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ABSTRACT

We report on a systematic search for oxygen-bearing Complex Organic Molecules
(COMs) in the Solar-like protostellar shock region L1157-B1, as part of the IRAM
Large Program ”Astrochemical Surveys At IRAM” (ASAI). Several COMs are unam-
biguously detected, some for the first time, such as ketene HoCCO, dimethyl ether
(CH30CH3) and glycolaldehyde (HCOCH2OH), and others firmly confirmed, such as
formic acid (HCOOH) and ethanol (CoHsOH). Thanks to the high sensitivity of the
observations and full coverage of the 1, 2 and 3mm wavelength bands, we detected nu-
merous (~10-125) lines from each of the detected species. Based on a simple rotational
diagram analysis, we derive the excitation conditions and the column densities of the
detected COMs. Combining our new results with those previously obtained towards
other protostellar objects, we found a good correlation between ethanol, methanol and
glycolaldehyde. We discuss the implications of these results on the possible formation
routes of ethanol and glycolaldehyde.

Key words: physical data and processes: astrochemistry — ISM: jets and outflows-
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1 INTRODUCTION

There is now substantial observational evidence that
protostellar shocks can significantly alter the chemical com-
position of the medium in which they propagate. Thanks
to its remarkably bright molecular line emission, the region
L1157-B1 (d=250 pc; Looney et al. 2007) has been the priv-
ileged target of many observational studies to investigate
the physical and chemical properties of protostellar shocks.
Gueth et al. (1996) showed that the L1157-B1 shock was
caused by the high-velocity, precessing jet driven by the low
luminosity Class 0 source L1157-mm (L~ 4 Lg). Following
the pioneering study of Bachiller & Perez-Gutierrez (1997),
Arce et al. (2008) reported the detection of a few COMs:
methyl formate (HCOOCH3), methyl cyanide (CH3CN),
ethanol (C2HsOH), and formic acid (HCOOH).

Since then, individual studies have reported the pres-
ence of various organic species in that region (e.g. Codella
et al. 2010). Codella et al. (2009) proved unambiguously that
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CH3CN was associated with the shock itself. More recently,
Mendoza et al. (2014) have reported the detection of for-
mamide NHoCHO, with an abundance ranging among the
highest values ever reported in molecular clouds (Bisschop
et al. 2007; Lopez-Sepulcre et al. 2015). This detection raises
the question of the molecular complexity which is ultimately
reached in protostellar shocks and the nature of the involved
chemical processes, either in the gas phase or at the surface
of dust grains.

L1157-B1 was observed as part of ASAT] with the
TRAM 30m telescope to investigate the feedback of shocks
on the molecular gas. In this Letter, we present and discuss
the results of our search for Oxygen-bearing COMs. From a
highly sensitive, unbiased spectral line survey of the 72—-350
GHz band, we have obtained a comprehensive census of the
COMs content in L1157-B1. The detected lines span a wide
range of excitation, with F,, ranging from about 5K up to
40-180 K, and spontaneous emission coefficients A;j, from
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107%s7! to a few 107*s7!, depending on the species. This
has allowed us to determine with unprecedented accuracy
the excitation conditions and abundances of these species in
L1157-B1.

2 OBSERVATIONS

The observations of L1157-B1 were carried out with the
IRAM-30m telescope at Pico Veleta (Spain), during several
runs in 2011 and 2016, and covered the spectral bands 72 —
116 GHz, 128 — 173 GHz, 200 — 260 GHz, and 260 — 350 GHz.
The observed position of L1157-B1 is a.y2000 = 201‘39‘“10.527
872000 = +68°01'10”. The survey was carried out using the
broad-band EMIR receivers. Fast Fourier Transform Spec-
trometers were connected to the EMIR receivers, providing
a spectral resolution of 195 kHz. The high-frequency part
band 260-350 GHz was observed with the WILMA autocor-
relator, at 2 MHz resolution. The final kinematic resolution
of the FTS data was degraded to 1kms™'. A description
of the observing procedure and data acquisition will be pre-
sented more extensively in the article presenting the ASAI
survey (Lefloch in prep).

The data reduction was performed using the
GILDAS/CLASS90 packageE. The line intensities are
expressed in units of antenna temperature corrected for
atmospheric attenuation and rearward losses (77:). For
the ASAI data, the calibration uncertainties are typically
10, 15, and 20% at 3mm, 2mm, and 1.3mm, respectively
(Lefloch in prep). For subsequent analysis, fluxes were
expressed in main beam temperature units (Ty,5). The
telescope and receiver parameters (main-beam efficiency
Beff, forward efficiency Feff, Half Power beam Width
HPBW) were taken from the IRAM webpageﬁ. The rms
noise achieved is typically 1mK, 3-5mK and 2-5mK (771)
in a velocity interval of 1kms™! range at 3mm, 2mm, and
1.3mm, respectively.

3 RESULTS AND DISCUSSION
3.1 COMs in L1157-B1

We performed a systematic search from the list
of Oxygen-bearing COMs identified in the sun-like pro-
tostar TRAS16293-2422 (Jaber et al 2014). We used
the CASSIS software (Vastel et al. 2015) for the line
identification, using the CDMS and JPL databases.
We detected nine Oxygen-bearing COMs: methanol
(CH30H), ketene (H2CCO), ethanol (C2HsOH), acetalde-
hyde (CH3CHO), methyl formate (HCOOCH3), glycolalde-
hyde (HCOCH,OH), dimethyl ether (CH30OCHs), formic
acid (HCOOH), and formamide (NH2CHO). We also de-
tected the rare isotopologues (*3C, Q) of methanol.
Dimethyl ether, glycolaldehyde and ketene are detected for
the first time in a protostellar shock. In addition, two other
species, whose identification was based on one or two lines
(Arce et al. 2008), are now firmly detected: ethanol and
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formic acid. The detection of formamide was previously re-
ported and discussed by Mendoza et al. (2014). Our results
are summarized in Table [II

For each detected species, we could identify from 14
transitions (glycolaldehyde) up to more than 100 transitions
(methanol). A montage of illustrative transitions from each
species (but methanol) is displayed in Fig. 1. Line intensities
are weak, typically ranging between 10 and 20 mK (T3),
with the exception of acetaldehyde, whose transitions dis-
play higher A;;, and methanol. All the lines are blueshifted
with respect to the cloud ambient velocity v;sr= +2.6 km st
(the peak intensity lies at +0kms™") and display typical
linewidths of ~ 4 to 7kms~" (FWHM). This supports ev-
idence for emission from the shocked material of L1157-B1
and not from the ambient molecular cloud. Recently, using
the PdBI at 2”5 resolution, Codella et al. (2015) showed
that the emission of CH3CHO is associated with the out-
flow cavity of L1157-B1. The similarity of the line profiles
(see Fig. 1) suggests that this is probably the case for all
the COMs reported here. These detections are all the more
remarkable as we did not find any evidence of COM emis-
sion towards L1157-mm itself, the protostar at the origin of
the outflow phenomenon and its associated shocks (Tafalla
et al. 2015; Podio et al. 2016)

3.2 Molecular abundances

Given the large number (> 10) of detected lines for each
species, our new observations allow us not only to firmly es-
tablish the presence but also to give reliable estimates of
the relative abundances of the COMs detected in L1157-B1.
With this goal in mind, we obtained their excitation condi-
tions and column density carrying out a simple rotational
diagram analysis. We computed the molecules abundances
with respect to Hz by using the whole CO column density
in the B1 direction, as estimated by Lefloch et al. (2012)
N(CO)= 2 x 10" ecm™?2 and assuming a standard relative
CO abundance X(CO)=N(CO)/N(Hz)= 10~*. The obtained
temperatures, column densities, and abundances are sum-
marized in Table 1

The rotational diagrams of the newly detected COMs
are shown in Fig. For all the detected species, the line
emission can be reasonably well fit by one single gas compo-
nent whose rotational temperature is around 20-30 K (Tab.
). Glycolaldehyde has a slightly larger rotational temper-
ature (~ 50 K) but also a larger error bar (~ 10 K). Con-
sidering only the lines observed with Eup < 55K, a lower
rotational temperature (31.1 + 5.3 K) would provide a very
good fit.

Column densities vary from ~ 2 x 10'? cm™? (for-
mamide) to ~ 1 x 10'® em™2 (methanol). Incidentally, the
column density of the other COMSs shows a relatively small
range of variation, from ~ 2 to ~ 5 x10'® cm ™2, namely less
than a factor of three. In other words, with the exception
of formamide, which is significantly less abundant, the other
detected COMs have abundances a factor 20 to 50 lower
than methanol.

We searched for acetic acid (CH3COOH), the other iso-
mer of glycolaldehyde and methyl formate, using the fre-
quencies given in Ilyushin et al. (2008). We failed to detect
it. We could place an upper limit on its abundance, adopting
Trot similar to that of methyl formate (20 K) and glycolalde-



Table 1. Oxygen-bearing Complex Organic Molecules detected with ASAT towards the protostellar shock L1157-B1: methanol (CH3OH),
ketene(H2CCO), ethanol(C2HsOH), acetaldehyde (CH3CHO), methyl formate (HCOOCH3), glycolaldehyde (HCOCH2OH), dimethyl
ether (CH3OCHz3), formic acid (HCOOH), and formamide (NH2CHO). For each molecular species, we indicate the database and the
TAG used, the range of Eyp and A;; spanned by the transitions detected, the number of detected lines, the excitation temperature and
the column density obtained from a simple rotational diagram analysis, and the derived abundance with respect to Ha. We adopt the

convention a(b) = a x 10°.

Species Database = TAG  Lines Eup(K) Aij(s™h) Trot(K) N (ecm~2) X
CH30H JPL 32003 125 4.6-177.5 2.0(-6) — 2.3(-4) 251415 (10£1.0)(14) (5.0 £ 1.0)(-7)
H,CCO CDMS 42501 23 9.7-1055 5.0(-6) — 2.1(-4)  23.0+£1.1 (L7+0.7)(13) (8.5 +4.3)(-9)
CoH50H JPL 46004 22 0.3-744  5.1(-6) - 85(-5) 282445 (46+1.1)(13) (2.3 +0.8)(-8)
CH3CHO JPL 44003 78 118941 1.5(-5) - 5.2(-4)  16.6+0.7 (2.8+0.4)(13) (1.4 +0.4)(-8)
HCOOCH; JPL 60003 57 20.1-77.7 1.0(-5) - 6.5(-5) 207+15 (54+0.8)(13) (2.7 £0.7)(-8)
HCOCH,OH JPL 60006 14 188 -93.8 4.0(-6) - 2.1(-5) 50.4+10.2 (3.4+0.7)(13) (1.7 +0.5)(-8)
HCOCH,OH® JPL 60006 9 188-532 48(-6)-21(-5) 311453 (21£03)(13)  (1.0%0.2)(-8)
CH50CH3 JPL 46008 31 6.7-404  1.7(-6) — 2.1(-5)  13.9+1.6 (49+0.9)(13) (2.5 0.7)(-8)
t-HCOOH JPL 46005 38 10.8-110.2 5.5(-6) — 1.9(-4)  21.24+1.1 (1L.7+£02)(13) (8.5 1.9)(-9)
NH,CHO? CDMS 45512 16 102325  9.2(-6) — 2.5(-4)  100+2.0 (3.5+1.0)(12) (1.8 +0.7)(-9)

CDMS 45512 8  60.8-829 21(-5) - 1.0(-3) 34.0+£20 (L7+£02)(12) (8.5=1.9)(-10)

¢ Only lines with Fyp < 55 K are considered. b Two excitation components are detected (Mendoza et al. 2014).

hyde (50 K), and the partition function given by Calcutt et
al. (in prep). We obtain a 3¢ upper limit of 5 x 1079 at 20 K
(107® at 50 K): acetic acid is less abundant by a factor of 3
to 5 with respect to methyl formate.

3.3 Comparison with hot corinos

When compared to other Solar-like star forming regions
where these COMs were previously detected (IRAS16293-
2422: Jaber et al. 2014, Coutens et al. 2015, Jgrgensen et al.
2016; IRAS2A and IRAS4A: Taquet et al. 2015), L1157-B1
appears to be a site were COMs are very efficiently pro-
duced. The molecular abundances are higher in the shock
than in the hot corinos by a factor of 2 to 10, depending
on the species. The dimethyl ether abundance measured in
TRAS16293-2422 is the only exception. We note that only
relatively small COMs are detected in the shock region,
whereas larger COMs like e.g. propanone (CH3COCH3;),
ethylene glycol ((CH2OH)2) are detected in the inner pro-
tostellar environments (e.g. Maury et al. 2014; Jorgensen et
al. 2016) but not yet in the shock. More observational data
from hot corinos and shock regions are needed to establish
whether these results are general and why.

Following Jaber et al. (2014) and Mendoza et al. (2014),
we searched for correlations between pairs of COMs de-
tected in L1157-B1. In addition to the already known
correlation between methyl formate and dimethyl ether
(Jaber et al. 2014), we found bf good correlations between
ethanol, methanol and glycolaldehyde (Fig. 3). Although
these species have been detected in only three Solar-type
hot corinos, the correlation spans two orders of magnitude
and it is robust in both cases.

3.4 Formation routes for ethanol and
glycolaldehyde

The correlations methanol-ethanol and ethanol-
glycolaldehyde are intriguing and require further investiga-
tion. Indeed, in some cases, correlations have provided a
precious key to unveil the formation route of some species.

For example, Jaber at al. (2014) found that the methyl
formate and dimethyl ether abundances are very tightly
correlated, with an abundance ratio close to unity. This
fact led Balucani et al. (2015) to propose a new formation
route methyl formate from dimethyl ether in the gas phase.
On the contrary, the tight correlation observed between
formamide and isocyanic acid (Lopez-Sepulcre et al. 2015)
is still not understood.

Hydrogenation of CO on the grain surfaces is one of the
few methanol formation routes for which there is consensus
(e.g. Cuppen et al. 2009; Rimola et al. 2014). The corre-
lations methanol-ethanol and ethanol-glycolaldehyde might
then suggest that ethanol and glycolaldehyde are formed on
the grain surfaces, as suggested by some experiments. How-
ever, theoretical computations have so far been unable to
support this hypothesis. Enrique-Romero et al. (2016) have
shown that the synthesis of acetaldehyde on amorphous wa-
ter ices, predicted by the same experiments to occur thanks
to the combination of HCO and CHs, is in fact impossible:
such a reaction produces methane and CO, not acetalde-
hyde. Conversely, simple chemical modelling in L1157-B1
suggests that acetaldehyde may be formed in gas-phase if
enough C2Hs is sputtered off the grain mantles in the shock
(Codella et al. 2015).

With these caveats, it is worth investigating whether
ethanol and glycolaldehyde could form in the gas phase from
species present on the grain surfaces and released in the gas
phase by the shock. Both the databases KIDAH and UMIS
report protonated ethanol CoHzOHJ as the precursor of
ethanol. It is synthesised in the gas by radiative association
between H3O1 and C2Hy4, and H20 and CgH;. Since in the
shocked gas of L1157-B1 water is abundant (e.g. Lefloch et
al. 2010; Busquet et al. 2014) and the ionisation rate is rel-
atively high ¢ ~ 3 x 107'¢ (Podio et al. 2015), ethanol as a
gas-phase product is therefore a viable possibility.

Chemical models by Woods et al. (2012, 2013) do ex-
plore possible gas-phase routes for the formation of glyco-

4 http://kida.obs.u-bordeaux1.fr
5 http://udfa.ajmarkwick.net
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Figure 1. Montage of detected transitions from the different O-bearing COMs detected towards L.1157-B1. Intensities are expressed in
units of T} . The red dashed line marks the ambient cloud velocity v;s, = +2.6 km s~ 1. Predicted line intensities in the LTE regime and
based on our rotational diagram analysis are shown in red.
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4 CONCLUSION

models the gas-phase route proposed in Halfen et al. (2006).

The authors conclude that the predicted routes are ineffi-
cient, due to the lack of available reactants in the gas phase
(e.g. formaldehyde). As a consequence of the efficient sput-
tering of molecular species (e.g. HoCO and CH30H) from
grain mantles and the warm temperatures reached, the con-
ditions in the shocked gas of L1157-B1 are more favourable
to glycolaldehyde formation. It would be worth exploring the
efficiency of these gas phase routes under such conditions.

We have led a systematic search for COMs in the pro-
tostellar shock region L1157-B1 as part of the ASAI Large
Program. The unprecedented sensitivity of the spectral sur-
vey has allowed us to detect nine molecular species, among
which H,CCO, CH3OCH3z and HCOCH>;OH for the first
time in a protostellar shock. Also, we confirm the presence of
HCOOH, HCOOCH3 and C2HsOH, whose previous tenta-
tive detections were based on very few lines. Excitation tem-
peratures and molecular abundances were obtained from a
rotational diagram analysis. COMs appear to be more abun-
dant in the shock L1157-B1 than in typical solar-type hot
corinos, by a factor of 2-10, depending on the species. Com-
parison of COMs abundances in LL1157-B1 and hot corinos
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Figure 2. Rotational diagrams of COMs detected towards
L1157-B1. From top to bottom: CoHsOH, HoCCO, HCOCH2OH
and CH3OCH3. The best fit is drawn by the red line. For
HCOCH20H, the fit to the transitions with Eyp < 55 K is drawn
by the blue dashed line.

shows new correlations between ethanol and methanol, and
ethanol and glycolaldehyde. Such correlations could be re-
lated to the formation route of these molecules, which re-
main to be established.
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