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Summary
Supernova (SN) is a major feedback mechanism driving large-scale turbulence in the interstellar medium (ISM), which regulates star 
formation in galaxies. In recent years, it has become possible to directly simulate SN feedback in realistic multiphase ISM in full three 
dimensions with high resolution. Although there is an emerging consensus from these theoretical works on the evolution of supernova 
remnants (SNRs) and the momentum/energy input from a SN event to the ISM, observational constraints are still lacking and necessary to 
validate the theoretical understanding. In this presentation, we review the observations of SNRs in radiative phase in the Milky Way. There 
are eight SNRs where we can observe fast-expanding radiative shells in HI 21 cm line. The shell momentum is in the range of (0.5—
4.5)×105 Msun km/s. Some of the SNRs are core-collapse SNRs interacting with molecular clouds, and they provide a template for the 
coupling of SN explosion energy and momentum to the inhomogeneous ISM. In two SNRs (W44 and IC 443), expanding molecular shells 
with momentum comparable to that of the atomic SNR shells have been also observed. We compare the observed momentum and 
kinetic/thermal energy of these eight SNRs with the results from 1D/3D numerical simulations in varied environments. For most SNRs, 
the observed momentum and kinetic energy appear to be consistent with SN explosion energy of ~1051 erg, while the thermal energies of 
several SNRs are significantly off from the theoretical evolution tracks.

Figure 2. Observed momentum, kinetic energy, and thermal energy
of SNRs with fast-expanding HI shells. The x-axis is characteristics
age of HI shell tc = 0.3R/vs. The empty circles represent HI
component only, while the filled circles include the contribution
from shocked molecular gas. Also shown are theoretical
evolutionary tracks obtained from 1-D hydrodynamic simulations.

Figure 1. W44 (top) and IC 443 (bottom). Red=shocked atomic gas in Hi
21 cm emission (W44: Park et al. 2013, IC443: Lee et al. 2008),
Green=shocked molecular gas in HCO+ J=1-0 line (W44: Sashida et al.
2013, IC443: Lee et al. 2012), Blue=shocked hot gas in X-ray (W44: Rho
et al. 1994, IC 443: Asaoka & Aschenbach 1994), Contour=21 cm
continuum (W44: Giacani et al. 1997, IC 443: Lee et al. 2008). The white
scale bar in each image represents 10 pc.
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Observed Parameters of HI Shells in Eight Radiative SNRs

W44 and IC 443: Two prototypical SNRs with shocked HI and H2

Momentum, K.E., and Th.E. of Radiative SNRs: Observer’s Plot

Momentum, K.E., and Th.E. of Radiative SNRs: Theoretician’s Plot

W44 HI shell (Koo & Heiles 1995; Park+ 2013 )  IC 443 HI shell (Lee et al. 2008)  

Momentum Kinetic energy

W44 2.14× 105 M⊙ km/s (HI: 0.74. H2: 1.4) 1.17× 1050 erg (HI: 1.0, H2: 0.17)

IC 443 1.19× 105 M⊙ km/s (HI: 0.69. H2: 0.5) 0.79× 1050 erg (HI: 0.69, H2: 0.1)

Figure 3. Observed properties 
normalized by the quantities at the shell 
formation (tsf = 4.4×104 E51

0.22n0
-0.55 yr

and psf=2.17×105 E51
0.93n0

-0.13 Mʘ km/s; 
Kim & Ostriker 2015) and the explosion 
energy (ESN=1051 erg). The simulated 1D 
evolution tracks (blue and green 
lines; same as Figure 2) are almost 
congruent for the normalized properties. 
The ambient medium density (n0) is 
derived from observed mass (either HI 
only or HI+H2) and shell size. The 
vectors in each panel show the 
directions for systematic uncertainties of 
ESN and n0. The evolution tracks from 3D 
simulations of SNRs in an 
inhomogeneous, two-phase medium 
(Kim & Ostriker 2015) with the mean 
number density of 1 and 10 cm-3 are 
shown as orange and purple color 
families (10 realizations each), 
respectively. The evolution tracks from 
3D simulations of SNRs near the 
interface of two uniform media with the 
number density of 1 and 100 cm-3 (i.e., a 
cloud boundary; Cho et al. 2015) are 
shown as a teal color family (8 different 
explosion positions).
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