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A B S T R A C T 

Supernova remnants (SNRs) contribute to regulate the star formation efficiency and evolution of galaxies. As they expand 

into the interstellar medium (ISM), they transfer vast amounts of energy and momentum that displace, compress, and heat 
the surrounding material. Despite the e xtensiv e work in galaxy evolution models, it remains to be observationally validated 

to what extent the molecular ISM is affected by the interaction with SNRs. We use the first results of the ESO–ARO Public 
Spectroscopic Surv e y SHREC to inv estigate the shock interaction between the SNR IC443 and the nearby molecular clump G. 
We use high-sensitivity SiO(2-1) and H 

13 CO 

+ (1-0) maps obtained by SHREC together with SiO(1-0) observations obtained 

with the 40-m telescope at the Yebes Observatory. We find that the bulk of the SiO emission is arising from the ongoing shock 

interaction between IC443 and clump G. The shocked gas shows a well-ordered kinematic structure, with velocities blue-shifted 

with respect to the central velocity of the SNR, similar to what observed towards other SNR–cloud interaction sites. The shock 

compression enhances the molecular gas density, n(H 2 ), up to > 10 

5 cm 

−3 , a factor of > 10 higher than the ambient gas density 

and similar to values required to ignite star formation. Finally, we estimate that up to 50 per cent of the momentum injected by 

IC443 is transferred to the interacting molecular material. Therefore, the molecular ISM may represent an important momentum 

carrier in sites of SNR–cloud interactions. 

Key words: ISM: clouds – ISM: individual objects: IC443, clump G – ISM: kinematics and dynamics – ISM: supernova 
remnants. 
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 I N T RO D U C T I O N  

assive stars ( M ≥ 8 M �) drive powerful stellar feedback that
rofoundly affects the evolution and star formation efficiency (SFE) 
f the hosting galaxies. Of such mechanisms, feedback driven by 
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uperno va e xplosions (SNe) is among the most energetic (Bally
011 ) and long-lasting (e.g. Leitherer et al. 1999 ; Agertz et al. 2013 ).
s the remnant expands, the hot plasma pushes and compresses 
utwards the atomic and molecular gas in contact with the remnant
Che v alier 1974 ) and injects energy, mass, and momentum into
he interstellar medium (ISM), profoundly affecting its physical 
roperties at multiple spatial scales (see Slane et al. 2016 , for
 re vie w). Mass, energy, and momentum are transferred to the

http://orcid.org/0000-0001-5551-9502
http://orcid.org/0000-0001-9656-7682
http://orcid.org/0000-0003-0410-4504
http://orcid.org/0000-0003-3721-374X
http://orcid.org/0000-0003-0348-3418
http://orcid.org/0000-0002-6389-7172
http://orcid.org/0000-0002-2321-5616
mailto:giuliana.cosentino@chalmers.se


954 G. Cosentino et al. 

n
T  

d  

(  

1  

2
 

w  

v  

(  

e  

K  

s  

s  

i  

n  

i  

b  

c  

m  

2  

o  

e  

t  

e  

t  

S
 

a  

r  

i  

2  

a  

n  

a  

a  

i  

2  

e  

2  

m  

i  

t  

(  

R  

E  

s  

m  

r  

t  

a  

e  

f  

r  

S
 

a  

a  

m  

H  

o  

t  

m  

s  

t  

s  

s  

t  

a  

I
1  

2
i  

g  

p  

S  

S  

W  

s  

r  

s  

t  

G  

e  

m  

n  

v  

n  

i
(

 

s  

l  

R  

(  

R  

S  

a  

s  

d  

s  

2  

m  

(  

l  

a  

m  

fi  

e

1

A  

e  

k  

s  

i  

o  

h  

a  

c  

U
 

t  

M

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/511/1/953/6505152 by U
niversity C

ollege London user on 13 July 2022
earby material during the adiabatic phase, also known as Sedov–
aylor phase (Taylor 1950 ; Sedov 1959 ), during which the energy
issipation is due to expansion and radiative losses are negligible
Che v alier 1974 ; Ciof fi, McK ee & Bertschinger 1988 ; Blondin et al.
998 ; Kim & Ostriker 2015 ; Martizzi, Faucher-Gigu ̀ere & Quataert
015 ). 
At galactic scales, supernova remnants (SNRs) drive mass-loaded

inds that can displace the molecular material, delaying its con-
ersion into stars and hence suppressing star formation in galaxies
Bigiel et al. 2008 , 2010 ; Krumholz, Dekel & McKee 2012 ; Leroy
t al. 2013 ). This is known as negative feedback (K ̈ortgen et al. 2016 ;
ruijssen et al. 2019 ). At the same time, the shock compression of

urrounding molecular gas by expanding SNRs can locally (spatial
cales < 10 pc) enhance the density of the molecular material,
ncrease the gas turbulence, and eventually trigger the formation of
ew stars (Inutsuka et al. 2015 ; Klessen & Glo v er 2016 ). This effect
s known as positive feedback . The interplay and relative dominance
etween positive and negative feedback may depend on several
onditions, e.g. the density and gas distribution of the processed
aterial, the evolutionary stage of SNRs (Shima, Tasker & Habe

017 ), and it is paramount in regulating the SFE and time evolution
f galaxies (Bigiel et al. 2008 , 2010 ; Scannapieco et al. 2008 ; Leroy
t al. 2013 ; Heckman & Thompson 2017 ). Indeed, it is essential
o include stellar feedback in numerical simulations of galactic disc
volution to predict star formation rate and stellar masses comparable
o those measured in the ISM (Hennebelle & Iffrig 2014 ; Smith,
ijacki & Shen 2018 ; Marinacci et al. 2019 ). 
Over time, galaxy evolution simulations have adopted different

d hoc approaches to include SNRs feedback. Early low spatial
esolution models treated SN feedback by manually injecting energy
nto the system at once (for an o v ervie w, see Ce verino & Klypin
009 ). Such an approach did not consider the Sedov–Taylor phase
nd as a result, all the injected energy was quickly radiated away with
o effects on the ISM (Katz 1992 ). In order to o v ercome this problem
nd force the adiabatic phase to occur, later works introduced an
rtificial delay in the radiative cooling, either by redistributing the
njected energy both in space and time (Dalla Vecchia & Schaye
012 ) or by switching it off for a certain length of time (Stinson
t al. 2006 ; Go v ernato et al. 2010 ; Agertz, Te yssier & Moore
011 ; Teyssier et al. 2013 ). Alternatively to these ‘delaying cooling’
ethods, other works treat SN feedback as mechanical feedback and

ntroduce the SNRs at a certain time, with a certain radius and by
urning on their kinetic energy and momentum in an ad hoc manner
Dubois & Teyssier 2008 ; Kimm & Cen 2014 ; Martizzi et al. 2016 ).
ecent high-resolution simulations within the Feedback In Realistic
nvironments (FIRE) project are in the process of implementing
elf-consistently the treatment of SN feedback in galaxy evolution
odels (e.g. Wetzel et al. 2016 ; Sanderson et al. 2018 ). These works

esolve in space and time the different SN evolutionary stages and
he different structures of the ISM, limiting the use of sub-resolution
pproximations for feedback processes (Hopkins et al. 2014 ). Finally,
 xtensiv e theoretical studies focused on the impact of SN-driven
eedback on to the dense molecular material of the ISM have been
eported by, e.g. Padoan et al. ( 2016 ), Padoan et al. ( 2017 ), and
eifried et al. ( 2020 ). 
In light of all these e xtensiv e theoretical works, current models

re able to efficiently describe the expansion of SNRs in a single
nd/or multiphase ISM and to make predictions on the energy and
omentum imprinted on the nearby material (Koo et al. 2020 ).
o we ver, such predictions are still to be fully validated from an
bservational point of view. In particular, it remains to be constrained
he amount of momentum and energy injected by SNRs into the
NRAS 511, 953–963 (2022) 
olecular phase of the ISM, i.e. the material that primarily fuels
tar formation in galaxies. This can be efficiently done by studying
he emission of those molecular species that trace the high-density
hocked gas and whose mm and sub-mm emission is enhanced in
ites of SNR–cloud interactions (e.g. Neufeld et al. 2007 ). Among
hese species, silicon monoxide (SiO) is a unique tracer of dense
nd shocked molecular material (critical density n crit > 10 5 cm 

−3 ).
ndeed, SiO appears heavily depleted in quiescent regions ( χ ∼
0 −12 ; Martin-Pintado, Bachiller & Fuente 1992 ; Jim ́enez-Serra et al.
005 ) but its abundances can be enhanced by up to a factor of ∼10 6 

n regions where the shock propagation causes the sputtering of dust
rains or grain–grain collisions. Here, Si is released into the gas
hase and SiO is quickly formed (Caselli, Hartquist & Havnes 1997 ;
chilke et al. 1997 ; Gusdorf et al. 2008 ; Jim ́enez-Serra et al. 2008).
iO emission triggered by SNR shocks has been detected towards
51 (Dumas et al. 2014 ) and W28 (Vaupre 2015 ), as part of multiline

tudies aimed to infer cosmic ray enhancement in SNRs. More
ecently, in Cosentino et al. ( 2019 ), we have reported a dedicated
tudy of the SiO emission arising from the shock interaction between
he SNR W44 and the molecular cloud G034.77-00.55 (thereafter
034). Towards this source, the molecular gas pushed away by the

xpansion of the SNR is interacting with the preexisting massive
olecular cloud, causing a parsec-scale shock seen with relatively

arrow SiO emission ( < 3 km s −1 ). The shock is propagating at a
elocity of ∼23 km s −1 and is compressing the gas to densities
(H 2 ) > 10 5 cm 

−3 (Cosentino et al. 2019 ). The momentum injected
nto the dense shocked gas is estimated to be ∼20 M � km s −1 

Cosentino et al. 2019 ). 
In order to extend the literature sample of SNR–cloud interaction

ites seen in SiO emission, we have initiated the ESO–ARO Pub-
ic Spectroscopic Surv e y ‘SHock interactions between supernova
Emnants and molecular Clouds’, i.e. SHREC, an ongoing large

800 h) observing program using the 12-m antenna at the Arizona
adio Observatory (ARO). SHREC aims to identify sites of ongoing
NR–cloud interaction by mapping the SiO(2-1), H 

13 CO 

+ (1-0),
nd HN 

13 C(1-0) emission towards a sample of 27 SNRs. These
ources have been selected for being relatively nearby (kinematic
istance ≤ 6 kpc) and for showing evidence of interaction with the
urrounding molecular material (Ferrand & Safi-Harb 2012 ; Green
019 ). This includes enhanced X-ray emission, the presence of OH
aser emission at 1720 MHz, and enhanced CO(2-1)/CO(1-0) ratios

Slane et al. 2016 ). The final goal of SHREC is to identify sites of
arge-scale interactions driven by SNRs and to investigate how these
ffect the star formation potential and dispersal of the surrounding
olecular material. The technical presentation of the project and
rst data release will be presented in a forthcoming paper (Cosentino
t al., in preparation). 

.1 The SNR IC443 

s part of SHREC, we have obtained SiO(2-1) and H 

13 CO 

+ (1-0)
mission maps towards the well-known source G189.1 + 3.0, also
nown as IC443. IC443 is a mixed-morphology SNR, i.e. with a
hell-like morphology in the radio wavelengths and centrally filled
n the X-rays (Rho & Petre 1998 ). The source is located at a distance
f ∼1.9 kpc (Ambrocio-Cruz et al. 2017 ) and its age estimate is
ighly uncertain. Although a typical age of ∼30 000 yr is usually
ssumed (Che v alier 1999 ), recent simulations suggest that the SNR
ould be much younger ,i.e. ∼3000–8000 yr (Troja et al. 2008 ;
stamujic et al. 2021 ). 
The IC443 shell is known to be expanding into an atomic cloud in

he north-east (Denoyer 1979 ) and into a molecular cloud in the north-
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Figure 1. Three-dimensional structure of IC443 derived with a hydro- 
dynamic model that reproduces the morphology of the remnant and the 
distribution of ejecta (Ustamujic et al. 2021 ). The volume rendering that 
uses the red colour palette (colour coding on the right of the panel) 
shows the distribution of ejecta approximately 8400 yr after the supernova 
e xplosion. The semitransparent gre y outer surface marks the position of the 
forward shock. The semitransparent toroidal structure in purple represents 
the molecular cloud with which the blast wave of the remnant is interacting. 
The Earth vantage point lies on the ne gativ e y -axis, i.e. the perspectiv e is in 
the plane of the sky. 
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est to south-east direction (Cornett, Chin & Knapp 1977 ). The first
ap of the giant molecular cloud surrounding the SNR was reported 

y Cornett et al. ( 1977 ) by means of CO(1-0) emission. Later on,
enoyer ( 1979 ) and Huang & Thaddeus ( 1986 ) identified four major

ites of interaction between IC443 and the cloud, named clumps A, 
, C, and G. By using XMM–Newton maps of the X-ray emission
ssociated with the SNR, Troja, Bocchino & Reale ( 2006 ) reported a
eometry of the SNR–cloud system consistent with that of a toroidal 
olecular cloud wrapped around the expanding SNR and tilted by 
50 ◦ with respect to the equatorial mid-plane. The three-dimensional 

tructure of the cloud–SNR system is reported in Fig. 1 , as derived
ith the hydrodynamic model presented by Ustamujic et al. ( 2021 ).

n the geometry presented in Fig. 1 , clump G corresponds to the part
f the torus that is located in the foreground, between the observer and 
he expanding shell. Among the identified sites, clump G shows the 
trongest evidence of ongoing shock interaction, i.e. the presence of 
H maser emission (e.g. Hewitt et al. 2006 ), shocked material probed 
y multitransitions CO gas (e.g. Zhang, Gao & Wang 2010 ; Dell’Ova
t al. 2020 ), localized non-thermal X-ray emission (e.g. Petre et al.
988 ; Bocchino & Bykov 2000 ), and shock-excited H 2 emission (e.g.
each et al. 2019 ). Previous 3-mm line surv e y studies indicated the
resence of SiO(2-1) emission towards the clump (Ziurys, Snell & 

ickman 1989 ; van Dishoeck, Jansen & Phillips 1993 ). In this paper,
e present extended maps of the SiO(1-0), SiO(2-1), and H 

13 CO 

+ (1-
) emission towards the molecular clump G. We have used the early
esults of the SHREC large program to study the mass–energy–
omentum injection and density enhancement induced by IC443 on 

o clump G. With this work, we aim to provide a direct estimate of
he impact of SN feedback on the molecular phase of the ISM. The
aper is organized as follows. In Section 2, we present the observing
ethod and data acquisition. In Section 3, we present the result of

he analysis performed for the SiO and H 

13 CO 

+ emission towards 
lump G. Finally, in Sections 4 and 5, we discuss our findings and
resent our conclusions. 
 OBSERVATI ONS  

aps of the SiO(2-1) (86.8469 GHz), H 

13 CO 

+ (1-0) (86.7543 GHz),
nd HN 

13 C(1-0) (87.0909 GHz) emission towards clump G were 
btained in 2020 June as part of SHREC (P.I. Giuliana Cosentino).
bservations were performed using the 12-m antenna of the ARO 

Kitt Peak, Arizona, USA) in on-the-fly (OTF) mode, with scanning 
peed of 30 

′′ 
/s and map size of 10 

′ × 10 
′ 
. The map central coordinates

re RA = 06 h 16 m 32 s , Dec = 22 ◦30 
′ 
45 

′′ 
. The AROWS receiver was

sed with tuning frequency of 89.2 GHz and spectral resolution of
8 kHz ( ∼0 . 3 km s −1 at 86 GHz), providing a bandwidth of 500 MHz.
In 2020 No v ember, we used the 40-m antenna at the Yebes

bservatory (Castilla-La Mancha, Spain) to obtain complementary 
iO(1-0) (43.4238 GHz) maps (project code 20B009). The SiO(1-0) 
bservations were performed in OTF mode with scanning speed of 
5 

′′ 
/s, central coordinates RA = 06 h 16 m 42.4 s , Dec = 22 ◦32 

′ 
26.3 

′′ , 

nd map size 3.5 
′ × 3.5 

′ 
, corresponding to the full extension of

he SiO(2-1) emission. We used the Fast Fourier Transform (FFT) 
pectrometer in Q band (tuning frequency of 43.424 GHz), with 
pectral resolution of 38 kHz ( ∼0 . 3 km s −1 at 43 GHz) and bandwidth
.5 GHz. 
For both sets of observations, we use the reference position 

A = 06 h 19 m 01 s , Dec = 22 ◦28 
′ 
11 

′′ 
. Intensities were measured

n units of antenna temperature and converted into main-beam 

rightness temperatures using beam efficiencies of 0.61 and 0.52, 
or the ARO and Yebes observ ations, respecti vely. The final data
ubes were generated using the GILDAS 1 package and have beam 

izes of 45 
′′ 

and 76 
′′ 
, for the Yebes and ARO maps, respectively, and

 common spectral resolution of 0.5 km s −1 . The achieved root-mean-
quare (rms) per channel and per beam is of 10 mK for the Yebes
aps and 30 mK for the ARO maps. We note that the HN 

13 C(1-0)
mission observed as part of SHREC is found to be below the 3 ×
ms level across the full map and hence we do not include it in the
ollowing analysis. 

 RESULTS  

.1 Morphology and kinematics of the shocked gas 

n Fig. 2 , we present the three-colour image of the SNR IC443 (left)
btained as part of the WISE all-sky survey (Wright et al. 2010 )
ogether with the integrated (in velocity) intensity maps (right) of 
he SiO(1-0) (top), SiO(2-1) (middle), and H 

13 CO 

+ (1-0) (bottom) 
mission. The shocked and dense gas emission is coincident with a
right and extended 4.5- μm ridge, a signature of shock-excited gas
Noriega-Crespo et al. 2004 ), and tracing the SNR shock front. The
hocked gas tracer emission shows a morphology that is localized 
ith respect to the 4.5- μm ridge and elongated in the same direction.
uch an emission extends > 3 × the beam aperture ( ∼0.4 and ∼0.6 pc
or Yebes and ARO observ ations, respecti v ely) and o v er parsec
cales, i.e. ∼1.8 × 1.6 pc 2 . The H 

13 CO 

+ emission also extends
 v er a parsec scale (1.2 ×1 . 3 pc 2 ) but it appears to be more compact
han the SiO emission, i.e. < 2 × the beam aperture. 

In Fig. 3 , we report the moment 1 velocity map (colour scale)
btained for the SiO(1-0), superimposed on the SiO(1-0) integrated 
ntensity emission contours (black). As seen from Fig. 3 , the SiO
mission shows a velocity gradient, with the blue-shifted gas located 
owards the east-south-east and the red-shifted emission found 
owards the west-north-west. Moving away from the 4.5- μm ridge 
MNRAS 511, 953–963 (2022) 

art/stac070_f1.eps
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Figure 2. Left: Three-colour image (red = 22 μm; green = 4.6 μm; and blue = 3.4 μm) of the SNR IC443 (WISE all-sk y surv e y Wright et al. 2010 ). White 
and magenta rectangles indicate the extent of the ARO and Yebes maps, respectiv ely. Right: Inte grated intensity maps ( −22; 6 km s −1 ) of the SiO(1-0) (top; 
σ = 0.1 K km s −1 ), SiO(2-1) (middle; σ = 0.2 K km s −1 ), and H 

13 CO 

+ (1-0) (bottom; σ = 0.2 K km s −1 ) are shown in white contours (from 3 σ in steps of 
3 σ ). The ARO and Yebes beam sizes are shown as white circles in the bottom left of each panel. 

Figure 3. SiO(1-0) moment 1 velocity map (colour scale) towards IC443 
superimposed on the SiO(1-0) integrated intensity map contours (black) from 

3 σ by steps of 6 σ ( σ = 0.1 K km s −1 ). 
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NRAS 511, 953–963 (2022) 
nd into the SNR, the SiO velocity is systematically blue-shifted
ith respect to the central velocity of IC443, i.e. −4.5 km s −1 ,

stimated by means of 12 CO and HCO 

+ observations (White et al.
987 ; Dickman et al. 1992 ; van Dishoeck et al. 1993 ). 

.2 Excitation conditions of the shocked gas 

e now consider the SiO(1-0) and (2-1) line intensities to infer the
xcitation conditions of the shocked gas, i.e. H 2 number density,
(H 2 ), SiO column density, N(SiO), excitation temperature, T ex , and
o w these v ary as a function of the gas v elocity. F or this analysis,
he SiO(1-0) emission cube has been spatially smoothed to the same
ngular resolution of the SiO(2-1) and H 

13 CO 

+ (1-0) maps and all
ubes were spectrally smoothed to a velocity resolution of 2 km s −1 .
he SiO(1-0) (black), SiO(2-1) (red), and H 

13 CO 

+ (green) spectra
btained by averaging the emission from pixels with signal above
 σ are shown in Fig. 4 , along with their respective 3 × rms levels
dotted horizontal lines). 

From Fig. 4 , the SiO(1-0) and SiO(2-1) emission shows significant
ntensities ( > 3 × rms) for velocity channels in the range of −19.5,

2.5 km s −1 (vertical blue dotted–dashed lines). We have therefore
imited our analysis to these v elocities. F or each of the considered
elocity channels, we have measured the SiO(1-0) and SiO(2-
) line intensity in unit of K (Table 1 ) and used the non-Local

art/stac070_f2.eps
art/stac070_f3.eps
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Figure 4. SiO(1-0) (black), SiO(2-1) (red), and H 

13 CO 

+ (1-0) (green) spectra 
extracted towards the regions of the map with emission abo v e the 3 σ lev els. 
The horizontal dashed lines indicate the 3 × rms levels for each species. 
Vertical blue dash–dotted lines indicated the velocity range considered for 
the comparison with RADEX models. Finally, the vertical grey line indicates 
the central velocity of IC443. 
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hermodynamic Equilibrium (LTE) radiative transfer code RADEX 

van der Tak et al. 2007 ) to estimate the physical conditions that
est reproduce the line strength. RADEX uses the large velocity 
radient approximation (Sobolev 1957 ) to predict line intensities 
f specific molecules in homogeneous interstellar clouds, starting 
rom a pre-defined system geometry and five input parameters. 
hese are the gas kinetic temperature, T kin , the temperature of the
ackground material, T bg , the volume density of the collisional 
artners, the molecule column density, N(SiO), and the width of 
mission line. The RADEX output provides the user with line strengths
t several frequencies for the selected molecule as well as excitation 
emperatures and optical depth estimates for each transition. For our 
nalysis, we have assumed a geometry consistent with that of a slab
f material processed by a shock. In addition, we have used H 2 as
ollisional partner and specified the H 2 volume density, n(H 2 ), as
nput parameter. The collisional coefficients between H 2 and SiO 

ere extracted from the LAMDA data base 2 for the first 30 SiO
otational levels (Balan c ¸a et al. 2018 ). We have assumed background
emperature T bg = 2.73 K consistent with the cosmic microwave 
ackground emission and used a width of the line of 2 km s −1 ,
orresponding to the velocity width of each channel. Since only two 
iO rotational transitions are here observed, it is not possible to 
onstrain at the same time the three remaining parameters, n(H 2 ),
(SiO), and T kin . Therefore, in the following analysis, we proceed 
y assuming a certain value of T kin and investigate the sensitivity
f our results with respect to this assumption. In Fig. 5 , we show
ultiple grids of RADEX models obtained for n(H 2 ) in the range of

0 2 –10 9 cm 

−3 , N(SiO) in the range of 10 9 –10 16 cm 

−2 , and with fixed
 kin of 10 K, 20 K, 50 K, and 100 K. 
As shown in Fig. 5 , the excitation temperature of the SiO(1-

) transition varies significantly for different values of kinetic 
emperature. In particular, already at T kin > 20 K, RADEX predicts 
e gativ e e xcitation temperatures for the SiO(1-0) emission, i.e. the
iO(1-0) emission is predicted to behave as a maser. SiO(1-0) 
aser emission is commonly detected towards different objects, 
 ht tps://home.strw.leidenuniv.nl/ moldat a/SiO.ht ml 

t
a  

T

.g. variable stars (Cho, Lee & Park 2007 ), massive young stellar
bjects (YSOs) (Issaoun et al. 2017 ), and massive star clusters
Verheyen, Messineo & Menten 2012 ), but the rotational transition 
s usually observed to also be vibrationally excited. At the best of our
nowledge, the vibrational ground state of SiO J = 1-0 here analysed
as been observed with characteristics typical of maser emission only 
o wards e volved stars (Boboltz & Claussen 2004 ). To wards these
bjects, the transition shows brightness temperatures of > 10 3 K, 
uch higher that the intensities observed here, and is usually detected 

imultaneously to higher vibrational transitions at close frequencies 
 ∼43.1 GHz). Such frequencies are co v ered by the bandwidth of
ur Yebes observations but no vibrationally excited emission is 
etected. We therefore conclude that the SiO(1-0) emission here 
eported does not show characteristics typical of maser emission and 
ssume T kin = 15 K in the following analysis. Our assumption of
 kin < 20 K reproduces well the observed excitation of the SiO line
mission and excludes the possibility that T ex < 0 K (maser effects).
e also note that the assumed T kin is consistent with that estimated

or the shocked CO emission by Dell’Ova et al. ( 2020 ) and only a
actor of 2 lower than that reported by Ziurys et al. ( 1989 ), using
ultiple Ammonia (NH 3 ) transitions ( T kin ∼ 33 K). 
Our final grid consists of 250 000 models with n(H 2 ) in the range

f ∼10 2 –10 7 cm 

−3 and N(SiO) in the range of ∼10 9 –10 16 cm 

−2 ,
 kin = 15 K, T bg = 2.73 K, and line width = 2 km s −1 . The Si(1-0)

ine intensities, I (1 − 0) (left-hand panel), and the SiO(2-1)/SiO(1-0) 
ine intensity ratios, I (2 − 1) /I (1 − 0) (right-hand panel), predicted by 
ur grid of models are shown in Fig. 6 . 
For each of the considered velocity channels, we have compared 

he measured SiO(1-0) and (2-1) intensities with those predicted by 
ll models in the grid and computed the associated chi square, χ2 ,
ccording to the following: 

2 = 

[
( I 1 −0 − I RAD ) 2 

( �I 1 −0 ) 2 
+ 

( I 2 −1 − I RAD ) 2 

( �I 2 −1 ) 2 

]
, (1) 

here I 1 − 0 and I 2 − 1 are the observed intensities of the SiO(1-0)
nd (2-1) lines and the subscripts RAD indicate the corresponding 
uantities estimated by RADEX . For each pair of intensity values, the
ncertainty is estimated as the rms per channel, i.e. 5 mK and 15 mK
or SiO(1-0) and SiO(2-1), respectively. 

F or each v elocity channel, we hav e e xtracted a best model as the
ne that minimizes the χ2 and a range of best RADEX models as
hose for which χ2 < 1. The obtained best values and ranges are
eported in Table 1 , along with the central velocity of the channel
nd the measured SiO intensities. Since only one transition has been
bserved for H 

13 CO 

+ , a similar analysis is not possible for this dense
as tracer. Hence, we have assumed H 

13 CO 

+ (1-0) to have excitation
emperatures similar to that estimated for SiO(2-1) and used the best
ADEX values at each velocity step to estimate the H 

13 CO 

+ column
ensity. This is justified by the fact that the SiO(2-1) and H 

13 CO 

+ (1-
) transitions have a similar critical density. The obtained values are
eported in column 9 of Table 1 . 

In Fig. 7 , the best values (dot markers) and acceptable ranges
vertical lines) obtained for the n(H 2 ) (right-hand panel), N(SiO) 
middle panel), and T ex (left-hand panel) are shown along with the
iO(1-0) (black) and SiO(2-1) (red) spectra. From Fig. 7 , the n(H 2 )
ecreases from red- to blue-shifted v elocities. F or V LSR > −5 km
 

−1 , the volume density is > 5 × 10 5 cm 

−3 , while for V < −5 km s −1 ,
he volume density decreases and sets on a relatively constant value
 ∼1.5 × 10 5 cm 

−3 ). A similar trend is observed for the SiO excitation
emperatures (right-hand panel), where the two distributions hint to 
 higher excitation of the gas at red-shifted velocities, i.e. where the
 

2 −1 
ex increases and the T 

1 −0 
ex decreases. 
MNRAS 511, 953–963 (2022) 
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Table 1. Results of the RADEX analysis performed for the SiO and H 

13 CO 

+ emission. For each velocity channel, the central velocity; the 
SiO(1-0), SiO(2-1), and H 

13 CO 

+ (1-0) intensities; the best n(H 2 ), N(SiO), and T ex values; and ranges are reported. We note that all the 
measured H 

13 CO 

+ intensities are at least higher than 1 × the corresponding rms of 15 mK. 

V I 1 − 0 I 2 − 1 n(H 2 ) N(SiO) T 1 −0 
ex T 2 −1 

ex I H 13 CO + N(H 

13 CO 

+ ) 
(km s −1 ) (K) (K) ( ×10 5 cm 

−3 ) ( ×10 11 cm 

−2 ) (K) (K) (K) ( ×10 10 cm 

−2 ) 

−18.5 0.031 0.066 1 .7 (0.8–4.8) 2.6 (2.2–3.0) 26 (20–26) 8 (6–13) 0.020 3.5 
−16.5 0.038 0.077 1 .4 (0.8–3.0) 3.0 (2.8–3.5) 25 (19–26) 8 (6–11) 0.017 3.0 
−14.5 0.053 0.104 1 .4 (0.9–2.3) 4.2 (3.9–4.6) 25 (21–26) 8 (6–10) 0.043 7.0 
−12.5 0.063 0.133 1 .7 (1.2–2.6) 5.3 (4.9–5.6) 25 (23–25) 8 (7–10) 0.053 9.5 
−9.5 0.067 0.153 2 .0 (1.5–3.2) 5.8 (5.4–6.4) 25 (23–25) 9 (8–11) 0.077 13 
−7.5 0.067 0.151 2 .0 (1.4–3.1) 5.8 (5.4–6.2) 25 (23–25) 9 (8–11) 0.122 22 
−5.5 0.035 0.100 5 .9 (2.1–100) 3.9 (3.2–5.8) 20 (15–25) 13 (9–15) 0.035 6.5 
−3.5 0.026 0.080 13 .8 (2.2–100) 3.5 (2.4–4.6) 17 (15–25) 15 (9–15) 0.033 6.3 

Figure 5. Grids of RADEX models obtained for n(H 2 ) in the range of 10 2 –10 9 cm 

−3 , N(SiO) in the range of 10 9 –10 16 cm 

−2 , and T kin of 10 K (top left), 20 K 

(top right), 50 K (bottom left), and 100 K (bottom right). For each set of N(H 2 ), N(SiO), and T kin , the T ex predicted for the SiO(1-0) transition is shown in colour 
scales. Although here not shown for simplicity, the T ex of the SiO(2-1) transitions shows similar trends as a function of kinetic temperature. 
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From the right-hand panel in Fig. 7 , the T ex estimated for the SiO(1-
) transition is > 15 K at all velocities, i.e, higher than the kinetic
emperatures assumed in our models. This supra-thermal excitation
s a known behaviour, typically observed for linear molecules and at
ensities consistent with the critical density ( n crit ∼ 4 × 10 4 cm 

−3 for
he J = 1-0 SiO transition). Depending on the H 2 and SiO number
ensities, the radiative and collisional excitation of the SiO compete
nd LTE conditions are expected to be achieved when collisional
NRAS 511, 953–963 (2022) 
xcitation dominates. Hence, the T ex is expected to be at most equal
o T kin . Ho we ver, due to quantum selection rules, radiati ve transitions
n linear molecules occur only between successive rotational levels
 � J = ±1). Furthermore, the Einstein coefficient A, describing
pontaneous radiative decay, increases with the J of the transition.
s a consequence of these two effects, higher J levels will be de-

xcited faster than the low J levels, causing a supra-population of the
ow- J states, and resulting in T ex rising abo v e the LTE value. Such

art/stac070_f5.eps
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Figure 6. SiO(1-0) line intensities, I (1 − 0) (left), and SiO(2-1)/SiO(1-0) line intensity ratios, I (2 − 1) / I (1 − 0) (right), as predicted by the final grid of model 
obtained for T kin = 15 K. 

Figure 7. SiO(1-0) (black) and SiO(2-1) (red) spectra as shown in Fig. 2 and with superimposed the best values (dot markers) and ranges (vertical lines) 
obtained for n(H 2 ) (blue, left-hand panel), N(SiO) (blue, middle panel), and the two excitation temperatures T 1 −0 

ex (black, right-hand panel) and T 2 −1 
ex (red, 

right-hand panel). 
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ehaviour is analysed in details by Koeppen & Kegel ( 1980 ) for the
O molecule. 

.3 Energy, mass, and momentum 

s last step in our analysis, we have estimated the mass ( M ),
omentum ( P ), and kinetic energy ( E ) of the SiO and H 

13 CO 

+ 

mission, using the method described in Dierickx et al. ( 2015 ): 

 = 

d 2 

χ ( mol ) 
× μg m (H 2 ) × � pix N ( mol ) pix , (2) 

 = MV , (3) 

 = 

1 

2 
MV 

2 , (4) 

here d is the source kinematic distance (1.9 kpc; Ambrocio-Cruz 
t al. 2017 ), μg = 1.36 is the gas molecular weight, m(H 2 ) is the
olecular hydrogen mass, χ (mol) is the fractional abundance with 

espect to H 2 , and � pix N(mol) pix is the total column density of the
olecule, summed for all pixels with signal abo v e 3 σ . Finally, V is

he line width at the base (3 × rms) of the emission. Similar to what
escribed in Cosentino et al. ( 2018 ), we have obtained an estimate
 r  
f the χ (SiO) by considering the following equation: 

( SiO ) = 

N( SiO ) 

N(H 

13 CO 

+ ) 
× χ ( HCO 

+ ) ×
13 C 

12 C 

, (5) 

here N(SiO) ∼ (3.3 ± 0.5) × 10 12 cm 

−2 and N(H 

13 CO 

+ ) 
(7 ± 1) × 10 11 cm 

−2 have been obtained by summing the values
eported in Table 1 . The corresponding uncertainties have been 
btained by considering the N(SiO) variability ranges in Table 1 
nd by assuming that both the SiO and H 

13 CO 

+ column densities
ave the same relative error. Hence, we have assumed 12 C/ 13 C ∼
0 ± 10, i.e. we have assigned a 20 per cent uncertainty (e.g. Zeng
t al. 2017 ). We note that the assumed 12 C/ 13 C value is consistent with
hat reported by Dell’Ova et al. ( 2020 ), towards clump G. Finally, we
ssume χ (HCO 

+ ) ∼ (1 ± 0.5) × 10 −8 , as reported by van Dishoeck
t al. ( 1993 ). We thus estimated the SiO and H 

13 CO 

+ abundances
ith respect to H 2 to be χ (SiO) ∼ (1 ± 0.5) × 10 −9 and χ (H 

13 CO 

+ )
(2 ± 1) × 10 −10 . 
In order to estimate the SiO and H 

13 CO 

+ column densities at each
ix el, we hav e assumed T ex ∼ 10 K for both species, obtained as the
verage of the values reported in Table 1 for SiO(2-1). Hence, we
se the H 

13 CO 

+ (1-0) and SiO(2-1) transitions to estimate the energy,
ass, and momentum of the dense and shocked gas, respectively. As

eported in Table 2 , we obtain M ∼ 125 ± 50 and 100 ± 60 M �,
MNRAS 511, 953–963 (2022) 
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Table 2. Mass ( M ), momentum ( P ), and energy ( E ) obtained for the shocked 
and dense gas and corresponding velocity ranges used for the calculation. 

Molecule M P E � V 

(M �) (M � km s −1 ) (erg) (km s −1 ) 

H 

13 CO 

+ 125 ± 50 (8 ± 3) × 10 2 (4.5 ± 1.8) × 10 40 6 
SiO 100 ± 60 (2 ± 1) × 10 3 (2.6 ± 1.6) × 10 41 16 
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 ∼ (8 ± 3) × 10 2 , and P ∼ (2 ± 1) × 10 3 M � km s −1 , and E ∼
4.5 ± 1.8) × 10 40 and ∼ (2.6 ± 1.6) × 10 41 ergs for H 

13 CO 

+ and
iO, respectively. The uncertainties have been obtained by following

he standard propagation rules. 

 DISCUSSION  

.1 Can the SiO emission be due to molecular outflo ws po wered
y embedded protostars? 

he shock interaction between IC443 and clump G has been largely
nvestigated from both an observational (e.g. Ziurys et al. 1989 ;
ickman et al. 1992 ; van Dishoeck et al. 1993 ; Reach et al. 2019 ;
ell’Ova et al. 2020 ; Kokusho et al. 2020 ) and theoretical (e.g. Troja

t al. 2006 , 2008 ; Ustamujic et al. 2021 ) point of vie w. Ho we ver,
iO is usually widely observed in regions of ongoing star formation
ctivity (e.g. Codella et al. 2007 ; L ́opez-Sepulcre et al. 2011 ; Liu et al.
020 ). Hence, we now discuss the possibility that the SiO emission
bserved towards clump G may be due to molecular outflows driven
y deeply embedded protostars. 
As reported in Table 2 , the energy measured for the shocked gas

s ∼2.6 × 10 41 ergs. This is several orders of magnitudes lower than
he typical kinetic energy measured for molecular outflows powered
y high-mass protostars, i.e. ∼10 46 ergs (e.g. Zhang et al. 2005 ;
 ́opez-Sepulcre et al. 2009 ), and intermediate-mass protostars, i.e.
10 43 –10 44 ergs (e.g. Beltr ́an, Girart & Estalella 2006 ; Beltr ́an et al.

008 ). We therefore exclude the possibility that ongoing high-mass
nd intermediate-mass star formation may be driving the observed
iO emission. On the other hand, Dell’Ova et al. ( 2020 ) reported

he presence of ∼25 YSOs spatially associated with the shocked gas
n clump G and located within a distance of ±500 pc (see fig. 14
n Dell’Ova et al. 2020 ). We now assume that the SiO emission is
ntirely due to putative outflows powered by these 25 YSOs, and
hat each source contributes equally to the final SiO emission. In this
cenario, each outflow should have on average a mass of M SiO /25 ∼
 M � and a momentum of P SiO /25 ∼ 80 M � km s −1 . These estimates
re several orders of magnitude higher than those typically measured
o wards molecular outflo ws dri ven by lo w-mass protostars, i.e. M ∼
.005–0.15 M �, P ∼ 0.004–0.12 M � km s −1 (e.g. Dunham et al.
014 ). This is even more stringent if we consider the more likely
cenario in which only few of the 25 YSOs are effectively driving
utflows and thus contributing to the observed SiO emission. Hence,
lthough we cannot exclude that a small contribution to the observed
iO emission may be due to molecular outflo ws po wered by lo w-
ass protostars, the major contribution to the observed SiO emission

ikely arises from the large-scale shock interaction occurring between
C443 and clump G. 

.2 SiO as probe of the shock interaction between IC443 and 

lump G: positi v e feedback dri v en by SNRs 

he presence of such a large-scale shock interaction is further sup-
orted by the kinematic structure observed for the SiO emission and
NRAS 511, 953–963 (2022) 
eported in Section 3.1. The SiO emission is indeed significantly blue-
hifted with respect to the central velocity of the clump (Dickman
t al. 1992 ) and it presents a global velocity gradient with the blue-
hifted emission appearing towards the east-south-east and the red-
hifted gas located towards the west-north-west. Such a kinematic
tructure cannot be reproduced by a collection of molecular outflows
riven by low-mass protostars, which have been seen to be randomly
riented with respect to the parental clump, in star-forming regions
Dunham et al. 2016 ; Stephens et al. 2017 ). On the contrary, the
ell-organized SiO kinematic structure is similar to that reported by
osentino et al. ( 2019 ) towards the molecular cloud G034 known

o be interacting with the SNR W44 (Wootten 1977 ). Towards this
egion, the SiO emission is seen to be blue-shifted with respect to the
entral velocity of the cloud (42 km s −1 Cosentino et al. 2019 ) and
patially associated with a 4.5- μm extended ridge (Cosentino et al.
018 ). The SiO emission towards G034, as seen with ALMA, shows
 sharp gradient of 2–3 km s −1 , within 3 

′′ 
, which is followed by a

hallower gradient of 5–6 km s −1 , across > 10 
′′ 

scales (equi v alent to
inear scales of 0.15 pc). Our ARO and Yebes observations probe
patial scales of 0.7–0.4 pc and therefore cannot resolve with such
etail the observed SiO emission. Ho we ver, IC443 is 1 kpc closer
han W44 ( ∼2.9 kpc) and its SiO emission is almost a factor of 2

ore extended, which allows us to appreciate a clear shocked gas
elocity gradient across the ridge. The highly blue-shifted SiO gas
ere observed is naturally explained when the geometry suggested
y Troja et al. ( 2006 ) is considered. In this scenario, clump G is
ocated in the foreground with respect to IC443 and hence the shock
ave released by the SNR hits the clump from behind pushing and
ragging the shocked gas towards the observer. The fact that the
iO blue-shifted emission appears directed towards the inner part of
C443 is likely due to the fact that the shock is impacting on the cloud
ith a certain angle with respect to the line of sight. This was first

uggested by Dickman et al. ( 1992 ) and van Dishoeck et al. ( 1993 )
nd is consistent with what was reported by Reach et al. ( 2019 ).
hese authors modelled the interaction between IC443 and clump G
s occurring through two CJ-type shocks of ∼60 km s −1 and ∼37 km
 

−1 and dynamical age 5 × 10 3 and 3 × 10 3 yr, respectively, and that
re hitting the cloud with angles of ∼60–65 ◦ with respect to the line
f sight. 
The multiple shocks driven by IC443 and impacting on clump G
ay be responsible for the H 2 volume density profile reported in
ig. 7 . The higher densities seen at velocity ≥−5 km s −1 may be
ssociated with the initial stronger impact between the shocks and the
loud, from which the bulk of the SiO emission is likely arising. After
his first compression, the gas is dragged and decelerates towards the
bserver, appearing as highly blue-shifted. This is also supported by
he fact that the higher excitation of the shocked gas also occurs at
elocity ≥−5 km s −1 and decreases at more blue-shifted velocities. 

From Fig. 7 , the H 2 volume density of the shocked gas towards
lump G is ≥10 5 cm 

−3 at all velocities, consistent with both the
iO(1-0) and (2-1) critical densities. These values are comparable to

hose required to ignite star formation in the ISM (e.g. Parmentier
011 ). 
Towards clump G, several studies have reported H 2 volume

ensities of the pre-shocked gas in the range n(H 2 ) ∼ 10 3 –10 4 

m 

−3 (van Dishoeck et al. 1993 ; Dell’Ova et al. 2020 ), i.e. slightly
ower than those typically observed in dark clouds. This suggests
hat the shock propagation enhances the gas density by more than
 factor of 10 and up to a factor of 100. By using XMM–Newton
bservations of clump G, Troja et al. ( 2006 ) identified a strong
-ray absorption and reported an n(H) column density variation,

long the line of sight, of 5 × 10 21 cm 

−2 . By considering such a
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ariation and the post-shocked H 2 gas density here measured, i.e. 
0 5 cm 

−3 , the length of the shocked region can be estimated as
2.5 × 10 16 cm (or 0.008 pc). When a shock velocity of 25 km

 

−1 is considered (Dickman et al. 1992 ), the time since the first
hock interaction is therefore of ∼300 yr. For such a time-scale, a
actor of 10 density enhancement in the post-shocked gas can be 
xplained as due to both the shock propagation, the presence of
adiative cooling processes, and significant energy dissipation by 
articles acceleration. The presence of such mechanisms is indicated 
y the detection of non-thermal X-ray emission, towards clump G 

e.g. Bocchino & Bykov 2000 ). A factor of 100 is instead well beyond
he typical density enhancements caused by shock propagation. We 
herefore suggest that the pre-shocked gas density towards clump G 

s at least of n(H 2 ) ∼ 10 4 cm 

−3 . This supports the idea that clump
 may have been a coherent dense structure pre-xistent to the SNe

vent. 
Finally, we note that the high density measured in the post-shocked 

as may help to explain the enhanced γ -ray emission measured 
owards clump G (Albert et al. 2007 ; Acciari et al. 2009 ; Abdo et al.
010 ). 

.3 The H 

13 CO 

+ (1-0) emission towards clump G: shock 

hemistry product or molecular cloud in the making? 

mission from H 

13 CO 

+ is a good probe of the dense gas distribution
n molecular clouds (e.g. Vasyunina et al. 2011 ). As shown in
ig. 2 , the H 

13 CO 

+ emission is spatially coincident with the shocked
as emission but less extended. No significant H 

13 CO 

+ emission 
s detected outside the shocked region, supporting the low-density 
alues measured for the ambient gas (van Dishoeck et al. 1993 ). In
ddition, the H 

13 CO 

+ spectrum reported in Fig. 4 shows a profile
imilar to that of both the SiO(1-0) and (2-1) transitions. The spatial
nd spectral similarities between the SiO and H 

13 CO 

+ emission hint 
owards a common nature of the two species. In this scenario, the
 

13 CO 

+ emission is likely a consequence of the ongoing shock 
hemistry. Indeed, emission from ions such as HCO 

+ is known to 
e enhanced either in the earliest stages of the shock (see fig. 5
n Flower & Pineau des For ̂ ets 2003 ) or in the far post-shock gas,
hen the temperatures have gone down to ∼30 K (Bergin, Snell &
oldsmith 1996 ). This scenario is consistent with the idea that the

loud was preexistent with respect to the SNR, as already suggested 
y Dickman et al. ( 1992 ), more recently discussed by Ustamujic et al.
 2021 ) and as discussed in Section 4.2. This is also supported by the
act that the dense and shocked gas mass estimates are similar and
hat the emission is spatially localized with respect to the 4.5- μm
idge, direct probe of the shock front. 

Alternatively to this scenario, the H 

13 CO 

+ emission may be 
robing the material of clump G that is being shock-compressed with 
 process similar to that described by Inutsuka et al. ( 2015 ). Here,
ubbles due to stellar feedback expand into the clumpy multiphase 
SM, driving multiple episodes of shock compression into the nearby 
ow-density material participating in the assembling of dark clouds. 
n the IC443 scenario, preexistent low-density material of clump G 

ay have been compressed by the propagating shocks to densities 
ufficient to enable the collisional excitation of the H 

13 CO 

+ (1-0).
his may be supported by the fact that the dense gas mass reported

n Table 2 is comparable to the mass of the ambient gas measured
rom multiple CO transitions by Dell’Ova et al. ( 2020 ). Ho we ver,
e note that the peak velocity of the H 

13 CO 

+ emission ( ∼−8 km
 

−1 ) does not coincide with that of the ambient cloud in Dell’Ova
t al. ( 2020 ) ( ∼−3.5 km s −1 ). We therefore suggest that the H 

13 CO 

+ 
d  
mission is mainly due to the ongoing shock chemistry in IC443.
e note that the dense gas mass here estimated from H 

13 CO 

+ is a
actor of 2–3 higher than that reported by Dickman et al. ( 1992 ) for
lump G, i.e. ∼40 M �, obtained from HCO 

+ emission. Ho we ver,
hese authors did not take into account possible optical depth effects
n the HCO 

+ emission. 

.4 Negati v e feedback dri v en by IC443: comparing 
bser v ations with model predictions. 

n Section 3.3, we have investigated the mass, energy, and momentum 

alculated for both the dense and shocked gas detected towards clump 
. As reported in Table 2 , we estimate a mass of the shocked gas
f ∼100 ± 60 M �. Considering the length of the shocked region
eported in Section 4.2, i.e. 2.5 × 10 16 cm or 0.008 pc, the volume of
he shocked region is 1.8 × 1.6 × 0.008 pc 3 . For the measured post-
hocked gas density of n(H 2 ) ∼ 10 5 cm 

−3 , the mass enclosed in such
 volume is ∼90 M �. This provides an independent confirmation to
he values reported here. 

IC443 is known to be interacting with the molecular material 
owards three additional sites, named clumps A, B, and C (Dickman
t al. 1992 ). Assuming that the momentum transferred into clumps
, B, and C is equal to that measured towards clump G, we estimate a
omentum transferred from the SNR into the surrounding molecular 
aterial in the range of ∼3.2–8 × 10 3 M � km s −1 . Since the strongest

nteraction is known to be occurring towards clump G (Claussen et al.
997 ), such a value should be regarded as an upper limit. 
State-of-the-art numerical simulations predict the amount of mo- 
entum transferred from an expanding SNR into the nearby ISM to

e (1-5) × 10 5 M � km s −1 , when a kinetic ener gy of 10 51 er gs released
y the SNR is assumed (Iffrig & Hennebelle 2015 ; Kim & Ostriker
015 ; Li et al. 2015 ; Martizzi et al. 2015 ; Zhang & Che v alier 2019 ).
ssuming such kinetic energy for IC443 (Ustamujic et al. 2021 ), we

stimate that the momentum carried away by the interaction between 
he SNR shocks and the surrounding molecular material represents 
 10 per cent of the total imprinted momentum. 
More in general, considering the momentum of the shocked and 

ense gas reported in Table 2 , 2 × 10 3 M � km s −1 , and the SiO and
 

13 CO 

+ emission spatial co v erage of 1.8 × 1.6 pc 2 and 1.3 × 1.2 pc 2 ,
espectively, we estimate the momentum per unit area of the gas to
e ∼500–690 M � km s −1 pc 2 . For this estimate, we assume the gas
mission to be plane-parallel and along the line of sight. We note that
he momentum per unit area here estimated should also be regarded
s an upper limit, since the interaction towards other sites is likely
o be weaker than that observed towards clump G. Considering for
he SNR a diameter of 45 

′′ 
(Green 2019 ), we estimate the area of the

ubble to be ∼1800 pc 2 . Since the molecular material surrounding
C443 is distributed as a toroid around the expanding bubble (Troja
t al. 2006 ), we assume that the SNR ef fecti ve area that is directly
n contact with molecular material is ∼20 per cent and in any case
 50 per cent, since IC443 is expanding into an atomic cloud in

he North. Therefore, we estimate the momentum carried by the 
olecular material to be ∼1.8–2.5 × 10 5 M � km s −1 . This is 35–

0 per cent the momentum typically injected by an SNR. 
Our calculation indicates that the molecular material can be a 

ele v ant carrier of the momentum injected by SNR feedback into the
SM. The importance of this resides in the fact that the cold dense
olecular material of the ISM is the primary fuel of star formation

n galaxies. The imprinted momentum contributes to maintain the 
evel of turbulence in the ISM (Padoan et al. 2016 ), a key ingredient
n the star formation process. Finally, we note that the momentum
eposited by SNRs into the ISM is further increased by the presence
MNRAS 511, 953–963 (2022) 
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f accelerated cosmic rays. Since their energy is not radiated away
uring the Sedov–Taylor phase, cosmic ray further supports the
NR expansion and prolongs the momentum deposition phase. As
 result, the momentum injected by SNRs into the nearby material
an be boosted by a factor of 5–10 for density of the ISM > 10 2 

m 

−3 . For a more detailed discussion, we refer to Diesing & Caprioli
 2018 ). 

 C O N C L U S I O N S  

n this paper, we have used SiO(2-1) and H 

13 CO 

+ (1-0) observations
btained as part of SHREC as well as complementary SiO(1-0)
bservations obtained by 40-m antenna at the Yebes Observatory
o investigate the negative and positive feedback driven by the SNR
C443 on to the molecular clump G. Our results can be summarized
s follows: 

(i) The SiO emission shows an elongated morphology, spatially
oincident and parallel to an extended ridge of shocked gas seen at
.5 μm. The SiO kinematics is organized as a well-ordered structure,
ith the shocked material being systematically blue-shifted with

espect to the central velocity of the SNR. 
(ii) The shocked gas kinematic structure as well as its inferred
ass (100 M �), momentum (2 × 10 3 M � km s −1 ), and energy

2.6 × 10 41 ergs) cannot be solely explained as the product of ongoing
tar formation activity in clump G. Therefore, we conclude that the
ulk of the SiO emission arises from the ongoing shock interaction
etween the clump and IC443. 

(iii) Towards clump G, the shock propagation enhances the gas
ensity to values n(H 2 ) ≥ 10 5 cm 

−3 , a factor of > 10 higher than the
ensity of the pre-shocked material and consistent with the densities
equired to ignite star formation in molecular clouds. 

(iv) The dense gas mass estimated from the H 

13 CO 

+ emission is
imilar to that estimated for the shocked gas. Furthermore, the dense
as emission is spatially concentrated towards the 4.5- μm ridge. We
nterpret this result as evidence that the H 

13 CO 

+ emission is likely
ue to shock chemistry effects and that clump G was preexistent with
espect to IC443. 

(v) Finally, we estimate that between 35 per cent and 50 per cent
f the momentum injected by IC443 is transferred to the molecular
hase of the ISM, making the molecular material an important
omentum carrier in sites of SNR–cloud interactions. The injected
omentum helps to maintain turbulence in the molecular ISM that

uels star formation in galaxies. 
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