
HAWC Studies of SNRs

TeVCat2

The Symposium of Ultra-High-Energy Gamma Rays from            Sabrina Casanova, IFJ PAN, Krakow, Poland
Supernova Remnants and the Origin of Galactic Cosmic
Yuxi, China, 27.02.2026 



Outline
• Motivation : 
• New classes of candidate PeVatrons has changed the CR picture
•What is the role of SNRs as contributors of Galactic CRs ?
• Searching for signatures of PeV CRs in MC close to SNRs

• HAWC Observatory
• SNRs detected with HAWC
• Conclusions and Outlook

Disclaimer : these systems have been detected with LHAASO and IACTs but I will mostly cover only the HAWC results



3

l Site: Sierra Negra, Mexico, 19°N, 4,100 m altitude.
l Inaugurated March 2015.
l Instantaneous FoV 2sr. Daily 8sr (66% of the sky) 
l  High energy extension: Outrigger array, since summer 2018
l ~5 trillion triggers to date - 7PB of data



SNR G106.3+2.7: Galactic PeVatron ?
HAWC Collaboration, ApJL 2020

• SNR G106.3+2.7 is a 10kyr comet-shaped radio 

• source at 0.8 kpc 

•  

• PSR J2229+6114, seen in radio, X-rays, and gammarays

•  

• Boomerang Nebula is contained in the remnant 

• VERITAS source (energy range 900 GeV – 16 TeV)

• HAWC emission, morphology compatible with 
VERITAS source and coincident with a region of high 
gas density
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Proton PL :  2.35,    Lower limit on proton Ecut = 800 TeV,  

Wp = 1048 (n/50)-1 erg

G106.3+2.7 : a Galactic PeVatron?

VERITAS index = -2.29
HAWC index = -2.25

Joint VERITAS-HAWC PL  from 800 GeV to 180 TeV

HAWC Collaboration, ApJL 2020



Intro + Data + ROI
~2565 days of NN data with 4 deg radius ROI

Chong Ge, Ruo-Yu Liu, Shu Niu, Yang Chen, and Xiang-Yu Wang. The Innovation, 2, May 2021

• Head Region: PSR J2229+6114 
and its PWN the Boomerang


• Tail Region: SN ejecta and shock 
front from SNR G106.3+2.7


• Elongated shape due to an HI 
cloud surrounding left side of head 
region


• SN ejecta forced to break out 
into elongated tail 


• Molecular hydrogen cloud near the 
tail 


• Only MAGIC and FERMI are able 
to distinguish head and tail in GR 

• Head Region: PSR
J2229+6114 and its PWN the 
Boomerang

• Tail Region: SN ejecta and shock
front from SNR G106.3+2.7 

• Elongated shape due to an HI
cloud surrounding left side of 
head region

• SN ejecta forced to break out
into elongated tail

• Molecular hydrogen cloud near 
the tail



MAGIC Observations
A&A 671, A12 (2023)
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Fig. 1. Energy-dependent pre-trial significance maps of SNR G106.3+2.7 observed with the MAGIC telescopes. (a) Map above 0.2 TeV. The white
circle labeled ‘PSF’ represents the 0.075→ size of a Gaussian kernel (corresponding to the MAGIC ω-ray PSF) for this analysis. The position of
PSR J2229.0+6114 is marked with the open yellow cross. The cyan contours (overlaid on all panels) show the radio emission of SNR G106.3+2.7
at 408 MHz by DRAO (Pineault & Joncas 2000). The green contours represent the 12CO (J = 1 ↑ 0) line intensity integrated over the velocity
range from ↑6.41 to ↑3.94 km s↑1. The white dotted circles show ε2 cut regions of the head and tail regions, respectively, as shown in Table 1.
Also shown by white squares are the pointing positions used in the observations. (b) Map at 0.2–1.1 TeV. The white circle labelled ‘PSF’ represents
the 0.100→ size of a Gaussian kernel, as in panel a. The yellow solid and dotted circles represent the extension and location of the Fermi-LAT
source (Xin et al. 2019) and the analysis region for the head region used in Liu et al. (2020), respectively. (c) Map at 1.1–6.0 TeV. The white circle
labelled ‘PSF’ represents the 0.065→ size of a Gaussian kernel, as in panel b. The green ellipse and dotted circles represent the extended TeV ω-ray
emission of VER J2227+608 and ε2 cut region used in the VERITAS paper (Acciari et al. 2009), respectively. (d) Map at 6.0–30 TeV. The white
circle labelled ‘PSF’ represents the 0.065→ size of a Gaussian kernel, as in panel c. The green solid and dotted circles represent the extended ω-ray
emission above 10 TeV observed with Tibet ASω (Amenomori et al. 2021) and the upper limit at 90% confidence level of the Gaussian extension
of HAWC J2227+610 (Albert et al. 2020), respectively. The open square and diamond show the centroid of the VHE ω-ray emission detected with
Milagro (Abdo et al. 2009b) and LHAASO (Cao et al. 2021), respectively.

forward-folding method (Aleksić et al. 2016), the spectra are
fitted with a power-law function:

dN
dE
= N0

( E
3 TeV

)↑Γ
. (1)

The best-fit parameters are summarised in Table 2. The
ω-ray spectrum in the tail region has a higher flux and a
marginally harder index than that of the head region. For the

VER J2227+608, using the same integration region as
VERITAS, our results are consistent with those of Acciari
et al. (2009) within the statistical uncertainties in both the
index and the normalisation at 3 TeV. The apparent discrepancy
seen in Fig. 4 between the MAGIC results and the Tibet ASω
measurement at the 6–20 TeV range amounts to a statistical
significance of only 1.4ϑ. Considering the source extension
of VER J2227+608 and the MAGIC PSF, the flux derived
in this work may correspond to ↓60% of the whole region

A12, page 4 of 12

MAGIC Collaboration, 2024



All energies• 2565 days of NN data – 4o ROI
• Single extended source 4-145 TeV
• LogP PL

HAWC Collaboration, A&A 2024

Alfaro, R., et al.: A&A, 691, A89 (2024)

Table 1. Best-fit results from the source search.

RA [�] Dec [�] Radius [�]

337.20 (+0.12)
(�0.12)

(+0.26)
(�0.33) 60.92(+0.05)

(�0.05)
(+0.13)
(�0.11) 0.34(+0.04)

(�0.04)
(+0.12)
(�0.13)

N0 [⇥10�15 cm�2 TeV�1 s�1] ↵ �

1.86(+0.32)
(�0.27)

(+1.33)
(�1.10) 2.76(+0.16)

(�0.16)
(+0.84)
(�0.60) 0.32(+0.13)

(�0.13)
(+1.05)
(�0.49)

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 �TS> 25, we keep the source in the model and
return to step 1.

(b) If the �TS< 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 Lalt to be the entire model and Lnull 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 �TS between
the previous model and the most recently tested model:
(a) If the �TS> 16, we accept the extended source model

and go to step 3.
(b) If the �TS< 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
dE
= N0

✓ E
30 TeV

◆↵�� log ( E
30 TeV )
, (2)

where N0 is the normalization parameter, the pivot energy is
30 TeV, ↵ is the spectral index, and � 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 �TS> 16, we keep it and move on to test the next source.
If the new model (with the curved spectrum) has a �TS< 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 e↵ects on the data resulting from
di↵erences in the modeling of the instrument. These di↵erences
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 1� 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 N0 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 0.24±0.1(stat)

±0.1(sys) 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 di↵erences between
the various gamma ray observations are most likely attributed to
each observatory detecting di↵erent 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 di↵erent 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

Comparison to Other GR Experiments 

• General agreement among observatories


• Discrepancies most likely attributed to each observatory seeing 
different parts of the head/tail regions across the varying energy 
ranges

Lhaaso

Tibet

FermiLAT

MAGIC



Gas distribution from Boomerang region
Alfaro, R., et al.: A&A, 691, A89 (2024)

Fig. A1. Dame CO survey for the Boomerang
region (Dame et al. 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.

Fig. A2. Velocity distribution of molecular hydrogen for a longi-
tude and latitude of 106.4� ± 0.5 and 2.9� ± 0.5, respectively

A89, page 10 of 11

Alfaro, R., et al.: A&A, 691, A89 (2024)

Fig. A1. Dame CO survey for the Boomerang
region (Dame et al. 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.

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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Above 56 TeV

Alfaro, R., et al.: A&A, 691, A89 (2024)

Fig. 4. Significance maps for HAWC’s
>56 TeV emission and its comparison to the
SNR and molecular clouds in the region. a) The
HAWC significance map of the region above
56 TeV. b) The brightness temperature image
(Taylor et al. 2003) of the SNR overlaid with
the HAWC 3, 4, and 5� contours in white. c)
Molecular hydrogen column density integrated
over a velocity range of �20 km/s to 0 km/s
(Dame et al. 2001). d) The Planck 353 GHz
template normalized to 1/sr that is used in the
UHE HAWC fit.

Table 2. Best-fit results from the simple modeling above 56 TeV, which assumes a point source with a PL spectrum.

RA [�] Dec [�] N0 [cm�2 TeV�1 s�1] Index Pivot [TeV] TS

337.05± 0.07 60.92± 0.04 1.7+0.6
�0.4 ⇥ 10�16 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 ⇥ 1045 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 LSD > 1036 erg/s. While the
PWN in this region fits that requirement (LSD ⇡ 2 ⇥ 1037 erg/s)
and would be an ideal electron accelerator, it is o↵set 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 di↵erentiator for the head and tail
regions of the SNR, it is also possible that electrons accelerated

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 4–145 TeV. 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 di↵erent
energies in the gamma ray regime.

We also looked at HAWC’s >56 TeV 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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model VHE emission (>56 TeV)  with 
353 GHz Planck dust template

L( ≥ Eγ) = 6.6 × 1031ergs/s
M = 0.11 × 105M⊙
 
In the cloud :
ωCR( ≥ 10Eγ ~ 500 TeV) = 10.9 × 10−3eV/cm3

WCR( ≥ 10Eγ ~ 500) = 8.0 × 1044ergs

• SNR energy budget =7 × 1049ergs



IC 433 
• IC443 (G189.1+3.0) studied across the 

whole electromagnetic spectrum
• Progenitor: neutron star 

CXOUJ061705.3+222127
• Interacts with nearby MCs
• Distance 1.5kpc (Fesen 1984)

• Size ~ 10 pc  (Troja et al. 2008)

• Age 3~30 kyr (Petre et al. 1988, Troja et al. 2008, Lee et al. 
2008, Chevalier 1999) 

• Shock speed of 300kms−1 (J.-J.Leeetal.2008; E. 
Troja et al. 2008), 

• B~10μG (H. Yamaguchi et al. 2009)



HAWC ANALYSIS of IC 433 

HAWC Collaboration, ApJL 2025

• 2996 days of data
• Masking closeby 

Geminga-Monogem 
region

• Fhit analysis for 
morphology and NN 
for spectral features 

0.6 deg

0.3 deg
0.3 deg



Spectra for PS and ES

−3.14 ± 0.18

HAWC Collaboration, ApJL 2025

HAWC J0615+2213
−2.49 ± 0.08

4.3 Systematics

I ran the analysis with different detector response files to study the systematics. I also decided to just use Bins

C0 since I want to compare the results with the energy estimators, which only use C0 bins. I used the best model

that describes the region, and fit all the parameters. A plot for each parameter are shown below. The red and

gray lines corresponds to the result from the default detector response file. In principle we expect the statistical

errors to be the same size between each different analysis. For the systematics, I group them in the same way as

we have done in other analysis: broad pulse, charge uncertainty, threshold and configuration. For each systematic,

I find the largest positive and negative difference between the default best result and the systematic results. Then

add the categories in quadrature to get the final systematic uncertainty.

Parameter Positive Negative

ES RA 0.0156 -0.00405

ES Dec 0.0151 -0.0678

ES σ 0.0044 -0.0135

ES K 0.187 -0.366

ES α 0.009 -0.0279

PS RA 0.00865 -0.0279

PS Dec 0.0347 -0.00296

PS K 0.208 -0.862

PS α 0.0783 -0.0903

GDE K 0.0648 -0.297

Table 1: Systematics of the FHIT bin analysis. The normalization values are in units of 10
−13

and 10
−14

(TeV

cm
2
s)

−1
for the ES and PS respectively. This numbers don’t consider the arraySize C0 run.

As mentioned earlier, I noticed that the energy estimators give a smaller width to the extended source, and to

check this I tested the analysis without the C1 bins. The result does give a smaller width, but not as small as the

energy estimators. I assume this has to do with the extra cuts that we use in the C0 bins. For the interpretation

part of the of the results, I will use the result from the FHIT analysis.

4.4 Energy Range

For the energy range test, again we fix the position of the sources in the best model. The analysis, as mentioned

earlier, will assume a simple power law with a break in the spectrum. The program creates the likelihood profile

which will show the energy boundaries at which the model is inconsistent with the HAWC data at 1σ level. The

result are the following:

Source Range (TeV)

IC443 0.27 - 23.74

Extended 2.15 - 74.95

Table 2: Energy range from the Fhit analysis

It’s worth to mention that the likelihood profile has a 1σ measurement of the energy for the extended source. This

means, that the likelihood profile has a minimum and the curve crosses the 1σ threshold twice. In principle this

means that the lower energy threshold, at the 1σ level has a range of (0.2 - 23.7) TeV, and the high energy value

is in the range of (74.8 - 167.9) TeV. Looking at the flux point results, we can see that the results goes from 0.2

TeV to 74.8 TeV. I have combined some bins, hence why the higher energy gin doesn’t go too far.

Although as a collaboration we haven’t decided how to treat the likelihood profiles, this is an interesting observation.
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Under typical magnetic Selds (∼100 µG) and accounting
for both synchrotron and inverse Compton losses, the
maximum energy an electron can gain is approximately
5 TeV (H. Yamaguchi et al. 2009; V. Petrosian 2012). When
bremsstrahlung losses are included in regions with higher gas
densities (up to 100 cm−3; E. Troja et al. 2008), this maximum
decreases further to around 3 TeV. Even with nonlinear shock
effects that amplify the magnetic Seld up to 300 µG, the
maximum achievable electron energy is only ∼10 TeV. Thus,
while electrons can contribute to high-energy emission, they
cannot explain gamma rays up to 30 TeV. Furthermore,
according to H. Yamaguchi et al. (2009), the measured
magnetic Seld strength in the region of IC 443 is 10 µG,
constraining even more the maximum energy of the electrons.
This limitation makes hadronic processes a more plausible
explanation for the observed gamma-ray spectrum (B. Zhang
& H. Yan 2011; F. Guo et al. 2014).

Protons can achieve signiScantly higher energies due to their
relatively low energy losses. The maximum energy for protons,
achievable via DSA, depends on factors such as shock speed,
magnetic Seld strength, and remnant size. For IC 443, typical
values include a shock speed of 300 km s−1 (J.-J. Lee et al. 2008;
E. Troja et al. 2008), a magnetic Seld strength of 10µG
(H. Yamaguchi et al. 2009), and a remnant size of 10.9 pc
(E. Troja et al. 2008). These parameters suggest that protons could
theoretically reach energies up to ∼65 TeV (L. O. Drury 1983;
P. O. Lagage & C. J. Cesarsky 1983; A. R. Bell et al. 2013). With
the inclusion of nonlinear DSA effects, which amplify the
magnetic Seld, this maximum energy may extend to 100 TeV or
even higher, potentially approaching 1 PeV (A. R. Bell 2004;
D. Caprioli et al. 2009; A. R. Bell et al. 2013).

To test these estimates of the maximum proton energies,
we perform an analysis using the Markov Chain Monte
Carlo software Naima (V. Zabalza 2015). This software
Sts data to non-thermal emission models by optimizing
the parameters of the parent particle spectra. Additionally,
it calculates the Bayesian information criterion (BIC) for
the models, which we use to compare and evaluate their
performance.
We incorporate observations from Fermi (A. A. Abdo et al.

2010), VERITAS (V. A. Acciari et al. 2009), MAGIC
(J. Albert et al. 2007), and the results presented here. As a
side note, the recently commissioned LHAASO detector—a
gamma-ray observatory with better sensitivity above 10 TeV
compared to HAWC—has reported extended emission in the
region as part of its catalog search. LHAASO observes a source
with a width of (0.59 ± 0.08)° located at coordinates 94°.35,
22°.57. Their analysis using LHAASO-WCDA data, based on a
simple power-law model, yielded a differential particle 5ux at
3 TeV of (1.95± 0.27)× 10−13 TeV−1 cm−2 s−1 with a spectral
index of −2.92 ± 0.14 in the energy range between 1 TeV and
25 TeV. An upper limit of 0.17× 10−15 TeV−1 cm−2 s−1 at
50 TeV was set using LHAASO-KM2A (Z. Cao et al. 2024).
However, further detailed analysis is required to determine
whether this observation aligns with the morphology identiSed
in our study. Therefore, we do not include the LHAASO data in
our Stting (see Appendix C, where we test the LHAASO model
with HAWC data). Based on the arguments outlined above, we
use a pion decay model to explain the gamma-ray emission,
similar to the approach in M. Ackermann et al. (2013). We set
the maximum energy values to 65 TeV and 1 PeV for the proton
distribution for the test. The proton spectrum is modeled
with both a broken power law (BPL) and a power law with an

Figure 4. Spectrum of the two sources seen by HAWC. Left is the spectrum of the PS, which we associate with IC 443. Right is the spectrum of the ES.

Table 5
Parameter Results of the Naima Modeling

Model Constraints BPL Exponential Cutoff

Parameter 65 TeV 1 PeV 65 TeV 1 PeV

( [ ])Alog TeV 1 40-60 48.4 ± 0.1 48.4 ± 0.1 50.6 ± 0.03 50.6 ± 0.03
α1 1.5–5 2.27 ± 0.04 2.28 ± 0.04 2.34 ± 0.03 2.35 ± 0.03
α2 1.5–5 3.01 ± 0.06 3.03 ± 0.05 ⋯ ⋯
Ebreak/cutoff [TeV] 0.001–1000 0.10 ± 0.04 0.10 ± 0.03 1.2 ± 0.2 +1.2 0.2

0.3

BIC ⋯ 65.1 65.2 111.2 111.2

Note. Two spectral functions for the cosmic-ray spectrum and two maximum proton energies were tested. Uncertainties are statistical only.
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Figure 25: Column density in the region of IC 443 with velocities between 3.5 and 10 km/s. Circle and dot are
the centroid and width of the extended source.

Figure 26: Residual plot after running the analysis with the gas template. Left is with the point source assumption.
Right is with the extended source assumption.
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HAWC Collaboration, ApJL 2025

Extended Source



Particle Spectra for IC 433

exponential cutoff (ECPL):

( )
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where A is the normalization of the spectrum at energy E0; α1
and α2 are the spectral indices before and after the break
energy Ebreak, while α is the spectral index in the exponential
cutoff model; Ecutoff is the cutoff energy. Since the target
material needs to be considered, we assume an effective
gas density n of 20 cm−3. This is the same value used in
M. Ackermann et al. (2013), which is estimated by considering
the mass of the shocked gas (∼103M⊙) and the size of the
remnant (∼10 pc). Furthermore, R. A. Fesen & R. P. Kirshner
(1980) made measurements that are consistent with this value.
The Stted parameter results after running the aforementioned
models are shown in Table 5, together with the constraints that
we use. The values of these constraints are similar to the ones
in P. Sharma et al. (2023), except for the spectral indices, since
the HAWC data suggest that they can be larger than 3.

The results are consistent when we compare the different
maximum energies in each of the cosmic-ray distributions.
When comparing spectral models, the BPL model provides a
better St than the exponential cutoff based on the BIC.

These models yield a total proton energy content
with proton energies E� 0.8 GeV of [ ] ¥W 6 8p

( )/n10 20 cm49 3 1 erg, which is less than 1% of the total
supernova remnant energy of ∼1051 erg, consistent with
M. Ackermann et al. (2013). Figure 5 shows the spectral
distributions and the best Naima models. As can be seen, a
model with a higher maximum proton energy, in the case of
the BPL model, can better describe the tail of the gamma-ray
spectrum.

We tested a model where we left the maximum energy of
the proton distribution to be free. Since the HAWC data do not
show any cutoff, the posterior distribution of the maximum
energy remains relatively 5at, as it is shown in Figure 6,
compared to a prior uniform distribution in logarithmic space
in the range of 65 TeV–10 PeV.

This suggests that IC 443 has the potential to accelerate
cosmic rays to energies beyond the 65 TeV limit predicted by

DSA, making it a strong candidate for a PeVatron. Given the
constraints on leptonic processes, our Sndings further support
IC 443 as a compelling source of PeV cosmic rays. However,
higher-energy observations are still needed to determine where
the gamma-ray spectrum cuts off, as this will provide a direct
measure of the maximum energy achievable by protons.
It is important to note that the SED shows a clear

continuation of the spectrum observed by Fermi, Veritas,
and MAGIC, which can be taken as an indication that the
gamma-ray emission observed by HAWC comes from the
remnant. However, the maximum hotspot observed by HAWC
is close to the pulsar CXOUJ J061705.3+222212, and
emission from the pulsar wind nebula should not be discarded.
Now, if there is emission from the pulsar wind nebula, this
would come mostly from inverse Compton, and it would not
be able to explain the emission observed at the highest
energies due to the Klein–Nishina effect. Currently, the
angular resolution of HAWC cannot distinguish where
precisely the emission is coming from.

4.2. Origin of the Gamma-Ray Emission from the ES

The extended emission we found in the analysis is
surprising. First, it does not spatially correlate with the other
supernova remnant G189.6, which is 1°.2 away from the
centroid of the ES. We see no signiScant emission from this
other remnant, which means that it does not emit gamma rays
at a level detectable by HAWC. After discarding this
possibility, we investigate three other scenarios next.

4.2.1. Cosmic-Ray Illumination of Interstellar Gas

The Srst scenario is the illumination of the surrounding
interstellar gas by the accelerated cosmic rays from IC 443.
Several studies (e.g., S. Ustamujic et al. 2021) show that
IC 443 is embedded and interacting with the gas clouds
surrounding the shell. We want to know if the cosmic rays
from the IC 443 can escape and travel further away from the
shell.
We start by estimating the power needed to explain the

gamma-ray emission. Using the observed spectrum of the ES
and assuming that the gas is a few tens of parsecs away from
IC 443 and a distance to the region of 1.5 kpc (same as in
S. Ustamujic et al. 2021), we calculate a gamma-ray
luminosity of ∼3.17× 1033 erg s−1. If we assume that the

Figure 5. Spectrum of IC 443 in gamma rays. The model is a pion decay with a parent proton spectrum following a BPL or ECPL. On the left, the maximum energy
of the protons is 65 TeV, on the right, it is 1 PeV. These values are based on theory approximations as mentioned in the main text. In both cases, the ECPL does not
describe the data above 10 TeV. The model with a higher maximum proton energy provides a better St to the tail of the spectral distribution.
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mass of the shocked gas (∼103M⊙) and remnant size (∼10pc) : n ~ 20cm−3

 Wp ~ 6-8 1049 erg * (n/20)-1

Max E 65TeV Max E 1PeV



HAWC- LHAASO 
comparison

HAWC Collaboration, ApJL 2025

HAWC = ES +PS 



• Middle aged/old SNR, 30 kyr [Koo et al., 
1995], interacting
• with nearby molecular cloud.
•  Distance:∼5.kpc [Sato et al., 2010].
•  GeV-TeV detection by Fermi-LAT [Acero 

et al., 2015, 2016], MAGIC [Aleksić et al., 
2012], and H.E.S.S. [Abdalla et al.,
• 2018].
• MAGIC sees evidence for two emission 

components (PWN and molecular cloud).

W 51
W 51C (G049.2−00.7)

• Middle aged/old SNR, 30 kyr [Koo et al., 1995], interacting
with nearby molecular cloud.

• Distance: ∼5.5 kpc [Sato et al., 2010].
• GeV-TeV detection by Fermi-LAT [Acero et al., 2015, 2016],

MAGIC [Aleksić et al., 2012], and H.E.S.S. [Abdalla et al.,
2018].

• MAGIC sees evidence for two emission components (PWN
and molecular cloud).

• HAWC sees more extended emission: Nearby sources?

MAGIC 2012

0.3-1 TeV

>1 TeV

Henrike Fleischhack | MTU | October 16, 2018 | 9



2HWC J1922+140—W51C

Energy Spectra and Modeling
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HAWC morphology and gas distribution

CO maps: Dame et al. [2001]
and references therein.
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HAWC morphology and gas distribution

CO maps: Dame et al. [2001]
and references therein.
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HAWC Collaboration, 2019



g-Cygni SN
• Middle-aged SNR,∼6000 yrs Lozinskaya et al.,2000

• Located in Cygnus region
• Distance:∼1.7 kpc [Lozinskaya et al., 2000

• X-ray/radio shell, enhanced emission at

northern/southern edge.
• Seen up to TeV energies.
• Leptonic or hadronic emission?
• Connection to Cygnus Cocoon?

γ Cygni in γ rays
• Two components:

• Hotspot (NW quadrant): VERITAS [Aliu et al., 2013], MAGIC [Strzys, 2017], Fermi-LAT [Fraija
and Araya, 2016].

• Extended disk (r ≈ 0.6◦): MAGIC, Fermi-LAT [Ackermann et al., 2017].

VERITAS
Aliu et al. [2013]

MAGIC

Strzys [2017]

Fermi-LAT

Fraija and Araya [2016]

TS
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γ Cygni in γ rays
• Two components:

• Hotspot (NW quadrant): VERITAS [Aliu et al., 2013], MAGIC [Strzys, 2017], Fermi-LAT [Fraija
and Araya, 2016].

• Extended disk (r ≈ 0.6◦): MAGIC, Fermi-LAT [Ackermann et al., 2017].

VERITAS
Aliu et al. [2013]

MAGIC

Strzys [2017]

Fermi-LAT

Fraija and Araya [2016]
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g-Cygni SN - SNRG78.2+2.1
Energy Spectra and Modeling
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Figure 1: Significance map of the Cocoon region before and after subtraction of the known sources at

the region. Left: Significance map of the Cocoon region. The significance map is in Galactic coordinates

where b and l refers to latitude and longitude. It is produced as described in 11 with 0.5° extended disk

source assumption and a spectral index of -2.6 using 1343 days of HAWC data. The blue contours are four

annuli centered at the OB2 association as listed in Supplementary Table 2. The green contour is the region

of interest (ROI) used for the study which masks the bright source 2HWC J2019+367. Right: Significance

map of the Cocoon region after subtracting HAWC J2031+415 (PWN) and 2HWC J2020+403 (� Cygni).

The map is made assuming a 0.5° extended disk source and a spectral index of -2.6 with 1343 days of

HAWC data. The lighter and darker blue dashed lines are 0.16, 0.24 and 0.32 photons/(0.1° by 0.1° spatial

bin) contours from Fermi-LAT Cocoon 10.
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Conclusions and Outlook

• Emission coincident with SNR W51, g-Cygni and IC 433 continuining 
Fermi-LAT and IACT spectra up to tens of TeV 
• Extended emission up to 75 TeV from a region close to SNR IC 433, 

unclear origin, either illuminated gas or leptonic halo
• Emission from Boomerang complex extending up to 145 TeV
• Above 56TeV MC template 

• Deeper studies of SNRs with Pass5 new maps and Pass6 are ongoing  



Figure 10: Systematics on GDE

Figure 11: Profiles for the energy range of the point source.

Figure 12: Profiles for the energy range of the extended source.
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