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ABSTRACT

We report on subarcsecond observations of complex organic molecules (COMs) in the
high-mass protostar TRAS 20126+4104 with the Plateau de Bure Interferometer in
its most extended configurations. In addition to the simple molecules SO, HNCO and
H,?CO, we detect emission from CH3CN, CH3OH, HCOOH, HCOOCH3, CH;OCH3,
CH3CH,CN, CH3COCHj3, NH3CN, and (CH30H);. SO and HNCO present a X-
shaped morphology consistent with tracing the outflow cavity walls. Most of the COMs
have their peak emission at the putative position of the protostar, but also show an
extension towards the south(east), coinciding with an Hy knot from the jet at about
800-1000 au from the protostar. This is especially clear in the case of HQBCO and
CH30OCH;3. We fitted the spectra at representative positions for the disc and the out-
flow, and found that the abundances of most COMs are comparable at both positions,
suggesting that COMs are enhanced in shocks as a result of the passage of the out-
flow. By coupling a parametric shock model to a large gas-grain chemical network
including COMs, we find that the observed COMs should survive in the gas phase
for ~ 2000 yr, comparable to the shock lifetime estimated from the water masers at
the outflow position. Overall, our data indicate that COMs in IRAS 20126+4104 may
arise not only from the disc, but also from dense and hot regions associated with the
outflow.

Key words: stars: formation — ISM: individual objects (IRAS 2012644104) — ISM:
lines and bands — radio continuum: ISM

1 INTRODUCTION characterized by a very rich chemistry of complex organic
A ienat iated with th liest st ¢ molecules (COMs, molecules with > 6 atoms, e. g., Blake et
COMILON Sighature assoclated wi © eariest stages o al. 1987, Kurtz 2005, Herbst & van Dishoeck 2009, Obérg

high-mass star formation is the presence of hot molecular
cores, which are compact (< 0.05 pc) objects with high
temperatures (> 100 K) and densities (n > 10° cm™?),

et al. 2014). Such a rich chemistry is supposed to be trig-
gered first during a cold and dense phase which favors the
formation of simple hydrogenated species on the surface of
dust grains. In a subsequent ‘warm-up’ phase, radicals are

* B-mail:a. palau@crya. unam.mx efficiently recombined on the grain surfaces (e.g., Garrod
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& Herbst 2006; Garrod et al. 2008; Aikawa et al. 2008),
and finally the heating from the nascent massive star evap-
orates the complex molecules from the dust grain mantles
and triggers additional gas-phase reactions (e.g., Millar et
al. 1997). However, these models fail to predict by more than
one order of magnitude the abundances of well-measured
COMs, such as HCOOCH3 and CH3OCHs (e.g., Taquet
et al. 2012, Lykke et al. 2016), to the point that very re-
cent works are starting to propose that the role of gas-phase
chemistry might be more important than previously thought
(e. g., Balucani, Ceccarelli, & Taquet 2015, Enrique-Romero
et al. 2016).

In addition, COMs have unambiguously been detected
in cavities of outflows powered by low-mass (< 2 Mg) pro-
tostars (e.g., L1157-B1: Arce et al. 2008; Codella et al. 2015;
IRAS 16293—2422: Chandler et al. 2005), and intermediate-
mass (2-8 M) protostars (e.g., Orion-KL: Liu et al. 2002;
Favre et al. 2011a; Zapata et al. 2011; NGC 2071: van Kem-
pen et al. 2014). Actually, chemical modelling indicates that
photodissociation in conjunction with reactive desorption in
the outflow cavity walls could be a relevant process to en-
hance gas phase abundances of COMs (Drozdovskaya et al.
2015), although this has been tested only in the low-mass
case.

Recently, several works have studied the morphology
of the COM emission at sufficiently high spatial resolution
to disentangle the possible origin from the disc and/or out-
flow. In particular, Palau et al. (2011) present emission from
COMs towards three intermediate-mass hot cores (one in
TRAS 2219846336, two in AFGL 5142) down to disc spatial
scales (~ 500 au), and find that in two cases the COM emis-
sion is resolved in the disc direction, suggesting that COMs
are tracing protostellar discs in these cases. On the other
hand, Fuente et al. (2014) did not resolve the emission from
several COMs down to a spatial resolution of 1700 au to-
wards NGC 7129-FIRS2, leaving open the possibility that
some COMs are tracing shocks in the outflow. However,
these hot cores are associated with intermediate-mass proto-
stars, and thus their UV radiation and/or outflow momen-
tum might be too faint to efficiently heat and evaporate the
molecules in the outflow cavity walls.

We present here subarcsecond interferometric observa-
tions of COMs towards the prototypical high-mass protostar
IRAS 2012644104, with a luminosity of ~ 8900 L), a mass
of ~ 12 Mg (Chen et al. 2016), and located at a distance of
1.64 kpc (e.g., Cesaroni et al. 1999; Moscadelli et al. 2011).
This allowed us to resolve the emission from COMs, of up
to 10 atoms, down to ~ 600 AU for this high-mass proto-
star, adding crucial information about the possible origin
of COM emission. This is important, because the object is
known to drive a highly-collimated bipolar outflow (open-
ing angle ~ 9°), oriented in the southeast-northwest direc-
tion (with position angle P.A.= 115°), and being almost on
the plane of the sky (Moscadelli et al. 2011). In addition,
the jet structure associated with this outflow has been re-
cently studied at subarcsecond angular resolution, revealing
that the jet is asymmetric, with the southeastern lobe being
probably older than the northwestern one, and being already
associated with a cavity bright in Ho at 2.12 pym, located at
about 800-1000 au from the protostar (Cesaroni et al. 2013).
On the other hand, the northwestern lobe should be still
at the very beginning of the creation of the cavity. There-

fore, the subarcsecond observations presented here consti-
tute an excellent dataset to study the emission of COMs at
an angular resolution that allows to disentangle the emis-
sion coming from the jet and the emission coming from the
disc. In Section 2, we describe the observations. In Section 3,
we present the observed spectra towards IRAS 20126+4104
with the line identification and integrated emission images
of the strongest detected COMs. In Section 4, we study the
morphology of the COM emission relative to the dust con-
tinuum, and present a shock model coupled to a gas-grain
chemical network used to explain our findings. In Section 5
we discuss the results, and in Section 6 we present our main
conclusions.

2 OBSERVATIONS

The dataset presented in this work is part of the dataset
reported in Cesaroni et al. (2014), which is focused on the
1.4 mm continuum and CH3CN (12-11) emission. We pro-
vide here only a brief description of the observations, and
refer the reader to Cesaroni et al. (2014) for further de-
tails. The IRAM Plateau de Bure Interferometer (PdBI')
was used in A and B configurations to observe the contin-
uum and line emission at 220.500 GHz of IRAS 20126+4104.
Observations were carried out on 2008 January 29, Febru-
ary 13 and 16, and March 15, with the phase center being
@(J2000)=20:14:26.036, §(J2000)=41:13:32.52. Phase and
bandpass calibration were performed using 20134370 and
3C273, yielding a phase rms noise of 30°. This corresponds
to an uncertainty in absolute position of 0.03”-0.05". The
absolute flux density scale was determined from MW(C349.

Two correlator units of 160 MHz of bandwidth with
256 spectral channels were used to observe the CH3CN (12—
11) lines in each polarization (Cesaroni et al. 2014). Four
additional units (per polarization) of 320 MHz bandwidth
with 128 channels were used to observe the continuum across
~ 1.2 GHz. This, together with the aforementioned units of
160 MHz, allowed us to cover a total frequency range of
1.65 GHz. Most of the COMs were detected in the 320 MHz
units, which provide a spectral resolution of 2.5 MHz or
3.4 km s~

Calibration and imaging were performed using the
GILDAS software package?, using natural weighting over
the entire frequency range. The synthesized beam is 0.46" x
0.32" at P.A.=56°, and the rms of the final cleaned maps is
~ 3 mJy beam™! per channel. The conversion factor from
Jy beam ™ to K is 170.5 K Jy ! beam.

3 RESULTS

Figure 1 presents the beam averaged spectrum in the fre-
quency range 219750-221400 MHz for the two positions in-
dicated in Fig. 2a with green dots. One position is centred
on the peak of the continuum emission (the putative posi-
tion of the disc, Cesaroni et al. 2014) and the other position

1 TRAM is supported by INSU/CNRS (France), MPG (Germany)
and IGN (Spain).

2 GILDAS: Grenoble Image and Line Data Analysis System, see
http://www.iram.fr/IRAMFR/GILDAS.
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Figure 1. Top: PdBI beam averaged spectrum towards the peak of the continuum of IRAS 2012644104 (the putative position of the
disc, marked in Fig. 2a with green dots). Bottom: idem towards the ‘outflow’ position (see main text, marked in Fig. 2a with green
dots). The red line corresponds to the synthetic spectrum resulting from summing the individual synthetic spectra fitted using XCLASS.
Vertical green lines mark the transitions whose zeroth-order moment has been imaged and is shown in Figs. 2 and 3. The grey horizontal

line marks the 50 detection threshold. Labels indicate the molecule which dominates the emission in each spectral line.
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is centred along the outflow direction, about ~ 1 arcsec to
the southeast. In order to identify the lines detected above
50 (see Fig. 1), we used the XCLASS software (Moller et
al. 2015) to generate synthetic spectra that are fitted to
the observed spectra. XCLASS assumes Local Thermody-
namic Equilibrium?®, and takes into account opacity effects
and line blending from multiple species and components.
XCLASS uses the spectroscopic data saved in the VAMDC?
portal, combining the CDMS (Cologne Database for Molec-
ular Spectroscopy; Miiller et al. 2005) and JPL (Jet Propul-
sion Laboratory; Pickett et al. 1998) spectral line catalogues.
The main adjustable parameters in the creation of synthetic
spectra are the source size, the rotational temperature, the
column density of the molecule, the line width and the ve-
locity of the source. We used the model optimizer MAGIX
(Moller et al. 2013) within XCLASS to fit the observed
spectra with the synthetic spectra generated including the
molecules responsible for each detected line (listed in Ta-
ble 1). To obtain reasonable fits for CH3CN, we had to use
two components: a foreground cold component and an inner
hotter component.

For the adjustable parameters, we assumed a filling
factor equal to unity, and a linewidth of 8.0 km s=' (for
all the components, except for *CO, for which we used
15.0 km s~!, and for the foreground component of CH3CN
for which we used 2.5 km s™'). The line width of 8.0 km s™*
was obtained from the average of line widths measured for
the strongest detected lines. The adopted Vigsr for each
molecule are listed in Table 1, and are obtained from a Gaus-
sian fit to the strongest line of each molecule, in the case the
molecule is not blended and is unambiguously identified, or
from a simultaneous fit to all the lines of HCOOCH; for
the other cases, as HCOOCH;3 is one of the molecules with
highest number of detected transitions in our observed fre-
quency range. The column density ratios CH;OH/'**CH3;OH
and CH3CN/CHE*CN were allowed to vary from 30 to 60
(e.g., Wilson & Rood 1994; Visser et al. 2009; Jgrgensen
et al. 2016; Li et al. 2016), and the best fits correspond to
values of these ratio abundances around 30. The rotational
temperature was left as a free parameter (ranging from 50 to
300 K, Cesaroni et al. 1997, Isokoski et al. 2013) for CH3CN,
CH3COCHs, HCOOCH3, and NH2CN (only for the disc) as
these are the molecules with highest number of transitions
detected in the observed frequency range.

The averaged value of the fitted rotational tempera-
tures, for the outflow and peak positions, is used as an in-
put for the remaining molecules®, leaving the column density
as the only free parameter in those cases. Table 1 lists the
temperatures and column densities used to generate the syn-
thetic spectra. The errors of the fitted parameters calculated
by XCLASS are in the range 15-30 K for the temperature,
and 0.1-1 for the logarithm of the column density (in cm™2).

Figure 1 shows the total fitted synthetic spectra (sum-
ming up the contributions of all the identified lines), and

3 XCLASS: eXtended CASA Line Analysis Software Suite, con-
siders that one excitation temperature describes the different line
transitions for each model component.

4 Virtual Atomic and Molecular Data Centre, http://vamdc.eu/
5 For 13CO, likely tracing more extended material, we assumed
a temperature of 100 K.

A6 (")

Noc ()

Figure 2. a) PdBI 1.4 mm continuum image (Cesaroni et al.
2014); b) zeroth-order moment for '3CO + CH30H; c) zeroth-
order moment for SO, integrated from —8 to +8 km s~1 with
respect to the systemic velocity (low-velocity); d) zeroth-order
moment for SO, integrated from 11 to 32 km s~! with respect
to the systemic velocity (high-velocity, red contours), and from
—26 to —12 km s~ ! with respect to the systemic velocity (high-
velocity, blue contours). The transitions corresponding to panels
‘b’, ‘c’, and ‘d’ are marked with green vertical lines in Fig. 1, and
their frequency and quantum numbers are given in Table 1. In all
panels, the two crosses correspond to the K-band infrared sources
reported by Sridharan et al. (2005) tracing the outflow cavities,
the color image corresponds to the emission of Ho at 2.12 pm
from Cesaroni et al. (2013), also tracing the (south-eastern) out-
flow cavity (Cesaroni et al. 2013), and the star symbol marks the
position of the 1.4 mm peak (panel ‘a’). The two green dots in
panel ‘a’ indicate the positions (peak, outflow) where the spectra
shown in Fig. 1 have been extracted.

in Appendix A we provide individual synthetic spectra for
each molecular species®.
Figures 2 and 3 present the zeroth-order moment of the

6 The total synthetic spectrum of Fig. 1 for the disc position
presents a clear deficit of emission at some frequencies with re-
spect to the observed spectrum, especially at around 220150 and
220199 MHz. We searched for possible transitions responsible for
this excess of observed emission and found that for 220150 MHz
this excess could be due to CHoCH'CN (vinyl cianyde). How-
ever, since we did not find evidences of the corresponding main
isotope in our spectrum, this identification remains tentative. As
for the emission at 220199 MHz, this could be due to CH3COOH
(acetic acid). In this case, the molecule is not included in the
CDMS database and prevents us from generating the synthetic
spectrum with XCLASS, remaining its identification tentative as
well.



strongest detected molecular lines. The simplest molecules
are 3CO and SO. The SO emission shows two velocity com-
ponents. One is a low-velocity component that traces the
same velocity range as the other molecular lines (integrated
from —8 to +8 km s~! with respect to the systemic veloc-
ity, Visr ~ —3.5 km s™!, Moscadelli et al. 2011; Isokoski
et al. 2013). The other one is a high velocity component
(integrated up to ~ £30 km s~! with respect to the sys-
temic velocity). While the low-velocity SO emission presents
an extended X-shaped morphology (see Fig. 2c), the high-
velocity emission traces the well-known collimated outflow
driven by TRAS20126+4104, with the redshifted lobe to-
wards the southeast and the blueshifted lobe towards the
northwest of the continuum source. The P.A. of the SO out-
flow is ~ 130°, similar to the P.A. obtained by Moscadelli
et al. (2011) from water masers, of ~ 115° (Fig. 2d). Both
high-velocity redshifted and blueshifted emission overlap at
the position of the millimeter source.

Slightly more complex molecules (with up to 4 atoms)
are Ho'2CO and HNCO. The HNCO emission also presents
a X-shaped structure, similar to SO, although more compact
(Fig. 3b). On the other hand, H2'3*CO is better resolved in
the southwest-northeast direction, i. e., perpendicular to the
outflow (Fig. 3a, P.A.~ 75°).

Concerning even more complex molecules, we detected
two molecules with 5 atoms (HCOOH, CH2CO), four
molecules with 6 atoms (CH3;OH, CH3CN, and both '*C
isotopologues), and four molecules containing between 8
and 10 atoms (HCOOCH3, CH3CH2CN, CH30CH3, and
CH3COCH3). We would like to emphasise that all these
molecules are detected both at the disc and at the out-
flow positions (Fig. 1). At the position of the disc we ad-
ditionally detected NH2CN, and (CH2OH)s. The molecule
with the highest number of strong transitions in the covered
frequency range is HCOOCH;3 (see Fig. All of Appendix
A). The integrated emission of these molecules consists of
a centrally-peaked structure at the position of the millime-
ter continuum source (Fig. 3) with an elongation towards
the south(east), especially clear in HCOOCH3, CH3OCHsg,
and HCOOH. An elongation towards the south is also no-
table in CH3CN (Cesaroni et al. 2014), and is attributed to
an inhomogeneous medium surrounding TRAS 2012644104,
which should be less dense to the south because the outflow
seems to have already created a cavity (Cesaroni et al. 2013,
2014).

Table 2 lists the results of a 2D-Gaussian fit to the in-
tegrated emission (using the task ‘JMFIT’ from the AIPS
package) of the strongest lines. The measured sizes range
from 600 to 1200 AU, with P.A.> 90° for all the cases, except
for Ho'3CO. In particular, the P.A. of HCOOH, HCOOCH3,
CH30OCH3, and CH3COCH3; are 100-110°. This orientation
is close to the P.A. measured for the jet from water masers
(~ 115°, Moscadelli et al. 2011). Although the uncertain-
ties in the 2D-Gaussian fits are in some cases large (0.1-
0.2 arcsec), the residual maps still indicate a clear excess of
emission to the south(east).

In Table 1 we list the fitted/adopted rotational tem-
perature Trot and the fitted column density N obtained by
XCLASS for both the disc and outflow positions. Tyt ranges
from 210 to 250 K for the disc position, and from 170 to
190 K for the outflow position (excluding the fit to CHsCN),
consistent with Cesaroni et al. (1997) and Chen et al. (2016).
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To estimate the average Tiot we did not take into account
the fit to CH3CN because we used two components in this
case. The resulting average Tyot is 230 K for the disc, and
180 K for the outflow. The column densities at the disc posi-
tion are around 10'%-10'" ¢cm ™2, while those at the outflow
position are about one order of magnitude lower.

In order to test the LTE assumption, especially at the
outflow position where the density is not as high as in the
disc, we used the radiative transfer code RADEX (van der
Tak et al. 2007) with the temperature and column density
inferred for the outflow position (180 K, and Table 1) and
a linewidth of 8 km s, for the transitions of the molecules
detected by us (Table 1) and available in this code (HNCO,
H2CO, CH30N)7. For these transitions, we determined the
densities required to reach brightness temperatures compa-
rable to those observed, and found that densities in the range
10*-10° ecm™3 yield brightness temperatures in the range
17-92 K, consistent with our observations®. Since the den-
sities required to detect those transitions are easily reached
at such close distances of a high-mass protostar (see, e.g.,
Palau et al. 2014), the LTE assumption seems to be appro-
priate for both the disc and the outflow positions. This was
also hinted by the fact that the inferred rotational temper-
atures at both positions are high, of the order of ~ 200 K.

Finally, we estimated the column density of Hz by using
the 1.4 mm continuum emission shown in Fig. 2a (Cesaroni
et al. 2014), for the disc and outflow positions. To do this,
we integrated the 1.4 mm continuum emission inside the
same polygon where the spectra were extracted, and found
51 mJy for the disc and 5.7 mJy for the outflow. To esti-
mate the corresponding mass of gas and dust, we assumed
optically thin emission, a dust temperature equal to the av-
erage rotational temperature inferred by XCLASS for the
disc and outflow positions (see previous paragraph), and a
dust opacity at 1.4 mm of 0.7981 cm? g~ (inferred from the
opacity tables of Ossenkopf & Henning 1994, for the case
of thin ice mantles at a density of 10° cm™*). Dividing the
derived mass by the area of the polygon with which we mea-
sured the 1.4 mm flux density, we obtained an Hz column
density of 2.7 x 10%* cm™2 for the disc, and 5.3 x 10?3 cm ™2
for the outflow position. With these Hz column densities,
we calculated the abundances for each COM for the disc
and the outflow, finding values typically in the range 10™°—
1078 (see Table 1), fully consistent with the CH3CN and
CH3OH abundances derived by Chen et al. (2016) at simi-
lar angular resolution for this source. It is interesting to note
that in most cases the abundance of the COM is very sim-
ilar or even higher at the outflow position than at the disc
position, with the clearest case being CH3OCHs, for which
the abundance in the outflow is a factor of 4 higher than

7 For CH30H we refrained from using RADEX because our spe-
cific combination of parameters yielded instabilities in the code. In
addition, the critical density of CH3OH is only ~ 10* cm~3 (see
Table 1), and hence it should be well thermalized for the range
of densities inferred from the other molecules (10*-10% cm™32).

8 For the case of a density of 10* cm ™3, we need in general column
densities in RADEX which are a factor of a few larger than those
derived using XCLASS. Thus, in the case that the true density
at the outflow position was ~ 10* cm™3, the LTE assumption
would yield lower limit column densities by a factor of a few, in
full agreement with the work of Faure et al. (2014).
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Figure 3. PdBI zeroth-order moment maps for a number of transitions (marked with green vertical lines in Fig. 1, and given in Table 1)
from COMs detected towards IRAS 20126+4104. In all panels, the two crosses correspond to the K-band infrared sources reported by
Sridharan et al. (2005) tracing the outflow cavities, and the color image corresponds to the emission of Ha at 2.12 ym from Cesaroni et al.
(2013), also tracing the (south-eastern) outflow cavity (Cesaroni et al. 2013, marked with a red ellipse in panel ‘a’ for further reference).
The star symbol marks the position of the 1.4 mm peak from Cesaroni et al. (2014, also shown in Fig. 2a).

the abundance in the disc. The only COM presenting an
abundance clearly higher (about 3 times) in the disc than
in the outflow is CH3COCH3, suggesting an anticorrelation
between CH3COCH3 and CH30CHs.



Table 1. Properties of the emission of complex organic molecules from IRAS 2012644104 observed with a spatial resolution of ~ 600 au, for two positions representative of the disc and
the outflow. Molecules are sorted by increasing number of atoms (increasing complexity).

Fr0q~a ncritb Ey© vdiscd T‘discC T‘outfC A]vdiscC ]VoutfC

Molecule Transition (MHz) (cm™3) (K) (km/s) (K) (K) (cm™2) (cm™2) Taised  Toustd Xgise? Xoutt?d X‘;‘_‘ff
13COo 2-1 220398.7 6.0 x 103 16 —6.4 100 100 7.9 x 1016 2.6 x 1017 0.04 0.23 29x107% 5.0x1077 17

SO 3% 65 — 5a 219949.4 7.1 x 10° 35 —3.4 230 180 3.4x106  1.3x106 042 0.26 1.2x107% 25x 1078 2.0
Hy'3CO 31,2 - 21,1 219908.5 4.6 x 10° 33 —24 230 180 5.6 x 1015 1.9 x 10  0.07 0.04 2.0x107% 3.6x107° 1.7
HNCO 100,10 — 90,9 219798.3 8.6 x 10°  58-102 —3.4 230 180 52x 106 1.0x 106 037 0.13 1.9x107% 2.0x10"8 1.0
CH2CO 111,11 — 101,10 220178.2 - 76 —2.4 230 180 1.5x 10 55x10'®  0.07 0.04 5.6x107° 1.0x 1078 1.9
t-HCOOH 100,10 — 90,9 220038.1 - 59 -14 230 180 43 x 106 4.0x10%  0.12 0.02 1.6x10"% 7.5x107° 0.5
NH>CN 111,10 — 1019 221361.2 - 63-295 —-1.4  210(30) - 3.3 x 1015 - 0.10 - 1.2 x 1079 - -

CH3OHf 10-5,5 — 11_48 220401.4 3.3 x10* 252-802  —0.4 230 180 2.5 x 108 7.2x 107  0.21 0.09 93x1077 1.4x10°9 1.5
CH3CNe& 123 — 113 220709.0 1.9 x 106  69-419 —2.3  212(30) 235(15) 2.1x 106 3.8x 105  0.94 0.14 7.7x107° 7.2x107° 0.9
CH3CN yg=1"  12_6 - 11_¢ 221196.7 - 588931  —1.4  230(30) 186(15) 6.3 x 106 1.3x 10  0.21 0.03 23x10"% 24x10°8 1.0
HCOOCH3 1814,5 — 17144 221047.8 - 103-357 —1.4  250(30) 170(15) 2.5x 107 55x 106  0.04 0.02 93x1078% 1.0x10°7 1.1

CH3CH2CN 25204 — 24223 220660.9 - 143 —3.4 230 180 52 x 105 1.2x 10  0.06 0.02 1.9x107% 23x107° 1.2
CH30CH3 244,20 — 233,21 220893.1 - 274-381  —-14 230 180 1.0 x 10'7 8.1 x 10! 0.04 0.04 3.9x1078 15x1077 4.0
CH3COCH; 220,22 — 21g,21  220361.9 - 63-310 —1.4  230(30) 190(20) 2.6 x 107 1.7x 106  0.11 0.02 9.7x10"% 3.2x10"8 0.3
aGg (CH2OH)s 21418 — 204,17'  221007.8 - 122-156  —1.4 230 - 7.9 x 1016 - 0.06 - 2.9 x 108 - -

2 Frequency of the transition imaged in Figs. 2 and

frequency for the corresponding transition as given in the JPL or CDMS databases (Picket et al. 1998, Miiller et al. 2005), whose quantum numbers are given in column (2).

b Critical density at 200 K for the transition specified in columns (2) and (3), calculated using the data available in the Leiden Atomic and Molecular Database (LAMDA, Schéier et
al. 2005), and following equation (4) of Shirley (2015). For HNCO and CH3CN, we give the critical density after logarithmic interpolation in temperature. For the case of H213CO, we

give the critical density for the 312 — 21,1 transition of the main isotope reported by Shirley (2015), which corresponds to a temperature of ~ 100 K.

3, or frequency with highest opacity within the observed frequency range otherwise. In all cases the frequency is the nominal

¢ Upper level energy corresponding to the transition specified in columns (2) and (3). For those molecules for which we detected more than one transition (see Appendix A), we give
the range of upper level energies covered by the different detected transitions (at the outflow position, or at the disc position if the molecule was only detected in the disc).

d Velocity adopted for each molecule (see Section 3) at the disc position. The velocity adopted at the outflow position is —3.4 km s~ for all molecules except for *CO and CH3CN,
for which we adopted -6.4 and -4.4 km s, respectively.

¢ T and N correspond to the rotational temperature and column density resulting from the XCLASS fit for the disc and outflow positions. These values are also the ones used to build
the synthetic spectra shown in Fig. 1 and Appendix A. Wherever T is given with a number in parenthesis (the uncertainty), it has been fitted by XCLASS. If no number in parenthesis
is given, T has been fixed to the average value for the disc and outflow positions. T corresponds to the opacity of the transition given in columns (2) and (3). The abundances, X,

are given relative to the column density of Ha (see Section 3).
f Blended with '3CO (see Figs. Al and A8 of Appendix A).

g€ CH3CN has been fitted using two components: a cold foreground component, and a hot inner component. In this table we list only the parameters corresponding to the hot component.
b Transition with a small contribution from CH3OCHj3 (see Figs. A10 and A13 of Appendix A).

I This transition corresponds to v =1 — v = 0.

no 009 ~ 10 FOIT+93108 SV Ut SIWO,)

L



8  Palau et al.

Table 2. Morphological properties of the emission of complex
organic molecules from IRAS 2012644104 at a spatial resolution
of ~ 600 au

Ang. sizeP P.AP SizeP
Molecule?® (%" &) (auxau)
H»13CO 0.74 x 0.49 75+10 1210 x 800
HNCO 0.53 x0.46 114411 870 x 750
CH,CO 0.54x0.41 102420 890 x 670
HCOOH 0.48 x 0.37 105435 790 x 610
CH3OH® 0.83x0.79 85 +8 1360 x 1300
CH3CNwg=1 0.55x0.42 88+5 720 x 610
HCOOCH;3 0.73%x0.43  98+37 1200 x 710
CH3CH2CN  0.56 x 0.50 91+42 920 x 820
CH3OCH3 0.69x0.49 9649 1130 x 800
CH3COCH3  0.52x0.43  96+44 850 x 710

2 The frequency and quantum numbers of the imaged transition
is given in Table 1.

b Deconvolved sizes and P.A. obtained from a 2D-Gaussian fit
to the zeroth-order moment image of each transition. Uncer-
tainties are typically < 0.1 arcsec, except for HCOOCH3 and
CH3CH2CN, which are ~ 0.2-0.3 arcsec.

© Blended with 3CO (see Figs. Al and A8 of Appendix A).

4 ANALYSIS

In this Section, we aim at studying more deeply the origin
of the COM emission and the abundance enhancement by
comparing the continuum vs the line emission maps, and by
running a chemical model to test different hypotheses for
the chemical origin of COMs.

4.1 Line-to-continuum ratio maps

In the previous section we found that the abundance of
COMs at the outflow position is of the same order as the
abundance of COMs at the position of the disc. Such a high
abundance at the outflow position may be due to either a
real enhancement of COMs at this position, or to uncer-
tainties in the excitation temperature, as an underestima-
tion of the excitation temperature at the outflow position
would yield a higher column density. By performing line-
to-continuum ratio maps, in this section we evaluate which
COMs have been enhanced truly by the passage of the out-
flow.

The 1.4 mm continuum emission shown in Fig. 2-a
presents an elongation towards the south-east, which is co-
incident with a Hsz infrared knot tracing the outflow cav-
ity (Sridharan et al. 2005; Cesaroni et al. 2013). Similarly,
many of the partially resolved COMs in TRAS 2012644104
also present an elongation towards the south-east, suggest-
ing that such an elongation might be associated with the
outflow cavity as well. Since, at first order, the integrated
intensity maps trace the COMs column density, and the con-
tinuum map traces the total gas column density, with their
ratio being a first approach to the abundance, we computed
the ratio of the integrated intensity maps of different COMs
to the continuum emission (normalized to the value of that
ratio at the peak of the continuum emission, which is the
putative position of the disc), shown in Fig. 4.

Fig. 4 reveals for several COMs an enhancement in the

normalized line-to-continuum ratio towards the (south)east
of TIRAS 2012644104, i.e., along the outflow direction. This
enhancement is particularly strong in the case of H213CO,
HCOOCH3, and most importantly CHsOCHs (see Fig. 4a,
f, h), with the ratio of the COM in the cavity wall being
more than three times higher than the ratio in the disc.
In particular, for the two molecules for which this ratio is
highest (H,”>CO and CH3OCH3), the normalized line-to-
continuum ratio peaks about ~ 0.5 arcsec to the east of
the peak of the continuum, and lies exactly upstream (to
the west) of the Hz knot reported by Cesaroni et al. (2013),
interpreted as tracing the outflow cavity wall (marked with
a red ellipse in Figs. 3a and 4).

We consider now which physical process the line-to-
continuum ratio may be tracing. In the case of optically thin
emission, and assuming the Rayleigh-Jeans approximation,
that the background temperature is much lower than the ex-
citation temperature, and that the dust opacity is similar at
the disc and outflow positions, the line-to-continuum ratio,
normalized to the ratio at the disc, can be expressed as:

TB,line
E. kT, is
|:TB’COM outf __ Xoutt QTex,disc TdUStydiSCe u/(k Tex dise)

- . Eu/(k T, )
|:TB,1ine :| Xdlsc QTexYoutf zjdust,outf6 u/ (B Tex oute)
disc

TB,cont
(1)

where T3 is the brightness temperature of the line or the
continuum emission, X is the abundance of the molecule, )
is the partition function at a given excitation temperature
Tex, Ey is the energy of the upper level of the imaged tran-
sition, k is the Boltzmann constant, and Tgust is the dust
temperature. In our case, all the molecules for which the
line-to-continuum ratio is calculated present optically thin
emission (7 < 0.4) even at the putative position of the disc
(see Table 1). Therefore, the normalized line-to-continuum
ratio depends essentially on the different abundances of the
molecule at the disc and outflow positions, and on the dif-
ferent Tex and Tyyust at the disc and outflow positions.

We define a factor F' which includes the dependence of
the normalised line-to-continuum ratio on Tex, Tqust, and
Ey:

Evu/(k Tox dis
QTcx,disc Tdust,disce u/(k Tex,disc)

F Eu/(k Tex,outf) : (2)

QTex,outf TdUSt,OUtf €

Taking into account that the dependence of the par-
tition function with Tex for symmetric and asymmetric
top molecules is proportional to T3/2 and assuming that
Tex ~ Taust, F' can be finally written as:

5/2
F = <h> 6% (1/Taise =1/ Toust) (3)
Toutf

We note that the assumption Tex ~ Taust should be
valid as a first approach because what is relevant to estimate
F' is the ratio of those temperatures at the disc and outflows
positions, and it is likely that both temperatures decrease
in a similar way from one position to the other. We further
discuss this assumption in Section 5.1.

Thus, if F' ~ 1, the normalized line-to-continuum ra-
tio will trace the abundance variation between the disc and
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Figure 4. Normalised line-to-continuum ratio maps (generated by computing the ratio of the PdBI zeroth-order moment maps from
Fig. 3 with respect to the 1 mm continuum emission, relative to the value of the ratio at the 1 mm peak so that all figures show a
comparable scale). The star symbol marks the position of the 1.4 mm peak from Cesaroni et al. (2014, also shown in Fig. 2a), and the
red ellipse indicates the Ha knot tracing the outflow cavity (Cesaroni et al. 2013, marked also in Fig. 3a). See Table 3 for further details
about the physical conditions (abundance/temperature) which each line-to-continuum ratio map is probably tracing.

outflow positions. But if F' is of the order of the normal-
ized line-to-continuum ratio, this ratio will be a tempera-
ture tracer rather than an abundance tracer. Since we have
modeled the emission of the detected molecules at the disc
and outflow positions using XCLASS, we can have a first
estimate of F' for the transitions for which we have imaged
the line-to-continuum ratio. The values of F' for these tran-
sitions are reported in Table 3, along with the observed peak
of the normalized line-to-continuum ratio.

Table 3 shows that the observed normalized line-to-
continuum ratio is very similar to the F' factor for HNCO,
CH2CO, HCOOH, and CH3COCHs, indicating that the
variations in the line-to-continuum map might be due to
different temperatures in these cases. On the contrary, for

the case of H213CO, CH30OCH3, and, to a less extent,
HCOOCH3?, the observed ratio is still larger by more than
a factor of ~ 2 compared to the F' factor, and thus the ob-
served variations in the normalized line-to-continuum maps
could be indicative of a real abundance enhancement at the
position of the Hy knot tracing the outflow cavity. This is
also consistent with the ratio of the abundance at the out-

9 Strictly speaking, also CH3CN vg=1 presents a large difference
between the observed normalized line-to-continuum ratio and the
F' factor, but we avoid its discussion here because the modelling
of CH3CN required two components, making its interpretation
more difficult.
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Table 3. Parameters used to assess the relevance of the abun-
dance vs temperature in the line-to-continuum ratio for certain
transitions of COMs detected in TRAS 20126+4104.

By

Molecule® (K) F°  Ratiod Tracing?®
H,;*CO 329 177 34 A+T
HNCO 58.0 1.72 1.6 T
CH2CO 76.5 1.68 1.6 T
HCOOH 58.6  1.72 1.6 T
CH3CNwg=1 931.0 0.65 2.0 A?
HCOOCH3 2309 1.78 3.2 A+4+T
CH3CH2CN 143.0 1.55 2.4 A+T
CH3OCHs3 2744 1.32 3.2 A
CH3COCH3 123.9 1.44 1.6 T

2 The frequency and quantum numbers of the imaged transition
is given in Table 1.

b Energy of the upper level of the imaged transition.

¢ F as defined in equation (3), using the temperatures for the
disc and outflow positions reported in Table 1.

d Maximum normalized line-to-continuum ratio as measured in
the maps shown in Fig. 4.

¢ Tentative indication of what the line-to-continuum ratio might
be tracing for each transition, after comparing the observed line-
to-continuum ratio given in column (4) with the contribution of
the different disc and outflow temperatures assessed by the ‘F’
factor given in column (3). ‘A’ for ‘Abundance’; ‘T’ for ‘Temper-
ature’.

flow versus the abundance at the disc obtained from the
XCLASS fit for H,'*CO, and CH30CH3 (Table 1).

Thus, our data suggest that for those COMs for which
the line-to-continuum ratio is sensitive to abundance varia-
tions, the abundance of these molecules peaks at the position
of the Ha knot. This, together with the result presented in
the previous section that the abundances of most COMs at
the disc and outflow positions are comparable, and the fact
that the gas temperature at the outflow position is lower
than in the disc, suggests a mechanism, additional to ther-
mal desorption, of enhancing the COM abundances in the
gas phase, probably related to the passage of a shock. In the
next section we aim at studying the different processes that
might be at work in the outflow cavity to efficiently enhance
the abundance of COMs, namely shocks and UV radiation
from the central massive protostar.

4.2 Chemical modeling

We first studied the possibility that COMs are processed and
released into the gas phase via photo-processes triggered by
the stellar radiation field. To do this, we ran models over a
grid of A, (from 1 to 100 mag) to simulate different depths
along the outflow cavity. In these models, presented in Walsh
et al. (2010, 2012, 2014), density, impinging flux, gas and
dust temperature, and visual extinction are kept constant.
We find that for Ay < 10 mag most species cannot survive
the strong radiation field in the gas phase (G~ 10° Gism,
in Draine units, Draine 1978), with the exception of Ha and
CO which can self-shield, and the grains are also stripped
of the ice mantle. Further into the cavity wall, the solution
tends towards the ‘high extinction’ results, where thermal

desorption dominates. In regions where the photodesorption
rate is faster than the thermal desorption rate, the pho-
todissociation rates are also high so that molecules released
from the grains are destroyed in the gas phase. Further-
more, recent photodesorption experiments also show that
larger molecules do not photodesorb intact (Bertin et al.
2016; Cruz-Diaz et al. 2016). Therefore, the UV radiation
from the massive protostar does not seem to favor the en-
hancement of COM abundances in the gas phase, and in the
following we consider the role of shocks along the outflow
cavity.

To test our hypothesis that shocks may play a role in
the liberation of COMs from the grain mantle in the outflow
cavity walls, we calculate the chemical evolution of the gas
and grain mantle as a function of time (or distance) from
the shock front. We assume a C-type shock with shock ve-
locity of 40 km s~!, a pre-shock density of 10* cm ™3, and
a pre-shock gas and dust temperature of 80 K. The shock
physical structure was constructed following the paramet-
ric approximation of Jiménez-Serra et al. (2008) for C-type
shocks. The value of the pre-shock dust temperature is taken
from the modeled temperature profile of IRAS 2012644104
at 1000 AU (Palau et al. 2014), and the value of the density
corresponds to an average of the typical values estimated in
outflow cavity walls (e.g., Neufeld et al. 2009, Bruderer et
al. 2009, Visser et al. 2012, Gomez-Ruiz et al. 2015, Kuiper
et al. 2015, Gusdorf et al. 2016).

Concerning the shock velocity, a water maser spot is
detected to the south-east of IRAS 20126+4104 with about
15 km s~ (plane-of-sky velocities, Cesaroni et al. 2014),
while radial velocities are detected up to ~ 25 km s™* (Cesa-
roni et al. 1999, Cesaroni et al. 2005, this work), which makes
a total of ~ 30 km s™'. Adopting a shock velocity slightly
higher (40 km s™') seems reasonable because there is only
one water maser to the south-east of IRAS 20126+4104, and
the large number of water masers found to the north-west
suggest a higher velocity.

We assume that the gas and dust temperatures are de-
coupled, with the dust remaining cold (80 K). We begin
the chemical evolution calculation at the time step corre-
sponding to the peak temperature of the ions which also
corresponds to the peak sputtering rate. We assume at this
point that all grain mantle material is sputtered into the
gas phase. For the COMs observed in IRAS 2012644104 we
assume the initial abundance is equal to that observed (Ta-
ble 1), while for all other species we adopt initial abundances
from a single-point molecular cloud model (10 K, 10* cm™?).
For HoCO, we also use the model output, as opposed to con-
verting the abundance from H-2"CO to H212CO7 because
H2CO has gas-phase pathways to formation, unlike many
of the larger COMs (e.g., CH30H) which likely originate
mainly (or solely) from the ice mantle. The abundances mea-
sured in IRAS 2012644104 are about one-two orders of mag-
nitude larger than the abundances measured in pre-stellar
cores (Vastel et al. 2014, Jiménez-Serra et al. 2016), which
is reasonable given the hot core nature and the size scales
(much closer to the massive protostar) that we are study-
ing here, and are a factor of 3—10 larger than the abun-
dances measured by Taquet et al. (2015) toward the hot
corino NGC 1333-IRAS2A at similar spatial scales.

The chemical network used here is based on the
latest release of the UMIST Database for Astrochem-
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Figure 5. Top: Physical structure of a shock with velocity,
Vs = 40 km s~ !, and a pre-shock density of 104 cm—3. T} and Ty
represent the temperature of the ions and neutrals, respectively.
Middle and bottom: Fractional abundances (with respect to Ha)
of gas-phase COMs as a function of distance from the shock front.
In all panels, the vertical dashed line corresponds to the peak ion
temperature (see text for details). The thick grey vertical line in-
dicates the timescale when most of the molecules keep their initial
abundance, of ~ 2000 yr.

istry (RATE12, McElroy et al. 2013) supplemented with
gas-grain interactions (freeze out and desorption) and
grain surface chemistry. The grain-surface network and
associated gas-phase chemistry is extracted from the
Ohio State University (OSU) network (Garrod et al.
2008). The reaction rate coefficients are calculated as
described in Walsh et al. (2012, 2014). The gas-phase
chemistry was also supplemented with additional neutral-
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neutral reactions extracted from the NIST Chemical Kinet-
ics Database (http://kinetics.nist.gov/kinetics/index.jsp).
These reactions included collisional dissociation and associ-
ation and reactions with atomic H and O and small radicals
such as CHz and OH (see Appendix B).

The shock structure and chemical evolution results are
shown in Figure 5. The COMs survive in the gas-phase un-
til a time of ~ 2000 years when they are destroyed by re-
actions with atomic hydrogen, small radicals such as OH,
and collisional dissociation (corresponding to a temperature
of ~ 2000 K for the neutral gas). Thus, the main effect
of the shock is the increase in temperature, which favors
the aforementioned reactions as they have a significant bar-
rier. The timescale for destruction for two-body reactions, if
the temperature is high enough, is set by the density. The
peak in the sputtering rate in our model corresponds to only
200-300 K in the neutral species (gas is mainly neutral), so
the gas-phase species do not get destroyed until the neutral
temperature approaches its peak of about 2000 K. Thus,
the timescale of ~ 2000 yr is a combination of both density
and the rise time of the neutral gas temperature post shock.
The key point of our model is that it shows that COMs can
survive long enough after the passage of a shock. As the tem-
perature falls in the post shock regime, several COMs begin
to increase in abundance again, mainly through reactions
in the gas phase, except for CH3OH for which some grain-
surface chemistry contributes. CH3OCH3 does not recover at
all, because it is solely reliant on grain-surface reformation.
There are two molecules, HCOOCH3 and HNCO, which re-
main fairly flat with time. This is because their collisional
dissociation rates are significantly slower at the peak of the
gas temperature (by at least an order of magnitude) than
those for the other molecules.

The simple model presented in Section 4.2 shows that
COMs such as the ones detected in IRAS 20126+4104 (e. g.,
HQIP’CO7 HCOOCH3;, CH30OCHs3) can survive in the gas
phase for a sufficient period following the passage of a C-type
shock of about 40 km s~!. For slower shocks, the peak tem-
perature of the ions and neutrals gets lower, impeding the
destruction of COMs via neutral-neutral reactions; however,
sputtering of the grain mantle is less efficient. For higher
density material, the timescale of the shock and the chem-
istry is shorter, e.g., for a density of 10° cm™®, the COMs
survive in the gas for ~ 200 years.

5 DISCUSSION

In previous sections we presented subarcsecond angu-
lar resolution images of several COMs associated with
TRAS20126+44104. In almost all cases the morphology of the
COMs presents an elongation towards the south-east, i.e.,
along the outflow direction. For most of the COMs (with the
exception of CH3COCH3) our XCLASS fits to the spectra
at the disc and outflow positions reveal that the abundance
at the outflow position is comparable or even larger than
the abundance at the disc. We performed normalised line-
to-continuum ratio maps in order to locate the abundance
peak in the surroundings of TRAS 2012644104 and found
that for H213CO and CH3OCHgs the abundance peaks at
the position of an Hs knot rather than at the disc position
(Fig. 4).
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The fact that CH3OCHs is among the COMs showing
the strongest abundance enhancement along the outflow di-
rection is consistent with observations towards other high-
mass star-forming regions. In particular, CH3sOCHs is found
in OrionKL further to the south compared to other COMs
(Favre et al. 2011a, 2011b, Peng et al. 2013), suggesting its
association with shocks. Similarly, (jberg et al. (2011) report
the detection of CH3OCH3 towards the shock SMM4-W near
a low-mass protostar.

This suggests that the mechanism which enhances the
emission from COMs may not be exclusively related to the
presence of a massive protostar, but could also be triggered
by the passage of a shock. The chemical modelling coupled
to a parametric shock model presented in Section 4.2 shows
that COMs like CH,CO, HNCO, HCOOCH3s, CH3OCHs,
and Ho'CO can survive in the gas phase for ~ 2000 yr
after the passage of a C-type ~ 40 km s~ shock.

If a non-negligible amount of COMs in
TRAS 2012644104 result from shocks along the out-
flow, COMs should present relatively broad linewidths.
However, we could fit the spectra at the disc and outflow
positions using line widths of about ~ 8 km s™*, for almost
all the molecules (including the outflow tracer SO). This is
suggesting that, at least at these two positions, most of the
COMs are not coming from the high velocity gas itself but
from the warm cavity walls, or from a post-shock region
where the gas has been already decelerated.

The current models for the formation of COMs con-
sider a dense and cold phase where simple hydrogenated
species are formed on the surface of dust grains, followed by
a warm-up phase where efficient recombination of radicals
takes place on the grain surfaces (e.g., Garrod & Herbst
2006; Garrod et al. 2008; Aikawa et al. 2008). However,
these models underpredict the abundance of HCOOCH3 and
CH3OCH3 with respect to their parent molecule CH3OH
(e.g., Figure 1 of Taquet et al. 2012). Our observations sug-
gest that additional ingredients related to shocks should be
taken into account by these models. For example, COMs
could be produced through ion-neutral gas phase chem-
istry in the post-shock region for moderate temperatures
(of ~ 100 K, as these are temperatures for which COMs be-
gin to increase in abundance again following the passage of
the shock). Taquet et al. (2016) re-investigated the forma-
tion of several COMs, such as HCOOCH3 and CH3sOCH3,
for hot core conditions and found that ion-neutral chem-
istry (in which proton-transfer reactions involving ammonia
play a key role) can produce COMs up to abundances of
107%. It remains to be investigated this gas phase chem-
istry for shock conditions with lower densities and shorter
timescales. Another ingredient which might help models re-
cover the observed abundances is sputtering of the grain
mantles by the passage of a shock. This is actually supported
by the fact that the weakly bound molecules (e.g., HoCO,
HNCO, CH2CO) are co-spatial with the strongly bound
COMs (larger COMs such as HCOOCH3, CH3OCHs...),
pointing to a global mechanism, additional to thermal des-
orption, which is releasing them to the gas phase.

5.1 Caveats

A possible caveat in our derivation of abundances is that if
the density were not high enough to thermalize dust and

gas in the outflow, then the dust temperature could be
lower than the gas temperature. In this case the total Ha
column density would have been underestimated and the
abundances of the molecules would have been overestimated.
Since the density in the outflow cavity should be lower than
in the disc, this should mostly affect the abundances derived
at the outflow position. Palau et al. (2014) estimate the dust
temperature to be ~ 80 K at the radius corresponding to
the outflow position'®, of ~ 1000 au. If we recalculate the
abundances at the outflow position assuming such a dust
temperature in the estimate of the Ha column density, the
abundances decrease only by a factor of two. Thus our con-
clusion that the abundances of COMs at the outflow position
are of the same order, or might be even higher in some cases,
as the abundances at the disc position is robust.

It is also important to keep in mind that in the model
presented in Section 4.2 the assumed pre-shock densities
(~ 10* cm™?) might be low given the embedded and massive
nature of IRAS 20126+4104. As explained above, if we used
a pre-shock density of ~ 10° cm™3, COMs would survive
in the gas phase about ~ 200 yr. Such short timescales for
the COM enhancement are consistent with the timescales
of shocked near-infrared Ho emission, clearly spatially as-
sociated with the COM enhancement, of < 1000 yr (Gus-
dorf et al. 2011), which supports the idea that we are see-
ing a ‘short’ time-dependent phenomenon. Furthermore, this
timescale is of the order of the approximated lifetime of wa-
ter masers tracing the outflow at this position (Cesaroni et
al. 2013, 2014), as seen also in other sources (e.g., Burns
et al. 2016, Burkhardt et al. 2016), and is comparable to
the timescale required by models used to explain the SiO or
CH3CHO emission in shocks (Gusdorf et al. 2011, Codella et
al. 2015). In addition, these short timescales could also ex-
plain why no COM enhancement is detected in the northern
outflow cavity. Therefore, the short timescales required by
our model seem feasible, supporting the idea that the COMs
detected along the outflow in TRAS 2012644104 have been
evaporated from the dust grains by the shocks associated
with the outflow.

We end with the caveat that, despite the large extension
to the high-temperature network described in Appendix B
to run the model presented in Section 4.2, such a network
likely remains incomplete for many gas-phase COMs given
the lack of data in the literature. If our theory is correct, i. e.,
that gas-phase COMs in intermediate- to high-mass pro-
tostars originate from shock-induced sputtering instead of
the traditional ‘hot core’, then we would urge the gas-phase
laboratory community to revisit high-temperature gas-phase
chemistry with a view to quantifying the chemistry of COMs
in post-shocked gas. Future high angular (~ 0.1 arcsec) res-
olution observations (with e.g., ALMA and NOEMA) to-
wards a broad sample of sources will help further elucidate
the origin of COMs in protostars.

10 The estimate of 80 K as the dust temperature at the outflow
position is a first-order approach and probably a lower limit, as
this temperature is inferred from a spherical model which does
not consider the presence of cavities produced by outflows (Palau
et al. 2014).



6 CONCLUSIONS

We present subarcsecond angular resolution observa-
tions carried out with the PdBI at 220.5 GHz to-
wards TRAS20126+4104. These observations reveal for
the first time resolved emission from COMs towards
TRAS 2012644104 with a spatial resolution of ~ 600 au. Our
main conclusions are summarized as follows:

e We detect and resolve the emission from SO,
HNCO, H,*CO, CH3;CN, CH;OH, HCOOH, HCOOCH:3,
CH30OCH3, CH3CH2CN, and CH3COCHs. In addition, we
detect NH2CN and (CH20H)3.

e While SO and HNCO present a X-shaped morphology
consistent with tracing the outflow cavity walls, most of the
COMs have their peak emission at the putative position of
the protostar (the disc), but also show an extension towards
the south(east), coinciding with an Ho knot from the out-
flow at about 800-1000 au from the protostar. This is es-
pecially clear for the case of H213CO, HCOOH, HCOOCH3,
and CH3OCH3.

e By fitting the observed spectra at two representative
positions for the disc and the outflow, we found that the
abundances of most COMs are comparable at the two po-
sitions. In the case of HZISCO and CH30OCH3 the abundace
at the outflow position is larger by a factor of 2-4 than the
abundance in the disc. This suggests a mechanism of en-
hancing the COM abundances related to the passage of a
shock.

e We explored the possibility that the COMs detected
along the outflow direction are enhanced by the UV-
radiation from IRAS 2012644104 escaping through the out-
flow cavity wall. However, for A, < 10 mag most species
cannot survive the strong radiation field in the gas phase.

e We coupled a parametric shock model to a large gas-
grain chemical network including COMs, and find that
the observed COMs should survive in the gas phase for
~ 2000 yr, comparable to the shock lifetime estimated from
the water masers at the outflow position.

Therefore, our data indicate that COMs in
IRAS20126+4104 may arise not only from the disc,
but also from dense and hot regions associated with the
outflow.
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APPENDIX A: SYNTHETIC SPECTRA

In this Appendix we present the best-fit synthetic spectra
for individual molecules generated using XCLASS with the
parameters given in Table 1. [Contact the authors to receive
a copy of the figures of this Appendix]



APPENDIX B: SUPPLEMENTARY
NEUTRAL-NEUTRAL REACTIONS FOR COMS

As stated in the main text, the gas-phase chemical net-
work used in this work is the full RATE12 network (McEl-
roy et al. 2013)11 supplemented with gas-grain chemistry for
COMs extracted from the Ohio State University (OSU) net-
work (Garrod et al. 2008)'2. Both networks originate from
those created to describe relatively cold (~ 10 K) to warm
(~ 300 K) ion-molecule chemistry; however, the philosophy
of the UMIST Database for Astrochemistry in later releases
was to also include chemistry applicable at higher temper-
atures (~ 1000 K). In recent times, the OSU network was
also expanded to include high-temperature chemistry which
was then used to model the chemistry in the inner molecular
disk of an active galactic nuclei (Harada et al. 2010, 2012).
However, both networks concentrated on the neutral-neutral
chemistry of small, simple molecules. Hence, current pub-
licly available versions of both networks are lacking in high-
temperature chemistry applicable for complex molecules,
which is necessary to simulate the gas-phase chemistry of
such species in post-shocked gas which can reach tempera-
tures > 1000 K.

In Table B2, we list the reactions we have added in or-
der to better describe the high-temperature neutral-neutral
chemistry of gas-phase COMs. Most reactions have been ex-
tracted from the NIST Chemical Kinetics Database'® and
have their origin in either atmospheric chemistry or combus-
tion chemistry studies (see also, Walsh et al. 2015). We have
restricted most of the reactions to those involving atomic
H and O, and small radicals such as OH, CH;, and HCO.
There is a lack of information in the literature on reactions
involving both atomic C and N; hence, we concentrate our
efforts on the O-bearing COMs and associated radicals. Our
approach was to adopt evaluated values of the rate coeffi-
cient where available. In several cases, a measured rate co-
efficient was adopted. We include theoretically derived rate
coefficients only for those few reactions for which neither an
evaluated nor a measured value was available. These latter
values were also cross-referenced with other recent compi-
lations in the literature (e.g., Ruaud et al. 2015). We also
include at least one collisional dissociation pathway for each
COM, again, adopting an evaluated or measured rate co-
efficient where available. Often the collisional partners in
such measurements are those applicable for atmospheric or
combustion chemistry, e.g., N, or CH,. In some cases, a
noble gas, e.g., Ar, is used. Given that the most likely colli-
sion partner in interstellar and circumstellar media is H,, we
crudely rescale all collisional rates by the ratio of the square
root of the reduced mass of the measured system to the H,
system (koo < \/1/uan where pas = mams/(ma + ms)).
The scaling factor is & 3 for most reactions. For those species
for which there is no data, e.g., HCOOCH,, we adopt the
approximation outlined in Willacy et al. (1998).

1 http://wuw.udfa.net
12 nttp://faculty.virginia.edu/ericherb/research.html
13 nttp://kinetics.nist.gov/kinetics/index. jsp
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Table B1. Reactions added to RATE12.

o ¥
Reaction (em3s™1) B8 (K) Reference
HNCO + H — NH,, + CO 5.00 x 10711 0.00  2300.0 Tsang (1992)
HNCO +H — OCN + H, 1.46 x 10712 1.81  8330.0 Tsang (1992)
HNCO + O — OH + OCN 6.24 x 10713 211 5750.0 Tsang (1992)
HNCO + O — CO, + NH 498 x 10713 1.41  4290.0 Tsang (1992)
HNCO + OH — H,0 4+ OCN 2.82x 10713 1.50  1809.0 Baulch et al. (2005)
HNCO + OH — CO, + NH,, 3.13x 107 150  1809.0 Baulch et al. (2005)
HNCO + HCO — H,CO + OCN 5.00 x 10712 0.00  13100.0 Tsang (1992)
CH;O0H + H — CH,OH + H, 3.36 x 10712 1.24  2260.0 Baulch et al. (2005)
CH;OH + H — CH,0 + H, 3.36x 10712 1.24  2260.0 Baulch et al. (2005)
CH4O0H + O — OH + CH,OH 2.05 x 10711 0.00  2670.0 Baulch et al. (2005)
CH;0H 4+ O — OH + CH,0 2.05 x 10711 0.00  2670.0 Baulch et al. (2005)
CH;OH + OH — CH,OH + H,0 5.00 x 10713 1.92  -144.0 Baulch et al. (2005)
CH;OH 4+ OH — CH;0 + H,O 884x 1071 1.92  -144.0 Baulch et al. (2005)
CHZOH + CH; — CH, + CH,OH 5.87 x 10715 3.45  4020.0 Baulch et al. (2005)
CH;OH + CH; — CH, + CH;0 1.17 x 1071 345 4020.0 Baulch et al. (2005)
CH,OH +H — H,CO + H, 4.06 x 1071 0.00 0.0 Baulch et al. (2005)
CH,OH + H — CH4 4+ OH 1.74 x 10~ 0.00 0.0 Baulch et al. (2005)
CH,OH + O — H,CO + OH 7.01 x 10711 0.00 0.0 Tsang (1987)
CH,O0H + OH — H,CO + H,0 4.00 x 1011 0.00 0.0 Tsang (1987)
CH,OH + HCO — CH,0H 4 CO 2.00 x 10719 0.00 0.0 Tsang (1987)
CH,OH + HCO — H,CO + H,CO 3.00 x 10710 0.00 0.0 Tsang (1987)
CH,OH + CH; — H,CO + CH, 4.00 x 10712 0.00 0.0 Tsang (1987)
CH,OH + O, — H,CO + O,H 9.24 x 10712 -1.50 0.0 Baulch et al. (2005)
CH,O0H + O, — H,CO + O,H 1.20 x 1071°  0.00  1800.0 Baulch et al. (2005)
CH;0 +H — H,CO + H, 6.30 x 1011 0.00  300.0 Baulch et al. (2005)
CH;0 + H — CH, + OH 2.70 x 10711 0.00  300.0 Baulch et al. (2005)
CH;0 +0 — O, + CH, 1.88 x 1071 0.00 0.0 Baulch et al. (2005)
CH;0 + O — OH + H,CO 6.25 x 10712 0.00 0.0 Baulch et al. (2005)
CH;0 + OH — H,CO + H,0 3.01 x 1071 0.00 0.0 Tsang & Hampson (1986)
CH;0 + HCO — CH40H + CO 1.50 x 1071 0.00 0.0 Tsang & Hampson (1986)
CH;0 + CH; — H,CO + CH, 4.00 x 1071 0.00 0.0 Tsang & Hampson (1986)
CH;0 + O, — H,CO + O,H 3.60x 10714 0.00  880.0 Baulch et al. (2005)
CH;OCH, + H — CH3;OCH, + H, 1.47 x 10718 4.00  926.0 Takahashi et al. (2007)
CH,0OCH; + O — CH;OCH,, + OH 8.30 x 10~ 0.00  2300.0 Herron (1988)
CH;O0CH, + OH — CH;OCH, + H,0O 1.58 x 10712 173 176.0 Baulch et al. (2005)
CH;0CH, + CH; — CH;OCH,, + CH, 4.35x 1071 2,68  4190.0 Baulch et al. (2005)
CH,;0CH, + H — CH,;CHO + H, 3.32x 107! 0.00 0.0 Edelbiittel-Einhaus et al. (1992)
CH;OCH, + O — HCOOCH; + H 2.56 x 10719 0.15 0.0 Song et al. (2005)
HCOOCH, + H — CH,0 4+ CO + H, 2.81 x 10712 205  4471.0 Good & Francisco (2002)
HCOOCH; + O — CH;0 + CO + OH 149 x 1071 0.00  2700.0 Herron (1988)
HCOOCH, + OH — CH,0 + CO + H, 322x 10718 200  734.0 Good & Francisco (2002)
HCOOCH, + CH; — CH;0 + CO + CH 470 x 10715 335  5800.0 Good & Francisco (2002)
CH,COCH, + H — CH,CO + CH, + H,, 344 x 10712 2,00  2516.0 Sato & Hidake (2000)
CH,;COCH, + O — CH,CO + CH, + OH 1.66 x 10711 0.00  3000.0 Herron (1988)
CH,;COCH, + OH — CH,CO + CH, +H,  281x107'2 0.00  760.0 Atkinson et al. (1997)
CH,;COCH, + CH; — CH4CO +CH, +CH  5.76 x 1073 0.00  4870.0 Arthur & Newitt (1985)
CH,;CHO + H — CH,CO + H, 2.55 x 10712 1.16  1210.0 Baulch et al. (2005)
CH;CHO + H — C,H; + O 2.55 x 10712 1.16  1210.0 Baulch et al. (2005)
CH4;CHO + O — CH3CO + OH 9.70 x 10712 0.00  910.0 Baulch et al. (2005)
CH;CHO + O, — O,H + CH;CO 3.12x 10713 2550  18900.0 Baulch et al. (2005)
CH;CHO + OH — CH,CO + H,0 1.06 x 10712 1.35  -792.0 Baulch et al. (2005)
CH;CHO + O,H — H,0, + CH;CO 1.06 x 10713 2,50  5135.0 Baulch et al. (2005)
CH,CHO + CH; — CH, 4+ CH,;CO 1.40x 10716 621 820.0 Baulch et al. (2005)
CH;CO + H — CH,CO + H, 1.92 x 1071 0.00 0.0 Warnatz (1984)
CH,;CO + H — HCO + CH, 1.03 x 107 0.00 0.0 Warnatz (1984)
CH,;CO + O — CH,CO + OH 8.75 x 10711 0.00 0.0 Baulch et al. (2005)
CH;CO + O — CO, + CH,4 2.63 x 10719 0.00 0.0 Baulch et al. (2005)
CH;CO + OH — CH,CO + H,0 2.01 x 10~11  0.00 0.0 Tsang & Hampson (1986)

Notes: k = a(T/300)? exp (—y/T) cm®s~! and M indicates a collisional partner.
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Table B2. Reactions added to RATE12 (continued).

a Y

Reaction (cm3s™1) B (K) Reference
CH,CO + CH; — CH,CO + CH, 1.01 x 1071 0.00 0.0 Hassinen et al. (1990)
CH4;CO + Hy, — CH3CHO + H 2.20 x 10713 1.82 8860.0  Tsang & Hampson (1986)
CH,CO + CH, — CH;CHO + CH, 491 x 10714 2.88  10800.0 Tsang & Hampson (1986)
CH4CO + CH, — CH,CO + CHy4 3.0l x 10711 0.00 0.0 Tsang & Hampson (1986)
CH,CO + O — H,CO + CO 6.00 x 10713 0.00  680.0 Baulch et al. (2005)
CH,CO + O — HCO + CO + H 3.00 x 10713 0.00 680.0 Baulch et al. (2005)
CH,CO 4+ O — HCO + HCO 3.00 x 10713 0.00  680.0 Baulch et al. (2005)
CH,CO + O — CO, + CH, 1.80 x 10712 0.00  680.0 Baulch et al. (2005)
CH,CO + OH — CH; + CO, 1.04x 10712 0.00  -510.0 Baulch et al. (2005)
CH,CO + OH — CH,OH + CO 1.68 x 1072 0.00  -510.0 Baulch et al. (2005)
CH,CO + OH — H,CO + HCO 5.60 x 10714 0.00  -510.0 Baulch et al. (2005)
CH,CO + OH — HC,0 + H,0 2.80 x 10714 0.00  -510.0 Baulch et al. (2005)
HC,0 4+ H — CO + CH, 4.98 x 107 0.00 0.0 Warnatz (1984)
HC,0+ O — CO, + CH 1.99 x 10712 0.00 0.0 Warnatz (1984)
H,CO+M — HCO+H+M 2.45x 1079 0.00  38050.0 Baulch et al. (2005)
H,CO+M — CO+H, +M 1.42x 1079 0.00  32100.0 Baulch et al. (2005)
HNCO +M — CO + NH+ M 2.24 x 1079 _3.10  51300.0 Tsang (1992)
CH,0OH+M — H,CO+H+M 1.38x 1079 -2.50  17200.0 Tsang (1987)
CH,0+M — H,CO+H+M 2.59 x 10719 0.00  6790.0 Baulch et al. (1994)
CH;OH+ M — CH; + OH+ M 3.38x 10797 0.00  33100.0 Baulch et al. (1994)
HC,0+M — CO + CH + M 3.52 x 1079 0.00  29600.0 Frank et al. (1988)
CH,CO+M — CO+CH, + M 1.25 x 1079 0.00  29000.0 Frank et al. (1988)
CH;CO+M — CO+CH; + M 1.38 x 1079 0.00  7080.0 Baulch et al. (2005)
HCOOH+M — CO +H,0+ M 2.78 x 10799 0.00  21800.0 NIST Fit
HCOOH+M — CO, + H, + M 1.12x 1079 0.00  25800.0 NIST Fit
CH;0CH; +M — CH,O + CH; + M 4.33x107%  0.00  21537.0 Cook et al. (2009)
CH,CHO + M — CH,; + HCO + M 5.63 x 10704 0.00  37100.0 Trenwith (1963)
CH,OCH, + M — H,CO + CH, 1.60x 10797 0.00  9100.0  Loucks & Laidler (1967)

HCOOCH; +M — CH;0 + HCO+M  1.00 x 10719 0.00  43060.0 Willacy et al. (1998)

Notes: k = a(T/300)” exp (—y/T) cm3s~! and M indicates a collisional partner.
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