). This will help probe the hadronic
nature of the highest-energy emission from the region.

Results. We resolve one extended source coincident with all other gamma ray observations of the region. The emission reaches above 100 TeV
and its preferred log-parabola shape in the spectrum shows a flux peak in the TeV range. The molecular cloud template fit on the higher energy
data reveals that the SNR’s energy budget is fully capable of producing a purely hadronic source for UHE gamma rays.

Conclusions. The HAWC observatory resolves one extended source between the head and the tail of SNR G106.3+2.7 in the VHE gamma
ray regime. The template fit suggests the highest energy gamma rays could come from a hadronic origin. However, the leptonic scenario, or a
combination of the two, cannot be excluded at this time.
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1. Introduction SNR G106.3+2.7 is a PeVatron candidate that has been

. o under study for many years now. It was first detected in 1990 by
Cosmlc-ray (CR) acceleratoys have been p r.obed 1nd1rep tly Joncas & Higgs (1990) at 408 MHz with the Dominion Radio
across a wide range of energies, from the radio to ultra-high- Astrophysical Observatory (DRAO). The head of the SNR is

energy gamma rays. Galactic CRs are expect ed to be acceler- home to the pulsar J2229+6114 and its boomerang-like pul-
ated up to the knee of the CR spectrum, meaning they can reach sar wind nebula (PWN) (Kothes et al. 2001), known as the

up to PeV energies (Cristofari 2021). It is suggested that these Boomerang region. An extended shell then reaches into the

PeV CR accelerators (PeVatrons) are most commonly SUPCINOVA i) region of the SNR (Pineault & Joncas 2000). There have
remnants (SNRs), where charged particles are accelerated in the

shock fronts (Cristofari et al. 2018: Reynolds 2010; Bell et al. been many proposed distances for this region. Pineault & Joncas

(2000) adopted a distance of 12 kpc for the SNR based on a flat

2013). rotation curve and Halpern et al. (2001) found the distance to be
3 kpc using X-ray absorption column density. HI observations
* Corresponding author; rturnerl@mtu. edu from Kothes et al. (2001) place the system at 800 PC.
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X-ray observations show similar structures coincident with
the head and tail regions. Fujita et al. (2021) finds that the X-ray
emission from the entire SNR is from nonthermal synchrotron
radiation. However, the X-ray brightness in the head region con-
trasts with the gamma ray observations, which instead see a
brightness in the tail region.

Ground-based gamma ray particle detector arrays have so far
only been able to resolve one emission spot in the Boomerang
region. Milagro, VERITAS, Tibet, and LHAASO report
extended emission coincident with the tail of the SNR. Fermi-
LAT (Fangetal. 2022) and MAGIC (MAGIC Collaboration
2023) report gamma ray emission from the head and tail regions
of the SNR separately, but no other gamma ray observations
have been used to disentangle the sources thus far. Fang et al.
(2022) separates the pulsar emission from the SNR and performs
a detailed analysis of the tail region using Fermi-LAT data. They
find that pion decay (PD) is the primary mechanism for produc-
ing the high-energy emission seen in the tail region.

MAGIC Collaboration (2023) reports 0.16° extended
gamma ray emission from the head and tail regions. They also
show that the emission shifted in the SNR depending on the
energy threshold. Their highest energy emission (6.0-30TeV)
is consistent with the tail of the SNR. Their multi-wavelength
analysis reveals that the head region can have a leptonic or
hadronic explanation, while the tail region is most likely of
hadronic origin.

The previous HAWC detection analyzes 1350days of
data using older reconstruction algorithms (Albert et al. 2020).
Albert et al. (2020) finds point-like emission consistent with
the other gamma ray observations, which see extended emis-
sion in the tail region. The work presented in this paper uses
more data and improved reconstruction algorithms (Albert et al.
2024), which further extends the previous HAWC measurement
past 110 TeV with flux points. We also explore a molecular cloud
template fit using data from the Planck 353 GHz dust opacity
map and estimate the CR flux in the region using distance infor-
mation from the Dame CO Survey (Dame et al. 2001). Section 2
describes the HAWC observatory and data used for this analy-
sis. Section 3 describes the analysis procedure, as well as the
results from the procedure. Gamma ray production mechanisms
and their probable CR sources are described in Section 4. Con-
clusions and further outlooks are presented in Section 5.

Add PS+PL to
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and most recent

ATS>25between  YES
tested model and
previou

2. HAWC Observatory and data

The High-Altitude Water Cherenkov (HAWC) Observatory is
located in Puebla, Mexico at an altitude of 4100 m. HAWC uti-
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Fig. 1. Diagram of the multi-source search
method described in Section 3. Yellow boxes
(first two columns) describe how point sources
(PSs) are added, where PL refers to a power-law
spectrum. Orange/red boxes (last four columns)
describe how extended sources are added.

lizes the water Cherenkov detection technique and consists of
300 water Cherenkov detectors (WCDs). Each WCD contains
four photo-multiplier tubes (PMTs) and the entire array cov-
ers ~22000m? (Abeysekara et al. 2023). For this analysis, we
used 2565 days of data, which is about 1000 days more data than
the previous publication Albert et al. (2020). A neural net (NN)
algorithm was used to reconstruct the energy of the primary
gamma ray that initiated the extensive air shower. From here, the
data was binned in a 2D binning scheme based on the fraction
of PMTs triggered and reconstructed energy (Abeysekara et al.
2019). In addition to having more data, the new data recon-
struction process used algorithms that better optimize angular
resolution.

3. Analysis and results
3.1. Systematic source search

This first part of this analysis utilized the Multi-Mission Max-
imum Likelihood (threeML) framework (Vianello et al. 2015),
along with the HAWC Accelerated Likelihood (HAL) plugin
(Abeysekara et al. 2022) to work through a step-by-step multi-
source search method inspired by the Fermi-LAT Extended
Source Catalog (Ackermannetal. 2017; Albertetal. 2023).
ThreeML uses a likelihood ratio as a test statistic (TS) to reach a
parameter set that maximizes the likelihood of the hypothesized
model over the background-only model. The value of the TS is
defined as follows:

L
TS = 21n =24t
ull

ey

where L,y is the model hypothesis and Ly is the background
only hypothesis. In order to arrive at the most statistically pre-
ferred model in our multi-source search method, we looked at the
difference in TS between each nested model that is tested. There
are two main components to this analysis described below: point
source search and extension testing.

Point Source Search. In this section, source TS is calculated
assuming Ly, to be the current model and L,y to be the previous
model.

1. The first step of our multi-source search is to add one point
source with a power-law (PL) spectrum to the location of the
highest TS value in the significance map, leaving the position
and spectral values of the newly added source free while the
position of the previous sources remains fixed.

2. After fitting the model in step 1, we check the ATS between
the previous model and the most recently tested model:
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Table 1. Best-fit results from the source search.

RA [°] Dec [°] Radius [°]
(+0.12)(+0.26) (+0.05) (+0.13) (+0.04)(+0.12)
337.20 Co12C033) 60.92 % 05)con) 034 Co0ay-013)
No [x107° ecm™ TeV™' s7'] @ B
(+0.32)(+1.33) (+0.16)(+0.84) (+0.13)(+1.05)
1‘86(70,27)(7140) 2'76(—0.16)(—0.60) 0'32(7013)(70‘49)

Notes. The first uncertainties listed are statistical and the second uncer-
tainties are systematic. The spectral values are quoted assuming the
spectral parameters as defined in Equation (2).

(a) If the ATS > 25, we keep the source in the model and
return to step 1.

(b) If the ATS <25, we do not add the additional source to
the model and stop adding point sources. We then start
our extended source testing.

Extended Source Testing. In this section, source TS is calcu-
lated assuming L, to be the entire model and Ly, to be the
entire model with the source in question subtracted out.

1. We start by replacing the highest TS point source with a
2D extended Gaussian and leave all other sources as point
sources. We keep all source locations fixed.

2. After fitting the model in step 1, we check the ATS between
the previous model and the most recently tested model:

(a) If the ATS > 16, we accept the extended source model
and go to step 3.

(b) If the ATS < 16, we reject the extended source model and
move to the next highest TS value source. We then start
back at step 1.

3. Next, we check the TS values of the point sources in the
model:

(a) If the TS values of all point sources are >25, we refit the
model and float all parameters. If untested point sources
remain, we go back to step 1. We end the study if there
are no more point sources remaining for extension test-
ing.

(b) If the TS of any point source is <25, we remove the
source(s) and refit the new model while floating all
parameters. If untested point sources remain, we go back
to step 1. We end the study if there are no more point
sources remaining for extension testing.

Once all point sources in the final point-source model are
tested for extension, the source search ends. Figure 1 visualizes
the point and extended source systematic steps. After completing
the source search, we then test each source for a curvature in its
spectrum using a log-parabola (LP), which is defined by:
dN E o Ple(wm) )
dE ~ O(3OTeV) : @
where Ny is the normalization parameter, the pivot energy is
30TeV, « is the spectral index, and S dictates the curve in the
spectrum. Since the simple power-law is nested within the LP,
we can use the same TS comparison to decide if a source’s spec-
trum is curved or not. We start the curvature testing with the
brightest source. If the new model (with the curved spectrum)
has a ATS > 16, we keep it and move on to test the next source.
If the new model (with the curved spectrum) has a ATS < 16, it is
rejected and we test the next source. Once all sources have been
tested for curvature, we refit the final model to ensure the best-fit
parameters are further optimized.

After completing this procedure in the Boomerang region,
the best-fitting model was found to be a single extended source
with an LP spectrum. Table 1 lists the best-fit position and spec-
tral parameters with their statistical and systematic uncertain-
ties. The HAWC significance maps using the new reconstruc-
tion algorithms and best-fit values are shown in Figure 2. The
systematic uncertainties were determined using various detector
response files that test possible effects on the data resulting from
differences in the modeling of the instrument. These differences
are calculated following Abeysekara et al. (2019).

The next step is to determine the energy range in which
the source is confidently detected. The energy range was cal-
culated using the method described in Abeysekara et al. (2017).
The energy range at a 1o~ confidence level, which corresponds
to a 68% confidence limit, is 4-145 TeV. The flux points were
calculated by first binning the data into energy bins and deter-
mining the median energy in a given bin. We then used threeML
to fit the normalization parameter N, at the median energy (E)
in Equation (2) and all other parameters are fixed at their best-fit
values from Table 1 (Abeysekara et al. 2019).

The position (Figure 2b) and spectrum (Figure 3) of the new
HAWC observation are consistent with the other gamma ray
observations in this region. Amenomori et al. (2021) reports a

source extension of 0.24f8:}2tya;)) degrees (shown in Figure 2b)
and LHAASO uses an extension of 0.3 deg in their high-energy
source catalog (shown in Figure 2b), as well as reports an exten-
sion of 0.35 = 0.01 (WCDA) and 0.25 + 0.02 (KM2A) degrees
in their first catalog (Cao et al. 2021, 2024). All of these mea-
surements are within the systematic uncertainties of the exten-
sion found in this work (Table 1). The main differences between
the various gamma ray observations are most likely attributed to
each observatory detecting different contributions from the head
and tail regions across varying energy ranges.

3.2. HAWC data >56 TeV

We will now explore the possible production mechanisms that
would contribute to the PeVatron’s UHE emission in this region.
Most PeVatron theory assumes that these systems are hadronic,
which is confirmed by correlation with molecular clouds in
the area. However, recent studies suggest that the leptonic sce-
nario is more than capable of producing UHE emission as well
(Vannoni et al. 2009; Breuhaus et al. 2021). Both scenarios will
be considered for this region.

3.2.1. Molecular cloud template fitting

We will first look at the UHE gamma ray emission in the region
using the pion decay production mechanism. The head of the
SNR houses the pulsar and its PWN, which would mean that the
protons are most likely being accelerated in the tail region where
there is supernova (SN) ejecta and the shock front, which is
coincident with a nearby molecular cloud. The molecular cloud
is an ideal target for the accelerated protons to interact with
and undergo PD. This means that UHE gamma ray morphol-
ogy should take the shape of the molecular clouds that it is being
produced in. This analysis explores fitting HAWC data above
56 TeV using a molecular cloud template from the Planck Col-
laboration (Ade et al. 2011) to explain a possible hadronic mech-
anism.

We used two different surveys to assess the molecular clouds
in the region: the Dame CO survey (Dame et al. 2001) and the
353 GHz Planck dust opacity map (Ade et al. 2011). Figure 4c

A89, page 3 of 11
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Fig. 2. Significance maps for HAWC'’s all-energy emission and its com-
parison to the SNR in the region. a) The HAWC all-energy significance
map of the region with the 4, 6, and 80 contours overlaid in green.
b) The HAWC significance map of the region with labels showing
the best-fit positions from this analysis, the previous HAWC publica-
tion (Albert et al. 2020), and VERITAS (Acciari et al. 2009). The green
dashed, white dotted, cyan dot-dashed, and blue solid contour indicate
LHAASO’s analysis region (Cao et al. 2021), Tibet ASy’s 1o exten-
sion (Amenomori et al. 2021), Fermi-LAT’s 1o extension (Fang et al.
2022), and MAGIC’s analysis regions (MAGIC Collaboration 2023),
respectively. ¢) The brightness temperature image (Taylor et al. 2003)
of the SNR overlaid with the HAWC 4, 6, and 80 contours in white.
The bright emission on the left shows the head of the SNR, while the
faint emission extending to the right shows the tail.

shows significant CO emission from the Dame CO survey coin-
cident with HAWC’s >56 TeV 3, 4, and 50 contours. Ultimately,
we used the Planck dust map for the template fitting because it
is more recent than the Dame survey (Dame 2001 vs. Planck
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2011) and provides information for HI gas that is optically thick
in CO. However, the Planck dust map has no distance informa-
tion, so we use the Dame CO survey to confirm that there is
no emission in front of or behind the Boomerang region that is
being included in the Planck dust map. Appendix A gives a more
in-depth explanation of how the Planck dust map was validated
for use.

Again, we utilized the threeML/HAL framework to do a
maximum likelihood fitting of the molecular cloud spatial tem-
plate. A similar procedure to that of Albert et al. (2021) was used
to create the spatial template that is fed to threeML for the tem-
plate fitting:

1. We start by calculating the column density— this calculation

is taken from Albert et al. (2021):

™ )ref

Ny =
H TD/(NH

3)
where (tp/Ni)™ = (1.18+0.17)x 10720 cm? for the 353 GHz
Planck map (Ade et al. 2011) and 7p is the dust opacity.

. We then crop the data to the size of the region of interest.

. We calculate the mass of the region using the following equa-
tion:

[SSI\S]

Mause = NaQd*my,, 4

where Q is the angular area of the cloud and d = 800 pc as

the distance to the cloud (Kothes et al. 2001)

4. Finally, we normalize the data to 1/sr. This is required for a
3ML 2D template.

Since Kothes et al. (2001) used HI observations to deter-
mine the distance to the region, we adopted the same dis-
tance in this paper for our calculations. Figure 4.d shows the
Planck dust map template with HAWC’s >56 TeV 3, 4, and S0
contours. Appendix B gives additional information and impor-
tant caveats for the template itself. This template, along with
a power-law spectrum and a fixed index of —3.0, was used to
fit HAWC’s UHE emission shown in Figure 4a. The spectral
index for this fit was chosen to be slightly softer than the all-
energy measured index (—2.76) as a way to capture the curva-
ture that causes a sharp dropoff at higher energies (Figure 3).
The best-fit normalization at 50 TeV for the template fit is
2.8*09 % 107'% (1/TeV scm?).

3.2.2. Simple leptonic model fitting

We also explore the possibility of a leptonic mechanism produc-
ing the UHE HAWC data. This would mean that electrons are
being accelerated by the SN ejecta or the PWN winds. For this
scenario, we modeled the region with a point source morphol-
ogy and a power-law spectrum, which has a fixed index of —3.0.
Table 2 lists the best-fit values for the position and flux normal-
ization after fitting the emission shown in Figure 4.a with the
simple model.

4. Scenarios for gamma ray production
4.1. Cosmic ray energy density from protons

In Section 3.2.1, we explored a hadronic-related fit to the HAWC
UHE data with a molecular cloud template. We estimated the CR
energy density using purely hadronic interactions and the mea-
sured gamma ray flux. The CR energy density can then be used
to roughly determine the amount of energy that would be needed
for the CR population in the region. We started by calculating the
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Fig. 3. Spectral energy distribution (SED) of the ground-based VHE
gamma ray observations. The green SED with circle flux points are the
all-energy HAWC results from this work. The magenta dotted line is the
HAWC result for the >56 TeV molecular cloud template analysis. The
red line (KM2A) and blue line (WCDA) are from the first LHAASO
catalog (Cao et al. 2024). All SEDs show only statistical uncertainties.
The open stars, right-facing triangles, left-facing triangles, squares, and
x-marks correspond to the VERITAS (Acciari et al. 2009), MAGIC tail
(MAGIC Collaboration 2023), MAGIC head (MAGIC Collaboration
2023), Tibet ASy (Amenomori et al. 2021), and LHAASO (Cao et al.
2021) measurements, respectively.

gamma ray energy flux using the best-fit gamma ray spectrum
from our molecular cloud template fit:

El AN
J = E—dE, 5
fE EuE )
where
dN E \™@
= , 6
=) ©

and E; = 56 TeV, Ef = 316 TeV, and k, Ey;y and « are the same
best-fit values from the fitting in Section 3.2.1. Next, we used the
integrated flux to calculate the luminosity:

L(> E,) = 4nd*J, (M

where d = 800pc. Finally, we used the luminosity to calcu-
late the CR proton energy density using the same approach as
Abramowski et al. (2016):

B (el

-1
, (8
1.5 034 erg/s/\10° M@) ®

wcr(= 10E,) ~ 1.8 x 10—2(

where ny = 1.5 for heavier nuclei, M = 0.23 x 10° My, and wcr
isineV/ cm?, which is calculated the same way as in Albert et al.
(2021). Here, we assumed that the proton energy scales as 10x
that of the gamma ray energy (Cristofari et al. 2018), so we are
probing protons that are >560 TeV. The CR density was found to
be 10.3 x 1073 eV/cm? for protons >560 TeV.

The SNR has a length of 14pc and a width of 6pc
(Kothes et al. 2001). Since the tail is more elongated than the
head, we assumed that the tail is two-thirds of the length of the
SNR. We also assumed that the SNR is also capable of expand-
ing 14 pc in all other directions as well, so we use a cube of
6 pc X 9.33 pc x 28 pc as the volume of the tail region as a higher

estimate of the energy budget. Using these dimensions and the
CR energy density, we found that the energy budget for these CR
protons that are >560 TeV is 7.62 x 10* erg.

The hadronic-type modeling in this section assumes that pro-
tons are producing the UHE HAWC data. After being acceler-
ated in the shock fronts of the SNR ejecta, the protons travel to
the nearby molecular cloud and produce gamma rays through
PD. We get a proton energy budget of 7.62 x 10* erg for pro-
tons >560 TeV using the results from the molecular cloud tem-
plate fit. This is well below the SNR’s lower-end energy budget
estimation of 7 x 10*° ergs (Kothes et al. 2001), so the SNR is
fully capable of producing the UHE gamma rays we are see-
ing from HAWC. Following the logic from Amenomori et al.
(2021), this SNR, which is capable of accelerating protons up
to at least ~0.5PeV, should also be capable of producing pro-
tons up to ~1.6PeV during its free expansion phase at 1 kyr.
Since the SNR age is believed to be 10kyr, the diffusion of
protons out to the molecular cloud may have been suppressed
until now.

4.2. Multi-wavelength modeling for electrons

We used the results from Section 3.2.2 to explore the pos-
sible leptonic nature of the UHE HAWC emission through
multi-wavelength modeling. Since we assumed that the hadronic
nature of the UHE gamma ray emission stems from the shock
fronts in the tail of the SNR, we assumed the same scenario for
the leptonic emission we model here. Therefore, we used other
gamma ray observations that also modeled the tail region for
additional information during our modeling. We used flux points
from HAWC, MAGIC’s tail source (MAGIC Collaboration
2023), and Fermi-LAT (Fang et al. 2022) to model the gamma
ray production using Naima (Zabalza 2015). The X-ray obser-
vation is from the Suzaku telescope (Ge et al. 2021) and its flux
was calculated using the “East” region and a total solid angle of
17.8% arcmin?. The radio observations come from the DRAO at
408 MHz and 1240 MHz (Kothes et al. 2001), the Sino-German
A6 cm polarization survey (Gao et al. 2011), and the Effelsberg
A11 and 221 cm surveys (Gao et al. 2011). Since the radio sur-
veys for the Sino-German and Effelsberg surveys are reported
for the entire SNR, their fluxes were scaled using the DRAO
408 MHz tail-to-whole flux ratio.

The multi-wavelength modeling was done using the Naima
framework (Zabalza 2015). All parent particle spectral models
used a power-law with an exponential cutoff,
f(E) = A(E/Ep)™ exp(—(E/Ecuorr ) )
where A is the normalization parameter, Ey is the pivot energy, &
is the spectral index, E. o is the cutoff energy, and S is the cur-
vature parameter, set to the default value, 1.0, for all modeling.

The gamma ray observations are assumed to be produced
through IC. For IC, the target photon fields considered are the
cosmic microwave background (CMB) and near-infrared (NIR)
(same as that used in Amenomori et al. (2021)). The radio and
X-ray observations are assumed to be produced through nonther-
mal synchrotron radiation. This modeling also assumes a single
population of electrons that are responsible for the radio, X-ray,
and gamma ray observations. The best-fit values from the lep-
tonic fit can be found in Table 3 and Figure 5 shows the multi-
wavelength model.

The leptonic modeling in this section assumed electrons are
producing the UHE HAWC data which, after being accelerated in
the shock fronts of the SNR ejecta or the PWN’s wind, interact
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Fig. 4. Significance maps for HAWC’s
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Table 2. Best-fit results from the simple modeling above 56 TeV, which assumes a point source with a PL spectrum.

RA [°] Dec [°]

No [em2TeV~'s™1]

Index Pivot[TeV] TS

337.05+0.07 60.92+0.04

17404 x 10716

3.0 50 29

Notes. All errors are statistical.

with the nearby photon fields and undergo IC scattering. The syn-
chrotron and IC emission can explain the emission being seen in
this region well (Figure 5). Using this multi-wavelength model,
we got a total electron energy budget of 1.28 x 10* erg for elec-
trons >1 TeV, which is below the energy budget estimation of the
SNR.

Breuhaus et al. (2021) suggests that electron cooling domi-
nated by Inverse Compton (IC) losses could produce UHE emis-
sion, resulting in a PeVatron. One requirement for this system is
a pulsar with a spin-down energy of Lsp > 10°® erg/s. While the
PWN in this region fits that requirement (Lsp = 2 X 10%7 erg/s)
and would be an ideal electron accelerator, it is offset from the
location of the UHE HAWC emission and located in the head
of the SNR, which we are not assuming the UHE gamma ray
emission comes from. This would mean that electrons are accel-
erated in the shock fronts of the SN ejecta and produce gamma
rays through IC.

As mentioned in Section 1, MAGIC also saw a shift in emis-
sion towards the tail of the SNR as energy thresholds increased
(MAGIC Collaboration 2023). Even though HAWC’s angular
resolution is not as small as MAGIC’s, we do see our UHE emis-
sion trend towards the tail of the SNR (Figure 4b). Since we
are only using energy as our differentiator for the head and tail
regions of the SNR, it is also possible that electrons accelerated
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from the SN ejecta are producing most of the gamma ray emis-
sion, but some “leakage” from the PWN is also being accounted
for in the UHE gamma ray emission.

5. Conclusions and outlook

The morphological studies we performed reveal a single
extended source detected over 4-145TeV. This modeling is
consistent with other gamma ray observatories. As previously
stated, any discrepancies between observations are most likely
attributed to the varying parts of the SNR emitting at different
energies in the gamma ray regime.

We also looked at HAWC’s >56TeV data to explore its
correlation with nearby molecular clouds, which would hint at
a hadronic gamma ray production mechanism. The molecular
cloud template fits the region well and shows that protons could
account for the gamma ray flux detected at these energies. We
also explored the possibility of a leptonic origin for HAWC’s
>56 TeV data. While the multi-wavelength model fits all the data
well, it is still hard to say what part of the region would be
responsible for the UHE electrons producing gamma rays. If pro-
tons are the sole source of the UHE gamma ray emission, then
SNR G106.3+2.7 is indeed a hadronic PeVatron. However, we
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Table 3. Best-fit results from Naima modeling, where W, is the electron energy budget.

log(A [1/TeV]) a

E cutoff [TGV]

B-Field [uG] W, > 1 TeV [erg]

41.4 £0.0701  2.57 +£0.0237

208+255

4.68 +0.459 1.28 x 10%

=115

Notes. All errors are statistical.
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Fig. 5. Top: multi-wavelength SED. The data shown includes the DRAO
flux points in red squares (Pineault & Joncas 2000), the Sino-German
and Effelsberg measurements in dark green circles (Gao et al. 2011), the
Suzaku spectrum in yellow (Ge et al. 2021), the Fermi-LAT flux points
in black dots (Fang et al. 2022), the MAGIC flux points in green dia-
monds (MAGIC Collaboration 2023), and the HAWC flux points from
the VHE work in blue triangles. Synchrotron is shown in dashed light
grey, IC scattering is shown in dotted dark grey, and black shows the
total SED from synchrotron and IC scattering combined. Bottom: offset
between the data points used and the model determined with Naima.
The Fermi-LAT upper limits are removed to better see the deviation
about zero for the other data points.

cannot rule out the possibility of electrons producing the gamma
ray emission at this time.

Currently, VERITAS, Tibet ASy, and LHAASO also report
gamma ray emission from this SNR but cannot resolve the head
and tail regions of the SNR at this time. More VHE gamma ray
observations disentangling the head and tail of the SNR would
greatly help in describing the gamma ray emission in this region.
Particularly, it would help in narrowing down which, if not both,
of the regions of the SNR are capable of being a PeVatron.
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Appendix A: Validating the Planck 353 GHz dust
opacity map

Two different surveys were used to assess the molecular clouds
in this region: the Dame CO survey (Dame et al. 2001) and the
353 GHz Planck dust opacity map (Ade et al. 2011). We used
the Dame CO survey to ensure that there is a molecular cloud
at the distance of the Boomerang region. Figure Al shows the
velocity-integrated CO map on top, with a black box indicating
the Boomerang region, and the velocity range for a given lati-
tude on bottom'. From the top image, we can see that there is
emission in the region and the bottom shows that there isn’t any
CO emission in front, or behind, the Boomerang region.

From here, we plotted the velocity distribution at the loca-
tion of the Boomerang to see what velocity range should be
integrated over in the CO map. Figure A2 shows that about
—20km/s to 0 km/s is the ideal range. Kothes et al. (2001) found
a peak of CO emission at —6.4 km/s, which corresponds to a dis-
tance 800 pc. We see a similar peak of emission around approxi-
mately —6 km/s, which tells us we are seeing a similar CO emis-
sion and can use a distance of 800 pc for the SNR and molecular
cloud distances. The right shows the integrated CO map for the
same velocity range. It can be seen that there is CO emission
coincident with the HAWC VHE emission.

The 353 GHz Planck dust opacity map is newer than the
Dame CO survey and provides information on HI emission,
as well as CO emission because it shows gas that is optically
thick in CO. Figure Al shows that there isn’t any CO emis-
sion in front, or behind, the Boomerang region. This is important
because the Planck data does not take into account distance, so it
is looking at everything in front, and behind, the intended target.
This means that the emission we are seeing in the Planck data
is similar to the emission we are seeing in the Dame CO map
at the distance of the Boomerang region and can be used for the
template analysis.

Appendix B: Fitting details for the Planck template

SNR G106.3+2.7 is a highly asymmetric source, which is not
well captured by the symmetrical source assumptions that 3SML
makes. We instead chose to do a template fit for the hadronic
scenario to hopefully model the asymmetric source more appro-
priately. The template is also physically justified by the gen-
eral assumption that if gamma rays are being produced through
nearby molecular clouds, then the gamma ray emission might
take the shape of the molecular cloud that is helping produce
them. However, the Planck data has finer angular resolutions
than HAWC’s point-spread function (PSF), so when the template
is convolved with HAWC’s PSF in the 3ML fit, we lose the fine
details of the molecular clouds (figure B1).

The size of the molecular cloud template is based on the size
of HAWC’s VHE emission, as well as the distance that would
be reasonable for protons to travel for interaction. The template
is 1° x 1.5°, which corresponds to about 14 pc x 21 pc and
appropriately accounts for HAWC’s emission size. Protons in
this region should be able to diffuse out to about 60 pc based on
Albert et al. (2020), so the chosen size for the molecular cloud
template is also still appropriate for proton diffusion. Since the
flux fit from this template and the mass used in the CR energy
density calculation is based on the size of the template we choose
for the fit, the results shown here are dependent on our choices
made for the template size.

' https://lweb.cfa.harvard.edu/rtdc/CO/
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Fig. A2. Velocity distribution of molecular hydrogen for a longi-
tude and latitude of 106.4° + 0.5 and 2.9° + 0.5, respectively
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Fig. A1. Dame CO survey for the Boomerang
region (Dameetal. 2001). Top: Velocity-
integrated CO map. The black box indicates the
Boomerang region. Bottom: Velocity range over
a given longitude. The black box indicates the
Boomerang longitude.
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