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Evolution stages in uniform medium 
(Spitzer 1968, Woltjer 1972,…) 

n  Ejecta- dominated 
n  up to ~103 years 

n  Nonradiative Sedov blast wave 
n  up to ~104 years 

n  Radiative shell 
n  up to ~105-6 years 

n  Return to interstellar medium 

S147 
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1     Nonradiative    Sedov-Taylor 
 
2,3   Shell formation 
 
4,5   Cool, dense shell with 
        hot interior 

RAC 1974 

3× 1050 erg, 1 part./cm3 



Drew + 2005 S147   Hα



Crushed cloud model for SNRs 

McKee & Ostriker 1977 

Hot ISM 

Nonradiative shock 



D. Churchill 

IC 443  

Radio     (Lee+ 2008)                                          Optical Hα

Duin & van der Laan (1975) showed detailed correspondence and  
   developed model of  radio from compressed IS fields and particles 



IC 443 – a molecular cloud interactor 

Lee et al. 2008 

21 cm continuum emission 
Radio continuum 
Shocked CO contours 
Lee et al. 2012 

All molecular 
emission 



n  Early B star (B2, B3) on main sequence (8, 10 
M¤) can result in a supernova that interacts with 
its parent molecular cloud 

n  Molecular cloud structure 
n  Interclump medium  n~10 cm-3 

n  Clump   n~103 cm-3 
n  Dense core   n~105-6 cm-3 



Radiative shell/clump interaction 
model (RAC 99) 

Applied to IC 443, 
    W44, 3C 391 
 
 
 
 
 
Competing model: 
  nonradiative blast 
  wave in intercloud 
  region (Reach + 2005,  
  Uchiyama + 2010) 

High pressure 



n  Column density of HI is 
about as expected for 
radiative shell in 10 cm-3 
gas 

Shocked HI contours on optical image 
Lee et al. 2008 
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TeV Morphology of IC 443 Brian Humensky

both cases, the gamma-ray emission correlates strongly with the shocked gas, again arguing that
the GeV and TeV emission arise from the same population of CRs. In that case, the emission
is likely dominated by CRs interacting with gas close to the shock front, rather than an escaping
population of CRs.

Figure 5: (left) VERITAS excess map with contours of two tracers of shocked gas, HCO+ (red)
and 12CO (yellow) overlaid. (right) The Fermi-LAT counts map, with the same contours overlaid.

4. Conclusions

Deep VERITAS observations of the supernova remnant IC 443 have established that its VHE
gamma-ray emission is extended over the entire surface of the remnant and traces out the shell,
thus adding IC 443 to the small but growing list of VHE shell-type SNRs. The morphology is
strongly correlated with the GeV morphology, suggesting that the emission is dominated by a
single population of CRs across a wide range of energies. IC 443 is the first VHE shell-type SNR
to clearly have significant SNR/MC interactions, and is likely the oldest and most evolved of the
VHE shell-type SNRs. As such, it remains an extremely interesting laboratory in which to study
the acceleration, escape, and diffusion of cosmic rays.
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source integration radius. Gamma-ray emission above 200 GeV fills the northern lobe of the SNR,
tracing out the SNR/MC interaction regions and the shell along much of its length. The emission is
strongest where the maser emission is brightest, but the entire remnant appears to be accelerating
particles.

Figure 1: Excess map for the field including IC 443, with the color scale indicating counts inte-
grated within a radius of 0.09° about each point. White contours indicate the radio shell and black
contours indicate the significance of the VERITAS observations at the 3, 6, and 9 s levels. Lo-
cations of maser emission are marked in red, while the location of a likely pulsar wind nebula is
marked in green.

To study the spectrum of the remnant, we integrate all counts within an 0.3° radius around
a point near its center, 06 16 52.8 +22 33 00, as well as selecting out three regions of radius
0.13° that sample different environmental conditions. Those three regions are (1) centered on the
brightest maser emission, (2) covering the dim, extended maser emission along the southeast, and
(3) in the north, where the shell is interacting with swept-up material and no molecular clouds
are observed. The resulting spectra are shown in Figure 2, and results of power-law fits to the
spectra are summarized in Table 1. The bin width is 0.2 decades, and optimized for the brighter
regions, resulting in relatively poor statistics per bin in the dimmest region. All three regions, as
well as the whole SNR, have power-law indices near G ⇠ �3, consistent with previous studies
in this energy range [14, 15]. This is unusually soft for SNRs but observed in some other SNRs
interacting with molecular clouds (eg, W44 [16]). There is no clear evidence for variation in the
spectral index across the remnant; note that all regions agree at the two-sigma level or better, and
the statistical error on the northern region remains quite large. However, the poor reduced c2 of
Region 1 indicates that a simple power law does not provide a good description of the spectrum in
that region, possibly indicating a break or cut-off is present.
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2Mass 
Blue, J band, ionic emission 
    from shocks 
Red, K band, H2 emission  
     from shocks 
 
 
 
Rho et al. 2001 
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Fig. 2. (a) Approximate H2 column density map of the central part of the NGC 6334 star-forming complex derived from the combined ArTéMiS +
SPIRE 350 µm image shown in Fig. 1b, assuming optically thin dust emission at the temperature given by the Herschel/HOBYS dust temperature
map of Tigé et al. (2016) (see also Russeil et al. 2013). The e↵ective angular resolution is 800 (HPBW). The crest of the northern part of the
NGC 6334 main filament as traced by the DisPerSE algorithm (Sousbie 2011) is marked by the white curve, while the crest of the southern
part is shown by the magenta curve. Black crosses and roman numerals (I, V) denote bright far-infrared sources (Kraemer & Jackson 1999).
Cyan open circles mark two candidate starless “massive dense cores” from Tigé et al. (2016). Cyan open diamonds and alphabetical letters A–E
indicate compact HII regions detected in the 6 cm radio continuum with the VLA (Rodriguez et al. 1982), and cyan filled triangles mark di↵use
HII regions traced as di↵use H↵ emission nebulosities (Gum 1955). (b) ArTéMiS 350 µm image (orange) overlaid on a view of the same region
taken at near-infrared wavelengths with the ESO VISTA telescope (see ESO photo release http://www.eso.org/public/images/eso1341a/ – Credit:
ArTéMiS team/ESO/J. Emerson/VISTA).

field of view of the camera ⇠ 20. The large-scale background in-
tensity (e.g. zero level) in the image of Fig. 1a is therefore not
constrained by the ArTéMiS observations and has been arbitrar-
ily set to a small positive value (corresponding approximately to
⇠ 5�) to facilitate the display using a logarithmic intensity scale.
To restore the missing large-scale information, we combined the
ArTéMiS data with the SPIRE 350 µm data from the Herschel
HOBYS key project (Motte et al. 2010; Russeil et al. 2013) em-
ploying a technique similar to that used in combining millime-
ter interferometer observations with single-dish data. In practice,
this combination was achieved with the task “immerge” in the
Miriad software package (Sault et al. 1995). Immerge combines
two datasets in the Fourier domain after determining an optimum
calibration factor to align the flux scales of the two input images
in a common annulus of the uv plane. Here, a calibration fac-
tor of 0.75 had to be applied to the original ArTéMiS image to
match the flux scale of the SPIRE 350 µm image over a range of
baselines from 0.6 m (the baseline b sensitive to angular scales
b/� ⇠ 20 at 350 µm) to 3.5 m (the diameter of the Herschel tele-
scope). The magnitude of this factor is consistent with the ab-
solute calibration uncertainty of ⇠ 30% quoted in Sect. 2. The
resulting combined 350 µm image of NGC 6334 has an e↵ective
resolution of ⇠ 800 (FWHM) and is displayed in Fig. 1b.

To determine the location of the crest of the main filament in
NGC 6334, we applied the DisPerSE algorithm (Sousbie 2011)
to the combined 350 µm image. The portion of the filament an-
alyzed in some detail below was selected so as to avoid the
confusing e↵ects of massive young stars and protostellar “mas-
sive dense cores” (MDCs) (cf. Tigé et al. 2016). It nevertheless
includes one candidate starless MDC at its northern end (see

Fig. 2a). The corresponding crest is shown as a magenta solid
curve in Fig. 1b.

By taking perpendicular cuts at each pixel along the crest,
we constructed radial intensity profiles for the main filament.
The western part of the resulting median radial intensity profile
is displayed in log-log format in Fig. 3a. Since at least in pro-
jection there appears to be a gap roughly in the middle of the
filament crest (cf. Fig. 1), we also divided the filament into two
parts, a northern and a southern segment, shown by the white
and the magenta curve in Fig. 2a, respectively. The gap between
the two segments may have been created by an HII region visible
as an H↵ nebulosity in Fig. 2b. Separate radial intensity profiles
for the northern and southern segments are shown in Fig. A.1
and Fig. A.2, respectively. Due to the presence of the two mas-
sive protostellar clumps NGC 6334 I and I(N) (Sandell 2000, see
also Fig. 2a), it is di�cult to perform a meaningful radial profile
analysis on the eastern side of the northern segment, and the cor-
responding intensity profile has larger error bars (cf. Fig. A.1a).

Following Arzoumanian et al. (2011) and Palmeirim et al.
(2013) we fitted each radial profile I(r) observed as a function of
radius r with both a simple Gaussian model:

IG(r) = I0 ⇥ exp

�4 ln 2 ⇥

⇣
r/FWHM

⌘2�
+ IBg, (1)

and a Plummer-like model function of the form:

Ip(r) =
I0

h
1 + (r/Rflat)2

i p�1
2

+ IBg, (2)
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350 µ dust emission      Andre + 2016 

Filament in NGC 6334 
0.1 pc width 
~ 10 pc long 
Massive star forming region 



Models for “mixed morphology” 
remnants (IC 443, W44,…) 

Crushed cloud model 

n  X-rays indicate current shock 
velocity 

n  Mostly nonradiative shock 
n  Ages 103’s of years 

n  White & Long 1991 

Radiative shell model 

n  X-rays from earlier phase and 
left in interior 

n  Mostly radiative shock 
n  Ages 104’s of years 

n  Chevalier 1999, Shelton, Cox… 



Pulsar wind in SN ejecta: the Crab 

Shell driven by the pulsar 
bubble in freely expanding 
ejecta is accelerated and  
subject to Rayleigh-Taylor 
instability 
 
Assuming a normal SN  
energy,  SNR shock is  
at large radius 
 
 
 
                    RAC 1977 



Inner and outer interaction 

Blondin, RAC, Frierson 01 

Forward 
shock 

Reverse 
shock 

Shock in ejecta 

Pulsar wind termination shock 

Rp ~ t6/5 



Chandra, HST 



NASA/Spitzer/Gehrz 
Infrared  



3C 58 
Chandra 
Slane et al. 04 



Slane et al. 04     (also Reynolds 03) 

3C 58 
 
X-ray photon index based on 
   KC 84 MHD model 



Diffusion/Advection Model (Tang+RAC 12) 

 2

 2.5

 3

 0  20  40  60  80  100

ph
ot

on
 in

de
x

radius(arcsec)

D=5.6*1027cm2/s  tdiff/tadv=0.07
D=7.1*1027cm2/s  tdiff/tadv=0.05
D=8.8*1027cm2/s  tdiff/tadv=0.04

observation

n  Analytical and Monte 
Carlo models 

n  Reflecting outer 
boundary tends to flatten 
outer index profile 

n  Diffusion length < 
observed filament length 

3C 58 



John Blondin, RAC 

Uniform ejecta 
Swept up shell 

Shocked pulsar wind 
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Shocked region driven by the supernova 
RAC, Blondin + 92 

Shocked 
circumstellar 
medium 

SN ejecta 



Blondin, RAC, Frierson 01 

Forward 
shock 

Reverse 
shock 

Shock in ejecta 

Pulsar wind termination shock 

Rp ~ t6/5 



Continued interaction 
with uniform ejecta 

Interaction with ρ ~ r-7 medium 



2 D 



Post-blowout phase 

2-dimensional                                         3-dimensional 



n  The approximate condition for the blow-out to  
occur is that the deposited pulsar spin down 
energy be > than the SN energy ESN 

n  If ESN is 1051 erg, an initial pulsar period in the msec 
range is needed.  May apply to magnetar model for 
superluminous supernovae (Chen + 16) 

n  If ESN is 1050 erg, the period can be 3× higher. 



n  If Crab were a normal 1051 erg supernova, would 
expect to see external signs 

n  Constraints on the Crab 
n  Abundances suggest 8-10 M¤ progenitor 
n  Velocity, age, radius, mass of the nebula   

n  Most consistent with a low energy (~ 1050 erg) 
supernova   
n  Acceleration, mass, cooling shock 

(Yang + RAC 15) 



1975ApJ...200..399C

1982ApJ...260L..75G

RAC Gull  75                                                Gull Fesen  82 



n  After > 40 years, many mysteries still persist and 
new ones have come along 
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Kennel & Coroniti 84 

Shocked MHD flow model 
Toroidal magnetic field 
Advective flow of  particles, 
   with B field 


