
Resolving the γ-ray SNR IC 443 
with Fermi LAT and VERITAS

John W. Hewitt1 on behalf of the Fermi-LAT and VERITAS Collaborations 
1 University of North Florida, Jacksonville, FL, USA

IC 443 is among the closest and best-studied cases of a supernova remnant interacting with a molecular cloud. The gamma-ray 
spectrum shows evidence of a cutoff at low energies, interpreted as evidence of a hadronic origin. A new Fermi and VERITAS 
spatially-resolved study from GeV to TeV energies reveals evidence for multiple components contributing to the SNR shell. This 
allows the first spatially-resolved study of gamma-ray emission from GeV to TeV energies. A spectral break is evident for both the 
entire remnant and individual regions. The brightest region appears to cutoff near an energy of 1 TeV.
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Spatially-resolved γ-ray SpectraSNR-molecular cloud interaction

6 years; 10 GeV < E < 1 TeV

IC 443 (SNR G189.1+3.0) is known to be interacting with a dense 
molecular cloud ~105 Msun along the south and west. To the northeast is 
lower density ionized gas, and a large very low density cavity is present 
in radio continuum emission extending behind and to the west of the 
SNR (diagram from [1]). This environment is a laboratory to study the 
diffusion of accelerated protons as they diffuse away from an old SNR.

6 years; 10 GeV < E < 1 TeV6 years; 10 GeV < E < 1 TeV

Asymmetric γ-ray Shell

Conclusions
IC 443 is resolved as an asymmetric shell with a very similar 
morphology at GeV (Fermi LAT) and TeV energies (VERITAS). The γ-
ray morphology is not well explained by any multi-wavelength spatial 
template (radio, X-ray, shocked gas). This motivates a spatially-
resolved analysis of four distinct regions of the SNR. The regions vary 
greatly in flux, but show largely the same spectra. However, we see 
evidence for a decrease in the flux of the brightest region at the highest 
energies seen by VERITAS. The faintest region 4 is devoid of 
molecular gas, yet has the largest the gamma-ray-to-gas ratio. 
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Figure 7. (a) VERITAS excess map for the 180-800 GeV energy band (b) VERITAS excess map for energies > 1 TeV. For
both panels, white contours at the significance levels of 3, 6, 9 and 12� are taken from the VERITAS significance map above
200 GeV energy. Black plus markers denote the positions of OH maser emission Hewitt et al. (2006) and magenta diamond
marker denotes position of the PWN CXOU J061705.3+222127 Olbert et al. (2001a). The white circle in the lower-left corner
indicates the energy-averaged angular resolution of VERITAS in 180-800 GeV and 1-5 TeV energy bands.

Template Description AIC � AIC

No. (LAT deconvolved) 0.2-0.8 TeV 1-5 TeV 0.2-0.8 TeV 1-5 TeV

1 PSF < 0.15� and Energy > 3 GeV (Figure 1) -76520.8 3603.5 0 8.4

2 Bright spot completely removed from the template -76316.5 3602.2 204.3 7.1

3 Bright spot is 30% of its original value -76411.7 3595.2 109.1 0.1

4 Bright spot is 50% of its original value -76472.8 3595.1 48 0

5 Add bright spot to Template 2 -76520.1 3596.6 0.7 1.5

Table 7. Di↵erent LAT template comparison with uncorrelated VERITAS data in two energy bins.

ular gas tracers include shocked H2 lines, 2MASS im-686

ages (Rho et al. 2001). Here, the shock front is inclined687

slightly towards the observer, though still primarily pro-688

jected across the plane of the sky. Region 2 covers most689

of this structure, including clumps B, C, and D. Region690

3 includes the western extent including clumps E and H.691

The remaining region 4 is located to the north of the692

well-studied dense molecular interaction region. It does693

not include any clumps noted in previous studies. In-694

stead, it is well established that there is a dissociative695

shock in this region which is bright in ionic fine-structure696

lines. Lee et al. (2008) identified high-velocity H gas in697

these northern shock region totaling 29.5 M�. For com-698

parison, the entire southern shock into the molecular699

cloud is estimated to contain 463 M� of H gas (Lee700

et al. 2008) and ⇠2,000 M� of H2 gas (Dickman et al.701

1992), with 224 M� of dense gas in small shocked clouds702

(Lee et al. 2012).703

While the northern shock (region 4) appears devoid of704

dense molecular gas, detailed analysis of fine-structure705

lines of iron, oxygen, oxygen and sulfur indicate post-706

shock electron densities as high as 2,500 cm�3 (Alarie707

& Drissen 2019) behind fast shocks with speeds of 20-708

150 km s�1 into pre-shock densities of 20-60 cm�3. H2709

rovibrational lines are detected in the IR and appear710

well-correlated with [Fe I], which may be explained by711

reformation of molecules in the dense post-shock gas712

(Kokusho et al. 2013).713

Overall, the enhanced gamma-ray emission from re-714

gions 1, 2 and 3 in comparison to region 4 can be ex-715

plained by the presence of both more and higher density716

gas in the southern molecular cloud with which IC 443717

is interacting. Comparing the integral fluxes of the four718

6 Humensky et al.

pixel in the excess map is extracted using an integra-386

tion radius of 0.1�. For the background estimation, the387

ring background method, as discussed by Berge et al.388

(2007), is employed. To ensure the best reconstruction,389

only events reconstructed by three or more telescopes390

are selected which gives an energy threshold of 180 GeV.391

The bright star ⌘-Gem (V band magnitude 3.31), lo-392

cated 0.53� from the PWN, results in a deficit in the ex-393

cess map. This e↵ect occurs because the bright star in-394

fluences the corresponding pixels in the camera, causing395

suppression and resulting in fewer events being recon-396

structed at the location of the bright star (Berge et al.397

2007).398

Figure 2. VERITAS excess map above 180 GeV energy.
Overlaid are the significance contours ar 3,6,9 and 12 � level.
Black plus markers denote the positions of OH maser emis-
sion Hewitt et al. (2006) and magenta diamond marker de-
notes position of the PWN CXOU J061705.3+222127 Olbert
et al. (2001a). Red star represents the position of bright star
⌘-Gem near IC 443. Deficit in the excess counts near the star
position indicates the e↵ect of bright star Berge et al. (2007).
Blue alphabets (B-H) represents the shock clumps identified
by (Denoyer 1979; Dickman et al. 1992). The white rectangle
in the lower-left corner contain the energy-averaged angular
resolution of VERITAS in 0.2-5 TeV.

4.2. Spectral studies399

The di↵erential energy spectra were extracted from400

the VERITAS data for the whole remnant and four in-401

dependent circular regions, and are shown in Figure ??402

a. The integration radius for spectral extraction for the403

whole SNR is 0.35�, while for individual regions, it is404

0.13� (see Table 2 for more details). A power-law of the405

form dN/dE = K(E/E0)�↵, where K is the normaliza-406

tion, ↵ is the spectral index, and E0 = 550 GeV is the407

pivot energy, is fit to each spectrum. The fits cover the408

energy range 178 GeV - 4.5 TeV. Bins of width 0.1 in409

log(E) are used for region 1 up to 1.12 TeV and for the410

whole SNR up to 1.58 TeV. Bins of width 0.2 in log(E)411

are used for the higher-energy bins in region 1 and the412

whole SNR, as well as for all bins in regions 2 and 3.413

Due to its very low flux, region 4 has bins of width 0.35414

in log(E).415

The spectral data for the whole SNR and regions416

2, 3, and 4 are well-described by a simple power-law417

model. Despite observing an order-of-magnitude varia-418

tion in integral flux across these regions, there is no sig-419

nificant fluctuation in the spectral index, either within420

individual regions or when comparing the entire SNR421

with specific regions, accounting for the statistical un-422

certainties associated with each region. We also explored423

spectral fitting using the exponential cuto↵ power law424

(ECPL) and smooth broken power law (SBPL) models.425

Model comparison was conducted using the Bayesian426

Information Criterion (BIC). The BIC is defined as427

BIC = k log(n)� 2 logL, where k is the number of free428

parameters, n is number of data points and logLmax429

is the maximum value of the log of likelihood function.430

The preferred model is the one with the minimum BIC431

value. The assessment of goodness of fit is based not432

on the absolute value of BIC but on the di↵erences433

�i = BICi � BICmin. If �i < 2, there is substan-434

tial support for the i-th model. If 2 < �i < 6, then435

there is positive evidence against the i-th model. When436

6 < �i < 10, there is strong evidence againt i-th model,437

and if �i > 10, the i-th model has essentially no support438

Kass & Raftery (1995). According to above mentioned439

BIC criterion, the power-law (PL) model emerged as the440

best choice for spectral data since PL fit has the mini-441

mum BIC value.442

In contrast, Region 1 is significantly better described443

by the SBPL model than PL. �BIC for SBPL over PL is444

6.5 which according to above mentioned BIC criterion,445

provides a significantly better explanation for the data446

in Region 1. Furthermore, we observed a softening of447

the spectral index from 2.2 to 3.9 around 0.5± 0.2 TeV448

in region 1. This suggests a possible change in morphol-449

ogy with energy, which will be discussed in more detail450

below.451

The outcomes of the best-fit models for all regions are452

presented in Table 4.453

To search with better statistics for a change in spec-454

tral shape between region 1 and the remainder of the455

remnant, we compared the sum of the flux in regions 2,456

3, and 4 to that of region 1. No statistically significant457

di↵erence was seen.458

We analyzed 15 years of Fermi-LAT Pass8r3v3 Source data using the 
4FGL-DR4 model [8] and 155 hours of VERITAS data from 2007-15 
using standard “wobble” mode. Images from energies of 5-300 GeV and 
0.2-5 TeV, respectively, show an identical shell structure with brightness 
that generally correlates with the amount of shocked molecular gas. 

VERITAS observes a change in morphology at >1 TeV where the 
brightest region decreases significantly in comparison to the rest of the 
shell. By fitting the LAT data as a spatial template, we find that the bright 
spot decreases by ~40% in brightness relative to the shell (ΔAIC = -8.4)

IC 443 is divided into four regions, for which SEDs are extracted using 
spatial templates (LAT, [9]) and 0.13° circular radii (VERITAS). Because 
the shapes of the regions are slightly mismatched, we apply a scaling 
factor calculated from the LAT spatial template, to slightly increase the 
VERITAS fluxes.  

Spectral indices of all regions match within errors. The spectrum of 
Region 1 is best-fit by a smoothly broken power law (ΔBIC = -6.5), with 
a break energy of 0.5 TeV, consistent with the change in morphology 
seen at >1 TeV. Region 1 (brightest) is coincident with a large 
foreground, unshocked cloud, so the decrease in flux may be due to 
either an additional runaway-CR component from outside the SNR, or 
different CR diffusion conditions in this region. 

Regions 1-3, coincident with prominent molecular clouds [10], contain 
~100 times more mass than the atomic neutral hydrogen found 
coincident with Region 4 [1]. Yet Region 4 is only 8-15x fainter than the 
combined flux from Regions 1-3, suggesting the CRs are unevenly 
distributed or do not fully illuminate all molecular material.IC 443 second paper 7
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Figure 3. (a) Regions from which spectra were extracted overlaid on the VERITAS excess map. It is important to note that
the VERITAS spectrum is derived from circular regions, while the Fermi-LAT spectrum is extracted from four wedges. Scaling
is applied between LAT and VERITAS to correct for di↵erences in the spectrum due to di↵erent extracted area. (b) Best-fit
spectral models for each individual instrument. Filled points are from LAT and non-filled points are from VERITAS. (c) The
ratio of GeV to TeV flux for each of the four regions and the whole-SNR.

Region VERITAS Fermi-LAT Flux Ratio

Model Parameters Integral Flux Model Parameters Integral Flux

(Best) (0.2�10 TeV) (Best) (5�100 GeV) (GeV/TeV)

�1 = 2.20± 0.45

1 SBPL �2 = 3.86± 0.53 (6.0± 0.5)⇥ 10�12 PL � = 2.35± 0.05 (3.2± 0.1)⇥ 10�9 533± 47

Eb = 0.5± 0.2 TeV

2 PL � = 2.73± 0.17 (2.2± 0.3)⇥ 10�12 PL � = 2.52± 0.11 (1.3± 0.1)⇥ 10�9 591± 93

3 PL � = 2.95± 0.21 (2.9± 0.5)⇥ 10�12 PL � = 2.58± 0.08 (1.7± 0.1)⇥ 10�9 586± 107

4 PL � = 2.46± 0.53 (7.2± 2.9)⇥ 10�13 PL � = 2.38± 0.12 (7.9± 0.6)⇥ 10�10 1097± 450

Whole-
SNR

PL � = 2.94± 0.09 (1.2± 0.1)⇥ 10�11 PL � = 2.52± 0.03 (7.0± 0.1)⇥ 10�9 583± 49

Table 4. Best-fit model parameters obtained from the analysis of VERITAS spectral data for di↵erent regions. Notably, Region
1 is most accurately described by a smooth broken power law (SBPL), while other regions are best represented by a simple
power law (PL) model.

5. COMPARISON OF HE AND VHE RESULTS459

5.1. Morphology comparison460

Comparing the Fermi -LAT counts map with the461

VERITAS significance map illustrated in Figure 4, it462

is evident that the morphology of the �-ray emission463

aligns well between the two instruments. Both follow464

the distribution of molecular gas.465

5.2. Broad-band spectral study466

To characterize the combined spectra, we conducted a467

simultaneous fit of Fermi -LAT and VERITAS spectral468

points above 5 GeV for both the four individual regions469

and the entire SNR. Our analysis involved fitting spectra470

using three models: power-law (PL), exponential cut-471

o↵ power-law (ECPL), and smooth broken power-law472

(SBPL).473

A simple PL and ECPL did not provide a satisfac-474

tory fit to the broad band spectrum of the whole SNR475

spanning the GeV-TeV energy range. The calculated476

AIC values for PL and ECPL were 52.5 and 32.0, re-477

spectively. However, for SBPL, the AIC value was 15.0.478

Based on the �AIC criterion, we concluded that SBPL479

Figure. (Left) Regions from which spectra were extracted overlaid on the VERITAS excess map. The VERITAS 
spectrum is derived from circular regions, while the Fermi-LAT spectrum is extracted from wedges. Scaling factors 
derived from the LAT spatial template, are applied between LAT and VERITAS to correct for differences in the 
spectrum due to different extracted area. (Center) Best-fit spectral models for each individual instrument. Filled 
points are from LAT and non-filled points are from VERITAS. (Right) The ratio of GeV to TeV flux for each of the 
four regions and the whole-SNR. 

Table. Best-fit model parameters and GeV/TeV ratio for four regions. Region 1 is most accurately described by a 
smooth broken power law (SBPL), while other regions are best represented by a simple power law (PL) model.  

Figures. (Top) Schematic diagram of IC 443 [1]. 
An ionic shock is present in low density atomic 
gas in the NE. A slower molecular shock is 
present to the S and W. Further W is a breakout 
bubble producing prominent radio emission. 
(Left) Spectral energy distribution of the entire 
SNR IC 443 with updated LAT (red) and 
VERITAS (blue) data compared to past work.
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Figure 3. (a) Regions from which spectra were extracted overlaid on the VERITAS excess map. It is important to note that
the VERITAS spectrum is derived from circular regions, while the Fermi-LAT spectrum is extracted from four wedges. Scaling
is applied between LAT and VERITAS to correct for di↵erences in the spectrum due to di↵erent extracted area. (b) Best-fit
spectral models for each individual instrument. Filled points are from LAT and non-filled points are from VERITAS. (c) The
ratio of GeV to TeV flux for each of the four regions and the whole-SNR.
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IC 443 has been detected by many γ-ray 
observatories [2,3,4]. The SED shows a 
low-energy decrease consistent with a 
hadronic origin [5]. Our updated spectrum 
for the entire SNR using 15 years of 
Fermi LAT and 155 hours of VERITAS 
data is consistent with both compressed 
cosmic rays (CRs) [6] or runaway CRs 
illuminating the adjacent clouds [7].

Figure. (Top Left) LAT counts map >5 GeV, with VERITAS contours at 3, 6, 9, and 12 σ levels also present in all 
images. (Top Center) CO map overlaid with contours from VERITAS (white) and HCO+ 1-0 shocked gas (yellow). 
(Top Right) WISE infrared images, 22 µm (red), 12 µm (green), and 4.6 µm (blue), overlaid with same contours. 
(Bottom Left) VERITAS excess map >180 GeV. OH maser positions in black. Magenta diamond at the PWN 
position. Nearby bright star η-Gem indicated by a red star. Blue letters (B-H) indicate shocked molecular clumps. 
Energy-averaged angular resolution of VERITAS in 0.2-5 TeV shown in the lower left corner. (Bottom right) 
VERITAS excess map for energies > 1 TeV.
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