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ABSTRACT

Magneto-hydrodynamic (MHD) shocks are violent events that inject large amounts of energy in the
interstellar medium (ISM) dramatically modifying its physical properties and chemical composition.
Indirect evidence for the presence of such shocks has been reported from the especial chemistry detected
toward a variety of astrophysical shocked environments. However, the internal physical structure of
these shocks remains unresolved since their expected spatial scales are too small to be measured with
current instrumentation. Here we report the first detection of a fully spatially resolved, MHD shock
toward the Infrared Dark Cloud (IRDC) G034.77-00.55. The shock, probed by Silicon Monoxide (SiO)
and observed with the Atacama Large Millimetre/sub-millimetre Array (ALMA), is associated with
the collision between the dense molecular gas of the cloud and a molecular gas flow pushed toward
the IRDC by the nearby supernova remnant (SNR) W44. The interaction is occurring on sub-parsec
spatial scales thanks to the enhanced magnetic field of the SNR, making the dissipation region of the
MHD shock large enough to be resolved with ALMA. Our observations suggest that molecular flow-
flow collisions can be triggered by stellar feedback, inducing shocked molecular gas densities compatible

with those required for massive star formation.

Keywords: shock waves — ISM: clouds (G034.77-00.55) — ISM: supernova remnants (W44) — ISM:

molecules

1. INTRODUCTION

Interstellar MHD shocks are known to exist in a wide
variety of astrophysical environments such as jets and
molecular outflows (Martin-Pintado et al. 1992; Caselli
et al. 1997; Girart et al. 2001), stellar winds (Wilkin
1996; Babel et al. 1997) and supernovae explosions (Got-
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thelf et al. 2001; Grefenstette et al. 2014; Miceli et al.
2019). Depending on the propagation speed, pre-shock
gas density and magnetic field strength, MHD shocks
can be either J-type (from jump, fast shocks with vg>45-
50km s~!and with a discontinuity in the gas physical
properties) or C-type (more gentle interactions found in
molecular clouds with low ionization fractions, where the
gas physical properties change in a continuous manner;
Draine 1980; Draine et al. 1983; Neufeld & Dalgarno
1989). If the MHD shock has not attained the steady
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state, theory predicts the presence of a J-type discon-
tinuity within the structure of the shock at the early
stages of its propagation (the piston), which later on
evolves into a C-type shock (a non-stationary CJ-type
shock; Chiéze et al. 1998; Flower & Pineau de Foréts
2003; Lesaffre et al. 2004).

In star forming regions, MHD shocks are expected to
develop across spatial scales of ~10'*-10'° cm (~0.05-
0.5” at a distance of 140 pc; Gusdorf et al. 2008), too
small to be easily resolved with current instrumenta-
tion. However, interstellar shocks are also predicted to
arise when large-scale flows of molecular gas are pushed
to collide. In such collisions, the shock occurs across
parsec/sub-parsec spatial scales (~3x10'7-3x10'® cm),
sufficient to spatially resolve its physical and dynamical
evolution (Wu et al. 2015; Inutsuka et al. 2015).

In this Letter, we report the first images of the inter-
nal physical structure of a non-stationary CJ-type shock.
The emission of the typical shock tracer SiO has been
mapped with ALMA toward the IRDC G034.77-00.55
(hereafter G034), which is located at 2.9 kpc in a highly
dynamical environment between the HIT region G034.8-
00.7 and the supernova remnant (SNR) W44. The in-
teraction between G034 and W44, located at the same
distance, has long been established (e.g. Seta et al. 1998,
2004; Claussen et al. 1997; Ortega et al. 2007; Yoshiike et
al. 2013; Ranasinghe et al. 2018), making G034 an ideal
target for MHD shock investigation. Our ALMA images
show that a molecular gas flow pushed by the expand-
ing shell of W44 is interacting with a dense molecular
ridge in G034 forcing the molecular flow to decelerate
and plunge onto the IRDC. This interaction enhances
the density of the gas in the ridge to levels required for
the formation of the most massive stars.

2. OBSERVATIONS

We used ALMA Band 3 during Cycle 4 (P.I. 1.
Jimenez-Serra) to map the SiO J=2—1 transition
(86.85 GHz) toward G034. Observations were performed
using the ALMA Compact Array (11 antennas) plus 45
antennas of the 12m-array (baseline 15m-331m; uv
distance 4.3-9.6kX). Observations were perfomed in
dual polarization mode, using a spectral bandwidth of
58.594 MHz. The sources J1751+0939 and J1851+0035
were used as calibrators. We reproduced the two cal-
ibrated datasets by running the original pipeline re-
duction scripts and used the task uvcontsub in CASA
version 4.7.2' to subtract the continuum emission pre-
viously estimated from line-free channels. The two
continuum-subtracted datacubes were combined using

! https://casa.nrao.edu/

the task concat. We generated the SiO line-only final im-
age using the task clean with Briggs weighting (robust
parameter 0.5), phase centre «(J2000)=18"56™41.7¢,
§(J2000)=1°23'25" and velocity resolution 0.1km s~*
(~30 kHz). The final high-angular resolution images
have synthesised beam of 3.5”x2.5"” PA= 84.27° and
noise level 10mJybeam™!. By comparing the ALMA
and IRAM 30 m spectra extracted toward the position
of the SiO peak detected by Cosentino et al. (2018) in
this cloud, we find that no significant flux is missing in
the 12m+ACA SiO image. The 3mm continuum map
obtained with the 12m-array does not show any con-
tinuum point—like source spatially associated with SiO
and above the 30 level (10=66 ;1Jy beam™1!) .

Observations of the C¥0 J=1-0 (109.78 GHz) and
J=2—1 (219.56 GHz) lines were carried out with the
IRAM 30m telescope in July 2012. The On-The-Fly
(OTF) maps were obtained using the off position (-
240", -40") and a dump speed of 6” s~!. Pointing accur-
cacy was <3” and line calibrations were performed on
the source G34.4+0.3. The FTS spectrometer (4 GHz
full bandwidth) provided a spectral resolution of 200
kHz i.e. 0.54km s~!at 109.78 GHz and 0.27km s~ !at
219.56 GHz. The final data cubes, created using the
CLASS software within GILDAS?, have spatial resolu-
tion and beam efficiency of 24" and 0.78 and for C180(1-
0) and 12" and 0.63 for C180(2-1). The final rms is 0.1
K for both spectra.

3. RESULTS

3.1. Si0 ALMA data: moment maps and
Position-Velocity (PV) diagrams

In Figure 1, we present the three-colour image of G034
(black circle) located between W44 (blue circle) and the
HIT region G034.758-00.681 (green circle). Red is 24 pym
emission (Spitzer MIPSGAL; Carey et al. 2009), green
is 8 ym emission (Spitzer GLIMPSE; Churchwell et al.
2009), and blue shows a combined Jansky Very Large
Array (JVLA) and Green Bank Telescope (GBT) 21cm
continuum map (THOR survey; Beuther et al. 2016).
The white square indicates the extent of the ALMA mo-
saic. The molecular gas around W44 is expanding at a
velocity of ~11-13 km s~ (Sashida et al. 2013), although
in regions close to G034 it shows terminal velocities ~20-
25km st (see region W44F; Anderl et al. 2014). The
molecular gas outside W44 moves with vgg~45-50 km
s7!(i.e. distances S>1 in Figures6 and 7 of Sashida et
al. 2013).

2 https://www.iram.fr/TRAMFR/GILDAS/
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Figure 1. Three-colour image of G034 showing its posi-
tion (black circle) between W44 (blue circle) and G034.758-
00.681 (green circle). Red is 24 um emission (Spitzer MIPS-
GAL; Carey et al. 2009), green is 8 um emission (Spitzer
GLIMPSE; Churchwell et al. 2009), and blue shows a com-
bined JVLA+GBT 2lcm continuum map (THOR survey;
Beuther et al. 2016). The white square indicates the
ALMA mosaic area and the grey shadow corresponds to
A, >20mag.

Figure 2 reports the integrated intensity map (black
contours; velocity range 36.6—47.6 km s~1) and the ve-
locity moment 1 map (red scale) of the SiO emission
measured toward G034 with ALMA. These maps appear
superimposed on the A,=20mag visual extinction level
of the cloud (Kainulainen & Tan 2013), which shows
a dense ridge toward the northwest of G034. The SiO
emission is organised into two plane-parallel structures:
a bright elongation peaking outside the ridge at red-
shifted velocities with respect to the radial velocity of
the IRDC (vrgr=43km s7!); and a fainter elongation
found into the ridge between ~36-42km s~!. The SiO
channel maps (Figure 3) reveal that shifting from 46 km
s~1to 39km s~!, SiO first appears in a region outside
the Av~20mag ridge, to progressively move toward the
cloud bending and spreading onto it (as if it had im-
pacted).

To analyse the velocity structure of the SiO shocked
gas, we have extracted PV diagrams along two repre-
sentative directions perpendicular to the observed SiO
elongations, PV north and PV south (blue arrows in Fig-
ure 2). Figure4 shows that the deceleration of the gas is

38 40 42 44 46 48

24'00"

40"
)
<
98]
=]
=
(=
=

L

Declination (J2000)
20//

23'00"

+1°22'40"

Il L Il L
46° 45° 44° 43° 42°% 41° 18"56™40°

Right Ascension (J2000)

Figure 2. SiO integrated intensity map (black contours; ve-
locity range 36.6—47.6km s™') toward G034 superimposed
on its moment 1 velocity map (red scale). Contours are from
30 (0= 0.016Jykm s™') by steps of 30. Green contour
and shadow indicates the A, >20mag dense material in the
IRDC (Kainulainen & Tan 2013). Blue arrows show the
directions used to extract the PV diagrams of Figure4. Ma-
genta circles indicate the two positions used to estimate the
gas density conditions. Beam size is indicated as black ellipse
in the bottom left corner.

occurring in two steps: a first almost vertical velocity de-
crease of ~2-3km s~! within a spatial width lower than
the angular resolution (<2.5”), and a second and shal-
lower deceleration of ~4-5km s~! measured across ~10-
20”. This resembles the predicted velocity structure of
CJ-shocks (Section4 and Chiéze et al. 1998; Lesaffre et
al. 2004). The comparison between the SiO PV dia-
grams and the visual extinction profiles of G034 along
the PV directions, reveals that the observed SiO spa-
tially coincides with extinction peaks across the ridge
(bottom brown curves in Figure 4). This is consistent
with the idea that the two shocked plane-parallel struc-
tures (probed by SiO) appear once the molecular gas
expanding from W44 encounters the high-density wall
of the ridge.

3.2. C'80 Single-dish Spectra: Hy Density and SiO

Abundance Enhancement in the Post-shock Gas
Figure 5 shows spectra of C'®0(1-0) (black) and
C180(2-1) (blue) measured over a 25”-beam toward two
positions in G034, one outside and one inside the ridge
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Figure 3. SiO channel maps for the velocity range 38—46 kms™

3
Qs - )
» N - 10.03

1

0.06

0.05

12km 5! : 1 10.04

—
|

s

Jy beam™! km

45" 10km s+ o 39km st 38km st
5} ‘ .
0.02
30" ¢

-
™

0.01

1

. Integration step is 1kms™" and intensities are >30 (o=

0.006 Jy beam ™' kms™!). The magenta contour (with Av~20 mag Kainulainen & Tan 2013) indicates the position of the high-
density ridge found toward the northwest of G034. Beam size and central velocity are shown for each map.

(magenta circles in Figure2). Outside the ridge, where
no SiO is detected, only the quiescent (pre-shock) com-
ponent at ~43km s~!can be seen (Figure2, bottom
panel). However, inside the ridge, a second component
at ~40 km s~ clearly appears coinciding with the detec-
tion of SiO (the post-shock gas; upper panel).

By using the radiative transfer code RADEX (Van
der tak et al. 2007), we can infer the Ho gas volume
density of the pre (~43km s~!) and post-shock gas
(~40km s71) in G034 from the C!*O J=1—0 and
J=2—1 emission. We assume kinetic temperature of
15K (typical of IRDCs; Pillai et al. 2007) and mean
linewidth of 2km s~!. The physical properties of
the pre-shock gas at 43km s~!are n(Hp)~10%cm™3,
N(CB0)~1.8x10% ecm =2, 7 ~0.17 and Tex~9 K, while
for the post-shock gas at 40km s~!the inferred values
are n(Hy)>10° cm =3, N(C*®0)~9x10" ecm =2, 7 ~0.36
and T., ~7K. Hence, the density of the post-shock gas
is a factor of >10 higher than the density of the pre-
shock gas. Note that the estimated excitation tempera-
tures are comparable to those reported in Cosentino et
al. (2018) for CH3OH, another shock tracer.

We also estimate the SiO total column density,
N(SiO), for the pre-shock (~43 km s~! ) and post-shock
gas (~40 km s~!). Since no SiO emission is present

outside the ridge, the 30 upper limit for N(SiO) in the
pre-shock gas is 6x10° cm™2 by considering rms noise
level of 10mJy beam™!. For the post-shock gas, the de-
rived N(SiO) is 1.6x10*? cm™2. Hence, the abundance
of SiO has been enhanced by a factor >500 in the post-
shock gas in G034, as inferred from the N(SiO)/N(C*®0)
column density ratios.

3.3. 3mm Continuum Emission

From the 30 rms level measured in our ALMA 3 mm
continuum image (0.2 mJy), we can estimate an upper
limit to the envelope mass of any possible proto-star
present in the region as:

Fl/d2 MQCLS (1>
Bz/ (Tdust)ku Mdust ,

]\/[env =

where F,, is the continuum flux, d is the source distance,
k, is the dust opacity, B, (Tgust) is the Planck Function
at the dust temperature Tgyse, and Mgqs/Mays: is the
gas-to-dust mass ratio (Ossenkopf & Hennings 1994).
We assume d=2.9kpc, Tgust=15K, Mgas/Maus:=100,
and F,=0.2mJy. Dust opacity at 3mm is extrapolated
to k,=0.0237m?kg=! (Ossenkopf & Hennings 1994).
From all this, we derive a proto-stellar envelope mass
<0.45 M.
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Figure 4. SiO (colour scale) North (top left) and South (top right) PV diagrams and corresponding A, profiles (bottom panels)
extracted across the two SiO elongations. Velocity profiles predicted by the MHD_VODE code for the neutral (solid magenta
line) and charged (dashed magenta line) fluids are shown along with the drift velocity (Jv; — vn|) between the two fluids (yellow
line). Vertical dashed lines (in black) show the local peaks in extinction.

4. MODELLING THE SIO PV DIAGRAMS

We have used the 1D MHD shock code MHD_VODE
(Flower & Pineau de Foréts 2015) to reproduce the SiO
velocity structure measured along the North and South
PV diagrams in G034, and to constrain the physical pa-
rameters of the shock. We have run a grid of models with
shock speeds between v,=5-30km s~!, in accordance
with the expanding and shocked velocities of the molec-
ular gas in W44 (Sashida et al. 2013; Anderl et al. 2015).
We assume H pre-shock volume densities of n(H)=10%-
10° cm~2 (see Section 3.2) and consider cosmic-ray ion-
isation rates (=1x10717—5x10"1% s~ (Vaupre 2015),
magnetic field strengths By,q,=100-1000 G (Hoffman
et al. 2015; Cardillo et al. 2014) and a pre-shock gas tem-
perature of 15K (Pillai et al. 2007; Ragan et al. 2011).
The visr of the pre-shock gas ranges from 45-50km s~ ,

in agreement with the velocities measured outside W44
(Section 3.1 and Sashida et al. 2013).

As shown in Figure 4, the SiO PV diagrams are best
reproduced by time-dependent CJ-type shocks that have
not reached steady-state yet and that are still evolv-
ing. The velocity profiles of the neutral and ion flu-
ids (v, and v;) are shown by solid and dashed ma-
genta lines respectively, while the drift velocity, |v; —v,|,
is shown by solid yellow lines. PV North can be fit-
ted by a model with n(H)=10* cm™3, v,=22.5km s7!,
(=5x10"16s71 B,,,,=850 uG and tg4,,=16000 years.
The SiO emission appears at distances where the drift
velocity |v; — vp|>0, consistent with the idea that SiO
is released by dust erosion/destruction in the shock.
However, the SiO column density measured in G034
(1.6x10'2 ¢cm~2; Section 3.2) cannot be predicted by
the models. This may be due to the fact that the
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Figure 5. Spectra of C*®*0(1-0) (black lines), C**0O(2-1)
(blue lines) and SiO(2-1) (red lines) extracted toward G034
at positions a(J2000)=18"56"43.1%, §(J2000)=1°23'28" (top
panel) and «(J2000)=18"56™41.9%, §(J2000)=1°24"03" over
a 25"”-beam. The components at 43km s~ 'and 40km
s~ ! corresponds to pre and post-shock gas, respectively (ver-
tical dashed lines).

public version of the MHD_VODE code does not in-
clude grain-grain collision processes such as shattering.
While the threshold drift velocities for the production
of SiO by sputtering are >20km s~! (Jiménez-Serra et
al. 2008; Gusdorf et al. 2008), shattering only requires
velocities as low as 1km s™! (Giullet et al. 2011). The
MHD_VODE code does not consider a small fraction of
Si0 in the dust mantles either, which may also alleviate
the discrepancy between the observed and predicted SiO
column densities (see e.g. Schilke et al. 1997; Jiménez-
Serra et al. 2008)

As expected from the interaction with a SNR (Hoff-
man et al. 2015; Cardillo et al. 2014), the inferred value
of Byeg in PV North is higher than those measured in
molecular clouds with n(Hz)~10%-10% cm =2 (Crutcher
2010). In fact, only models with such large B,,q4 values
can predict long dissipation lengths as observed in PV
North.

In contrast to PV North, no model can reproduce well
the sharp decrease in velocity observed in PV South.
The best-fit model gives n(H)=10* cm 3, v,=23km s~ !,
(=1x10"1s71, B,,,,=880uG and 17000 years. This
mismatch between the model and the observations could
be due to SiO (a high-density tracer) not being excited
enough along the whole length of the shock. Alterna-
tively, MHD shock theory may need to be revisited.

5. DISCUSSION
5.1. SiO emission caused by protostars and outflows?

Our ALMA 3 mm continuum map does not reveal the
presence of any point-like source in G034 associated with
the SiO emission down to a proto-stellar envelope mass
0.45 Mg (Section 3.3). This value is comparable to the
lower limits of Class 0 and I envelope masses (>0.5Mg;
Arce et al. (2006)) and well below the typical values for
high-mass protostars (>100Mg; Zhang et al. (2005)).
Therefore, if present, both low-mass and high-mass pro-
tostars should have been detected in our 3mm ALMA
image.

In addition, following Dierickx et al. (2015), we have
estimated the mass (M), linear momentum (P) and ki-
netic energy (E) of the SiO emission in G034 to be
M=12.2Mg, P =18.8 My km s~! and E=3.8x10* ergs.
Outflows driven by low-mass protostars have typical
parameters in the range M~0.005—0.15 Mg, P~0.004-
0.12Mg km s~ and E ~2x1040-5x10%2 ergs (Arce et al.
2006). Although the kinetic energy inferred from SiO
is comparable to that in outflows driven by low-mass
protostars, the mass and linear momentum are factors
100—3000 higher. Outflows driven by high-mass pro-
tostars have masses of few tens of Mg and linear mo-
mentum ~10-100 M km s~ comparable to our val-
ues (Zhang et al. 2005); but their kinetic energies are
5 orders of magnitude higher than measured in G034
(10%6 ergs vs. 3.8x10*! ergs; Zhang et al. 2005)). It is
thus unlikely that SiO in G034 is associated with star
formation activity.

5.2. A molecular flow-flow collision unveiled by
plunging waves

G034 presents little star formation activity (Rath-
borne et al. 2006; Chambers et al. 2009) and hence,
internal stellar feedback is not expected to affect the
pristine physical and chemical conditions of the cloud.
In such a quiescent region, molecular shock tracers such
as SiO are heavily depleted onto dust grains (Martin-
Pintado et al. 1992; Schilke et al. 1997). Cosentino et
al. (2018), however, reported the presence of widespread
and narrow SiO emission (average linewidth of 1.6 km
s71) toward the northwest of G034 at an angular reso-
lution ~30”.

Our ALMA images reveal that SiO in G034 is organ-
ised into two plane-parallel structures that seem to im-
pact onto the north-western dense ridge of G034. In
a way analogue to a sea wave plunging onto a shore,
the molecular gas pushed away by the W44 SNR (the
sea wave) encounters the denser material of the IRDC
(the beach), plunges and breaks causing the formation
of two plane-parallel wave fronts or MHD shocks seen in
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Si0. As shown in Section 4, such a kinematic structure
is best reproduced by a non-stationary CJ-type MHD
shock, where the J-type discontinuity is seen in the PV
diagrams as an almost vertical velocity drop, and the C-
type part shows a shallower deceleration over ~10”. The
different velocity shapes of the SiO North and South PV
diagrams may reflect inhomogeneities in the gas and/or
slightly different physical conditions of the pre-shock gas
(the derived ¢ differ by a factor of 2 between PV North
and South). The proximity of W44 is responsible for the
high ¢ and B4 required by the models.

The dynamical ages predicted for the shocks in PV
North and PV South (tgy,=16000-17000 years) are in
agreement with the age of the SNR (~20000 years)
and the SiO depletion time-scales (~10%-10° years;
Martin-Pintado et al. 1992). We also caution that the
MHD_VODE code only provides 1D highly idealised
models that do not consider projection effects, which
may explain any disagreement between the model pre-
dictions and the observations (especially for PV South).

Finally, we propose that the shock interaction in G034
between the expanding molecular gas from W44 and the
pre-existing IRDC, may have shaped the Av>20mag
ridge into its filamentary morphology, since the latter
appears as an almost detached structure from the IRDC
and since the SiO emission follows the shape of the ridge.

This is supported by the fact that the density of
the post-shock component in G034 is a factor >10
higher than in the pre-shock gas (n(Hz)>10%cm™3;
Section 3.2), which may enable star formation. The lack
of any cold core in the ridge is consistent with the idea
that we are observing the earliest stages of such a pro-
cess, since the age of the shock (<20000 years) is too
short to see the effects of gravitational collapse of any
newly formed high-density structure or core (time-scales
~10° years for densities of n(Hy)>10% cm~3; McKee &
Tan 2003).

In summary, we report the first detection of a fully
resolved, time-dependent CJ-type MHD shock. This
shock has been produced by the interaction between
a molecular flow expanding from the SNR W44 and a
high-density ridge part of the nearby IRDC G034.77-
00.55. The high magnetic field and cosmic-rays ion-
ization rate induced by the SNR is responsible for the
large dissipation region of the CJ-type shock. The
post-shock gas is compressed by the shock to densities
n(H)>10% cm ™3, comparable to those required for the
formation of massive stars.
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