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ABSTRACT

The formyl radical HCO has been proposed as the basic precursor of many complex organic
molecules such as methanol (CH3;OH) and glycolaldehyde (CH,OHCHO). Using ALMA, we
have mapped, for the first time at high angular resolution (~1 arcsec, ~140 au), HCO to-
wards the solar-type protostellar binary IRAS 16293-2422, where numerous complex organic
molecules have been previously detected. We also detected several lines of the chemically
related species H,CO, CH3OH, and CH,OHCHO. The observations revealed compact HCO
emission arising from the two protostars. The line profiles also show redshifted absorption
produced by foreground material of the circumbinary envelope that is infalling towards the
protostars. Additionally, IRAM 30 m single-dish data revealed a more extended HCO compo-
nent arising from the common circumbinary envelope. The comparison between the observed
molecular abundances and our chemical model suggests that whereas the extended HCO from
the envelope can be formed via gas-phase reactions during the cold collapse of the natal core,
the HCO in the hot corinos surrounding the protostars is predominantly formed by the hydro-
genation of CO on the surface of dust grains and subsequent thermal desorption during the
protostellar phase. The derived abundance of HCO in the dust grains is high enough to pro-
duce efficiently more complex species such as H,CO, CH3;0H, and CH,OHCHO by surface
chemistry. We found that the main formation route of CH,OHCHO is the reaction between
HCO and CH,OH.

Key words: astrochemistry —line: identification —molecular data—stars: formation — stars:
low-mass — ISM: molecules.

1 INTRODUCTION

The formation of complex organic molecules (COMs) — carbon-
based compounds with more than five atoms (Herbst & van
Dishoeck 2009) — is being intensively debated in astrochemistry.
COMs play a central role in pre-biotic chemistry and may be di-
rectly linked to the origin of life (e.g. Caselli & Ceccarelli 2012).
Numerous efforts have been made in the last years to understand
how COMs are formed in the interstellar medium (ISM), by combin-
ing observations (e.g. Belloche et al. 2009; Jgrgensen et al. 2016;
Codella et al. 2017; Martin-Doménech et al. 2017; Rivilla et al.
2017a,b), chemical modelling (e.g. Garrod, Weaver & Herbst 2008;

* E-mail: rivilla@arcetri.astro.it

Vasyunin & Herbst 2013a,b; Balucani, Ceccarelli & Taquet 2015;
Taquet, Wirstrom & Charnley 2016; Vasyunin et al. 2017; Bergan-
tini et al. 2018; Coutens et al. 2018; Quénard et al. 2018a), and
laboratory experiments (e.g. Fedoseev et al. 2015; Chuang et al.
2016, 2017). However, despite all the efforts, our understanding of
the synthesis of COMs in the ISM is still very limited. Two general
paradigms have been proposed: (i) gas-phase chemistry triggered
by the evaporation (thermal or non-thermal) of interstellar ices (e.g.
Millar et al. 1991; Vasyunin & Herbst 2013b; Balucani et al. 2015;
Vasyunin et al. 2017) and (ii) hydrogenation and/or radical-radical
reactions on dust grain surfaces (e.g. Garrod & Herbst 2006; Garrod
et al. 2008).

A key step to understand how complex molecules are built up in
the ISM is to study their molecular precursors, that is the basic pieces
that lead to their formation. Many chemical models and laboratory
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experiments have proposed that the simple formyl radical, HCO, is
the precursor of COMs like methanol (Watanabe & Kouchi 2002),
the sugar-like molecule glycolaldehyde and the sugar-alcohol ethy-
lene glycol (Bennett & Kaiser 2007; Woods et al. 2012, 2013;
Butscher et al. 2015; Fedoseev et al. 2015; Chuang et al. 2017), for-
mamide (Jones, Bennett & Kaiser 2011, Fedoseev et al. 2016), and
N-methylformamide (Belloche et al. 2017). However, despite the
importance of HCO to build up chemical complexity, little is known
so far about its formation itself. Two main scenarios have been pro-
posed: (i) formation on the surface of dust grains via neutral—neutral
reactions at cold starless stages (e.g. Tielens & Hagen 1982; Brown,
Charnley & Millar 1988; Dartois et al. 1999; Watanabe & Kouchi
2002; Woon 2002; Garrod et al. 2008; Bacmann & Faure 2016) and
(ii) formation via gas-phase chemistry (Bacmann & Faure 2016;
Hickson et al. 2016).

To understand how HCO is formed, and what its role is in the
formation of more complex species, dedicated observations of this
molecule are needed. HCO has been detected in very different en-
vironments: diffuse clouds (Liszt et al. 2014), molecular clouds
(Snyder, Hollis & Ulich 1976; Snyder, Schenewerk & Hollis 1985;
Schenewerk, Snyder & Hjalmarson 1986; Schenewerk et al. 1988),
photon-dominated regions (Schilke et al. 2001; Gerin et al. 2009),
cold dark clouds (Cernicharo et al. 2012; Agtindez, Cernicharo &
Guélin 2015), shocks (Jiménez-Serra et al. 2004), starless cores
(Frau, Girart & Beltran 2012; Bacmann & Faure 2016; Spez-
zano et al. 2017), low-mass protostellar objects (Caux et al. 2011;
Bacmann & Faure 2016), and massive star-forming regions
(Sanchez-Monge et al. 2013; Rivilla et al., in prep.). However, these
observations have been carried out with single-dish telescopes, and
hence, up to now, no high angular resolution observations of HCO
are available. This has prevented us from revealing the HCO spatial
distribution and properly deriving source-average abundances to be
compared with chemical models.

IRAS 162932422 (hereafter IRAS16293) is a low-mass pro-
tostellar system located at a distance of 14173} pc (Dzib et al.
2018). It is composed of two solar-like protostars, sources A and
B, surrounded by chemically rich hot corinos (Cazaux et al. 2003;
Bottinelli et al. 2004) separated in the plane of the sky by ~5 arcsec
(~705 au), and whose masses are ~0.5 Mg (Looney, Mundy &
Welch 2000). Many COMs have been detected towards the two hot
corinos of this system, including glycolaldehyde (CH,OHCHO;
Jgrgensen et al. 2012), ethylene glycol [(CH,OH),; Jorgensen et al.
2012], formamide (NH,CHO; Kahane et al. 2013; Coutens et al.
2016), and methyl isocyanate (CH3NCO; Ligterink et al. 2017;
Martin-Doménech et al. 2017). The line profiles have linewidths
of up to 8kms™! for A and <2km s~! for B, due to the different
inclinations of the sources (B is almost face-on). Due to its chemical
richness, IRAS16293 is an excellent laboratory for astrochemical
studies.

In this paper, we present for the first time interferometric ALMA
(Atacama Large Millimeter/Submillimeter Array) observations of
HCO towards IRAS16293. We study the spatial distribution of
this molecule and compare its molecular abundance with that of
more complex species: H,CO, CH;OH, and CH,OHCHO. We also
present different chemical models to understand the formation of
HCO itself, and its role in the formation of more complex species
such as glycolaldehyde.

2 OBSERVATIONS

We carried out interferometric observations using 40 antennas
of ALMA in Cycle 3 on 2016 June 11 as part of the project

Table 1. ALMA observations used in this work.

SPW Frequency range Synthesized beam Av rms
(GHz) (arcsec x arcsec) (kms~!) (mly)
0 86.58-87.05 1.45 x 1.04 0.84 2.0
1 88.50-88.97 1.41 x 1.02 0.83 2.0
2 99.00-99.23 1.28 x 0.92 0.74 1.4
3 101.10-101.57 1.25 x 0.90 0.72 2.3

2015.1.01193.S (PI Rivilla). The observations were performed in
Band 3 (3mm) with the array in a configuration with baselines
ranging from 15m to 783 m. The digital correlator was config-
ured in four different spectral windows (SPWs) to cover lines of
HCO, H,CO, CH30H, and CH,OHCHO. The precipitable water
vapour (pwv) during the observations was in the range 2.0-2.4 mm.
Flux calibration was obtained through observations of Titan. The
phase was calibrated from interleaved observations of the quasar
J1625-2527. The bandpass correction was obtained by observing
the BL Lacertae object J1517-2422. The on-source observing time
was about 70 min. The phase centre was RA = 16"32™22362, Dec.
= —24°28'32746.

The data were calibrated and imaged using standard ALMA cal-
ibration scripts of the Common Astronomy Software Applications
(casA) package.! We imaged with CASA the data cubes, includ-
ing the continuum, and used them to perform further analysis (see
Section 3). The frequency range, synthesized beams, velocity res-
olution, and rms of the data cubes of the different SPWs are sum-
marized in Table 1. The flux density calibration uncertainty is of
5 per cent, consistent with that of the ALMA band 7 observations
of the same source carried out by Jgrgensen et al. (2016) and with
that estimated from recent analysis of calibrators in bands 3 and 6
(Bonato et al. 2018 and references therein). The analysis of the data
was done with the MADCUBA? software package.

We have complemented our interferometric ALMA data with
publicly available single-dish IRAM 30 m data from the TIMASSS
survey consisting of a single pointing towards IRAS16293 (see
details in Caux et al. 2011).

3 ANALYSIS

3.1 Continuum

We show in Fig. 1 the 3 mm continuum map towards the two hot
corinos: sources A and B. Fig. 2 shows the ALMA spectra towards
the continuum peaks of the two sources. In Appendix B we explain
in detail how we fitted the continuum emission of both hot corinos
in all spectral windows by varying the values of the dust emissivity
spectral index f and the dust optical depth 749. The best solutions
for the continuum fitting are 8 = 0.9 £ 0.4 and 749 = 0.097)¢; for
source A and B = 0.0 £+ 0.5 and 749 = 2.175¢ for source B. The
different values of f might be due to several factors, such as dust
chemical composition, size distribution, porosity, and geometry or
optical depth effects (see e.g. Ricci et al. 2012; Testi et al. 2014).

Uhttps://casa.nrao.edu

2Madrid Data Cube Analysis on Image] is a software developed at the Center
of Astrobiology (Madrid, INTA-CSIC) to visualize and analyse astronomical
single spectra and data cubes (Martin et al., in prep.; Rivilla et al. 2016).
MADCUBA is available at http://cab.inta-csic.es/madcuba/MADCUBA_IMA
GEJ/ImageJMadcuba.html

MNRAS 483, 806-823 (2019)
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The resulting continuum levels are shown with red lines in Fig. 2.
To create the continuum image we used this continuum level as
a reference for selecting the line-free channels, which were used
to substract the continuum in the UV-plane. The obtained contin-
uum map at ~94 GHz (Fig. 1) has a synthesized beam of 1.09 x
0.78 arcsec. We obtained the deconvolved size of the continuum
sources of A and B at 94 GHz by performing a two-dimensional
Gaussian fitting: (1.1 £ 0.1) x (0.7 & 0.1) arcsec (PA =45 £ 9)
and (0.46 4+ 0.03) x (0.42 £ 0.04) arcsec (PA = 148 + 42), re-
spectively. These sizes are smaller than the synthesized beam of
the continuum map, which means that the emission is not resolved.
We used these sizes and the synthesized beams of each data cube

MNRAS 483, 806-823 (2019)
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Figure 1. Upper: Integrated maps of HCO absorption at 86.708 GHz (velocity range between 3.5 and 4.5kms™!; left-hand panel) and HCO emission at
86.670 GHz (velocity range between —2 and 4 kms~!; right-hand panel) towards IRAS16293 A. The absorption/emission contours start at — 4/20 mJy
beam™! kms~!, with steps of — 1.5/5mJy beam™! kms~!. The colour scale is the 3 mm continuum emission in Jy beam~!. The beam is indicated in the lower
right-hand corner of each panel. Lower: Integrated maps of HCO absorption at 86.670 GHz (velocity range between 3.7 and 4.5km s~ !; left-hand panel) and
HCO emission at 86.670 GHz (velocity range between 1.2 and 3.6 kms™'; right-hand panel) towards IRAS16293 B. The absorption/emission contours start

(Table 1) to calculate the filling factor f.(v) for the continuum fit
(see Appendix B).

We used the derived optical depths 749 to calculate the molecular
hydrogen column density of both hot corinos, using the expression
Nu, = tao /(wmuky), where u is the mean molecular mass per hy-
drogen atom (2.8), my is the hydrogen mass, and «, is the absorption
coefficient per unit density at frequency v. In the calculation we
assumed a gas-to-dust mass ratio of 100, and we calculated « for
each source extrapolating from the value at 1 mm of 0.009 cm? g~!
(thin ices in an H, density of 10® cm™3; see Ossenkopf & Henning
1994) and using the derived values of 8, which gives 0.0044 and
0.009 cm? g~! for source A and B, respectively. We obtained N(H,)
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Figure 2. Spectra towards the continuum peak of IRAS16293 source A (upper) and IRAS16293 source B (lower) of the full bandwidth covered by the four
different spectral windows. The red lines correspond to the fit of the continuum obtained using a modified blackbody function (see text). The parameters used

in the fit are indicated in the right-hand panels.

=4.4 x 10* cm™? and N(H,) = 5.0 x 10> cm~? for A and B, re-
spectively. These hydrogen column densities are in good agreement
with previous estimates: 3.5 x 10%* cm~2 for source A (Bottinelli
et al. 2004) and (>1.2-2.8) x 10% cm~? (Bottinelli et al. 2004;
Jgrgensen et al. 2016; Martin-Doménech et al. 2017) for source B.

3.2 Molecular lines

3.2.1 Identification

The identification of the lines was performed using the SLIM (Spec-
tral Line Identification and Modeling) tool of MADCUBA, which uses
information from publicly available spectral catalogues. For the
analysis of this work we used molecular entries from JPL? (Pickett
et al. 1998) and CDMS* (Miiller et al. 2001, 2005; Endres et al.
2016). We searched for the 3 mm quadruplet of HCO, and also
for H,CO, CH3OH, and CH,OHCHO lines. In Table 2 we include
the transitions of each molecule that are clearly unblended towards
source B. In Appendix A we present the line parameters (areas,
intensities, vigr, and full width at half-maximum, FWHW) of the
different molecular transitions studied in this work obtained from
individual Gaussian fits.

HCO was detected, in emission and redshifted absorption, to-
wards the positions of the two hot corinos. Fig. 1 shows the spatial
distribution of HCO, overplotted on the continuum image. The maps
show that HCO (the two components, emission and absorption) is

3https://spec.jpl.nasa.gov
“https://www.astro.uni-koeln.de/cdms

not extended but compact in the two protostellar objects, and co-
incident with the continuum. The deconvolved sizes of the HCO
emission and absorption derived by a two-dimensional Gaussian
fitting are smaller than the synthesized beam of the data cubes. The
same occurs also for H,CO, CH3;0H, and CH,OHCHO. Therefore,
their spatial distributions are not resolved. For simplicity, we will
assume hereafter that the molecular emission/absorption share the
same size of the continuum, obtained as (6 ) X Omin)®>. This gives
0.88 arcsec for source A and 0.44 arcsec for source B. We note
that these sizes are very similar to those used in other works, e.g.
0.9 arcsec for source A (Oya et al. 2016) and 0.5 arcsec for source
B (Jgrgensen et al. 2016; Ligterink et al. 2017; Martin-Doménech
et al. 2017).

Fig. 3 shows the spectra of the HCO quadruplet towards the hot
corinos. The brighter HCO line at 86.670 GHz presents a clear in-
verse P-Cygni profile towards source B, with emission at 2.5km s~!
and absorption at 4.3 km s~!. The absorption is also evident in the
other three HCO lines of the quadruplet (upper panels of Fig. 3).
A similar P-Cygni profile was also observed in other molecular
species, methyl formate (CH;OCHO), by Pineda et al. (2012). In
the case of source A, the HCO line at 86.670 GHz was also de-
tected (see lower left-hand panel in Fig. 3), although it is partially
blended with a transition of CH,DOH, due to the larger linewidths
of this source. The absorption component is not clearly seen in this
HCO transition, due to the contamination by CH,DOH. However,
the absorption is clear in the HCO transition at 86.70836 GHz
(Fig. 3).

In Figs 4 and 5 we show the transitions of the other molecules
studied in this work (H,CO, CH3;0H, and CH,OHCHO; see
Table 2) towards source B and A, respectively. The vi. sg and FWHM

MNRAS 483, 806823 (2019)
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Table 2. Molecular transitions of the different species that are clearly unblended towards IRAS16293 source B.

Frequency

Molecule (GHz) Transition log Ay (s™1) Eyp (K)
HCO 86.67076 1o,1 — 00,0, J=3/2-1/2, F = 2-1 —5.3289 4
HCO 86.70836 1o,1 — 00,0, J=3/2-1/2, F=1-0 —5.3377 4
HCO 86.77746 1o,1 — 00,0, J=1/2-1/2, F = 1-1 —5.3366 4
HCO 86.80578 1o,1 — 00,0, J=1/2-1/2, F = 0-1 —5.3268 4
H,CO 101.33299 61,5 — 61,6 —5.8038 88
CH3;OH 86.61560 72,6 — 03,3 — — —6.1646 103
CH3;0H 86.90295 725 — 634+ + —6.1596 103
CH3;0H 88.59479 153,13 — 144, 10 + + —5.9593 328
CH30H 88.94009 153 10 — 144,11 — — —5.9539 328
CH,OHCHO 86.60057 1750 — 174,13 —4.4770 101
CH,OHCHO* 86.86239 74,3 — 73,4 —49138 25
CH,OHCHO 86.87650 204,16 — 203,17 —4.8626 427
CH,OHCHO* 88.53041 845 — 836 —4.8217 30
CH,OHCHO 88.69126 123 10 — 122,11 —4.7155 49
CH,OHCHO 88.89245 9.6 — 93,7 —4.7558 35
CH,OHCHO 99.06847 144 11 — 143,12 —4.5044 67
CH,OHCHO 101.11631 214,17 — 213,13 —4.3682 143
CH,OHCHO* 101.21981 183,15 — 182,16 —4.5990 497
CH,OHCHO 101.23217 15,13 — 151,14 —4.5990 71
CH,OHCHO* 101.51469 143 12 — 149, 13 —5.2467 535
CH,OHCHO 101.52785 145 9 — 144,10 —4.73347 74

“Transitions used to perform AUTOFIT in source B.

HCO — 86.67076 GHz HCO — 86.70836 GHz HCO — 86.77746 GHz HCO — 86.80578 GHz

-10 0 10 -10 0 10 =10 0 10 =10 0 10

-1
VISR (km s ')

Figure 3. HCO spectra towards the continuum peak of IRAS16293 A (upper) and B (lower). The local thermodynamic equilibrium (LTE) best fits, including
the continuum emission, are shown in red curves. Other molecular species in the spectra are also labelled with the their name or with a ‘U’ if they remain
unidentified.

MNRAS 483, 806-823 (2019)
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Figure 4. Unblended molecular transitions detected with ALMA of H,CO, CH3OH, and CH,OHCHO towards IRAS16293 source B. The MADCUBA-
AUTOFIT LTE best fits, including the continuum, are shown in red. The frequency and Ey;, of each transition are indicated above each panel. Other molecular
species in the spectra are also labelled with the their name or with a ‘U’ if they remain unidentified.
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Figure 5. Unblended molecular transitions detected with ALMA of H,CO, CH30H, and CH,OHCHO towards IRAS16293 source A. The MADCUBA-
AUTOFIT LTE best fits, including the continuum, are shown in red. The frequency and E,;, of each transition are indicated above each panel. Other molecular
species in the spectra are also labelled with the their name or with a ‘U’ if they remain unidentified.

Table 3. Physical parameters obtained with the LTE analysis for the hot corinos IRAS16293 A and B using the ALMA data and for the cold envelope using
IRAM 30m data. The parameters derived by using MADCUBA-AUTOFIT include their associated uncertainties, while the parameters that were fixed in the
fitting process are shown without uncertainty. For the line opacities, we give the range of values found for the different molecular transitions of each species
used in the analysis.

Molecule Tex VLSR FWHM N Molecular abundance T %2 AUTOFIT
(K) (kms™') (kms™!) (x 10 cm~2) (x 107%)
this work other works this work other works

Source A (hot corino)

HCO (emission) 50 22 55 0.25 - 0.06 - 0.013-0.064 -
180 22 55 1.6 - 0.36 - 0.003-0.017 -
HCO (absorption) 10 43 1 0.02 + 0.01¢ - - - 0.2-0.97 -
H,CO 100 32401 7.1+£02 152+ 04 - 3.4 + 0.1 10° 0.5 0.009
CH;0H 17845 31401 76402 550 + 12 440 ¢ 125 + 3 77¢ 0.41-0.47 0.02
CH,0HCHO 110 3.1 7 1.1+02 44 0.26 + 0.03 0.754 0.02 0.06
140 3.1 7 1.5+ 02 44 0.34 £+ 0.04 0.75¢ 0.016 0.06

Source B (hot corino)

HCO (emission) 50 2.5 1.8 05 £+ 0.2 - 0.010 £ 0.003 - 0.08-0.4 0.09

180 2.5 1.8 3.0 £ 0.7 - 0.06 £+ 0.01 - 0.017-0.083 0.09
HCO (absorption) 10 43+£0.1 1 0.0046 £ 0.0006 - - - 0.05-0.26 0.05
H,CO 100¢ 24401 13£0.1 23 £3 200" 0.46 £ 0.06 8.6/—10" 4 0.006
CH3;0H 181+£9 24+0.1 1.5+0.1 282 + 10 850° — 20002 56 £ 0.2 37¢ — 88¢ 1.0-1.1 0.009
CH,OHCHO 157+14 27+£0.1 1.8+£02 13+£3 3-6.8%¢ 0.27 £ 0.05 0.16-0.35%¢ 0.02-0.25 0.03

Cold extended envelope

HCO 10" 40+£03 22405 (2.6 £ 0.6) x 10741 i (0.13 + 0.03) x 10727 - 0.001-0.006 0.002

“The AUTOFIT algorithm did not converge. We selected a good solution by visual inspection, and adopted a conservative uncertainty of 50 per cent. ?Ceccarelli et al. (2000). ‘Kuan
et al. (2004). “Jgrgensen et al. (2012). ¢ We have assumed a source size of 0.65 arcsec for the the fit assuming Tex = 100 K (see text)./Persson et al. (2018). ¢Jgrgensen et al. (2016).
""Temperature of the surrounding core of IRAS16293 of 10 K, from van Dishoeck et al. (1995) and Quénard et al. 2018a. ‘Column density averaged in the IRAM 30 m beam. /Using
the hydrogen column density of the cold envelope reported by van Dishoeck et al. (1995), N(Hy) =2 x 10%* cm~2.
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of these species, shown in Table 3, are in good agreement with those
of HCO in both sources. For source A, only the CH,OHCHO tran-
sition at 101.53 GHz (lower panel in Fig. 5) is clearly unblended,
while the others are contaminated by other species due to the larger
linewidths.

We also did a careful search of the molecular lines that are close to
those analysed in this paper in Figs 3, 4, and 5. To identify them, we
searched for molecules using JPL and CDMS catalogues in a range
of &1 MHz (which translates to +3.5 km s~!) around the frequency
of the lines. We successfully identified CH,DOH, CH3NCO (see
Fig. 3), DCOOH, C,HsCN and HOCH,CN (Fig. 4), and C,HsOH
(Fig. 4). Some lines in the spectra cannot be explained by any of the
molecules from the catalogues, and then they remain unidentified
(labelled with a ‘U’). These lines might be due to species whose
spectroscopy is still not available.

3.2.2 Comparison with single-dish data

We compared the ALMA spectra with the single-dish spectra ob-
served with the IRAM 30m telescope, publicly available from
the TIMASSS project (Caux et al. 2011). This allows us to de-
termine whether the ALMA observations have missed flux due
to filtering and also whether the single-dish telescope was sen-
sitive to gas located in the hot corinos or alternatively in a
more extended and colder gas component surrounding the binary
system.

In Fig. 6, we show the spectra of HCO, H,CO, CH30H, and
CH,OHCHO obtained with the IRAM 30m together with those
of ALMA integrated in an area matching the IRAM 30 m beam
(~28 arcsec). As seen in this figure, the 3 mm quadruplet of HCO
is also clearly detected in emission in the single-dish data (black
histogram in upper panels). On the other hand, HCO is not de-
tected in the spatially averaged ALMA spectra (blue histogram
in 6; note that the line detected in the left upper panel is CH,DOH).
The emission/absorption detected by ALMA towards the hot cori-
nos discussed previously is clearly diluted in the spatially aver-
aged spectra. This indicates that the HCO emission detected by
the IRAM 30 m telescope does not arise from the hot corinos but
from a more extended component, probably associated with the cir-
cumbinary envelope (e.g. van Dishoeck et al. 1995 and Quénard
et al. 2018a), which has been filtered out by ALMA. We note that
these ALMA observations had a maximum recoverable scale of
~12 arcsec.

Unlike HCO, the lines of H,CO and CH;OH detected with
the IRAM 30m telescope match very well the spatially averaged
ALMA spectra, which indicates that the emission detected by the
single dish is arising from the compact hot corinos. As seen in
Fig. 6, CH,OHCHO, which has been clearly detected by ALMA
(see Figs 4 and 95), is not detected when the emission is averaged
over a 28 arcsec area or when observed with the IRAM 30 m due to
beam dilution.

Altogether, we can conclude from this comparison that the ex-
tended HCO emission observed with the IRAM 30 m comes from
the bulk of the circumbinary envelope, and has been filtered out
by ALMA, and that the molecular emission (HCO, H,CO, and
CH;O0H) detected with ALMA arises from the hot corinos. The
HCO absorption profiles are due to foreground infalling gas of the
common circumbinary envelope that is much colder than the hot
corinos in the background. This points out the need of using inter-
ferometric observations to study the HCO emission associated with
the hot corinos/cores.

3.2.3 Derivation of physical parameters

To estimate the physical parameters of the different species, we
assumed local thermodynamic equilibrium conditions, which is a
reasonably good approximation for hot corinos, where the volume
densities are very high (>10% cm~3; Jgrgensen et al. 2016; Coutens
etal. 2018; Quénard et al. 2018a). These densities are several orders
of magnitude higher than the critical densities of the H,CO and
CH;OH transitions considered in this work, which are ~10* cm ™3,
calculated from the collisional coefficients derived by Wiesenfeld &
Faure (2013) and Rabli & Flower (2010), respectively. For HCO and
CH,OHCHO, the LTE approach is the only possibility since there
are no collisional coefficients available.

To fit the absorption profiles produced by the foreground molec-
ular infalling layer, we used the expression:

T,00) = fe)Te()e ™ + funTL1 —e =),

where T is the excitation temperature of the absorbing molecular
layer, t.(v) is the line optical depth of the absorption, f.(v) and f,(v)
are the beam filling factors of the continuum and the absorption
regions, respectively, and 7¢.(v) is the emission of the background
continuum source described in Appendix B. This fit reproduces the
absorption lines and also the continuum emission.

To fit the line intensities of the molecular emission from the hot
corinos, T.(v), we have used the expression:

T.(v) = fe(MTS(1 — e ™M),

where Ty, is the excitation temperature of the emission, 7.(v) is the
line optical depth of the emission, and f.(v) is the beam filling factor
of the emission region. Since the molecular emission and absorp-
tion and the continuum emission are not resolved towards both hot
corinos, as discussed in Section 3.2.1, we considered the same beam
dilution factor for all components, i.e. f.(v) = fo(v) = fu(v), calcu-
lated using the continuum sizes presented previously: 0.88 arcsec
for source A and 0.44 arcsec for source B.

The MADCUBA-AUTOFIT tool compares the observed spectra
with the LTE synthetic spectra of the different species calculated
following the previous expressions, taking into account all tran-
sitions, and it provides the best non-linear least-squared fit using
the Levenberg—Marquardt algorithm. The free parameters of each
component (emission and absorption) are as follows: total column
density (N), excitation temperature (7 ), velocity (v), and FWHM.
MADCUBA-AUTOFIT calculates consistently from these parameters
the line opacity for each transition between levels 7 and j, 7, using
the expression

= 7NiBi' hvij/kTex 1 , 1
Tij FWHM j(e ) (D
where Bj; is the Einstein B-coefficient,  is the Planck constant, k is

the Boltzmann constant and A; is the column density in the upper
level i, which is calculated with the expression:

gie™ BT @)

N

L 0T
where Q is the partition function and g; and E; are the degeneracy
and the energy of the upper level i, respectively. The derived value
of the opacity for each transition is given as output of the fit.

Letting free the four parameters (N, Tex, v, FWHM), MADCUBA-
AUTOFIT provides the best combination of parameters with the
associated errors. When the algorithm did not converge, we fixed
manually the velocities and/or the FWHM to the values that best re-
produced the observed spectra and reran AUTOFIT. In some cases,
the value of T« was also fixed (see below). When convergence was
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Figure 6. Comparison between IRAM 30 m spectra (black histogram) and the ALMA spectra (blue histogram) integrated in a region coincident with the 30 m
beam. Different panels show different transitions. The molecule and the Ey, are indicated in the right and left upper corners of each panel, respectively. The
red curve in the upper panels show the LTE best fit for the HCO detected by the IRAM 30 m telescope.

not possible, we selected by eye the solution that best fit the spectra.
The physical parameters derived are shown in Table 3. The errors
of the parameters left free are derived from the diagonal elements
of the covariance matrix, the inverse of the Hessian Matrix, and the
final x2 of the fit. The ratio between the errors and the values of
each parameter gives a qualitative idea of the goodness of the fit.
Furthermore, in Table 3 we include the normalized ? value of the
fit, which was calculated dividing the x? by the signal to noise of
the analysed transitions.

We were not able to derive the excitation temperature of HCO
because the four detected lines of HCO share the same E,, 4 K.
Since the ALMA maps (Fig. 1) show that the HCO emission arises
from the hot corinos (see also Section 3.2.2), we then assumed
a range of temperatures typical of hot corinos, 50-180 K, which
encompasses the values found for many other molecular tracers
in the literature (e.g. Kuan et al. 2004; Martin-Doménech et al.
2017) and the ones we obtain from CH3;OH and CH,OHCHO in
this data set (see below). The derived value of the HCO column
density can vary up to a factor of 6 in the adopted temperature
range. We will find in Section 4 that the predictions of our chemical
model favour a temperature for HCO of ~70 K, within the range
considered here. For the HCO component in absorption, which is
expected to arise from foreground and colder gas, we assumed the
temperature of 10 K of the surrounding circumbinary envelope of
IRAS16293 (van Dishoeck et al. 1995 and Quénard et al. 2018a).
The LTE fits of HCO in sources A and B, including both emission
and absorption components, are shown with red curves in Fig. 3.
We note that while the brightest HCO transition at 86.670 GHz is
detected in emission towards both hot corinos at detection levels
>50, the other weaker transitions of the quadruplet are not clearly
detected in emission. This might be due to a combination of several
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effects: weak line emission, noise of the spectra, modest spectral
resolution, and the presence of the absorption profiles. To prove
this, we simulated the HCO spectra (emission + absorption) using
the physical parameters resulting from the fit (Table 3), mimicking
the spectral resolution and the rms of the observed spectra. We per-
formed many different simulations in which the noise was created
randomly. We also applied different spectral resamplings; i.e., we
shifted slightly the position of the channels by values lower than
the channel width. Our results show that while the brightest HCO
transition is always detected above 5o, the other transitions can be
spectrally diluted and fall below 2-3¢ levels, which would explain
why they are not clearly detected in our observations. A similar
spectral dilution effect of an inverse P-Cygni profile was observed
in Herschel observations of the L1544 prestellar core with different
spectral resolutions (Caselli et al. 2012).

The LTE fits of the other molecules are shown in Figs 4 (source B)
and 5 (source A). For CH30H and CH,OHCHO, for which multiple
transitions with different E,, were observed (Table 2), we left T
as a free parameter, and were able to derive its value. For CH;0H,
we obtained 7, = 178 & 5 K and 181 £ 9 K for source A and
B, respectively, which confirms that the methanol emission arises
from the hot corinos. For CH,OHCHO, most of the unblended lines
towards source B are low energy levels (Table 2). To avoid a bias
towards low energies, we have selected two transitions at low en-
ergies and two transitions at high energies (indicated in Table 2) to
perform AUTOFIT. We obtained a temperature of 157 4 14 K for
source B, similar to that obtained for CH3;OH, and a column density
of (13 £ 3) x 10'® cm~2 (Table 3). For source A, the only clearly
unblended transition of CH,OHCHO is that at 101.527 GHz (E,,
= 74 K) . The excitation temperatures found in other studies for
source A are typically a factor 0.7-0.9 lower than those of source
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B (Kuan et al. 2004; Jgrgensen et al. 2012, 2016). Therefore, we
considered the temperature derived for source B and applied this
range of factors, which gives T, ~ 110—140 K. Fixing these tem-
peratures, we fitted the CH,OHCHO transition at 101.527 GHz, and
we obtained column densities of (1.1-1.5) x 10'® cm~2 (Table 3).

The column density derived for CH3;OH in source B is 2.8 x 10'8
cm~2. We have searched in the literature other estimates of the
CH;OH column density obtained from interferometric observa-
tions. For source B, Kuan et al. (2004) reported a value of 5 x 10'7
cm™? averaged in a synthesized beam of 1.2 x 2.6 arcsec. Consider-
ing the source size that we have adopted, 0.44 arcsec, this translates
into ~8.5 x 10'"® cm™2, which is about a factor of 3 higher than
our value. Jgrgensen et al. (2016) found a column density one or-
der of magnitude higher than our value. The low value we found
could be due to optical depth effects. Jgrgensen et al. (2016) did
not use CH;OH but the isotopologue CH}*OH, which is expected
to be optically thinner, and then used the standard ISM '°0/'¥0
ratio of 560 (Wilson & Rood 1994). However, the '°0/'80 ratio
might be uncertain. It has been found that other fractionation ratios,
such as the '2C/13C ratio, are usually lower in hot corinos/cores
than in the ISM by a factor of ~2 (Jgrgensen et al. 2016) or even
of 4-5 (Beltran et al. 2018). However, Persson et al. (2018) found
a '°0/'80 ratio in source B that is not lower than the ISM value
but higher, with a value of ~805. Using this value, the CH;OH
column density derived by Jgrgensen et al. (2016) would be a factor
of 1.4 higher. Therefore, the most likely explanation for the low
value we derived is optical depth. MADCUBA—SLIM, as explained
before, calculates consistently the line opacity of each transition,
and takes it into account in the calculation of the column density.
Namely, if the source size and the 7.4 are reasonably well known,
the derived value of N is good whenever the fitted lines are opti-
cally thin. If the lines are optically thick, the derived N should be
considered as a lower limit, because the LTE line profile flattens
and the line intensity becomes independent of N. The opacities de-
rived with MADCUBA-AUTOFIT for the transitions of CH3;OH are
1.0-1.1 for source B (Table 3). Therefore, the lines are not optically
thin, and our estimates of the CH3;0OH column densities should be
considered as strict lower limits. Regarding source A, Kuan et al.
(2004) found a value of 4.4 x 10'® cm~2 (after correction for the
source size), which is very similar to our estimate of 5.5 x 10"
cm™2. However, given the relatively high optical depth derived in
our data (0.41-0.47, Table 3), these values should be considered as
lower limits.

For H,CO, we only have one transition, so 7,5 cannot be derived.
We have used an excitation temperature of 100 K, like that found by
van Dishoeck et al. (1995) and Persson et al. (2018). We obtained
a column density of (15.2 £ 0.4) x 10'® cm~? for source A. For
source B, the LTE fit assuming 7, = 100 K saturates at a line
intensity of ~35 K, while the observed line temperature is ~50 K
(Fig. 4). This may indicate that the H,CO emission is slightly larger
than the 0.44 arcsec size we have assumed. Considering a larger
size of 0.65 arcsec (still smaller than our beam), the line is well
reproduced with a column density of (23 & 3) x 10'® cm~2, which
is one order of magnitude lower than that found by Persson et al.
(2018) (Table 3). We note that the derived opacity of the line is high,
~4, which indicates that this line is optically thick towards source
B, and that therefore we are underestimating its column density.

To derive the molecular abundances of the different species we
have used molecular hydrogen column densities calculated previ-
ously: N(H;) = 4.4 x 10** cm™? and N(H;) = 5.0 x 10% cm™>
for A and B, respectively, The resulting molecular abundances are
shown in Table 3. For source A, the HCO abundance is (0.06—

0.36) x 1078, for the range of excitation temperature considered.
The molecular abundances obtained for the other species (H,CO,
CH;O0H, and CH,OCHO) are similar to previous estimates (Table 3)
within factors 2-3.

For source B, the HCO abundance is (0.01-0.06) x 10~%, which s
a factor of 6 lower than for source A. As discussed before, CH;OH
may be suffering optical depth effects, which could explain why
our abundance is a factor of 5 and 16 lower than that estimated
by Kuan et al. (2004) and Jgrgensen et al. (2016), respectively.
The situation is similar for H,CO, for which we have found an
abundance more than one order of magnitude lower than that found
by Ceccarelli et al. (2000) and Persson et al. (2018). The abundance
of CH,OHCHO is very similar to that found by Jgrgensen et al.
(2012, 2016).

We also derived the column density of the extended HCO com-
ponent detected by the IRAM 30 m telescope by fitting the HCO
quadruplet shown in black in Fig. 6. We assumed that the emission
fills the telescope beam and used as T, the kinetic temperature
of ~10 K estimated for the surrounding circumbinary envelope of
IRAS16293 (van Dishoeck et al. 1995; Quénard et al. 2018a). The
fit obtained with MADCUBA-AUTOFIT is shown in Fig. 6. We note
that the observed intensities of the lines of the HCO quadruplet
are not fully reproduced by the LTE fit. In particular, the lines at
86.70836 GHz and 86.80578 GHz are brighter than the LTE pre-
diction, which may indicate that HCO in the cold circumbinary
envelope is not in LTE. However, since collisional coefficients of
this species are not available, we performed an LTE analysis. The
derived parameters are shown in Table 3. We obtained a column
density of (3-5) x 10'> cm™2, which translates into an abundance
of (1.5-2.9) x 10~ by using the column density of the cold cir-
cumbinary envelope estimated by van Dishoeck et al. (1995), which
is Ny, =2 x 10% cm™2. This HCO abundance is significantly lower
by 1-2 orders of magnitude than that found in the hot corinos.

4 COMPARISON WITH THE CHEMICAL
MODEL

To identify the most likely chemical routes to form HCO and its role
in forming more complex species such as CH;OH and CH, OHCHO,
we used an updated chemical model based on Vasyunin & Herbst
(2013b). This schematic zero-dimensional model mimics the evo-
lution of a parcel of gas and dust with time-dependent physical
conditions from a diffuse cloud to a hot corino. The model con-
sists of two stages. During the first stage, a free-fall collapse occurs
(Brown et al. 1988; Spitzer 1998). Physically, this stage is attributed
to the formation of a cold and dense core from a translucent cloud.
The collapse occurs over 10° yr. During this time, gas density in-
creases from the initial value of 3 x 10° cm™ to the final value of
10% cm~3, which matches the typical densities of hot corinos (see
e.g. Woods et al. 2013; Awad et al. 2014; Coutens et al. 2018). Vi-
sual extinction changes correspondingly from the starting value of
A, =2, and gas and dust temperatures are assumed to be equal. Dur-
ing the collapse, the dust temperature drops from ~20 K to ~10 K
due to less efficient radiative heating of dust grains in a dark, dense
cloud in comparison to a translucent cloud exposed to UV radiation
(Garrod & Pauly 2011). The second stage is a warm-up phase. It
is assumed that during this stage a parcel of gas and dust warms
up from 10 K to 200 K during 2 x 103 yr, developing into a hot
corino. The gas density during the second stage remains constant.
We would like to note that despite the simplicity of such a model,
it has been proven to be a powerful tool to explore the chemistry of
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hot cores and corinos by a number of studies (see e.g. Brown et al.
1988; Rawlings et al. 1992; Viti & Williams 1999; Viti et al. 2004;
Garrod & Herbst 2006; Vasyunin & Herbst 2013a; Rivilla et al.
2016). Thus, we stick to this simplistic physical model, although
more advanced treatment is planned for future detailed studies.

The chemical network used in this study is based on an updated
version of the one presented in Vasyunin et al. (2017). Several im-
portant updates were introduced to accurately treat the chemistry of
HCO and CH,OHCHO. We note that the results of astrochemical
models, including the one presented in this work, are intrinsically
uncertain by at least an order of magnitude (Vasyunin et al. 2004,
2008; Wakelam et al. 2005; Wakelam, Herbst & Selsis 2006; Wake-
lam et al. 2010). Thus, for the molecular abundances predicted by
the model we have considered an uncertainty range multiplying and
dividing by a factor of 3.

4.1 The formation of HCO: surface chemistry, gas-phase
chemistry, or both?

Different chemical routes have been proposed to form HCO, both
in the surface of dust grains (Tielens & Hagen 1982; Brown et al.
1988; Dartois et al. 1999; Watanabe & Kouchi 2002; Woon 2002;
Bacmann & Faure 2016) and in the gas phase (Bacmann & Faure
2016; Hickson et al. 2016). The scheme of the chemical network
including all these reactions is presented in Fig. 7. To evaluate the
role of surface chemistry in the formation of HCO, we have run
the three different models (I, II, and III) presented in Table 4 (see
also Fig. 7). We also considered different reactions that can destroy
HCO (see Fig. 7), both in the gas phase and on the grain surface. As
we will discuss in Section 4.2, HCO is involved in several chemical
routes to form CH,OHCHO. For simplicity, in this section we only
considered the route involving HCO and CH,OH, which is the most
efficient according to our model (see Section 4.2).

The role of surface chemistry routes in determining the gas-phase
abundance of HCO is different during the cold collapse phase and
the warm-up phase. In the cold phase, the abundance of HCO is
almost independent of the details of the surface chemistry, and is
mainly maintained by the gas-phase reaction [2] (Table 4). Fig. 8
shows that the abundance predicted by the chemical model I, which
considers only gas-phase chemistry, is around several ~10~!! at the
expected volume density of the cold envelope, 3 x 10* —2 x 10°
cm ™ (from van Dishoeck et al. 1995 and Quénard et al. 2018a).
This value is in good agreement with the abundance derived for
the extended cold component (see Table 3), indicating that gas-
phase formation routes are sufficient to consistently explain the
HCO abundance in the cold envelope. This is also in agreement
with Bacmann & Faure (2016), who reached the same conclusion
in a survey of low-mass pre-stellar cores.

During the protostellar phase, the contribution of the grain surface
is much more important. In particular, model II, which includes the
surface hydrogenation of CO (reaction [3] in Table 4), produces
a peak of HCO abundance of several 107!°, similar to the ones
found in IRAS16293 A and B when a temperature of 50 K was
assumed, which is higher than the abundances produced by models
I and IIT by more than an order of magnitude (Fig. 9). The peak of
HCO abundance in the model is reached at a warm temperature of
~60-70 K. At higher temperatures, HCO is progressively destroyed
through the gas-phase reaction between HCO and atomic hydrogen
(Hebrard et al. 2009). This reaction is very efficient in hotter gas
because the abundance of atomic hydrogen is significantly higher
than in cold gas. Therefore, the chemical model is suggesting that
the emission of HCO detected by ALMA is arising for a warm
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component of the hot corinos at a temperature ~60-70 K, rather
than from hotter gas (>100 K). Since we were not able to derive
the excitation temperature of HCO, in Section 3 we assumed two
temperatures, 50 and 180 K, to derive its abundance. Indeed, the
HCO abundances derived assuming 50 K, which are a factor ~6
lower, match better the peak abundances of HCO predicted by the
model (at 60-70 K). This is further evidence pointing towards a
warm origin of the HCO observed in emission by ALMA.

4.2 HCO as precursor of COMs

HCO has been proposed as the basic precursor of many COMs,
and in particular of CH,OHCHO. Woods et al. (2012, 2013) tested
theoretically different mechanisms of CH,OHCHO synthesis pre-
viously proposed in the literature (e.g. Sorrell 2001; Charnley &
Rodgers 2005; Halfen et al. 2006; Bennett & Kaiser 2007; Garrod
et al. 2008; Beltran et al. 2009), both in the gas phase and on the
surface of grains, and concluded that the most likely pathways are
three grain-surface formation routes involving HCO. To explore
the possible formation routes of CH,OHCHO, we considered sev-
eral routes recently discussed in the literature (Garrod et al. 2008;
Woods et al. 2012, 2013; Fedoseev et al. 2015; Chuang et al. 2016).
In all these routes, the availability of HCO is a key condition. All
routes of formation of HCO considered in the previous section were
switched on.

Therefore, to test the viability of these chemical pathways to
form CH,OHCHO, we have compared the molecular abundances
estimated in IRAS16293 with the output of the considered models.
Since the detailed modelling of CH,OHCHO chemistry will be
presented in a separate paper (Vasyunin et al., in prep.), below we
only focus on the chemical pathway that showed the best agreement
with observations presented in this study.

The model that better fits the observations is the model where
CH,OHCHO is produced by the surface reaction between HCO
and CH,OH. It produces a peak of HCO of ~0.07 x 1078 at 60—
70 K, which is of the order of that derived for sources A and B
if we assume T.x = 50 K (see left-hand panel of Fig. 10). For
CH;OH, the observed abundances are reasonably well reproduced
for temperatures >110 K (Fig. 10), which are not far from the
excitation temperature derived from observations (see Table 3).

The abundance of H,CO derived from observations is reached
at a temperature of ~60 K in the model (Fig. 10), similar to the
temperature at which the abundance of HCO peaks according to the
model. This may indicate that HCO and H,CO are tracing warm
gas of the hot corinos, instead of the hotter gas (7 >100 K) traced
by CH3OH and CH,OHCHO. Alternatively, if H,CO traces hot gas
at ~100 K, as suggested by the excitation temperature found by van
Dishoeck et al. (1995) and Persson et al. (2018), then the model
is overproducing H,CO by ~2 orders of magnitude compared to
observed values.

Finally, CH,OHCHO in the model reaches an abundance sim-
ilar to that estimated from the observations for a temperature of
~140 K, which is consistent with the 7., derived from the ob-
servations. This temperature is higher than that at which HCO
peaks in the model (~70 K). This is because CH,OHCHO,
which is formed at low temperatures through the surface reaction
HCO + CH,OH— CH,OHCHO, has much higher desorption en-
ergy than HCO (6684 K versus 1600 K; Garrod et al. 2008), and
then it is desorbed later when the temperature increases.

In summary, we favour the reaction between HCO and CH,OH
as the most likely chemical route for the formation of CH,OHCHO.
However, we do not aim at completely rule out other surface
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Figure 7. Chemical routes discussed in this work and implemented in our chemical model to study the formation of HCO. The solid and dashed arrows
indicate gas-phase and grain-surface reactions, respectively. On the left, we indicate with boxes the three different models (I, II, and III) we considered for the
formation of HCO. We indicate with arrows within each box the reactions that were included in each model, following the same colour and stroke code as in
the diagram. We have also added the most efficient formation route of CH,OHCHO according to our model (Section 4.2).

Table 4. Chemical models considered for the formation of HCO.

Model I
H,CO +H" — H3CO™ ; H3€CO" + e~ — HCO+H + H (gas) [1]
C + H;O — HCO + H (gas) [2]
Model 1T
Model I + CO —> HCO — H,CO — CH3OH (surface) [3]
Model IIT
Model I + OH + H,CO — HCO + H;O (surface) [4]
-9
10 lll}" ) T T llllll' T T llllll' T T E
~ _ J
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Figure 8. Results of the chemical model I (gas-phase chemistry) during the
cold collapse phase. The evolution of the molecular abundance of HCO is
represented as a function of the volume density with a solid black curve.
The area within the dotted black curves delimits the uncertainty of the
chemical model, obtained by multiplying and dividing the outcome of the
model by a factor of 3. The vertical dark grey band is the volume density
derived by van Dishoeck et al. (1995) and Quénard et al. (2018b) for the
cold envelope of IRAS16293: 3 x 10* — 2 x 10° cm—3. The horizontal
light grey band indicates the range of HCO abundances derived from the
IRAM 30 m observations (Table 3).
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Figure 9. Results of the chemical models (I, II, and III) during the proto-
stellar warm-up phase. The evolution of the molecular abundance of HCO is
represented as a function of temperature. The area within the dotted curves
delimits the uncertainty of the chemical model, obtained by multiplying and
dividing the output of the model by a factor of 3. Model I (blue) includes
only gas-phase reactions; model II (red) includes gas-phase reactions and
the surface hydrogenation of CO; and model III (green) includes gas-phase
reactions and the surface reaction H,CO + OH — HCO + H,CO. The
horizontal light-grey band indicates the range of HCO abundances found in
the ALMA observations (Table 3).

chemistry routes recently considered in laboratory experiments (Fe-
doseev et al. 2015; Chuang et al. 2016) and chemical modelling
(Woods et al. 2012, 2013; Coutens et al. 2018). A more complete
and detailed analysis of all routes of formation of CH,OHCHO,
including also the recently proposed gas-phase route by Skouteris
et al. (2018), will be presented in a forthcoming paper (Vasyunin
et al., in prep.).

5 SUMMARY AND CONCLUSIONS

The formyl radical HCO has been proposed as the fundamental
precursor of many complex organic molecules. We presented the
first high spatial resolution maps of HCO using ALMA towards
the solar-type protostellar binary IRAS16293-2422. We also de-
tected several lines of the chemically related species formaldehyde
(H,CO), methanol (CH30OH), and glycolaldehyde (CH,OHCHO).

MNRAS 483, 806-823 (2019)
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Figure 10. Results of the chemical model that better fits the molecular abundances of the species studied in this work. We show the molecular abundances as
a function of the temperature with solid curves. The area within the dotted curves delimits the uncertainty of the chemical model, obtained multiplying and
dividing the model result by a factor of 3. The horizontal light-grey bands indicate the range of abundances found in the observations for source A and B

(Table 3).

The HCO emission is compact and arises from the hot corinos
surrounding the two protostars. The line profiles also exhibit red-
shifted absorption produced by foreground infalling material of
the circumbinary cold envelope. Previous IRAM 30 m single-dish
observations detected more extended HCO emission from the cir-
cumbinary envelope. To identify the most likely chemical routes
to form HCO, and to determine its role in forming more complex
species, we compared the observed molecular abundances with the
predictions of our chemical model, which takes both gas-phase and
grain-surface chemistry into account. We find that while the HCO
in the envelope can be explained considering only pure gas-phase
reactions, the HCO detected in the hot corinos needs the hydrogena-
tion of CO on the surface of dust grains to be formed. Subsequent
surface hydrogenation of HCO and thermal desorption are also re-
sponsible for the observed abundances of H,CO and CH;0OH. We
also find that the main formation route of CH,OHCHO is the sur-
face reaction between HCO and CH,OH. The detailed contribution
of other chemical routes, including gas-phase reactions, will be
carefully studied in a forthcoming theoretical paper.
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APPENDIX A: GAUSSIAN FITS OF THE
MOLECULAR TRANSITIONS

We present in Tables Al and A2 the results of the Gaussian fits
of the different molecular species observed with ALMA towards
source A and B, respectively. Table A3 presents the results for the
HCO quadruplet observed with the IRAM 30 m telescope.

Table Al. Line parameters measured in the ALMA spectra obtained from Gaussian fits of the different molecular transitions towards IRAS16293—-2422

source A.
Molecule Frequency Transition Area Intensity VLSR FWHM
(GHz) (K kms~1) (K) (km s (kms™!)
HCO (emission) 86.67076 lo,1 — 00,0, J =3/2-1/2, F = 2-1 5.8 £ 0.8 1.1 £ 0.1 1.9 £ 0.2 49 £+ 0.6
HCO (absorption) 86.70836 lo,1 — 09,0, J =3/2-1/2, F=1-0 —1.3 + 0.6 —1.0 £ 05 4 £1 09 £ 0.7
H,CO 101.33299 61,5 — 61,6 108 + 4 142 + 04 3.14 £+ 0.08 72 +£02
CH30H 86.61560 T26 — 03,3 — — 182 + 7 222 £ 0.5 3.24 + 0.08 7.7 £ 0.2
CH3;OH 86.90295 72,5 — 634+ + 185 £ 6 22.7 £ 0.5 3.24 £+ 0.08 7.7 £ 0.2
CH30H 88.59479 153,13 — 144,10 + + 154 £ 9 19.8 &£ 0.7 3.1 £ 02 7.3 £ 0.3
CH3;OH 88.94009 155,12 — 144,11 — — 166 + 8 20.5 + 0.6 33 +£02 7.6 £ 0.3
CH,OHCHO 101.52785 1459 — 144 10 39 +£ 0.6 0.68 + 0.07 29 + 03 55 + 0.6

Table A2. Line parameters measured in the ALMA spectra obtained from Gaussian fits of the different molecular transitions towards IRAS16293—2422

source B.
Molecule Frequency Transition Area Intensity VLSR FWHM
(GHz) (Kkms™h X) (kms™h) (kms™h
HCO (emission) 86.67076 lo,1 — 00,0, J =3/2-1/2, F = 2—1 5+3 23+ 0.8 24 £ 05 23 £ 0.7
HCO (absoprtion) 86.67076 lo,1 — 00,0, J =3/2-1/2, F = 2-1 —-5+2 -4 +1 4+1 1.0 £ 0.7
HCO (absoprtion) 86.70836 lo,1 — 00,0, J =3/2-1/2, F=1-0 —32+£038 —22+04 44 £+ 0.1 14 £03
HCO (absoprtion) 86.77746 lo,1 — 00,0, 7 =1/2-1/2, F = 1-1 —33£05 —28+03 42 £+ 0.1 1.1 £02
H,CO 101.33299 61,5 — 01,6 54 +3 284 £ 0.7 243 £ 0.03 1.79 £ 0.05
CH3;0H 86.61560 726 — 03,3 — — 23 £ 2 13.1 £ 0.7 2.48 £+ 0.05 1.64 £+ 0.09
CH30H 86.90295 To5 — 63,4+ + 24 +£ 3 134 £ 0.8 2.49 £ 0.05 1.7 £ 0.1
CH3;0H 88.59479 15313 — 144,10 + + 22 £ 2 12.6 £ 0.5 2.38 £+ 0.03 1.64 £ 0.08
CH30H 88.94009 153,12 — 144,11 — — 23 +£2 129 £ 0.5 2.76 £ 0.03 1.66 £ 0.07
CH,OHCHO 86.60057 1752 — 174,13 6.2 £ 0.9 39 £ 04 2.60 £+ 0.07 1.5 £0.2
CH,OHCHO 86.86239 743 — 13,4 6+ 1 3.1 £ 04 2.7 £ 0.1 1.7+ 03
CH,OHCHO 86.87650 204,16 — 203,17 29 £ 0.7 19 £03 2.58 £+ 0.08 14 +£03
CH,OHCHO 88.53041 845—836 29 £ 0.7 19 £03 2.58 + 0.08 1.4 £03
CH,OHCHO 88.69126 123 10 — 122,11 6+ 2 3.7 £ 06 2.8 £ 0.1 14 £03
CH,OHCHO 88.89245 9.6 — 93,7 5+ 1 34 +£05 2.82 + 0.08 1.4 £02
CH,OHCHO 99.06847 144 11 — 143,12 6+ 2 5.1 £ 0.7 2.61 £ 0.07 1.2 £ 02
CH,OHCHO 101.11631 214,17 — 213,18 7+2 43 £ 0.7 25 £02 1.6 £03
CH,OHCHO 101.21981 183,15 — 182,16 1.5 £ 04 09 £ 0.2 2.67 £ 0.09 1.6 £ 0.2
CH,OHCHO 101.23217 15213 — 151,14 6+ 2 3.8 £ 0.6 2.6 £0.2 1.5 +£03
CH,OHCHO 101.51469 143 120 — 142,13 1.3 £05 0.6 £ 0.2 23 £0.2 1.9 £ 05
CH,OHCHO 101.52785 1459 — 144 10 7.6 £0.9 41 +03 2.53 £+ 0.06 1.7 £ 0.2
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Table A3. HCO line parameters measured in the IRAM 30 m spectra obtained from Gaussian fits.

Molecule Frequency Transition Area Intensity VLSR FWHM

(GHz) (Kkms™) X) (kms™) (kms™)
HCO 86.67076 1o,1 — 00,0, =3/2-1/2, F = 2-1 0.07 £0.04 0.03 £ 0.01 3.6+£04 20+£0.7
HCO 86.70836 lo,1 — 00,0, =3/2-1/2, F=1-0 0.06 £+ 0.03 0.03 £+ 0.01 42+04 1.8+ 0.6
HCO 86.77746 1o,1 — 00,0, =1/2-1/2, F = 1-1 0.03 £0.02 0.016 £ 0.008 43+05 1.6 +0.8
HCO 86.80578 lo,1 — 00,0, J = 1/2-1/2, F = 0-1 0.03 +0.02 0.02 £+ 0.01 44405 1.14+09

APPENDIX B: FIT OF THE CONTINUUM
LEVEL

To reproduce the continuum level of the spectra, we have used a
modified blackbody function:

T.(v) = fc(v)BV(TC)(l _ e—r(u))

hv 1 e
= fc(V)Tm(l —¢© ), B1)

where B(T.) is the blackbody function with temperature T¢, f.(v) is
the beam filling factor of the continuum emission in each spectral
window, and 74(v) = T40(v/vg)” is the dust optical depth, where
B is the dust emissivity spectral index. We adopted vy = 94 GHz
(the intermediate frequency of the four spectral windows) and as-
sumed that 7, is equal to the excitation temperature derived from
CH30H, 178 K and 181 K for sources A and B respectively (see
Section 3.2.3). To calculate the beam filling factor we used the syn-
thesized beams of the data cubes of the different spectral windows
(Table 1) and the deconvolved sizes of the continuum sources of
A and B at 94 GHz (Fig. 1): 1.1 x 0.7 and 0.46 x 0.42 arcsec,
respectively.

We fitted the continuum emission of both hot corinos in all spec-
tral windows by varying the values of 8 and 74y. The dust emissivity
spectral index g reflects the dependence of the continuum emission
with the frequency, i.e. the t of the continuum emission, while the
dust optical depth t 49 controls the level of the continuum emission.

We tried multiple combinations of both parameters (some exam-
ples are shown in Figs B1 and B2) and chose by visual inspection
the solutions that fit better the continuum level of the four spec-
tral windows in each hot corino. Although the determination of
the continuum level is not univocal due to the presence of multi-
ple lines in such a crowded spectra, we note that the uncertainty
from the visual inspection is lower than the rms of the spectra and
the uncertainty of the flux calibration, which we used to derive the
errors of 749 and B. The fits that better reproduce the continuum
level in all spectral windows are § = 0.9 and 749 = 0.09 for
source A and B = 0 and 749 = 2.1 for source B (see Figs Bl
and B2). We used these parameters to fit the continuum level in
Section 3.1.

We assumed a flux density calibration error of &5 per cent, from
Jgrgensen et al. (2016) and Bonato et al. (2018). According to this,
we expect calibration uncertainties of around +0.3 and +1 K for
source A and B, respectively. We added to these values the rms of
the spectra (0.15 and 0.18 K, respectively), obtaining a total uncer-
tainty in the continuum fluxes of £0.45 and +1.18 K, respectively.
Considering this, the values of 749 with their associated uncertain-
ties are 0.0970 0} and 2.170¢ for source A and B, respectively. To
estimate the error of 8 we only considered the rms of the spectra and
not the calibration uncertainty, since g is giving the behaviour with
frequency and the calibration of the four spectral windows was the
same. We then obtained for $: 0.9 £ 0.4 and 0.0 £ 0.5 for source
A and B, respectively.

MNRAS 483, 806-823 (2019)

120Z Jaquiaoa( |0 Uo Jasn ayoibojousa)l azualog Ip eoslolqig Aq 00158 1S5/908/L/S81/810Ne/SBIuW/Wo dno-olWwapeoe//:sdny WwoJj papeojumoq



822 V.M. Rivilla et al.

(a)

I T I I I I T I T
© |- - ©
< | - <+ -
«~ L \ | \ | « | \ | \
86.6 86.8 87 88.6 88.8
TSB(K) © T I © T T T T
I ] I - $=0,74=0.05
°r 1 °rC N B=0,74,=0.08
= = - . ﬁ=0,7‘d0=0.09
ﬁ=0,’7‘d0=0.1
< | 4 <~} -
1 I I 1 I 1
99 99.2 101.2 101.4
Frequency (GHz)
(b)
I T I I I I T I T
O ]
co — —_
m — —
L{) — —_
] 1 ] 1 ] ] 1 ] 1
86.6 86.8 87 88.6 88.8
Tsg(K) ' T T ' | '
~N - _
™~ 1 T40=0.09, 8=0.0
T4=0.09, §=0.9
= = T4=0.09, g=1.0
L I © I L I L -
99 99.2 101.2 101.4

Frequency (GHz)

Figure B1. Fit of the continuum level in the spectra towards the continuum peak of IRAS16293 A. The four different spectral windows are shown. The
coloured lines show different fits with different pairs of values of t4o and . We adopted vo =94 GHz and 7. = 178 K. To calculate f. we used a size of 1.1 x
0.7 arcsec. Panel (a): We show different fits keeping § = 0 and varying the value of t4o. Panel (b): We show different fits keeping t4o0 = 0.09 and varying
the value of t4p.
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Figure B2. Fit of the continuum level in the spectra towards the continuum peak of IRAS16293 B. The four different spectral windows are shown. The
coloured lines show different fits with different pairs of values of 740 and . We adopted vo = 94 GHz and 7. = 181 K. To calculate f. we used a size of
0.46 x 0.42 arcsec. Panel (a): We show different fits keeping 8 = 0 and varying the value of t4o. Panel (b): We show different fits keeping 740 = 2.1 and
varying the value of 74q.
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