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ABSTRACT

Context. The interstellar complex organic molecules (iCOMs) are C-bearing molecules containing at least six atoms; two main pro-
posals for their formation are suggested: a direct formation in the icy mantle of the dust grains and formation through the reaction in
gas phase of released grain mantle species. The shocked gas along outflows driven by low-mass protostars is a unique environment to
study how the iCOMs can be formed as the composition of the dust mantles is sputtered into the gas phase.

Aims. The chemical richness in shocked material associated with low-mass protostellar outflows has been so far studied in the proto-
typical L1157 blue-shifted outflow to investigate the iCOM formation routes. To understand whether the case of L1157-B1 is unique,
we imaged and studied the IRAS 4A outflows in the NGC 1333 star forming region.

Methods. We used the NOrthern Extended Millimeter Array interferometer as part of the IRAM Seeds Of Life in Space (SOLIS)
Large Program to image the large-scale bipolar outflows driven by the IRAS 4A system in the 3 mm band, and we compared the
observation with the GRAINOBLE+ astrochemical model.

Results. We report the first detection, in the IRAS 4A outflows, of several iCOMs: six lines of methanol (CH;OH), eight of acetalde-
hyde (CH3CHO), one of formamide (NH,CHO), and four of dimethyl ether (CH;OCH3;), all sampling upper excitation energy up to
~30 K. We found a significant chemical differentiation between the southeast outflow driven by the IRAS 4A1 protostar, showing a
richer molecular content, and the north—southwest one driven by the IRAS 4A2 hot corino. The CH;OH/CH;CHO abundance ratio is
lower by a factor of ~4 in the former; furthermore, the ratio in the IRAS 4A outflows is lower by a factor of ~10 with respect to the
values found in different hot corinos.

Conclusions. After L1157-B1, the IRAS 4A outflow is now the second outflow to show an evident chemical complexity. Given that
CH;OH is a grain surface species, the astrochemical gas-phase model run with GRAINOBLE+ reproduced our observation assuming
that acetaldehyde is formed mainly through the gas-phase reaction of the ethyl radical (CH3;CH,) and atomic oxygen. Furthermore, the
chemical differentiation between the two outflows suggests that the IRAS 4AT1 outflow is likely younger than that of the IRAS 4A2.
Further investigation is needed to constrain the age of the outflow. In addition, observation of even younger shocks are necessary. In
order to provide strong constraints on the CH;CHO formation mechanisms it would be interesting to observe CH;CH,, but given that

its frequencies are not known, future spectroscopic studies on this species are needed.

Key words. astrochemistry — instrumentation: interferometers — stars: formation — ISM: jets and outflows — ISM: molecules —

ISM: individual objects: NGC 1333 IRAS 4A

1. Introduction

Since the discovery of interstellar complex organic molecules
(iCOMs', molecules containing carbon and at least six atoms:
Herbst & van Dishoeck 2009; Ceccarelli et al. 2017) in solar-
type protostars (Cazaux et al. 2003), the question whether they
had a role in the appearance of life on Earth (and elsewhere
in the Universe) has been raised. Although they are extremely

* The reduced images are only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/640/A75
I 'We added “i” to the commonly used COMs acronym in order to be
clear that these molecules are only complex in the interstellar context,
contrary to what chemists consider complex in the terrestrial context.

small molecules compared to biotic molecules, iCOMs may have
provided the bricks to build them. The presence of amino acids in
meteorites and comets has certainly revived this possibility (e.g.,
Pizzarello et al. 2006; Elsila et al. 2009; Altwegg et al. 2016).

In addition to their possible role in the emergence of life,
iCOMs represent a challenge for astrochemistry as their synthe-
sis is all but obvious. Nowadays, two main paradigms are invoked
(see, e.g., Herbst 2017) that argue that iCOMs are either synthe-
sized on the grain surfaces (e.g., Garrod & Herbst 2006; Garrod
2008) or in the gas phase (e.g., Millar et al. 1991; Balucani et al.
2015; Skouteris et al. 2018). As a starting point, both pathways
have the formation of simple hydrogenated molecules on dust
grain mantles during the pre-stellar phase. Constraining which
of the two ways to synthesize iCOMs is more efficient and where
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the iCOMs form is not a simple task. Many methods have been
used, from the comparison of the iCOM measured abundances
in hot cores and hot corinos with model predictions to their
measured deuterium fractionation (Turner 1990; Ceccarelli et al.
1998; Coutens et al. 2016; Skouteris et al. 2017; Jgrgensen et al.
2018).

One method that turned out to be very efficient is to compare
observations toward low-mass outflow shocks with model pre-
dictions (Codella et al. 2017). The advantage of this method is
that the outflow shocks provide the time dependence as an addi-
tional constraint. Once the iCOM emission has been localized
in a precise region (thanks to high spatial resolution observa-
tions), it is possible to identify in that region a shock event that
corresponds naturally to a precise kinematical age (e.g., Gueth
et al. 1996; Podio et al. 2016). After the passage of the shock,
the chemistry in the shocked region evolves with time. There-
fore, the comparison of observed iCOM abundances with model
predictions provides strong constraints on the formation routes
because it is possible to make the comparison at the precise
kinematical shock age. This method was successfully applied
in the L1157-B1 outflow shock to constrain the formation route
of formamide. Thanks to interferometric high spatial resolution
observations, Codella et al. (2017) found a difference in the spa-
tial distribution between acetaldehyde and formamide emission,
and consequently they were able to constrain the formamide
formation as being due to gas-phase reactions. We note that
these conclusions apply to L1157-B1 only. Given its power, it
is important to apply the same method to other iCOMs and other
protostellar shocks.

Unfortunately, there are very few observations of iCOMs in
low-mass protostellar shocks. To our knowledge, iCOMs other
than methanol have been detected only toward a handful of
objects: several iCOMs toward L1157-B1 (Arce et al. 2008;
Lefloch et al. 2017), formamide toward L1157-B2 (Mendoza
et al. 2014), acetaldehyde toward IRAS 2A and IRAS 4A
(Holdship et al. 2019), and acetaldehyde and dimethyl ether
toward SMM4-W (Oberg et al. 2011). However, it is worth noting
that all these works refer to single-dish observations at relatively
low spatial angular resolution and are, by definition, unable to
disentangle the different spatial distribution of iCOMs caused by
the age of the shocks, so that the method described above cannot
be used.

In this work, we present new high spatial observations toward
the two outflows from IRAS 4A. This source is one of the
targets of the Seeds Of Life In Space (SOLIS) Large Pro-
gram (Ceccarelli et al. 2017) at the IRAM/NOrthern Extended
Millimeter Array (NOEMA) interferometer, whose goal is
to investigate iCOM chemistry during the earliest formation
phases of solar-type stellar systems. The observations targeted
three iCOMs in addition to methanol (CH3;OH): acetalde-
hyde (CH3CHO), dimethyl ether (CH3;0OCHj3), and formamide
(NH,CHO). All these iCOMs were detected in our data set.
The detection of different iCOMs in the outflowing gas of
IRAS 4A with high spatial resolution observations allows us to
apply the method of model-observations comparison described
above.

The article is organized as follows: we first give the IRAS
4A source background in Sect. 2, then present the observations
in Sect. 3, and the results in Sect. 4; we derive the abun-
dance ratios of the detected iCOMs in different positions of
the IRAS 4A outflows in Sect. 5, and the model predictions to
interpret them in Sect. 6; in Sect. 7 we discuss what our new
observations imply, and finally in Sect. § we summarize our
work.
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2. IRAS 4A: source background

IRAS 4A is part of the multiple system IRAS 4, located at a
distance of 299 + 15 pc in the NGC 1333 region of the Perseus
complex (Zucker et al. 2018). The system IRAS 4A is consti-
tuted of four objects: 4A, 4B, 4B’, and 4C (Lay et al. 1995;
Looney et al. 2000; Smith et al. 2000; Di Francesco et al. 2001;
Choi 2001). IRAS 4A is itself a binary system with two Class
0 objects, 4A1 and 4A2, separated by 178 (~540 au; Looney
et al. 2000; Santangelo et al. 2015; Lopez-Sepulcre et al. 2017,
Maury et al. 2019). At the millimeter wavelengths, 4A1 is three
times brighter than 4A2. However, their respective luminosity
is unknown since they are not resolved in the submillimeter to
IR wavelengths where the luminosity peak lies. The bolometric
luminosity of the whole IRAS 4A system is 9.1 Ly (Kristensen
et al. 2012; Karska et al. 2013).

IRAS 4A is the second hot corino ever discovered (Bottinelli
et al. 2004), after IRAS 16293-2422 (Cazaux et al. 2003). Inter-
ferometric IRAM/PdBI (Plateau de Bure Interferometer, now
evolved into NOEMA) observations later suggested that iCOM
emission originates from 4A2 rather than 4A1 (Taquet et al.
2015; De Simone et al. 2017). More recently, Lopez-Sepulcre
et al. (2017) obtained high-resolution (~0”5) ALMA images of
IRAS 4A, and confirmed the huge contrast between 4A1 and
4A2: while 4A2 shows hot corino activity with enriched iCOM
emission, no sign of iCOMs is detected in 4A1. Lépez-Sepulcre
et al. (2017) suggest that either 4A1 does not host a hot corino or,
alternatively, the hot corino size is less than ~15 au (after scaling
to 299 pc the distance adopted by Lépez-Sepulcre et al. 2017),
namely six times smaller than the 4A2 corino. However, thanks
to recent observations at centimeter wavelengths performed with
the Jansky Very Large Array (VLA), De Simone et al. (2020)
have detected, for the first time, a clearly disentangled methanol
emission toward both 4A1 and 4A2 revealing the 4A1 hot corino
region that was obscured by the dust at millimeter wavelengths.

As for many Class O protostars, IRAS 4A is associated
with a spectacular large-scale (a few arcminutes) bipolar out-
flow observed with several tracers, such as CO, SiO, SO, HCN
(Blake et al. 1995; Lefloch et al. 1998; Choi 2005; Choi et al.
2011). Choi (2005) clearly traced the high-velocity component
with SiO emission using VLA observations at 2" spatial reso-
lution. From their map it is possible to distinguish two different
blue-shifted lobes toward the south and only one northern red-
shifted lobe with a peculiar bending toward the northeast at 20"
from the protostars. Using IRAM/PdBI high spatial resolution
observations (<1””), Santangelo et al. (2015) mapped the out-
flows at lower scale (~30”) with respect to the SiO map from
Choi (2005). They traced different velocity components (from
~10to ~60kms 1) using CO, Si0, and SO as tracers. With their
study Santangelo et al. (2015) were able to clearly disentangle
the two southern lobes, revealing a fast collimated jet associ-
ated with bright H, emission and driven by 4A1 (southeast lobe)
and a slower and precessing jet driven by 4A2 (southwest lobe).
Furthermore, the jets present different morphologies: the 4A2
jet shows a large spatial extent and an S-shaped pattern on small
scales, probably due to jet precession; the 4A1 jet is faster, covers
a smaller extent (~15"), and presents as C-shaped tilted toward
the east of 4A1.

Thanks to a detailed study on sulfur species using interfero-
metric observations, for the first time Taquet et al. (2020) were
able to distinguish the outflow driven by 4A 1 from the one driven
by 4A2 also in the northern lobe.

The left panel of Fig. 1 summarizes the situation: it shows
the distribution of the dust cores at large scale, traced by the
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Fig. 1. Left: overlap of the contour map of the 1.25 mm continuum emission from NGC 1333 IRAS 4 region in Perseus, observed with the
IRAM 30 m antenna (Lefloch et al. 1998), with the map of SiO line (VLA observations; Choi 2005). Axes offsets are in arcseconds from SVS
13 (a(2000) = 03'29™3:9 and §(2000) = 31°16’8"). Right: zoomed-in image of the IRAS 4A system with NOEMA-SOLIS observations. Axes
offsets are in arcseconds from IRAS 4A. A spatial separation of 5” correspond to ~1500 au at a distance of 299 pc (Zucker et al. 2018). The
white triangles give the position of the sources 4A1 and 4A2, while the black triangles give the position of the sources 4B and 4B’ (coordinates in
Table 2). The black crosses give the analyzed positions in the outflows (SE, SW, North, and As; coordinates in Table 2). The dashed blue and red
arrows indicate the direction of the blue- and red-shifted 4B outflow (from the HCN observations of Choi 2001) and of the 4A outflow. The contour
map represents the iCOMs emission at 3 mm in the IRAS 4A outflows (this work). For all the iCOMs the contours start at 30~ with steps of 1o,
except for methanol whose contours have steps of 200. The emission distribution is the following: 1) methanol (CH30H in gray), integrated over
the transitions 2, — Lo A, 202 — Loy E,and 2_;, — 1_;; E with o = 75 mJy beam™' kms~'; 2) acetaldehyde (CH;CHO, in magenta), here in the
505 — 404 A emission with o = 11 mJy beam™' kms™!; 3) formamide (NH,CHO, in green), 4, 4 — 313 emission with o = 10 mJy beam™! kms™';
dimethyl ether (CH;0OCHj, in blue), 4,4 — 393 emission with o = 9 mJy beam™' kms~'. The synthesized beams for the formamide line (green,
~4"") and for the other species (black, ~2") are indicated in the lower left corner. The primary beam (~52") is shown as a dashed gray circle.

Table 1. Characteristics of the SOLIS WideX backend setups.

Setup Frequency range (GHZ) Spectral resolution  Spatial resolution  Synthesized beam Primary beam

[GHz] [kms™'] [MHz] [”] [au] ) ["x" ()] []  [au]@
1 80.8-84.4 7 2 4 ~1200 45%3.527) 674 ~2x10*
3 95.5-99.5 6 2 4 ~1200 22x19(96) 5972 ~2x10*

Notes. “Computed at the distance of the NGC 1333 region (~299 pc; Zucker et al. 2018).

continuum at 1.3 mm using the IRAM 30m (Lefloch et al. 1998),
together with large-scale high-velocity outflow traced by the SiO
(1-0) line using the VLA interferometer (Choi 2005).

3. Observations

IRAS 4A was observed with the IRAM/NOEMA interferom-
eter during several tracks in June and September 2016. Two
frequency setups were used, called 1 and 3 in Ceccarelli et al.
(2017, Table 4), centered at ~82 and ~97 GHz, respectively. The
array was used in configurations D and C with baselines from 15
m to 304 m for Setup 3 and from 16 to 240 m for Setup 1. Here,
we present the data obtained using the WideX backend, whose
characteristics are summarized in Table 1.

The phase center is on the IRAS 4Al source, whose coor-
dinates are listed in Table 2. The bandpass was calibrated on
3C454.3 and 3C84, while the flux was calibrated using MWC349
and LKHA 101. The calibration of phase and amplitude was done
observing 0333+321. The system temperatures typically ranged
between 50 and 200 K. The calibration error associated with the
absolute flux is <15%. The data were reduced using the pack-
ages CLIC and MAPPING of the GILDAS? software collection.
The data were self-calibrated in phase only; the self-calibration
solutions were applied to the data spectral cube, which was then
cleaned. A continuum map (see Fig. 2) was obtained by averag-
ing line-free channels from the self-calibrated data. The resulting
synthesized beam is 272 x 179 (PA = 96°), for Setup 3, and

2 http://www.iram.fr/IRAMFR/GILDAS

A75, page 3 of 12


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201937004&pdf_id=0
http://www.iram.fr/IRAMFR/GILDAS

A&A 640, A75 (2020)

Table 2. Coordinates of the protostars (see also Choi 2001;
Di Francesco et al. 2001; Lépez-Sepulcre et al. 2017; Maury et al. 2019)
and the analyzed emission peaks (chosen from methanol and dimethyl

ether emission, see text) in the outflows.

Position @(2000) 5(2000)

4A1 03"29™ (5536 31°13/31707
4A2 03h20m10%428  31°13/32727
4B 03h29m125000  31°13708”10
4B’ 03h29m 125813 31°13'06/97
SEpeak  03"29m105591 31°13'17753
SW peak  03"29m105061 31°13’18761
North peak  03"29™10:966  31°13/47787
Asrtegion  03"29m103184 31°13/16762

NGC1333—IRAS4A
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Fig. 2. Dust continuum emission maps of IRAS 4A at 95.85-99.45 GHz
(Setup 3, see Table 1). Contours start at 30~ and increase by steps of 200,
with o = 1.5mJybeam™. The synthesized beam (~2") is represented
in white in the lower right corner of the panel, the primary beam (~52")
is shown with a dashed white circle. The millimeter continuum sources
in the field are labeled following the nomenclature used by Choi (2001)
for 4A1 and 4A2 and Di Francesco et al. (2001) for B and B’.

4’5 x 35 (PA = 27°) for Setup 1. The half-power primary beam
is 59”2 and 6174 for Setup 3 and Setup 1, respectively.

4. Results
4.1. Dust continuum emission

Figure 2 shows the map of the dust continuum emission at
3 mm, whose emission peaks at the position of 4A1 and 4A2.
As expected, the two sources are not disentangled as the angular
resolution of ~ 2" is too close to their angular separation (~178;
Sect. 3). In addition, the two protostars IRAS 4B and IRAS 4B’
were detected (e.g., Looney et al. 2000; Choi 2001; Di Francesco
et al. 2001; Maury et al. 2019), even if they were located outside
the primary beam of our observations (~52"). The coordinates
of all the four protostars are reported in Table 2.

The root mean square (RMS) noise level is 1.5 mJy beam™
and the peak flux toward IRAS 4AI+4A2 is 240 =+
40 mJybeam~'. Taking the error on the measured flux into
account and considering the slightly different wavelength (2.7
mm) and angular resolution (~1"'2) of the observations, this flux

1
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value is consistent with the value found by L6épez-Sepulcre et al.
(2017). The uncertainties in the flux measurements include the
amplitude calibration error (~15%) that dominates the RMS.

4.2. Line emission: maps

The present observations allow us to image both 4A1 and 4A2
and their molecular outflows. The study of the molecular con-
tent around the 4A1 and 4A2 protostars is beyond the scope
of the present paper. Instead, we focus here on the molecular
composition of the outflows.

Several lines from methanol (CH3;OH), acetaldehyde
(CH3CHO), dimethyl ether (CH3OCHj), and formamide
(NH,CHO) were detected along the outflows with a signal-to-
noise ratio (S/N) higher than 3. Table 3 lists the detected lines
with their spectroscopic properties. In Setup 3 we detected six
lines of methanol that cover a range of upper level energy (Eyp)
from 7 to 28 K eight lines of acetaldehyde with E\;, between 13
and 23 K; and four lines of dimethyl ether, blended together and
all with Ep, =10 K. In Setup 1 we detected one line of formamide
with E,, of 28 K.

Figure 1 shows the distribution of the line emission of the
four detected iCOMs. To obtain the methanol map we integrated
from —36 to 36 km s~! with respect to the systematic veloc-
ity of the source (~6.5 km s7!), for acetaldehyde between —15
to 15 km s~!, while for formamide and dimethyl ether we inte-
grated from —9 km to 9 km s~!. First, the methanol emission is
extended (~ 1”) and covers the lobes of the two outflows from the
two protostars: north (North) and southwest (SW) lobes of the
outflow from 4A2, and the southeast (SE) lobe from 4A1. Sec-
ond, acetaldehyde emission is less extended than the methanol
one (~15") and it is bright toward the southern lobes, especially
toward the SE one. The dimethyl ether emission is not resolved
being less than the beam size (2'') in two positions, in the North
lobe and in the region As (named by Ceccarelli et al. 2017) where
the SE and SW lobes seem to cross. Finally, formamide emission
is also compact (~6"") and is located around the As position (see
also Ceccarelli et al. 2017). The same iCOMs are also detected in
the central protostars (4A1+4A2); we note that the methanol and
acetaldehyde emission is not visible in Fig. 1 because it is hidden
by the dimethyl ether and formamide contours. Figure 1 clearly
shows a first important result: the evidence of a spatial segre-
gation between the different iCOMs due to the fact that their
emission covers different outflow regions.

4.3. Line emission: spectra and intensities

In order to do a quantitative analysis, we extracted the spectra
from different positions of the three lobes where both methanol
and acetaldehyde emit. The first two selected positions corre-
spond to the emission peaks of methanol in the two southern
lobes, SE and SW, while the last selected position corresponds
to the emission peak of dimethyl ether in the northern lobe,
North (Fig. 1). A fourth position is the one where formamide
and dimethyl ether emit, called As. The spectra extracted at the
pixels corresponding to the four positions are shown in Fig. 3. It
is immediately evident that the SE position is richer and brighter
in iCOMs when compared to the others (SW, North, and As).
We then derived the velocity-integrated line intensities of
each detected transition using a Gaussian fit, obtained with the
CLASS package of the GILDAS software. All the lines used for
the analysis are not contaminated by other species and are well
isolated. For instance, three of the six detected methanol lines,
namely 2_;,-1_1; E (Ey, =13 K), 295-10,1 A (Eyp =7 K), and
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Table 3. Spectral parameters and fit results of the detected iCOM emission lines observed using the NOEMA WideX backend toward the IRAS

4A outflow peaks (see text and Table 2).

Transition Spectral parameters Outflow SE Outflow SW Outflow North Region As
Frequency ) Eyp ®) logAj; ®) Area© Tpeak RMS @ Area© Tpeak RMS @ Area© Tpeak  RMS @ Area© Tpeak RMS @
[GHz] [K] [Kkms™'] [K] [mK] [Kkms™'] [K] [mK] [Kkms™'] [K] [mK] [Kkms™'] [K] [mK]
CH;0H
21-111 A 95.91431 21.4 -5.6 17.1(0.9) 1.4 20 2.7(0.3) 0.4 20 5.1(0.5) 0.4 20 <0.5 <0.05 30
2_1-1.11E©@ 96.73936 12.5 —4.6
202-101 A © 96.74138 6.9 -5.6 199 (4) 12 20 69(4) 5 30 48(4) 3 20 37(1) 2.5 30
202-1p1 E© 96.74454 20.1 =55
211-1ipE 96.75550 28.0 =55 11.2(0.3) 0.9 20 2.0(0.2) 0.3 30 3.2(0.3) 0.2 20
211-lio A 97.58280 21.6 -5.6 21.5(0.2) 1.9 20 2.5(0.3) 0.3 30 4.4(0.3) 0.4 30 <0.5 <0.05 30
CH;CHO
505404 E 95.94744 13.9 —4.5 3.9(0.2) 0.4 20 <0.6 <0.06 20 0.8(0.4) 0.1 20 <0.5 <0.05 30
505404 A 95.96346 13.8 —4.5 3.7(0.3) 0.4 20 1.7(0.4) 0.1 20 1.3(0.5) 0.1 20 <0.5 <0.05 30
Sr4—423 A 96.27425 229 —4.6 1.1(0.4) 0.1 30 0.7(0.3) 0.07 20 1.0(0.2) 0.1 30 0.5(0.3) 0.1 20
524423 E 96.42561 229 -4.6 1.1(0.2) 0.2 30 <0.7 <0.07 20 0.8(0.3) 0.06 30 <0.3 <0.03 20
52342, E 96.47552 23.0 -4.6 0.8(0.2) 0.1 20 <0.7 <0.07 20 <0.8 <0.08 30 <0.3 <0.03 20
So3—420 A 96.63266 23.0 -4.6 1.5(0.3) 0.1 20 <0.7 <0.07 20 <0.8 <0.08 30 <0.3 <0.03 20
514413 E 98.86331 16.7 —4.5 2.3(0.4) 0.2 20 1.6(0.8) 0.1 20 2.1(0.5) 0.2 30 2.8(0.6) 0.1 20
S1a—4i3 A 98.90094 16.5 —4.5 2.5(0.5) 0.2 20 <0.6 <0.06 20 1.9(0.3) 0.2 30 2.0(0.3) 0.1 20
CH30CH3

414-303 EA© 99.32443 10.2 =53
414-303 AE© 99.32443 10.2 -5.3

<0.2 <0.02 15 <0.3 <0.03 15 2.1(0.3) 0.12 15 1.8(0.5) 0.09 15
414-303 EE© 99.32521 10.2 -53
414303 AA© 99.32607 10.2 =53

NH,CHOY)

414-313 81.69354 12.8 —4.5 <0.2 <0.02 7 <0.1 <0.01 7 <0.06 <0.006 7 0.4(0.1) 0.04 10

Notes. “Region where formamide and dimethyl ether emits (Ceccarelli et al. 2017). ®Frequencies and spectroscopic parameters are retrieved from
the JPL (Jet Propulsion Laboratory; Pickett et al. 1998) molecular database and from the CDMS (Cologne Database for Molecular Spectroscopy;
Miiller et al. 2005): for CH;OH by Xu et al. (2008), for CH3;CHO by Kleiner et al. (1996), for CH;CHO; by Neustock et al. (1990), for NH,CHO by
Kirchhoff et al. (1973). Upper level energies refer to the ground state of each symmetry. “Mean velocity—integrated line flux over the whole velocity
emission range from the spectra extracted at the CH;CHO and CH;OH transitions at each outflow peaks (see Table 2). In case of non—detection
we report the 3¢ limit. The lines are centered at ~3 km s™!, ~1 km s™', ~11 km s™! for outflow SE, SW and North respectively, in agreement with

the expected outflow velocity (Santangelo et al. 2015) given the WideX channel resolution (~6 km s™!). ®The rms is computed over a 200 km s

-1

band around each line. ’These lines are blended together at the WideX resolution (~2 MHz), therefore they are not used for the non-LTE analysis.

From Setup 1.

20,—10,1 E (Eyp =21 K), are blended together at the WideX res-
olution (~2 MHz); therefore, they were not used in the analysis
described in the next section. Table 3 reports the fit results; in
the case of non-detection, the 3o~ limit is reported.

5. Derivation of the column densities and
abundance ratios

5.1. Methanol and acetaldehyde

We used the detected lines of methanol and acetaldehyde to esti-
mate their column densities in the four positions of Table 2.
We used the standard rotational diagram method (Goldsmith &
Langer 1999), which assumes local thermodynamic equilibrium
(LTE) and optically thin line emission. We checked a posteri-
ori that the latter assumption is valid. Also, because the map in
Fig. 1 shows that the emission is more extended with respect to
the observation beam, we did not apply a dilution factor. The
used error bar of each data point includes the spectral RMS and
the calibration error (~15%).

Figure 4 shows the rotational diagrams of methanol and
acetaldehyde in the SE, SW, and North positions (Table 2), and
Table 4 lists the fitted values. In the As position, we could not
build a rotational diagram for either of the two species as not
enough lines were detected. In this case we obtained an estimate
of their column density by assuming a rotational temperature
ranging from 10 to 30 K, a range that includes the temperatures
found in the other positions (SE, SW, and North). If no line was
detected we used the 3¢~ limit.

To compute the methanol over acetaldehyde abundance
ratios, quoted in Table 4, we adopted the assumptions that the
lines emitted by the two species come from the same region,
and therefore possess the same rotational temperature 7' Under
these two assumptions the column density ratio R of the two
species is obtained by taking the column density N, of each
species at the same rotational temperature T, namely R =
Ni(T1o)/Na(Tro)- The error bar R is then obtained by comput-
ing R at the smallest and largest T}, of the two species. For
example, in the Outflow SE the derived Ty is equal to (11 %
3) K and (9 + 2) K in methanol and acetaldehyde, respectively;

A75, page 5 of 12
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Fig. 3. Spectra toward the four positions along the outflows of IRAS

4A listed in Table 2. The horizontal green lines represent the 30 levels

(reported in Table 3); the vertical dashed lines in blue and magenta represent the rest frequency of acetaldehyde and methanol lines, respectively.
The rest frequency corresponds to the protostar Local Standard of Rest (LSR) velocity (6.5 km s7).

_ . . 30.5
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Eup [K] Eup [K] Eup [K]

Fig. 4. Upper panels: rotational diagrams of methanol (CH3;0H) in outflow SE, SW, and North (from left to right). Lower panels: rotational
diagrams of acetaldehyde (CH3;CHO) in outflow SE, SW, and North. The parameters Ny, gup, and E,;, are the column density, the degeneracy, and
the energy of the upper level. The error bars on In(Ny,/gyp) are computed by taking the calibration error on the integrated flux (15%) into account.

The red lines represent the best fits.

therefore, to estimate the error 6R we computed R(T;o) at 7 and
14 K. We note that the method described above allows us to
reduce the error bar in the abundance ratio because the calibra-
tion uncertainty, which enters in the column density estimate of
each species, cancels out when considering the column density
of two species derived with the same observation data set.

For methanol, we obtain a column density Ncy,on = 9 —
50 x 10'* cm™ and a rotational temperature Tcy,on between 11
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and 23 K. For acetaldehyde, we obtain Ncg,cno = 0.6—1.3 X
10" cm™2 and Tcp,cno between 9 and 23 K. Their abundance
ratios vary from 10-20 to ~44 in the three lobes; more pre-
cisely, the SE lobe is the one with the largest CH;OH/CH3;CHO
abundance ratio. In As we only derive a lower limit to the
CH;OH/CH3;CHO abundance ratio of >20. We note that our
observations provide different values of the CH;OH/CH;CHO
abundance ratio compared to those previously derived by


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201937004&pdf_id=0
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201937004&pdf_id=0

M. De Simone et al.: Seeds of Life in Space (SOLIS). X.

Table 4. Results of the LTE analysis with the rotational diagrams for each outflow peak, using the observation with the NOEMA WideX backend.

Molecule Outflow SE  Outflow SW  Outflow North  Region As@  L1157-B1®
CHLOH Noo [10™cm™]  50(30) 9(7) 12(9) 515 130(30)
3 T K] 113) 23(18) 18(8) 10-30© 10.0(1.1)
cincio | N [0%em?] 13(05) 0.6(0.4) 0.9(0.6) <(0.25-05)  0.7(0.3)
3 Trot [K] 9(2) 13(7) 23(19) 10-30© 8(1)
Nt [10™ ecm™2] <0.5 <0.7 1.6(0.7) 1.0(0.4) 3
CH,OCH; . ° (K] 1 16 19 10-30© 9
Not [10%cem2]  <0.02 <0.02 <0.02 0.03(0.02) -
NH,CHO Trot [K] 11 16 19 10-30©@ -
CH;0H @
m 44(5) 113) 17(3) >20 190(60)
3

Notes. In the last row are shown the values of the abundance ratio of methanol to acetaldehyde for each outflow peak. “Region where formamide
and dimethyl ether emit (Ceccarelli et al. 2017). ®’From Codella et al. (2020) based on interferometric observations. ’Fixed rotational temperature
used to derive a range of possible Ny. ” Abundance ratio computed dividing the best fit column densities derived assuming that the two species

are tracing the same gas with the same properties (see text).

Holdship et al. (2019, ~300) toward the south and north lobes of
the IRAS 4A outflows via single-dish observations. We attribute
this difference to the fact that the single-dish observations of
IRAS 4A by Holdship et al. (2019) include emission from a much
larger region (including some from the central protostars) with
respect to that probed by the present SOLIS observations. More-
over Holdship et al. (2019) do not explicitly derive the emitting
size, even though they minimize with respect to this param-
eter; since the maximization is done independently for each
species, their column density ratio has a relatively large intrin-
sic uncertainty. Therefore, the interferometric images allow us to
minimize the risk of mixing different gas components (typical of
shocked regions).

The abundance ratio analysis confirms what we can see
from the emission maps (Fig. 1), namely that the methanol and
acetaldehyde emission (and their relative abundance) is quite dif-
ferent in the SE lobe with respect to the SW and North lobes. We
note that the difference cannot be attributed to excitation effects,
having the methanol and acetaldehyde lines with similar upper
level energies (Eyp from 7 to 28 K), similar Einstein coefficients
(Ajj ~ 107 s71), and comparable derived temperatures, within
the measurement errors.

To summarize, the SW and North lobes have a relatively low
CH;OH/CH;CHO abundance ratio (8-20), whereas the SW lobe
presents a ratio at least two times higher (~44). Since the SW
and North lobes belong to the same outflow emanating from 4A2
and the SE lobe traces the outflow emanating from 4A1, it seems
reasonable to attribute the observed difference to an intrinsic dif-
ference in the two outflows. We explore this hypothesis in the
next section with the help of an astrochemical model.

5.2. Dimethyl ether and formamide

Regarding formamide and dimethyl ether, we detected only one
line at most of the latter and four lines (blended at the WideX
resolution, ~2 MHz) of the former in any position (see Table 3).
For this reason, we did not carry out the rotational diagram
analysis as we did for the other iCOMs. Furthermore, while for-
mamide is marginally resolved at the As position, dimethyl ether
is not resolved in any outflow peaks (see Fig. 1). If detected,
we derived the column densities using the integrated area of the

414313 line for formamide and the blended ones for dimethyl
ether, assuming fixed rotational temperatures. As for methanol
and acetaldehyde, we used 11, 16, and 19 K for SE, SW, and
North, respectively, and 10-30 for As. If not detected, an upper
limit on the column density is derived considering the 30 limit
of the spectra and using the above rotational temperatures. The
derived values are reported in Table 4.

6. Astrochemical modeling

We ran our model GRAINOBLE+ in order to reproduce the
observations and understand what could be the cause of the
observed difference in the CH;OH/CH3CHO abundance ratio in
the different lobes of the IRAS 4A outflows.

There is solid evidence (observational, theoretical, and
experimental) that methanol is synthesized on the grain surfaces
via the hydrogenation of iced CO by the successive addition of H
atoms (Boogert et al. 2015; Tielens & Hagen 1982; Watanabe &
Kouchi 2002). On the contrary, the acetaldehyde formation route
is less clear, and the two paths, formation in the gas phase or on
the grain surfaces, are still debated. Specifically, grain surface
models predict that CH3CHO could be formed through the com-
bination of the two radicals CH3 and HCO (previously formed by
photodissociation of methanol and formaldehyde, respectively)
on the surface of the grains (Garrod & Herbst 2006). However,
recent quantum chemistry computation by Enrique-Romero et al.
(2016, 2019) show that alternative channels leading back to the
two simple species CHy and CO are competitive. Conversely,
the gas-phase models claims that acetaldehyde formation could
occur by the oxidation of hydrocarbons (formed previously on
the grain mantles via hydrogenation of carbon chains; Charnley
et al. 1992; Charnley 2004). In particular, the injection from
grain mantles of ethane (C,Hg) is expected to drive CH3CH,
that will then react in the gas phase with atomic oxygen, giving
CH;3CHO (Charnley 2004). The crucial reaction is therefore

CH;CH, + O —» CH;CHO + H. (1)

Following these two possibilities, we ran a grid of astro-
chemical models in order to reproduce our observations and to
understand the possible cause of the difference in the observed
CH;OH/CH;3CHO values in the two IRAS 4A outflows.
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6.1. Model description

GRAINOBLE+ is a gas-grain model simulating the chemical
evolution of gas and ices. It is the upgraded version of GRAIN-
OBLE, initially developed by Taquet et al. (2012a); in particular,
it is re-coded and improved in terms of computational efficiency
and treatment of processes. The GRAINOBLE+ version® allows
an easy incorporation of many complicated processes that occur
in the gas and on the grain surfaces. The code can carry out
an easy implementation of evolution of physical conditions of a
cloud with a given time-dependent physical profile. Additionally,
the new code allows a distribution of size for the grains, multi-
layer formation of the grain ice mantle, growth and depletion of
the ice, and desorption.

In this work we used a chemical network of 522 species and
7785 reactions based on the KIDA database*, which has been
updated from various recent works (e.g., Loison et al. 2014;
Balucani et al. 2015; Skouteris et al. 2017, 2018).

In order to simulate the passage of a shock in IRAS 4A,
we employed the gas-phase mode of GRAINOBLE+. The sim-
ulation follows two steps: (1) a cold molecular gas phase at
10 K and 2 x 10*cm™ H-nuclei density (ny); (2) a post-shock
gas phase where density and temperature suddenly jump to
2 x 10%cm™ and 70 K. In other words, the second phase inher-
its the evolved chemical composition of the cloud from the cold
phase’. Additionally, the gas is infused by species that were
formerly synthesized in ice mantles due to the grain sputtering
caused by the shock passage.

It is possible that before reaching the temperature of 70 K,
the shocked gas passes through a short initial phase with high
temperature. However, this phase unlikely affects the results
reported in the next section because there are no known gas-
phase reactions with activation barriers that form acetaldehyde.
This is confirmed by models taking into account the temperature
evolution in the shocked gas (e.g., Nesterenok 2018; Burkhardt
et al. 2019).

We do not have precise estimates of the density and temper-
ature in the positions where we derived the CH;OH/CH3;CHO
abundance ratio. However, the values derived at positions close
to those selected here via a non-LTE analysis of observed SO,
lines (Taquet et al. 2020) are similar to those adopted in our
modeling. We assumed that the cosmic ray ionization rate is the
same as toward L1157-B1 (£ = 3 x 107! s7!; Podio et al. 2014)
and that the abundance of the injected species are also similar to
the values adopted for L1157-B1 (see Table B1 of Codella et al.
2017), listed in Table 5.

We ran series of models to compare the observed
CH;0OH/CH;CHO abundance ratio with the predicted ratio, and
to understand what the ratio depends on. We start exploring the
gas-phase formation route of acetaldehyde assuming that its for-
mation is dominated by reaction (1) in the passage of shock.
Oxygen is much more abundant than the injected ethyl radical
in the post-shock phase; therefore, CH3CH; is the bottleneck of
the rate of the reaction (1).

First, we ran a grid of 169 models with different injected
abundances at the beginning of the shocked phase for ethyl rad-
ical (CH3CH;) and methanol in the ranges [4 X 107%,4 x 1077]
and [4 x 1078,4 x 107°], respectively. The methanol abundance
range was chosen in order to include the observed values in the

3 A detailed description of the GRAINOBLE+ model will be presented
in a forthcoming dedicated article.

4 http://kida.obs.u-bordeauxl.fr

3 We do not compute the grain mantle composition as it is treated as a
parameter in the following analysis.
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Table 5. Injected abundances (with respect to H-nuclei) into the gas
phase at the second step of the model.

Molecules Injected abundances (/H)
CO, 3x 107
H,O 2x107*
OCS 2x 1076
H,CO 1x10°°
NH; 2% 107

Notes. These values are based on previous observations toward L1157-
B1 (Codella et al. 2017).
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Fig. 5. Contour map of the CH;0OH/CH;CHO abundance ratio at
1000 yr after the start of the shock passage. The x- and y-axis are the
injected abundances of methanol [4 x 107%,4 x 107°] and the parent
molecule of acetaldehyde, ethyl radical CH;CH, [4 x 107°,4 x 1077],
respectively. The measured methanol to acetaldehyde abundance ratio
of the North and SW outflows (8—20) fall in the orange band, and that
of SE (38-50) in the green band; the L1157-B1 value (130-250) is
covered by the blue band (Codella et al. 2020).

hot corinos and in the protostellar shocks (the L1157-B1 out-
flow in particular); the ethyl radical range was chosen in order
to match our observed CH3;OH/CH;CHO abundance ratio. The
results are shown in Fig. 5 and described in the next section.

Second, we studied the influence of the density and cos-
mic ray ionization rate { on the chemical evolution, and how
the CH30H and CH3CHO abundances and their relative ratio
depend on the time after the shock passage. We note that proto-
stellar shocks could be local accelerators of cosmic ray protons
(Padovani et al. 2016), and therefore in this work ¢ is an unknown
parameter. We then ran two additional models. In the first we
decrease the chosen ny density value to 2 x 10° cm™3; in the sec-
ond we decrease the chosen cosmic ray ionization rate value to
¢ =3x 107" s7! for the post-shock phase. The injected abun-
dances of methanol is 3 x 107% and for the ethyl radical it is
3 x 1077 in both cases. These values are chosen such that the
models reproduce the observed CH3;OH/CH3;CHO abundance
ratios for the SW and North lobes (8-20) at 1000 yr (orange band
in Fig. 5) and for the SE lobe as well. The results are shown in
Fig. 6 and described in the next section.

Finally, we ran a model with the assumption that acetalde-
hyde is synthesized on the ice mantles and injected directly into
the gas phase at the passage of the shock.


http://kida.obs.u-bordeaux1.fr
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201937004&pdf_id=0
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Fig. 6. Time evolution of abundances of methanol in blue and acetalde-
hyde in red (bottom) and their ratios in purple (fop) for the same injected
methanol abundance, 3 x 107, and ethyl radical value, 3 x 10~". The dif-
ferent line styles correspond to models run with different conditions,
as reported in the upper panel legend. The CH;OH/CH3;CHO abun-
dance ratio is constant if both species are directly injected from the grain
mantles (see text).

6.2. Model results

Figure 5 shows the contour map of the CH;OH/CH3;CHO abun-
dance ratio at 1000 yr after the shock passage as a function of
the injected methanol and ethyl radical, assuming that acetalde-
hyde is entirely synthesized in the gas phase. We note that the
chosen age (1000 yr) is approximately the same magnitude as
the kinematical age of L1157-B1 (Podio et al. 2016; Codella
et al. 2017) and, likely, IRAS 4A outflows. First, the figure shows
that there is a linear dependence of the CH;OH/CH3;CHO abun-
dance ratio on the injected methanol abundance and on the ethyl
radical abundance in the range explored in our simulations. Sec-
ond, reasonable values of methanol and ethyl radical abundance
can reproduce the observed values in the four IRAS 4A outflow
positions that we studied (Table 2).

In Fig. 6, we show the evolution of methanol and acetalde-
hyde abundance as a function of the time after the shock passage,
for different densities ny and cosmic ray ionization rates (.
Given that methanol is a grain surface product, even by vary-
ing ny or ¢, the injected abundance remains constant in the
early stages of the shock up to ~2 x 10 yr. The time evolu-
tion of acetaldehyde in the early stages is different from that of
methanol; while the latter remains constant, acetaldehyde abun-
dance increases soon after the shock passage. This is expected
since we assumed that acetaldehyde is a gas phase product and
its evolution is dominated by the formation through ethyl radi-
cal reaction (1). Furthermore, the time evolution of acetaldehyde
in the post-shock phase is influenced by variation of nyg or (.
Lower density slows down the formation rate of acetaldehyde in
the early stages; this is due the fact that in lower density gas the
ion abundance is higher. Therefore, the contribution of destruc-
tion rates is higher in the evolution. Similar to methanol, a lower
cosmic ray ionization rate does not affect the early stages.

Finally, we ran a model in which acetaldehyde is synthe-
sized on the icy dust surfaces and injected directly into the gas
phase. Therefore, in the model the species injected into the gas
phase right after the shock is no longer the ethyl radical but
acetaldehyde, whose abundance is chosen to be equal to the

observed one. Therefore, the gas-phase production of acetalde-
hyde is, in this case, negligible. As for methanol, the abundance
of acetaldehyde, now injected from grains, remains constant up
to ~2x10° yr when the destruction by ions (H;O" in this specific
case) becomes dominant. Therefore, the difference in the abun-
dance of acetaldehyde between the gas- and grain-synthesized
models is only within the first 200 yr of the shocked phase, when
acetaldehyde takes time to be formed by the reactions between
ethyl radical with atomic oxygen.

7. Discussion
7.1. Two IRAS 4A outflows

Our new SOLIS observations show that the two outflows ema-
nating from 4A1 and 4A2, previously identified by Choi (2005)
and Santangelo et al. (2015) via simple molecules (SiO, CO, and
SO), are enriched with methanol all across the three (visible)
lobes. Conversely, acetaldehyde is spread only over the south-
ern lobes and is concentrated in a compact spot in the northern
one. Therefore, a first conclusion of this work is that in the
protostellar post-shock regions there is the release in gas phase
of methanol, previously formed on the grain surfaces, and the
production of acetaldehyde. The statistics are very poor for the
moment, with the two IRAS 4A outflows and the L1157-B1
outflow in which acetaldehyde is detected with interferometric
observations (Codella et al. 2015, 2017, 2020).

For the IRAS 4A outflows, the SE lobe is richer in both
methanol and acetaldehyde, specifically the outflow emanating
from 4A1. We note that this is the opposite behavior with respect
to the SiO emission, which is instead brighter along the 4A2 out-
flow (Choi 2005). This anti-correlation with SiO is also seen in
other (simple) molecules, such as NH3, H,CO, and HCN by Choi
et al. (2011). As Choi et al. (2011) suggested, it could be due to a
different strength of the shock (the sputtering of Si could require
different shock velocities with respect to the other molecules) or
to SiO tracing different physical conditions with respect to the
other molecules. For example, SiO could trace the jet, while the
other molecules could have originated in the gas entrained by the
jet (e.g., Bachiller et al. 1998; Ospina-Zamudio et al. 2018, 2019).
Linked with this, the different spatial distribution between SiO
and other species, could be due to time-evolution effects, namely
different ages of the shocks, as previously observed in other out-
flows (e.g., Castets et al. 2001). We discuss this point further in
the next section.

Finally, the origin of the iCOMs emission in the As position
is not clear. It does not seem to be clearly associated with any of
the two southern lobes, but rather with the point where they inter-
sect. That would imply that additional shocks can occur at the
interface of the swept-up cavities opened up by the jets. Higher
spatial resolution observations are needed to confirm or reject
this hypothesis.

7.2. CH30OH/CH3CHO abundance in IRAS 4A1 and 4A2
outflows

In Sect. 5 we measured the methanol to acetaldehyde abundance
ratio toward the three positions of the two IRAS 4A outflows, in
the North, SW, and SE lobes (Table 4). While the North and SW
lobes have a similar values, between 8 and 20 (considering the
error bars), the SE lobe has higher CH;OH/CH3;CHO, 38-50.
In other words, the methanol to acetaldehyde abundance ratio is
about two times higher in the outflow emanating from 4A1 with
respect to that from 4A2. In this section we try to understand the
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origin of this difference, keeping in mind that while methanol is
a past grain-surface product, acetaldehyde can either be itself a
past grain-surface or a gas-phase product.

One easy possible explanation then of the CH;OH/CH3;CHO
difference is that the grain mantle composition is different in
the two outflows. However, this seems unlikely because, on the
one hand, no gradient in the ratio is seen between the North
and SW lobes of the 4A2 outflow; moreover, the SW and SE
lobes are very close in space, closer than the two 4A2 outflow
positions where we estimated the CH;OH/CH3;CHO abundance
ratio. Therefore, although we cannot totally exclude it, it seems
to us that the different grain composition is an improbable
explanation.

If acetaldehyde is synthesized by the gas-phase reaction (1),
there are more possibilities than a different grain mantle com-
position. As shown by the modeling in Sect. 6, a lower density
or a younger age of the 4A1 outflow with respect to 4A2 would
explain the observed CH3OH/CH3CHO difference. Specifically,
if the two outflows are very young and 4A1 is younger than about
200 yr, then this would explain why its ratio is higher than the
4A2 value (see Fig. 6).

Unfortunately, our observations did not have enough
methanol lines to allow a meaningful non-LTE analysis to derive
the volume density, so we do not know if the density in the 4A1
outflow is lower than in the 4A2 outflow. With a non-LTE analy-
sis on SO,, Taquet et al. (2020) suggest that there is no significant
difference in density between the outflow driven by 4A1 and that
from 4A2. On the other hand, assuming a typical shock veloc-
ity of 100 kms™', we estimate a kinematical age of ~200 yr
for the 4A1 outflow which has a very short extent; this seems
to support the younger age of 4A1 hypothesis. Furthermore,
Santangelo et al. (2015), using high spatial resolution observa-
tions of CO, SiO, and SO, showed that the 4A1 jet is faster than
the 4A2 one; this, combined with the smaller spatial extension
again supports the hypothesis that the 4A1 outflow is younger
than that of 4A2. In favor of a different age for the two outflows
there is also the observed chemical differentiation between the
two driving sources: 4A1 is bright in the continuum but lacks
iCOM line emission, exactly the opposite of 4A2 (e.g., Lépez-
Sepulcre et al. 2017). One of the possible explanations for this
situation is the smaller hot corino size, which could also imply a
younger age of 4A1, and this agrees with the younger age of its
outflow as well.

In summary, the different CH; OH/CH3;CHO abundance ratio
measured in the 4Al and 4A2 outflows is unlikely caused
by a different grain mantle composition of the two outflows
because the more extended 4A2 outflow shows no significant
variation in this ratio on a scale of about 6000 au. On the
contrary, the observed CH3;OH/CH;CHO abundance ratio is
consistent with the scenario in which (i) the 4A1 outflow is
younger (and consequently faster) than the 4A2 outflow and
(i) in both outflows acetaldehyde is synthesized in the gas
phase. The major reaction is between atomic oxygen and ethyl
radical. The gas-phase synthesis hypothesis also agrees with
theoretical quantum chemistry studies (Enrique-Romero et al.
2016, 2019). Thus, although terrestrial laboratory experiments
show that acetaldehyde can be formed on the surfaces of dust
grains (e.g., Bennett et al. 2005a,b; C)berg et al. 2009), our
results provide evidence that the gas-phase formation route
cannot be neglected, and actually appears to be the dominant
process in the IRAS 4A outflows. We note that these con-
clusions are robust as they depend very little on the details
of the modeling being based on known reactions in the gas
phase.
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Fig. 7. Abundance ratios of CH;OH to CH3CHO (bottom panel) and
the CH3;0H and CH3CHO column density (upper panel) compared to
different sources whose emitting size has been estimated via interfero-
metric observations: the values in the outflows of IRAS 4A (this paper),
in the outflow of L1157-B1 (Codella et al. 2020), the Class I source SVS
13A (Bianchi et al. 2019), and the Class 0 sources, in decreasing order
of bolometric luminosity: Barnard1b-S (Marcelino et al. 2018), HH212-
mm (Bianchi et al. 2017; Codella et al. 2020), IRAS 4A2 (Taquet et al.
2015; Lopez-Sepulcre et al. 2017), L483 (Jacobsen et al. 2019), IRAS
16293-2422B (Jgrgensen et al. 2016), CepE-mm (Ospina-Zamudio et al.
2018). The outflow values are shown in red (pink for CH;CHO), the hot
corinos in blue (cyan for CH;CHO), using diamonds for the outflows,
dots for Class 0 sources, and stars for the Class I sources. The cyan band
represents the area in which the hot corino values fall.

7.3. Comparison with other solar-type objects

Figure 7 shows the methanol to acetaldehyde abundance ratio in
the IRAS 4A outflows, compared with the values measured in
other low and intermediate star forming regions for which the
emitting size as been estimated via interferometric observations:
the L1157-B1 molecular shock and seven hot corinos.

First, the IRAS 4A outflows have a much lower value for
CH30H/CH3;CHO with respect to the L1157-B1 value (130—
250), reliably measured by Codella et al. (2020). Following the
discussion of the previous section, this could be due to a differ-
ence in the composition of the grain mantles, to a lower density,
or to a younger age of the 4A outflows with respect to the L1157-
B1 value. At present, we do not have enough information to
support or rule out any of the three possibilities; a more accurate
analysis of the IRAS 4A outflows is needed. Obviously, having
more information of one key actor, the abundance of ethyl radical
in these outflows, could shed more light on why the two outflow
systems are different.

Finally, the same difference observed between the IRAS 4A
and L1157 outflows, if not larger, is observed with respect to
the values measured in Class O and I hot corinos (Marcelino
et al. 2018; Bianchi et al. 2017, 2019; Taquet et al. 2015; Lépez-
Sepulcre et al. 2017; Jacobsen et al. 2019; Jgrgensen et al. 2016;
Codella et al. 2020; Ospina-Zamudio et al. 2018).
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In Fig. 7, we ordered the hot corinos according to their
increasing bolometric luminosity Ly, keeping in mind that
the measure of Ly, is relatively uncertain. It is possible to
note an interesting trend: in the Class O hot corinos, the
CH;0OH/CH3;CHO abundance ratio decreases with increasing
L. Our modeling (Sect. 6) is not directly applicable to the hot
corino case for two main reasons: 1) the hot corino density (ng ~
107cm™?) is higher than those used in our model (Figs. 6 and 2)
there is continuous injection of the infalling material toward the
center. Having said that, it seems improbable that the behavior
shown in Fig. 7 has something to do with a time effect. In the
hot corino conditions (higher density and low cosmic ionization
rate) the synthesis in the gas phase is fast during the first decades,
while the destruction by molecular ions is slow in the later stages
(=10 yr), leading to a CH;OH/CH3CHO abundance ratio that is
almost constant.

On the contrary, a possible interpretation is that higher
luminosity corresponds to larger hot corino sizes (namely
larger regions with a dust temperature >100 K; Ceccarelli
et al. 2007) and, assuming a central peaked density distribu-
tion, regions with lower densities. Since methanol is produced
during the pre-stellar phase by hydrogenation of frozen CO
(Taquet et al. 2012b; Vasyunin et al. 2017), a higher density
will bring a greater methanol abundance; acetaldehyde, on the
other hand, could be either a past grain-surface or a present-
day gas-phase product (see Sect. 6). Therefore, the decreasing
CH;OH/CH3;CHO abundance ratio could indicate that while
methanol abundance decreases with density, acetaldehyde or its
gas-phase precursors do not. We note that these conclusions
have to be taken with caution as the errors on the hot corinos
bolometric luminosity are relatively large, but they are worth a
deeper study.

8. Conclusions

In this work we reported new observations using the
IRAM/NOEMA interferometer in the context of the SOLIS
Large Program, and the detection of several iCOMs in the
two outflows emanating from IRAS 4A1 and 4A2: methanol,
acetaldehyde, dimethyl ether, and formamide. This is the sec-
ond ever outflow system, after the solar-type protostellar L1157
outflow, where multiple iCOMs have been detected using inter-
ferometers. Our main conclusions are the following:

— As in the case of L1157-B1 (Codella et al. 2017), iCOMs
are not homogeneously distributed across the IRAS 4A out-
flows: methanol is more widespread over the two outflows,
while acetaldehyde emission is only bright in the southern
lobes, and dimethyl ether and formamide are concentrated
in a spot at the (apparent) interface between the southern
lobes of the 4A1 and 4A2 outflows. We therefore advise
that derivation of iCOM abundance ratios from single-dish
observations could be hazardous.

— The measured methanol to acetaldehyde abundance ratio
is twice as large in the 4A1 outflow with respect to that
in the 4A2 outflow; the comparison between these results
with model predictions suggests that 1) the 4A1 outflow is
younger than the 4A2 one and 2) acetaldehyde is synthesized
in the gas phase by the reaction of atomic oxygen with ethyl
radical. Alternatively, the grain mantle distribution might
vary widely on small scales, which seems unlikely since the
larger scale 4A2 outflow shows a similar CH;OH/CH3;CHO
value in two distant points of the southern and northern
lobes.

— Considering the CH;OH/CH3;CHO abundance ratio, the two
IRAS 4A outflows show a sharp difference with respect to
the L1157-B1 outflow. This may indicate that either the grain
mantles or the gas volume densities are very different in the
two regions. Additional observations are necessary to better
constrain the reason of the observed difference.

— The methanol to acetaldehyde abundance ratio in the solar-
type hot corinos is at least ten times higher than in
the IRAS 4A outflows, again pointing to different grain
mantle composition or densities. Interestingly, we note
that CH;OH/CH;CHO tentatively decreases with increasing
bolometric luminosity of the Class O hot corino; a possible
reason could be the larger sizes of the hot corinos.
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