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ABSTRACT

There is evidence that the star formation process is linked to the intricate net of filaments in molecular clouds, which may be
also due to gas compression from external triggers. We studied the southern region of the Perseus NGC 1333 molecular cloud,
known to be heavily shaped by similar external triggers, to shed light on the process that perturbed the filament where the Class
0 IRAS4 protostars lie. We use new IRAM-NOEMA observations of SiO and CH3;OH, both known to trace violent events as
shocks, towards IRAS 4A as part of the Large Program Seeds Of Life In Space (SOLIS). We detected three parallel elongated
(>6000 au) structures, called fingers, with narrow-line profiles (~1.5 km s~!) peaked at the cloud systemic velocity, tracing
gas with high density ((5-20) x 10° cm™?) and high temperature (80~160 K). They are chemically different, with the northern
finger traced by both SiO and CH;OH ([CH3OH]J/[SiO] ~ 160-300), while the other two only by SiO ([CH3;OHJ/[SiO] < 40).
Among various possibilities, a train of three shocks, distanced by >5000 yr, would be consistent with the observations if a
substantial fraction of silicon, frozen on to the grain mantles, is released by the shocks. We suggest that the shock train is due to
an expanding gas bubble, coming behind NGC 1333 from the south-west and clashing against the filament where IRAS 4A lies.
Finally, we propose a solution to the two-decades-long debate on the nature and origin of the widespread narrow SiO emission

observed in the south part of NGC 1333, namely that it is due to unresolved trains of shocks.

Key words: stars: formation —ISM: abundances — ISM: bubbles —ISM: individual objects: IRAS 4A —ISM: molecules.

1 INTRODUCTION

Molecular clouds forming Solar-type stars are characterized by an
intricate net of filaments that are widely accepted to play an important
role in the star formation process. Indeed, most of the young stars
and cores in low-mass star-forming regions are embedded in
filaments of gas and dust that dominate the cloud structure (e.g.
Schneider & Elmegreen 1979; Ungerechts & Thaddeus 1987;
Goldsmith et al. 2008), a characteristic shown to be ubiquitous
by the large-scale maps of the Herschel Space Observatory and
Planck satellites (e.g. André et al. 2010, 2014; Molinari et al. 2010;
Zari et al. 2016). Some of the most prominent cloud filaments
actually are collections of velocity-coherent fibres that can become
gravitationally unstable and fragment into chains of cores (Hacar
et al. 2013; Tafalla & Hacar 2015; Henshaw, Longmore & Kruijssen
2016; Hacar, Tafalla & Alves 2017; Henshaw et al. 2017; Sokolov
et al. 2019, 2020; Chen et al. 2020). However, the exact process
ruling the formation of these filamentary structures and their specific
role in triggering star formation are still debated (e.g. Hennebelle &
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Inutsuka 2019; Robitaille et al. 2020). A major process in their
shaping, in addition to the presence of magnetic fields, is the
compression of the molecular gas by external triggers, such as
ionization/shock fronts around OB stars or supernovae remnants
(SNRs), cloud—cloud collisions, and (magneto-)hydrodynamical
gravitational instabilities (e.g. Padoan et al. 2001; Hennebelle 2013;
Vazquez-Semadeni et al. 2019; Federrath et al. 2021).

All these external triggers leave signatures at different scales, from
parsec to sub-parsec, observed with specific molecular shocks tracers
(e.g. Berné, Marcelino & Cernicharo 2010; Jiménez-Serra et al. 2010;
Dumas et al. 2014; Cosentino et al. 2018, 2019, 2020). SiO and
CH3OH are traditionally considered among the best tracers of such
shocks, where their abundance is observed to drastically increase
by several orders of magnitude (e.g. Bachiller et al. 1998, 2001;
Arce et al. 2008; Codella et al. 2012, 2020; Lefloch et al. 2017).
The SiO enhanced abundance is due to the sputtering of the grain
mantles and shattering of the grain refractory cores, both processes
releasing SiO and Si (which is quickly oxidized in SiO) into the gas
phase (e.g. Caselli, Hartquist & Havnes 1997; Schilke et al. 1997,
Gusdorf et al. 2008a,b; Guillet, Pineau Des Foréts & Jones 2011).
Likewise, CH3OH is believed to be prevalently formed on the cold
grain surfaces (e.g. Watanabe & Kouchi 2002; Rimola et al. 2014)
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and released into the gas phase by the grain mantle sputtering (e.g.
Flower, Pineau des Foréts & Rabli 2010).

Perseus is one of the molecular clouds in the vicinity of our Sun that
is believed to have been formed and shaped by external triggers, such
as the explosion of one or more supernovae (SNe) and other forms of
stellar feedback activity. For example, new 3D dust extinction maps
obtained by Gaia support this hypothesis (see e.g. Bialy et al. 2021;
Zucker et al. 2021). One of the most active sites of ongoing star
formation in Perseus is NGC 1333 in the Perseus molecular cloud
complex (~300 pc; Zucker et al. 2018). This region hosts a large
number of young stars and protostars associated with filamentary
structures, and it displays a complex network of fibres characterized
by a high degree of internal fragmentation with typically three to
four cores per fibre (Hacar et al. 2017).

Recent observations produced large-scale maps of the magnetic
field in NGC 1333, helping in understanding their role in the star
formation process (e.g. Doi et al. 2020). For all these reasons, NGC
1333 is one of the best regions to study the connection between
filaments, magnetic fields, external triggers, and star formation.

More specifically, this paper focuses on the southern filament of
NGC 1333, which is composed of multiple structures with distinct
systemic velocities and velocity gradients (e.g. Sandell & Knee 2001;
Dhabal etal. 2018, 2019). The famous IRAS 4A system, a protostellar
binary that drives two large-scale molecular outflows, is located on
the west side of the filament (Choi 2005; Santangelo et al. 2015;
De Simone et al. 2020; Taquet et al. 2020; Chuang et al. 2021).
The filament joins an arc-like structure on the west that hosts other
young protostars (the SVS13 and IRAS 2 systems). In a recent study,
Dhabal et al. (2019) hypothesized that the entire south-west region
of NGC 1333, encompassing the filament where IRAS 4A lie, is
due to a colliding ‘turbulent cell’, a clash that triggered the birth of
the above-mentioned protostars. However, no specific signatures of a
clash, namely shocks, have been reported so far, leaving unanswered
how and where the energy of this clash, if real, is dispersed.

To answer this question, we analysed new high-spatial-resolution
(~600 au) observations of CH;0OH and SiO towards IRAS 4A,
obtained in the context of the IRAM-NOEMA Large Program
SOLIS! (Seeds Of Life In Space; Ceccarelli et al. 2017). Our goal is
to search for specific signatures of the clash event and to gain a more
detailed insight into what happened and why.

This paper is organized as follows. In Sections 2 and 3, we
described the observations and the results, respectively. In Section 4,
we analyse the physical and chemical properties of the observed
structures. In Section 5, we discuss the implication of our analysis,
and in Section 6, we summarize our conclusions.

2 OBSERVATIONS

The IRAS 4A system was observed at 3 mm with the IRAM NOEMA
(NOrthern Extended Millimeter Array) interferometer’ within the
SOLIS project.! Part of the data was already published in De Simone
etal. (2020). For the present study, we used the observations obtained
with two setups, hereinafter called 3 and 6, during several tracks (18.6
h for setup 3 in 2016 June, September, and October and 6.8 h for
setup 6 in 2018 March).

Setup 3 was observed with the WideX correlator at 95.5-99.5 GHz
and with ~2 MHz (~6 km s~!) spectral resolution, plus four narrow
spectral windows with ~0.16 MHz (~0.5 km s~!) spectral resolution.

Uhttps://solis.osug.fr/.
Zhttps://www.iram-institute.org/EN/noema-project.php.
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Setup 6 was observed using the PolyFiX correlator? at 80.4—88.1 GHz
(lower sideband, LSB) and 95.9-103.6 GHz (upper sideband, USB)
with ~2-MHz (~6 km s~!) spectral resolution, plus 64 narrow
spectral windows with ~0.06 MHz (~0.2 km s~!) spectral resolution.

The NOEMA array was used in configurations DC (baselines 15—
304 m) and AC (64704 m) for setup 3 and 6, respectively. The phase
centre was on IRAS 4Al, at coordinates «(J2000) = 03P29™1085,
§(J2000) = + 31° 13' 3079.

The bandpass was calibrated on 3C 454.3 and 3C 84, the absolute
flux was fixed by observing MWC349, LKHA101, and the gains in
phase and amplitude were set on 0333 4 321. The final uncertainty on
the absolute flux scale is <15 per cent. The phase rms was <50° and
~10°-20° and the typical precipitable water vapor (pwv) was 4—15
and 1-30 mm for setup 3 and 6, respectively. The system temperature
was 50-200 K for both setups.

The data were reduced using the GILDAS* software collection.
The continuum map was obtained by averaging line-free channels
and self-calibrating the data. The self-calibration solutions were then
applied to the spectral cubes, which were subsequently cleaned using
natural weighting. The resulting synthesized beams are 2.2 x 1.9
(PA = 96°) and 2.05 x 1.12arcsec’ (PA = 11°) and the half-
power primary beams are 59.2 and 61.2 arcsec? for setups 3 and
6, respectively.

3 RESULTS

We detected five CH;OH and one SiO lines, listed in Table 1 with
their spectroscopic parameters. Fig. 1 shows the spatial distribution
of the CH30H and SiO line emission in two different velocity
ranges: around the systemic velocity Vi (~6.7 km s and at
high velocity (HV), at about 7 km s~' from the systemic velocity
and over a velocity interval of about Av ~ 6 km s~! (see caption
for details). Two major components appear in the figure: the two
outflows associated with A1 and A2, especially visible in the HV
maps, and two filamentary structures at the systemic velocity, which
we will refer to as “fingers’ in the following.

3.1 Outflows emission

The emission from the IRAS 4A outflows detected by SOLIS in
different molecular lines has been presented already and discussed by
Taquet et al. (2020) (S-bearing species) and De Simone et al. (2020)
(interstellar Complex Organic Molecules). The Fig. 1 methanol
emission map is in general agreement with those two studies and,
being not the focus of this paper, will not be discussed further.

3.2 Fingers emission

The high-resolution spectra of the five methanol lines (Fig. 1)
show that the elongated structures are characterized by narrow lines
(FWHM ~ 1.5 km s~') centred at the systemic velocity Vs (see
below). Their filamentary morphology is better highlighted in Fig. 2,
where the CH3;0H and SiO narrow-line emission is shown over a
larger field of view. Based on Fig. 2 and the spectral profile described
above, we identified three fingers:

Fingerl, traced by CH30H and SiO, is the northern one;

3https://www.iram.fr/IRAMFR/GILDAS/doc/html/noema-intro-html/node
6.html.
“http://www.iram.fr/IRAMFR/GILDAS.
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Table 1. Spectroscopic parameters and line Gaussian-fit results of CH3OH and SiO lines observed towards the selected positions (1a, 1b, and 2) on the IRAS

4A fingers shown in Fig. 2).

Spectroscopic parameters

Gaussian-fit results

Setup” Transition Frequency” Eﬁp log Aﬁ] Finger© Integrated area Vpeak FWHM Tpeak rms
(GHz) (K) (s™h position (Kkms™!) (kms~1) (kms~1) (K) (mK)
CH30H
6-HR 515-404 E 84.5212 40 -57 la 25.6 (0.3) 6.50 (0.01)  1.37(0.02) 17.6 300
1b 35.3(0.2) 630 (0.01)  1.40(0.01) 23.7 300
2a - - - <0.97 300
3-HR 2 qp-1_11 E 96.7394 13 —5.6 la 4.8 (0.1) 6.40 (0.02)  1.60(0.03) 2.8 60
1b 8.0 (0.1) 630 (0.01)  1.60(0.02) 4.7 60
2a - - - <0.24 60
3-HR 200-101 A 96.7414 7 55 la 4.8 (0.1) 6.20 (0.02)  1.46 (0.03) 3.1 60
1b 8.8 (0.1) 6.10 (0.01)  1.60(0.02) 52 60
2a - - - <0.24 60
3-HR 200-101 E 96.7445 21 —-55 la 3.5(0.1) 6.10(0.02)  1.66(0.05) 1.9 60
1b 4.6 (0.1) 6.00 (0.03)  1.70(0.02) 2.6 60
2a - - - <0.24 60
3-HR 211110 E 96.7555 28 —5.6 la 1.9 (0.1) 6.40(0.03) 1.55 (0.08) 1.2 60
1b 1.8 (0.1) 6.20(0.03) 1.6 (0.1) 1.1 60
2a - - - <0.24 60
6-LR 2-1 86.8469 6 —45 la 5.6 (0.4) 7.3(0.5) 6.9 (0.3) 0.8 40
1b 5.7(0.4) 8.6 (0.4) 6.9(0.2) 0.8 40
2a 6.4 (0.3) 8.3 (0.5) 6.9 (0.8) 0.9 40

9HR: high resolution (Av~0.5 and 0.2 km s~! for setup 3 and 6, respectively); LR: low resolution (Av~6 km s~ in both setups).
bFrequencies and spectroscopic parameters are taken from Xu et al. (2008) and Miiller et al. (2013) and retrieved from the CDMS (Cologne Database for
Molecular Spectroscopy: Miiller et al. 2005) data base. Upper-level energies Eyp refer to the ground state of each symmetry. logAy are the logarithmic

spontaneous emission coefficients.
“Selected position on the IRAS 4A fingers (see the text and Fig. 2).
436 limit for non-detection.

Finger2, traced only by SiO, is 10arcsec south and parallel to
Fingerl;

Finger3, traced only by SiO, is an additional 10 arcsec south and,
again parallel to Fingerl.

While Finger2 and Finger3, detected only in SiO (2-1), are perfectly
in agreement with the SiO (1-0) VLA observations by Choi (2005),
Fingerl was never detected before and it is traced by both CH;OH
and SiO. It is worth emphasizing that the three fingers are each
separated by about 10 arcsec (~3000 au) and are parallel to each
other. Note also that Finger2 and Finger3 seem to be connected to
each other by an almost vertical structure, but it is very likely that this
connecting structure is tracing the outflowing material from IRAS
4A2.

In order to understand the nature of the three fingers, we selected
three positions along Fingerl and Finger2 to carry out a non-LTE
analysis to derive the gas temperature and density and the column
density of CH;OH and SiO, respectively (see Section 4.1).° The three
positions (two — 1a and 1b — towards Finger1 and one — 2a — towards
Finger2), are shown in Fig. 2 and their coordinates are reported
in Table 2. These positions were selected because they show the
brightest CH;0H and SiO emission in the fingers and are outside
the outflows emission region in order to minimize the contamination
from the latter. Fig. 1 shows the CH3;0H and SiO spectra extracted
from Fingerla, as an example.

SNote that since Finger3 is outside the primary beam, we did not carry the
analysis there.

MNRAS 512, 5214-5227 (2022)

In each of the three selected positions, we extracted the spectra of
CH3OH and SiO and derived the velocity-integrated line intensities
of each detected transition using a Gaussian fit with the GILDAS-CLASS
package. The fit results, namely the integrated emission ([ 7,dV), the
linewidth (FWHM), the peak velocities (Vpeax), and the rms computed
for each spectral window, are reported in Table 1. As mentioned
above, the methanol lines observed with the high-resolution narrow
bands have an average linewidth of about 1.5 km s~!. Unfortunately,
for Si0O, we are limited by the PolyFiX low spectral resolution (~6 km
s~1). However, from the VLA observations, Choi (2005) estimated a
similar linewidth (~1.5 km s~") for the SiO narrow component. It is
worth noticing that, while the methanol emission drastically changes
from one finger to another, the integrated SiO emission derived at
points Fingerla, Finger1b, and Finger2a is almost constant. We will
comment the implications of this characteristics in Section 4.

Finally, we searched for the presence of other molecules in the
fingers’ positions and only found faint emission of HC3N (11-10),
which appears to be associated with Fingerl.

4 PHYSICAL AND CHEMICAL PROPERTIES
OF THE FINGERS

4.1 Physical properties

The detection of five CH3OH transitions allowed us to perform a
non-LTE analysis via our in-home Large Velocity Gradient (LVG)
code GreLvG adapted from Ceccarelli et al. (2003).

CH;OH has two nuclear-spin isomers, A (symmetric) and E
type (asymmetric), differentiated by the total spin state of the
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Figure 1. Upper panels: velocity-integrated maps of CH30H 51 5—4¢ 4 E (coloured contours) and SiO 2-1 (grey contours and shaded colours) of the NGC 1333
IRAS 4 system. The three protostellar sources in the field are marked by black triangles. Jet directions are indicated by blue and red arrows following Choi
(2005) and Santangelo et al. (2015). The primary beam (~62 arcsec) is shown by the grey dashed circle and the synthesized beam (~1.5 arcsec) is shown in the
lower right-hand corner of the panels. Upper left-hand panel: SiO emission at the systemic velocity channel, with first contours and steps of 30 (¢ = 1 mly
beam~! km s~!). Upper middle panel: CH;OH Emission integrated from 5.8 to 7.8 km s~! around the systemic velocity, with first contours and steps of 3¢
(0 = 15 mJy beam~! km s~!). Upper right-hand panel: CH3OH Blueshifted and redshifted HV emission integrated from —4 to 2.4 (blue) and 9.6 to 16 km s~!
(red) with first contours and steps of 30 (0'pue = 35 and o req = 13 mJy beam ™! km s~1). Lower panels: CH3OH (in black) and SiO (in red) spectra extracted at
the Fingerla position with offset (—12 arcsec, 416 arcsec) marked by a brown cross (see the text). To compare with CH3OH, the SiO spectra are overlapped in
dashed red magnified by a factor of 20. The map integrated ranges are shown as coloured bands on the spectra of SiO (in red) and CH3OH (in black overlapped,
for comparison, with SiO in dashed red magnified by a factor of 5) integrated over the whole outflow in the lower right-hand panels.

hydrogen nuclei in the CH; group (Rabli & Flower 2010). We used
the collisional coefficients of both CH3;OH isomers with para-H,,
computed by Rabli & Flower (2010) between 10 and 200 K for the
first 256 levels and provided by the BASECOL data base (Dubernet
et al. 2013). We assumed the CH3;OH-A/CH;OH-E ratio equal to 1.
A semi-infinite slab geometry was used to compute the line escape
probability as a function of the line optical depth.

We ran a large grid of models (>5000) covering a total methanol
(A plus E type) column density N(CH;0H) from 6 x 10'* to 8 x 10"
cm~2, a gas H, density ny, from 3 x 10° to 6 x 10° cm—3, sampled in

logaritmic scale, and a gas temperature 7 from 20 to 200 K. We then
simultaneously fitted the measured CH3;OH-A and CH3;OH-E line
intensities by comparing them with those predicted by the GrRELvVG
model, leaving N(CH30H), ny,, 7, and the emitting size 6 as free
parameters. Following the observations, we assumed the linewidth
equal to 1.5 km s~! (see Table 1), and we included the flux calibration
uncertainty (15 per cent) to the observed intensities errors.

The best fit in the Fingerla position is obtained for a total column
density N(CH;OH) = 1.8 x 10'® cm™2, gas density ng, =5 x 10°
cm™3, gas temperature 7 = 140 K, and an emitting size of ~1 arcsec

MNRAS 512, 5214-5227 (2022)
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Figure 2. Emission of the fingers detected by NOEMA-SOLIS in the CH3;OH and SiO shown at a large scale. Upper panel: overlap of the NoH' (1-0)
line-of-sight velocity map of the south-eastern part of NGC 1333 from CARMA observations (adapted from fig. 17 of Dhabal et al. 2019) with the SiO emission
from NOEMA-SOLIS observations (this work) shown as 30 contours. The internal grid is in Galactic coordinates. The red stars mark the position of IRAS
4A, 4B, 4C, and SVS13. The synthesized beams (~1.5 arcsec for SiO and ~3.5 arcsec for NoH™) are in the upper left-hand corner. Bottom panel: zoomed-in
map of the IRAS 4A system with SiO (colour scale, 30 = 3 mJy beam™!) and CH;OH (white contours starting at 3o with steps of 150, o = 30 mJy beam™")
emission integrated in a range of ~6 km s~! around the vis; (~6.7 km s~!). The yellow triangles indicate the sources 4A1, 4A2, 4B, and 4B’. The synthesized
beams (~1.5 arcsec) are in the upper right-hand corner, while the primary beam (~61 arcsec) is a dashed white circle. The yellow crosses mark the fingers
positions where we carried out a non-LTE analysis of the methanol lines. Orange lines show the direction of the three fingers (Fingerl, traced by CH3OH and
SiO; Finger2 and Finger3 traced by SiO only) and are parallel to the Galactic plane.
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Table 2. 1o confidence level (range) from the non-LTE LVG analysis of
the CH3OH lines towards the three selected positions in the Fingers (marked
as yellow crosses in Fig. 2).

Species N(X) 7H, Tgas Size
(cm™2) (cm~3) (K) (arcsec)

Fingerla -offset (+12 arcsec, —16 arcsec)

CH;3;0H (8-30) x 101 (5-20) x 10°  80-160  0.6-1.5
Sio? (5-10) x 1013 (5-20) x 80-160*  0.6-1.5"
105b
[CH3O0H]/[SiO] 160-300
Fingerlb — offset (+9.5arcsec, —15arcsec)
CH;3;0H (4-12) x 10 (2-3) x 10> 130-210  1.5-2.5
SioP (2-5) x 103 (2-3) x 10°  130-210  1.5-2.5
[CH3OHJ/[SiO] 200-240
Finger2a — offset (—12arcsec, —11.2arcsec)
CH30H¢ <1.6 x 101 (5-20) x 80210 1-2¢
10°¢
Sio? (4-15) x 103 (5-20) x 802107 1-2b
105[)
[CH3OH]/[SiO] <40

“Assumed the same gas condition (ny,, 7, was» and size) of the Fingerl.
b Assumed the same gas condition (ny2, Tgas, and size) of CH;OH.

with reduced Xl% = 1.3 (see Fig. 3). The values within the lo
confidence level are reported in Table 2. To explore the gas conditions
along the Fingerl, we repeated the analysis described above in
position 1b still finding high gas temperature and density (see
Table 2). The derived emitting sizes represent the best-fitting 2D-
Gaussian FWHM,® and suggest that the fingers may have a clumpy
structure, not resolved by our ~600-au spatial resolution.

To derive the SiO column density in the three positions, we run
GrELVG for a range of N(SiO) from 5 x 10'2 to 1 x 10" cm™
assuming the same gas temperature, density and emitting size as
those found in Fingerla (Table 2). We then best fit the measured
SiO line intensities via comparison with those simulated by creLve
leaving only N(SiO) as a free parameter. The same procedure was
adopted to estimate the upper limit of the CH3;OH column density
in Finger2a. The results of the non-LTE analysis carried out towards
the three positions are summarized in Table 2.

In order to assess the impact of assuming that the gas conditions
derived for CH;0OH are also valid for SiO, we estimated the SiO
column density by combining our NOEMA observations with the
VLA observation by Choi (2005). We performed an LTE analysis
using the SiO 2-1 and SiO 1-0 integrated emission in Finger2a
deriving a SiO column density of (30 £ 7) x 10'2> cm~2, which is
consistent with the SiO column density derived above following our
assumption (see Table 2). In other words, even if the gas conditions
in Fingerl and Finger2 are not exactly the same, the observed
abundance ratio of the two species is consistent, within the error
bars, with what we computed. Additionally, in order to investigate
the non-detection of SiO in Fingerl in the maps of Choi (2005), we

SIn fitting the observations with the LVG theoretical predictions, we con-
sidered three possibilities for the filling factor, depending on the shape of
the emitting region: (i) a 2D circular Gaussian shape, (ii) an infinite finger-
like shape with a resolved transverse size, and (iii) emitting size larger than
the synthesized beam. The best fit by far was obtained with the 2D circular
Gaussian shape.
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Figure 3. Results of the non-LTE analysis of CH3OH at the Fingerla
position (see Table 2) using the GRELVG code. Top panel: x2-column density
N(CH3OH) plot. The dashed blue line represents the 1o confidence level.
Middle panel: density—temperature x2 contour plot. The contour represents
lo confidence level, assuming the best-fitting values of N(CH30H) and 6
(upper right-hand corner). The best-fitting solution is marked by the red
asterisk. Bottom panel: ratio between the observed line intensities (circles for
E type and stars for A type) with those predicted by the best-fitting model as
a function of line upper-level energy Eyp.

computed the predicted intensity ratio of the SiO 2-1 (target of our
NOEMA observations) with respect to the SiO 1-0 (target of the VLA
observations of Choi 2005) using the non-LTE LVG creLve code.
We found that the predicted SiO 2—1/1-0 line ratio varies from 6.5
to 13 in the range of gas density and temperature derived in Fingerl
with our analysis (Table 2). Considering the various uncertainties,
in particular on the column density in Fingerl and Finger2 (which
are assumed to be the same but can be also a factor of ~2 different),
there is no contradiction with the fact that there is no SiO detection
in Finger] with the VLA observations by Choi (2005).

MNRAS 512, 5214-5227 (2022)

€20z Iudy | uo sasn SYND Aq L 6%6059/v | 2S/¥/Z L S/aI01HE/SeIuW/wod dno-olwapese//:sdiy woly papeojumoq


art/stac083_f3.eps

5220 M. De Simone et al.

4.2 Chemical properties

From the computations of the previous subsection, we can estimate
the CH3OH and SiO abundances in Fingerl as follows. In Fingerl,
assuming that the finger depth is equal to the linear diameter of the
methanol emitting region (~0.6—1.5 arcsec equivalent to ~180-450
au: see Table 2) and considering the derived gas density range (~(5-
20) x 10° cm™: see Table 2), we obtained the H, column density
N(H,) range equal to ~(1.4-14) x 10*' cm™2. Using the derived
CH;0H column density range (~8-30 x 10" cm™2: Table 2),
we then estimate a methanol abundance [CH3;OH]/[H;] range of
(0.6-22) x 107°. Likewise, the SiO abundance [SiO]/[H,] range is
estimated to be (0.4-7.4) x 10~3. The SiO abundance is then lower
than that measured in the IRAS4A jets, (3—4) x 1077 by Santangelo
et al. (2015).

From the derivation of the CH3;OH and SiO column densities in
Fingerl and Finger2 of the previous subsection, the [CH3;OH]/[Si0O]
ratio is 160-300 in Fingerl and <40 in Finger2 (see Table 2). There
seems to be a difference in the chemical composition of Fingerl and
Finger2, at least regarding CH;OH and SiO, with Fingerl enriched
in methanol with respect to Finger2.

5 DISCUSSION

5.1 Summary of the fingers properties

In the previous sections, we have shown that the new SOLIS
maps, coupled with older VLA maps, reveal the presence of three
filamentary structures, extended more than about 6000 au in the major
axis (i.e. > 20 arcsec) and unresolved in the minor one, namely <450
au (Fig. 2 and Table 2). These structures, which we named ‘fingers’,
are approximately aligned in the direction of the galactic plane
and to the large-scale magnetic field observed by Planck (Planck
Collaboration XII 2020), but approximately perpendicular to the
local magnetic field (e.g. Doi et al. 2020, see their fig. 4) and the
SE filament where IRAS 4A lies. The three fingers are regularly
spaced by about ~3000 au (i.e. ~10 arcsec). Finally, they are almost
perpendicular (certainly not parallel) to the outflows emanating from
IRAS 4A1 and 4A2, even though they seem connected with them
in some way: Fingerl starts midway at the edge of the south lobe
of the 4A1 outflow and extends east of it, Finger2 starts midway at
the edge of the south lobe of the 4A2 outflow and extends west of
it, and Finger3 starts at the visible south end of the 4A2 outflow and
extends west of it.

Using the detected multiple methanol lines, we carried out a non-
LTE analysis that provided stringent constraints to the temperature
and density of the gas in Fingerl (Section 4.1; Table 2). The
derived temperature, 80-160 K, is definitively larger than that
in the surrounding envelope gas, estimated to be smaller than
~12 K (Jgrgensen, Schoier & van Dishoeck 2002; Maret et al.
2005). In other words, Fingerl is too far away from the IRAS
4A for its gas to be heated by the protostar radiation, so that a
non-thermal process must be responsible for the observed large
temperature.

In the same vein, the measured SiO enhanced abundance (4—
7.4) x 107% (Section 4.2) points to a non-thermal process capable
of extracting silicon from the grains (see Introduction and Sec-
tion 5.3). Likewise, methanol in Fingerl, with an abundance of
(0.6-22) x 107, suggests a similar non-thermal process capable
to extract it from the grain mantles.

There are not many possible non-thermal processes capable to
create the observed linear and almost periodic structures with
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enhanced gas temperature and capable to increase the SiO and
methanol abundances. To our best knowledge, only two processes
could a priori reproduce the observed properties of the fingers in
NGC 1333 IRAS 4A: hydrodynamical Kelvin—Helmholtz instability
(KHI) and shocks. In the following, we will discuss in detail these two
possibilities.

5.2 Do the IRAS 4A fingers trace Kelvin-Helmholtz
Instabilities?

Hydrodynamical instabilities (HDI) are known to play a major role
in shaping the morphology of the ISM, in particular in modifying
the superficial structure of molecular clouds via Rayleigh—Taylor
instabilities, Kelvin—Helmholtz instabilities (KHIs) , and self-gravity
instabilities. All these processes can generate long and narrow
streams of material (Hunter, Whitaker & Lovelace 1997; Coughlin &
Nixon 2020). Among them, the KHI occurs at the interface of
two fluids of different densities in relative shear motion and it is
characterized by a wave-like periodic structure. Such instabilities
have been invoked to explain the periodic filamentary structures
observed in Orion (Berné et al. 2010; Berné & Matsumoto 2012)
and Taurus (Heyer et al. 2016). Following the approach by Berné
et al. (2010), we explored if the development of a KHI is possible
and in what conditions, and if it can reproduce the gas properties
of the IRAS 4A fingers, assuming that the insulating layer (i.e. the
interface between the two fluids) is infinitely thin.

5.2.1 Method

First, the maximum spatial wavelength Agy of the KHI is connected
to the physical conditions in which the instability occurs. Specifically,
the value of Axy depends on the acceleration due to self-gravity g
and on the density n. of the first cloud, and the relative velocity
ve and density n¢ of the second cloud, which we will call ‘flowing
cloud’, as follows:

A = 22 )

8cl Nl

where we used g = m Gu my Ny and which gives 1 x 107'm
s~2 assuming Ny equal to 1.2 x 10*' cm™2 (from our analysis; see
Section 4.2). On the other hand, the growth rate wgy for a KHI
depends on the velocity v¢ and density ny of the flowing cloud as
follows:

wlz(H 3 kzv%nfncl

=—t=< 2

(ns +ng)”’ @)
where k is the spatial wavenumber. If the KHI is responsible for the
IRAS 4A fingers, their spatial separation sets a lower limit to Axy
equal to ~0.02 pc at the distance of NGC 1333 (and assuming a
face-on orientation). Likewise, the widths of the lines that trace the
fingers set an upper limit to wgy of about 8 x 10° yr~'.

Secondly, we estimated how the temperature and density of the
cloud would change in the region of KHI growth. As the first
assumption, we considered the two interacting fluids in hydrostatic
equilibrium so that the pressure of the flow and the cloud before the
interaction is the same (Py, = P, ). This is a standard assumption
since the fluids previously were not mixed. When the instability starts
to grow, the thermal pressure and the ram pressure of the flow interact
with the instability so that

P = Pa, + pmuns(ve cos 0)* (3)
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where 6 is the angle between the flow and the instability. Assuming
that the vertical amplitude is unlikely to be larger than A, the angle
between the instability interface and the flow is at most 6 = 45°,
and considering the ideal equation of state (P = nkgT, where kg is
the Boltzmann’s constant), we can rewrite equation (3) to link the
density and temperature before (n, and T,) and after (n, and T¢;)
the KHI emergence, respectively, as follows:

>
nala — munevy

= +1, “)
neyTa,  2nea,ksTa,
We considered two cases: (i) the interaction occurs in the cloud,
where the gas density is 10* cm™ and the temperature is 20 K (i.e.
the same assumptions of Berné et al. 2010); (ii) the interaction takes
place inside the IRAS 4A envelope, at >3000 au from the centre
(where the first finger is located in the 2D projection), where the gas
temperature and density are estimated to be <12 K and < 10° cm ™3
(Jgrgensen et al. 2002; Maret et al. 2005).

5.2.2 Results

Fig. 4 shows the results of our calculations. Specifically, it displays
the evolution of the KHI wavelength (equation 1) and the density—
temperature ratio before and after the KHI (equation 4), using a grid
of possible values for the velocity and density of the flowing cloud
(v from 1 to 10> km s~'and n; from 0.1 to 10* cm™), and for the
two cases described above (KHI occurring in the cloud or IRAS 4A
envelope). Whatever are the conditions of the flowing gas, Fig. 4
demonstrates that KHI cannot explain at the same time the observed
fingers separation and the observed local increase of density and
temperature in the cloud.

Finally, in addition to the difficulty to reproduce the observed
fingers separation and enhanced gas density and temperature, KHI
can not explain the presence of CH3;OH and SiO in the gas. Since
no sputtering or shattering are expected to play a major role in KHI,
the only way for them to release CH3;OH and SiO from the grains is
via thermal evaporation of their volatile mantles. However, although
the gas cools down slowly via line emission, the dust would cool
down very rapidly and probably would never reach the temperature
necessary for the grain mantle to sublimate.

In summary, KHI does not seem able to explain the observed
properties of the IRAS 4A fingers.

5.3 Do the IRAS 4A fingers trace a train of shocks?

Shocks are omnipresent in the ISM, at various scales and in various
objects, playing a major role in its thermal and physical structure.
In particular, for decades young forming stars are known to be the
source of energetic ejections of material which causes shocks when
they encounter the quiescent surrounding matter (e.g. Lada 1985).
In these shocks, the gas and density temperature, as well as both
SiO and methanol abundances are enhanced (e.g. Bachiller et al.
1998, 2001; Arce et al. 2008; Codella et al. 2012; Lefloch et al.
2017; Codella et al. 2020). The quantitative details depend on the
type of shock, jump (J) or continuous (C), when it is in presence
of a magnetic field, the pre-shocked gas properties and velocity of
the shock (e.g. Hollenbach & McKee 1979; Draine & McKee 1993).
In the following, we discuss whether the observed properties of the
fingers can be accounted for by shocks.
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5.3.1 The shock hypothesis

The analysis of the relative abundances of CH;OH and SiO shows a
clear difference in the chemical composition of Fingerl and Finger2,
with Fingerl enriched in methanol with respect to Finger2 by more
than a factor of 4. As mentioned in the Introduction, methanol
cannot be produced by gas-phase reactions in the measured quantity
(Geppert et al. 2006), while it is easily formed on the grain mantle
surfaces by the hydrogenation of frozen CO (e.g. Tielens & Hagen
1982; Watanabe & Kouchi 2002; Rimola et al. 2014) during the
prestellar cold phase (e.g. Caselli & Ceccarelli 2012). Therefore,
the gaseous methanol observed in Finger]l must have been extracted
from the grain mantles and injected into the gas phase. A similar
argument applies to the observed gaseous SiO. The abundance of
Si is extremely low in molecular clouds (<107'2; Ziurys, Snell &
Dickman 1989; Requena-Torres et al. 2007) because it is trapped in
the refractory and, to a lesser extent, in the volatile components of
interstellar grains (Jenkins 2009), but it becomes very abundant in
the gas where it is extracted from the grains, such as in shocks. In
summary, the gaseous SiO and CH3;OH observed towards the three
fingers must originate by their injection from the interstellar grains.
This implies two possible explanations of the observed different
[CH3OHJ/[SiO] abundance ratio: Either (1) the two species are
injected from the grains with a different abundance ratio in the
different fingers or (2) they are injected from the grains with the
same abundance ratio but the latter changes in time because of
chemical processes occurring in the gas phase. In the following,
we investigate whether the relative and absolute abundances can
be reproduced by shocks with properties appropriate for the IRAS
4A fingers (the details of these properties will be described in the
following discussion).

5.3.2 Chemical modelling of the measured [CH;OH]/[SiO]
abundance ratio: time constraints on the shock passage

To quantify the SiO and methanol abundance evolution after their
injection into the gas phase and whether it could explain the measured
[CH3OH]/[SiO] ratio, we ran an astrochemical model and compared
the predictions with the observations in the three fingers. To this end,
we used the time-dependent gas-phase code MYNAHOON, which is a
modified version of the publicly available code NAHOON’ (Wakelam
et al. 2012), in which we added the accretion of gaseous species
into the grain mantles (but no chemistry is computed on the grain
surfaces). To describe the injection of SiO and CH3OH in the gas
phase, we adopted a two-step procedure, as follows (see also Codella
et al. 2017; Codella et al. 2020; De Simone et al. 2020):

Step 1: We first compute the chemical composition of the gas
during the phase preceding the ejection phenomenon. For this, we
assumed the steady-state composition of a molecular cloud at 10 K
with a H, density of 2 x 10* cm™3, cosmic ray ionization rate of
3 x 107" 57!, visual extinction of 20 mag, and initial elemental
abundances as those adopted by Agundez & Wakelam (2013, their
table 3).

Step 2: We increase the gas temperature, density, and gaseous
abundance of the major components of the grain mantle to simulate
their injection into the gas-phase due to the passage of the shock,

7http://kida.astrophy.u-bordeaux.fr/codes.html.
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Figure 4. Top panel: evolution of the Kelvin—-Helmholtz wavelength for the observed molecular cloud as a function of density (nr) and velocity of the flowing
gas (vr). The white continuous lines represent the observational constraints that set the zone (shadowed white) of physically acceptable values for nf and vy that
allow a Kelvin—Helmholtz instability (KHI) to exist. The condition assumed for the cloud before the interaction are reported in the upper right-hand corner.
Bottom panel: ratio of the density temperature product before and after the KH instability as a function of density (nf) and velocity of the flowing gas (vf). The
shadowed white zone represents the observed ratio. The conditions assumed for the cloud before the interaction are given in the lower left-hand corner.

while the other species abundance results from Step 1. The gas
temperature and H, density are those found by the non-LTE LVG
modelling in the Fingerla (Table 2). The abundances of the species
injected into the gas phase are assumed to be those measured by IR
observations of the interstellar dust ices in similar regions (Boogert,
Gerakines & Whittet 2015): 2 x 10~* for H,O; 3 x 107> for CO»,
CO and CHy; 2 x 107 for CH;0H and NH3, where the abundances
are with respect to the H-nuclei. The SiO abundance is assumed to
be 200 times smaller than CH;OH, namely 1 x 1077,

Results: The evolution of the SiO and CH3;OH abundances and
their ratio are shown in Fig. 5. Using the best fit of the non-LTE
analysis (Section 4.1 and Table 2), namely ~140 K and ~5 x 103
cm™3, once methanol is ejected into the gas phase, its abundance
decreases by a factor of 10 after 4000 yr mainly due to the reaction
with OH (Shannon et al. 2013), while SiO remains in the gas phase
longer (decreasing by a factor of 10 in abundance around 7000 yr
because of the freeze-out into the grains). This basic result holds
also for relatively different abundances of SiO and CH3;OH, with
a 10 times abundance decrease of methanol in 2000 yr or more
and of SiO in 3000 yr or more. More important in the context of
understanding what happened, for their normalized ratio being as
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that observed in Fingerl and Finger2 the difference in age of the two
shocks should be larger than about 5000 yr (Fig. 5, top panel). In
other words, if the same relative quantity of CH3;OH and SiO has
been injected into the gas phase by the passage of two shocks, at
Fingerl and Finger2, respectively, the shock in Fingerl is younger
more than 5000 yr compared to that in Finger2. However, if the
relative initial abundance ratio is different by a factor of 2, then the
the time between two shocks can be different, namely 2000 yr if
Finger2 has an initial abundance ratio higher than Fingerl and 10*
yr in the opposite case.

5.3.3 Shock modelling of the SiO injection: constraints on the
shock velocity

Since more than two decades, models have predicted that the SiO
abundance is highly enhanced in HV (>25 km s~!) shocks, where the
grains are shattered and/or sputtered and silicon is liberated into the
gas-phase where it undergoes reactions leading to the SiO formation
(e.g. Draine, Roberge & Dalgarno 1983; Flower & Pineau des Forets
1994; Caselli et al. 1997; Schilke et al. 1997). In lower velocity
shocks, Si or SiO previously frozen on to the grain mantles are
predicted to be injected into the gas-phase by the sputtering of the
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Figure 5. Predicted chemical evolution of methanol (red lines) and SiO
(green lines) once injected into the gas phase by the passage of a shock.
The solid lines show the predictions using the non-LTE best fit (Section 4.1),
namely ~140 K and ~5 x 10° cm~3. The shadowed area represents the range
of predictions obtained using the limits on the gas density and temperature
derived by the non-LTE analysis and listed in Table 2. Bottom panel:
abundances normalized to 1 as a function of time. Top panel: normalized
[CH3OH]/[SiO] abundance ratio as a function of time. The horizontal band
represents the range of normalized abundance ratio observed in Finger2 with
respect to that observed in Finger1.

mantles because of the ion-neutral drift velocity (Jiménez-Serra et al.
2008; Gusdorf et al. 2008b; Lesaffre et al. 2013; Nguyen-Luong
et al. 2013). Relevant for the case of the Fingers, the above models
predict that shocks with velocities lower than about 10 km s~! are
not strong enough to liberate Si or SiO from the frozen mantles (see
e.g. Nguyen-Luong et al. 2013).

None the less, it is worth emphasizing that these conclusions
critically depend on the assumed frozen-SiO sputtering threshold
energy, a parameter that is poorly constrained and enters as an
exponential factor in the equations (e.g. Barlow 1978; Flower &
Pineau des Forets 1994). For example, Nguyen-Luong et al. (2013)
used the Paris-Durham shock code® where the SiO sputtering
threshold energy is 1900 K (in the original version of the code,
it was instead assumed to be 2500 K: Barlow 1978; Flower & Pineau
des Forets 1994). We ran the Paris—Durham shock code to simulate
the conditions found in the Fingers, described above. If the SiO
sputtering threshold energy is 1200 K instead of 1900 K, SiO is
predicted to be injected from the mantles into the gas phase already
at 7 km s~ with a predicted SiO column density consistent with
what we observe in the Fingers.

However, it is important to emphasize that the above constraints
have to be taken with a grain of salt and not at face value. Therefore,
giving the large uncertainty linked to the SiO sputtering threshold,
which enters in an exponential term in the equations, one may
speculate that shocks with velocities larger than about 7 km s™!
can reproduce the observations.

8The Paris—Durham shock code is publicly available at https://ism.obspm.fr
/shock.html.
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5.3.4 Shock velocity and inclination angle

Using the time between Fingerl and Finger2 shock passage derived
in Section 5.3.2, we can provide an approximation of the shock
velocity:

Sl 1

v= — )

sin(@) time’

where s is the projected separation among the fingers and it is about
3000 au, and 6 is the angle of the shock propagation with respect to
the line of sight.

The lower limit to the shock velocity so to be able to release
enough SiO into the gas-phase, reported in Section 5.3.3, provides
an upper limit to the inclination angle, which depends on the shock
passage time. Taking v > 10 km s™! gives 6 < 15°, 25°, and 45°
for 10*, 5000, and 2000 yr, respectively. In the case of lower SiO
sputtering threshold, v > 7 km s~! corresponds to 6 < 15°, 25°, and
90° for 10*, 5000, and 2000 yr, respectively. Note that, if the time
is 2000 yr, no solutions exist for a velocity lower than 7 km s~!, for
any 6.

5.4 TRAS 4A fingers: the signature of the clash of an expanding
bubble

As briefly mentioned in the Introduction, at a large scale, the NGC
1333 region is constituted by several filaments, of which the south-
east (SE) one runs parallel to our Fingers (Dhabal et al. 2019). This
SE filament is characterized by two substructures running parallel to
each other with two distinct systemic velocities, +7.5 and +8.2 km
s~!, respectively, with the western one blueshifted with respect to
the eastern (Dhabal et al. 2018). The gas in the arch-like structure
west of the SE filament has approximately the same velocity as the
western substructure of the SE filament, namely +6.5 km s~'. This
arch-like structure traces the borders of a large cavity (see Fig. 2), to
the north and west of which lie the protostellar systems of IRAS2,
SVS13, and IRAS4 and to the south the SK1 system. Dhabal et al.
(2019) suggested that this region represents the gas compressed by a
‘turbulent cell’ moving from the south and clashing against the NGC
1333 cloud. Always according to Dhabal et al. (2019), this clash
could have formed the SE filament and triggered the formation of
the IRAS2, SVS13, and IRAS4 protostars.

The new detection of the train of shocks in the IRAS 4A region
allows us to put some constraints to this hypothesis.

First, the presence of a train of three shocks in IRAS 4A suggests
that the turbulent cell is the result of an expanding bubble, which
caused three different shock events, as schematically shown in Fig. 6.
If the proposed bubble, coming from the south-west and moving
towards the IRAS 4A main cloud from behind, continuously expands,
it can create a series of shocks as the ones described in Sections 5.1
and 5.3.

Following the discussion done in Section 5.3 to explain the
observed SiO column density, we propose that the expanding velocity
of the bubble has to be at least 7 km s~".

Incidentally, this would not be the first case reported in the
literature of a train of shocks caused by the clashing of an expanding
bubble into a quiescent dense molecular cloud. It has been observed,
for example, in at least two other cases, both associated with SNRs.
Dumas et al. (2014) detected two parallel filamentary structures in
SiO towards a cloud next to the SRN W51C and attributed them to
the passage of the SNR primary shock. Similarly, Cosentino et al.
(2019) reported the presence of two parallel shocks, probed by SiO,
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Figure 6. Cartoon model of the IRAS 4A region, illustrating the outflowing
system inside the envelope and the proposed expanding bubble. The size of
the bubble increases with time, and each circle in the figure represents the
bubble at subsequent times: The largest circle represents the last expansion
that caused the shock at the origin of Fingerl. In the cartoon, the bubble is
farther from us in the line of sight than the IRAS 4A main cloud and it is
moving towards it. The three orange regions represent the collision zones, in
which the observed three fingers are formed.

towards SNR W44, caused by the interaction of the expanding SNR
bubble into the infrared dark cloud G034.77-00.55.

On the contrary, the origin of the expanding bubble clashing
towards NGC 1333 is not obvious. As Dhabal et al. (2019) already
pointed out, there are no known nearby ionizing stars, SNRs, or H1I
regions that could be responsible for it. Using CO isotopologues,
Arceetal. (2011) presented a complete mapping of shells and bubbles
in the Perseus molecular cloud. Among them, south-west of IRAS
4A, there is the so-called CPS 2 shell with ~6 arcmin of radius
and whose origin is unknown. However, CPS2 is located 24 arcmin
away from the IRAS 4A fingers, so it does not seem to be a good
candidate. On the other hand, our Galaxy is populated with very large
(tens of degrees) loops, arcs, spurs, and filaments visible at different
wavelengths (e.g. X-rays, microwaves, synchrotron emission). The
most famous are the so-called Loop I, II, III, and IV, probably old
(~10°-10° yr) nearby SN remnants (Berkhuijsen, Haslam & Salter
1971; Vidal et al. 2015; Dickinson 2018). The NGC 1333 molecular
complex lies at the edge of Loop II (called also Cetus arc; Large,
Quigley & Haslam 1962), an expanding bubble of ~90° of diameter
and centred at galactic longitude —100° and latitude 30°. Hence,
Loop II could be a possible candidate for the proposed expanding
bubble.

5.5 Traces of other clashes in NGC 1333

Previous single-dish observations have shown the presence of ex-
tended SiO emission, with a narrow (FWHM < 1.5 km s~!) line profile
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at ambient velocity, in the region encompassing SVS13 and IRAS 4A
(Lefloch et al. 1998; Codella, Bachiller & Reipurth 1999). The origin
of this emission was debated but no clear consensus was reached. For
example, the hypothesis of fossil shocks connected with the outflows
from the protostars was evoked, although no definite answer was
found. The three fingers discovered by SOLIS can help to elucidate
the origin of this large-scale SiO narrow emission.

Fig. 7 shows the overlap of the line-of-sight NoH™ line-of-sight
velocity map by Dhabal et al. (2019) of the southern NGC 1333
filaments with the large-scale SiO narrow emission by Lefloch et al.
(1998) and the three fingers discovered by SOLIS in this work. The
large-scale SiO narrow emission extends from south-east of SVS13A
to south-west of IRAS 4A, and it seems to be composed of two parts,
or lobes, that have different orientations. In the northern lobe, the
SiO emission is elongated in the direction north-east—south-west
while, in the southern lobe, the emission runs in the direction north-
west—south-east. The SOLIS fingers lie at the northern limit of the
southern lobe and they are pretty much parallel to the observed large-
scale SiO emission. As discussed in Section 5.4, we propose that
the SOLIS fingers are due to shocks caused by the interaction of an
expanding bubble coming from south-west behind the NGC 1333
SE filament, where IRAS 4A lies. It is tempting to hypothesize that
the southern lobe of the SiO emission observed by Lefloch et al. (
1998) is an ensemble of small-scale shocks, like the ones traced by
the SOLIS fingers, caused by older bubble expansion events. Our
prediction, therefore, is that the SiO emission of the southern lobe
will break-up in multiple parallel small-scale shocks if observed
with interferometers like NOEMA. If this is true, the frequency and
chemical composition of these hypothetical shocks may add stringent
constraints on the phenomenon and expansion velocity of the bubble
clashing against NGC 1333 from the south-west.

A similar possibility could apply to the northern SiO lobe: it could
be an ensemble of multiple parallel small-scale shocks unresolved by
the single-dish observations of Lefloch et al. (1998) and Codella et al.
(1999). However, in this case, since the SiO emission orientation
is almost perpendicular to that of the southern lobe, the shocks
would be caused by another bubble clashing from the north-west
and expanding towards the region encompassing SVS13-A from
the front (being that region redshifted in the NoH* velocity map).
We searched for SiO and methanol fingers around SVS13-A using
the SOLIS observations towards this source, but we could not find
any. Interestingly, however, the region encompassed by the SOLIS
observations, in this case, lies in an area where Lefloch et al. (1998)
and Codella et al. (1999) did not detect the SiO narrow emission,
slightly north to where it appears.

Finally, the comparison of the large-scale SiO narrow emission
map and the local magnetic field (figs 4 and 6 in Doi et al. 2020)
presents an intriguing feature (see Fig. 7). The change in orientation
observed in the two SiO lobes seems to be correlated with a change
in the orientation of the magnetic field. Specifically, in both cases,
the magnetic field is almost parallel to the direction of the shocks,
and almost perpendicular to the fingers/filamentary emission.

6 CONCLUSIONS

We report CH;0H and SiO IRAM-NOEMA high spatial resolution
(~1.5 arcsec; ~450 au) observations in the direction of NGC 1333
IRAS 4A, obtained in the context of the Large Program SOLIS.
The observations reveal the presence of three elongated filamen-
tary structures traced by SiO and CH3OH ~10 arcsec (~3000 au)
south from the protostar centre. They are characterized by narrow
(FWHM ~ 1.5 km s7!) lines peaked at the systemic velocity of
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Figure 7. Large-scale view of the NGC 1333 filament. Overlap of the NyH™ line-of-sight velocity map by Dhabal et al. (2019) in colour with the IRAM-30-m
SiO large-scale ambient component emission by Lefloch et al. (1998) in magenta contours and the IRAS 4A fingers detected in SiO with the SOLIS/NOEMA
observations of this work in black contours. The purple dashed lines represent the local magnetic field direction from Doi et al. (2020). The red stars mark the
SVS13, IRAS 4A, and IRAS 4B protostars. The solid blue and red lines represent the interaction of the expanding bubbles: The red one is expanding from the
north-west direction towards the SVS13 cloud from the front, and the blue one is expanding from the south-west direction towards the IRAS 4A cloud from

behind.

the cloud. These structures, which we called fingers, are parallel to
each other, extended for more than about 6000 au, approximately
equispaced by about 3000 au, and almost perpendicular to the two
outflows arising from IRAS 4A and the SE filament where IRAS 4A
lies.

The non-LTE analysis of the methanol lines in the northern finger
indicates that the gas has a high density ((5-20) x 10° cm™*) and
high temperature (80—160 K), much larger than that expected if the
gas was heated by the central protostar. The three detected fingers are
chemically different, with the northern one traced by both SiO and
CH3O0H and the southern two only by SiO. The CH30H over SiO
abundance ratio is 160-300 in the northern finger, while it is <40 in
the southern one. Both the measured temperature and enhanced SiO
and CH3;OH abundances point to a non-thermal process responsible
for them.

Given their quasi-periodicity and morphology, we considered the
possibility that the fingers trace a KHI occurring at the interface of the
NGC 1333 IRAS4 region and a less dense cloud sliding from south
to north. However, this hypothesis cannot reproduce the observed
properties of the fingers.

We then considered the possibility that the three fingers represent a
train of three shocks. This hypothesis agrees with the observed phys-
ical and chemical properties of the fingers, and provides constraints
on when the shocks occurred, with an interval of at least 5000 yr
between the youngest northern finger and the next southern one.

Previous studies had already shown that the NGC 1333 is a region
heavily shaped by the dynamical interaction of internal outflows and

external bubbles with the quiescent molecular cloud. In particular,
previous large-scale maps of gas distribution and velocities in the
IRAS 4A region already suggested the presence of a ‘turbulent cell’
pushing towards the NGC 1333 IRAS4 from behind and coming
from the south. The newly detected fingers provide support to this
hypothesis, considering that the turbulent cell is the result of an
expanding bubble, which caused three different shock events, with
an expanding velocity of at least 7 km s~

Finally, we suggest that the widespread narrow SiO emission
observed towards the NGC 1333 IRAS 4 and SVS 13 region with
single-dish observations in the late 1990s is due to unresolved trains
of shocks like the SOLIS fingers. These shocks would be the signature
of the interaction of the bubble giving rise to the IRAS 4A fingers in
the south and of another bubble pushing from the north towards SVS
13. We predict, therefore, that large-scale high-spatial resolution
mosaics of SiO and other shock-related species can help to fully
reconstruct the dynamical history of NGC 1333 and, consequently,
provide precious constraints to the relevant theories and models.
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