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IC 443 – The Jellyfish Nebula
Ø Remnant of a core-collapse SN 

interacting with surrounding material.
o Interacting with a dense molecular 

cloud ~105 Msun along the south and 
west. 

o Lower-density ionized gas to the 
northeast.

o Large, very low-density cavity is 
present in radio continuum emission 
extending behind and to the west of 
the SNR.

o Evolving in a very inhomogeneous 
environment!

Ø An uncertain age that is likely around 8 
kyr (Ustamujic+ 2021). 

Ø At a distance of 1.5 kpc, ~45’ diameter → 
20 pc.
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IC 443 – The Jellyfish Nebula
Ø Detected in g-rays by EGRET, MAGIC, VERITAS, 

Fermi-LAT, AGILE, HAWC, LHAASO.

Ø Previously:
o Low-energy decrease in the SED consistent with a 

hadronic origin (Ackermann+ 2013).

o Shell resolved in GeV/TeV g-rays (Humensky+ 2015).
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VERITAS

Ø Full-array operations begin: 2007 - 16 years of operation.
Ø Energy range: ~85 GeV to ~30 TeV.
Ø Sensitivity: 1% Crab in 25 hr, 10% in 25 min, Ang. resolution: 0.08° resolution @ 1 TeV.
Ø Prototype SCT telescope for CTA on site.
Ø Funded by National Science Foundation (USA), Smithsonian Astrophysical Observatory 

(USA), Natural Sciences and Engineering Research Council (Can), Helmholtz 
Association (Ger).
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VERITAS, Fermi Images of  IC 443

Ø VERITAS analysis using 155 hr 
taken 2007-2015.

o 0.18 – 4.5 TeV.

Ø Fermi analysis above 5 GeV 
using 15 years of Fermi-LAT 
Pass8r3v3 Source data using 
the 4FGL-DR4 model

o PSF classes 2, 3 to match 
VERITAS PSF.
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VERITAS Excess Map,
contours at 3, 6, 9, 12 s significance

Preliminary



VERITAS, Fermi Images of  IC 443

Ø VERITAS analysis using 155 hr 
taken 2007-2015.

o 0.18 – 4.5 TeV.

Ø Fermi analysis above 5 GeV 
using 15 years of Fermi-LAT 
Pass8r3v3 Source data using 
the 4FGL-DR4 model

o PSF classes 2, 3 to match 
VERITAS PSF.
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Fermi Counts Map,
VERITAS contours at 3, 6, 9, 12 s
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Comparison with Gas Tracers
ØGamma-ray emission broadly traces dense and shocked gas 

surrounding IC 443 but not perfectly, particularly in the north.
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Fermi Counts Map CO Map WISE IR Map

All maps: white contours are VERITAS at 3, 6, 9, 12 s, yellow contours are HCO+ 1-0 shocked gas.
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Gamma-ray Spectrum of  Entire IC 443

ØBroad-band g-ray 
spectrum integrated 
over entire SNR aligns 
well with previous 
measurements.
oVERITAS: used 0.35º 

radius region.
ØSpectrum extends 

smoothly from Fermi 
to VERITAS range, 
with index  gradually 
softening from -2.4 to 
-2.9.
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Regional Spectra

ØIC 443 is divided into four regions, for which SEDs 
are extracted using spatial templates (LAT, Tajima+ 
2007) and 0.13° circular radii (VERITAS). 
o Regions selected to follow the gas distribution:

§ Region 1 – shocked molecular cloud.
§ Regions 2&3 – shocked molecular/atomic/ionized gas.
§ Region 4 – no shocked gas observed.

ØBecause 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.
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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
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Regional Spectra
ØSpectral shapes 

consistent within errors 
across regions, well fit by 
simple power laws.
o LAT : indices 2.35-2.58.
o VERITAS : indices 2.7-3.0.

ØException: Region 1 (red) 
in the VERITAS range 
prefers a broken power 
law, steepening around 
500 GeV to an index of 
3.9.

ØIntegral flux ratio is 
constant across all bands.
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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

9/9/2024 Fermi Symposium: IC 443 VERITAS Fermi-LAT Humensky

IC 443 second paper 7

(a) (b) (c)

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.
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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
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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
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Energy-Resolved VERITAS View of  IC 443

qContours are VERITAS 3, 6, 9, 12 s from all-energy map.
qChange in morphology around 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). 11

180 – 800 GeV
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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

> 1 TeV
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Summary
ØIC 443 is resolved as an asymmetric shell with a very similar 

morphology at GeV (Fermi-LAT) and TeV energies (VERITAS). 
ØThe γ-ray morphology is not completely explained by any multi-

wavelength spatial template (radio, X-ray, shocked gas). 
ØThis motivates a spatially-resolved analysis of four distinct 

regions of the SNR. 
ØThe regions vary greatly in flux but show largely the same 

spectra. 
oHowever, we see evidence for a decrease in the flux of the brightest 

region at the highest energies seen by VERITAS. 
oThe faintest region 4 is devoid of molecular gas yet has the largest the 
g-ray-to-gas ratio.
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Little Variation in Spectra across Remnant

IC 443 second paper 7

(a) (b) (c)

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
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