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ABSTRACT

Context. The detection of complex organic molecules related with prebiotic chemistry in star-forming regions allows us to investigate
how the basic building blocks of life are formed.
Aims. Ethylene glycol (CH2OH)2 is the simplest sugar alcohol and the reduced alcohol of the simplest sugar glycoladehyde
(CH2OHCHO). We study the molecular abundance and spatial distribution of (CH2OH)2, CH2OHCHO and other chemically re-
lated complex organic species (CH3OCHO, CH3OCH3, and C2H5OH) towards the chemically rich massive star-forming region
G31.41+0.31.
Methods. We analyzed multiple single-dish (Green Bank Telescope and IRAM 30 m) and interferometric (Submillimeter Array)
spectra towards G31.41+0.31, covering a range of frequencies from 45 to 258 GHz. We �tted the observed spectra with a local
thermodynamic equilibrium (LTE) synthetic spectra, and obtained excitation temperatures and column densities. We compared our
�ndings in G31.41+0.31 with the results found in other environments, including low- and high-mass star-forming regions, quiescent
clouds and comets.
Results. We report for the �rst time the presence of the aGg' conformer of (CH2OH)2 towards G31.41+0.31, detecting more than
30 unblended lines. We also detected multiple transitions of other complex organic molecules such as CH2OHCHO, CH3OCHO,
CH3OCH3, and C2H5OH. The high angular resolution images show that the (CH2OH)2 emission is very compact, peaking to-
wards the maximum of the 1.3 mm continuum. These observations suggest that low abundance complex organic molecules, like
(CH2OH)2 or CH2OHCHO, are good probes of the gas located closer to the forming stars. Our analysis con�rms that (CH2OH)2
is more abundant than CH2OHCHO in G31.41+0.31, as previously observed in other interstellar regions. Comparing di� erent star-
forming regions we �nd evidence of an increase of the (CH2OH)2/CH2OHCHO abundance ratio with the luminosity of the source.
The CH3OCH3/CH3OCHO and (CH2OH)2/C2H5OH ratios are nearly constant with luminosity. We also �nd that the abundance ratios
of pairs of isomers (CH2OHCHO/CH3OCHO and C2H5OH/CH3OCH3) decrease with the luminosity of the sources.
Conclusions. The most likely explanation for the behavior of the (CH2OH)2/CH2OHCHO ratio is that these molecules are formed
by di� erent chemical formation routes not directly linked, although di� erent formation and destruction e� ciencies in the gas phase
cannot be ruled out. The most likely formation route of (CH2OH)2 is by combination of two CH2OH radicals on dust grains. We
also favor that CH2OHCHO is formed via the solid-phase dimerization of the formyl radical HCO. The interpretation of the obser-
vations also suggests a chemical link between CH3OCHO and CH3OCH3, and between (CH2OH)2 and C2H5OH. The behavior of
the abundance ratio C2H5OH/CH3OCH3 with luminosity may be explained by the di� erent warm-up timescales in hot cores and hot
corinos.
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1. Introduction

In the past few years, the improvement of the sensitivity of cur-
rent radio and (sub)millimeter telescopes has allowed us to de-
tect molecular species with an increasing number of atoms in
the interstellar medium (ISM). From the astrophysical point of
view, molecules with� 6 atoms containing carbon are consid-
ered complex organic molecules (COMs). These molecules are
expected to play an important role in prebiotic chemistry and
are considered the basic ingredients to explain the origin of life.
Therefore, understanding how these COMs are formed is a �rst
and unavoidable step to ascertain how life was able to emerge
in the Universe. The detection of COMs in the gas environment

? The reduced spectra (ASCII �les) are only available at the CDS
via anonymous ftp tocdsarc.u-strasbg.fr (130.79.128.5 ) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/598/A59

where low- and high-mass stars are forming (known as hot cori-
nos and hot cores, respectively) indicates that they are part of the
material of which stars, planets, and comets are made. Did the
Earth inherit the chemical composition from its parental ISM?
Were the organic compounds delivered into the early Earth by a
rain of meteorites? The answers to these open questions are only
possible by studying the chemical compositions of comets and
star-forming regions, and �guring out how they were produced.

The formation of COMs is being intensively debated in as-
trochemistry. Two possible routes, which can be complementary,
have been proposed: gas-phase chemical reactions and reactions
on the surface of interstellar dust grains. Only the detection of
numerous COMs and the study of their relative abundances and
spatial distributions in a large sample of star-forming regions
will help us to constrain the chemical pathways leading to the
formation of COMs.
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The basic building blocks of biochemistry� amino acids
(precursors of proteins), monosaccharides (the simplest sug-
ars), and lipids� are found among the COMs. So far, only
the interstellar search for members of the sugar family has
been successful. Sugars are a key ingredient in astrobiology be-
cause they are associated with both metabolism and genetic in-
formation. The simplest sugar, glycolaldehyde (CH2OHCHO,
hereafter GA), and the simplest sugar alcohol, ethylene glycol
((CH2OH)2, hereafter EG), are among the largest molecules de-
tected so far in the ISM (8 and 10 atoms, respectively). It has
been proposed that GA is involved in the formation of amino
acids and more complex sugars. GA can react with another sugar,
propenal, to produce ribose, the central constituent of the back-
bone of ribonucleic acid RNA (Collins & Ferrier 1995; Weber
1998; Krishnamurthy et al. 1999).

EG is the reduced alcohol of GA, and it was �rst found
in the ISM towards the Galactic Center (Hollis et al. 2002;
Requena-Torres et al. 2008; Belloche et al. 2013). It has also
been reported towards NGC 1333� IRAS 2A (Maury et al.
2014), NGC 7129 FIRS2 (Fuente et al. 2014), and towards
the Orion, W51e1e2 and G34.3+0.1 hot cores (Brouillet et al.
2015; Lykke et al. 2015). Additionally, EG has also been de-
tected in the comets Hale-Bopp (Crovisier et al. 2004), Lemmon
and Lovejoy (Biver et al. 2014, 2015) and 67P/Churyumov-
Gerasimenko (Goesmann et al. 2015), and in the meteorites
Murchinson and Murray (Cooper et al. 2001).

Theoretical chemical modeling and experimental works have
proposed di� erent mechanisms for the formation of EG (and
other COMs) in the ISM (Sorrell 2001; Charnley & Rodgers
2005; Bennett & Kaiser 2007; Garrod et al. 2008; Woods et al.
2012, 2013; Fedoseev et al. 2015; Butscher et al. 2015). In or-
der to constrain the most likely chemical pathway, it is essential
to con�rm the presence of these COMs in additional interstellar
sources, and to study their spatial distribution and relative abun-
dances. In particular, the massive star-forming regions are a very
suitable laboratory to study molecular complexity. The radiation
from the newly formed massive stars warms up the grain mantles
of the interstellar dust, triggering the desorption of molecules to
the gas phase and enriching the chemical environment.

In this work we present single-dish and interferometric ob-
servations towards the G31.41+0.31 massive star-forming re-
gion (hereafter G31). G31, located at a distance of 7.9 kpc
(Churchwell et al. 1990), harbors a luminous hot molecular
core (� 3 � 105 L� , Beltrán & de Wit 2016) believed to be
heated by several massive protostars. Many COMs have al-
ready been detected towards G31 (see, e.g., Beltrán et al. 2005;
Fontani et al. 2007; Isokoski et al. 2013): methanol (CH3OH),
ethanol (C2H5OH), ethyl cyanide (C2H5CN), methyl formate
(CH3OCHO), and dimethyl ether (CH3OCH3). This chemical
richness, along with the previous detection of GA (Beltrán et al.
2009), makes G31 an excellent target to search for even more
complex species, and EG in particular.

We report on the detection of the aGg' conformer of EG to-
wards G31. We note that this is the �rst hot core outside the
GC where both EG and GA have been detected. In Sect. 2 we
present the di� erent observational campaigns. Section 3 explains
the procedures and tools used to identify the lines. The results of
the study, including the derivation of physical parameters and
spatial distribution of the emission are presented in Sect. 4. In
Sect. 5 we compare our results in G31 with other interstellar re-
gions and comets. In Sect. 6 we discuss the implications of our
�ndings on the formation pathways of EG and GA and other
COMs. Finally, we summarize our conclusions in Sect. 7.

2. Observations

In this work we have used observations performed with the
single-dish telescopes GBT and IRAM 30 m, and the SMA
interferometer, which provide us with wide spectral coverage
and spatial information. Technical details of the observations are
given in the following sections.

2.1. Green Bank Telescope (GBT) single-dish observations

The observations were carried out in May 2011 using theQ-band
receiver (7 mm). We used the maximum bandwidth provided
by the GBT spectrometer (� 800 MHz), covering the range
45.14� 45.92 GHz. To avoid irregular band-pass shapes related to
the wide bandwidth spectrometer mode, we used the subre�ector
nodding technique, in which the source is positioned �rst in one
receiver feed and then in the other. Moving the subre�ector we
minimized the time spent between feeds. The advantage of this
technique is that one feed is always observing the source and
the calibration can be done more accurately. We observed two
overlap spectral windows with dual polarization, with a spectral
resolution of 0.39 MHz (2.5 km s� 1). The system temperature
was� 80 K. We applied out-of-focus (OOF) holography to cor-
rect large-scale errors in the shape of the re�ecting surface at the
beginning of the observing run. The reduction was done with the
GBT-IDL package, and the data were exported toMADCUBAIJ1

for the analysis (see, e.g., Rivilla et al. 2016).
The GBT telescope provided the spectra in antenna temper-

ature below the atmosphere,Ta. We converted this scale to an-
tenna temperature above the atmosphere,T �

a, using the expres-
sionTa = T �

a� exp(� �=mair), where� is the opacity at zenith and
mair is the air mass, which was estimated with 1/sin(elevation).
Then,T �

a was converted to main beam temperature withTmb =
T �

a=Be� , considering a beam e� ciency ofBe� = 0:83.

2.2. IRAM 30 m single-dish observations

We used data from two di� erent observational campaigns per-
formed with the IRAM 30 m telescope at Pico Veleta (Spain)
on July 1996 and September 2014. The phase center, frequency
coverage, and beams of these observations are given in Table 1.
The 1996 observations were carried out simultaneously at 3, 2,
and 1.3 mm. For more details, see Fontani et al. (2007). The data
were reduced using the software package CLASS of GILDAS
and then exported toMADCUBAIJfor analysis.

The 2014 observations used the Eight Mixer Receiver
(EMIR) and the Fast Fourier Transform Spectrometer (FTS)
covering the frequency ranges 81.23� 89.01 GHz (3 mm)
and 167.93� 175.71-GHz (2 mm). The spectral resolution was
0.195 kHz (0.34 km s� 1 and 0.67 km s� 1 for 2 and 3 mm, re-
spectively). The system temperatures were� 130 K and� 900 K
for the 3 and 2 mm receivers, respectively. The spectra were ex-
ported from CLASS toMADCUBAIJ, which was used for the
reduction and analysis. To increase the signal-to-noise in the
2 mm spectra, we smoothed the data to a velocity resolution of
1 km s� 1.

The line intensity of the IRAM 30 m spectra was converted to
the main beam temperatureTmb, which was calculated as:Tmb =
T �

aFe� =Be� , whereT �
a is the antenna temperature, andFe� and

Be� are the forward and beam e� ciencies, respectively. For the

1 Madrid Data Cube Analysis on ImageJ is a software developed by the
Center of Astrobiology (Madrid, INTA-CSIC) to visualize and analyze
single spectra and datacubes (Martín et al., in prep.).
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Table 1.Summary of observations towards hot molecular core G31 used in this work.

Telescope Date Phase center Frequency coverage � beam

RAJ2000(h m s) DecJ2000(� 0 00) (GHz) (00)

IRAM 30 m 1996 July 18 47 34.4 –01 12 46.0 86–2581 12� 22
2014 Sep. 18 47 34.3 –01 12 45.9 81.2� 89.0, 167.93� 175.71 28, 14

GBT 2011 May 18 47 34.3 –01 12 45.8 45.14� 45.92 16
SMA 2007 May 18 47 34.3 –01 12 45.9 219.45� 221.45, 229.35� 231.35 1.7� 3.5 (comp.)

& July 0.90� 0.75 (very ext.+ comp.)

Notes.(1) This range was not fully covered, only some narrower spectral windows.

Table 2.Summary of the detections of the di� erent COMs in the di� erent telescope datasets.

Telescope (CH2OH)2 (EG) C2H5OH (ET) CH2OHCHO (GA) CH3OCHO (MF) DME (CH3OCH3)
GBT X X –a X –a

IRAM 30 m X X X X X
SMA X X X X X

Notes.(a) The non-detections appear because there are no bright lines of these species in the frequency range covered by the GBT observations.

2014 observations we used the ratiosFe� =Be� 1.17 and 1.37 for 3
and 2 mm, respectively. The beams of the observations can be
estimated using the expression:� beam[arcsec]= 2460/� (GHz).

2.3. Submillimeter Array (SMA) interferometric observations

The observations2 were carried out in the 230 GHz band in
the compact and very extended con�gurations in July and
May 2007, respectively. The correlator was con�gured to a
spectral resolution of 0.6 km s� 1 over both sub-bands, from
219.3� 221.3 GHz (lower sideband, LSB) and 229.3� 231.3 GHz
(upper sideband, USB). The visibility data were calibrated us-
ing MIR and MIRIAD and the imaging was done with MIRIAD.
The resulting synthesized beam is approximately 0.9000� 0.7500

(PA= 53� ) for the combined very extended and compact data and
1.700� 3.500(PA= 59� ) for the compact data. For more details see
Cesaroni et al. (2011).

3. Line identi�cation: Ethylene glycol
and other COMs

A large frequency coverage is needed to robustly identify large
COMs, especially in hot molecular cores where the density of
lines in the spectra is high. To assure an identi�cation at a
99%(99.8%) con�dence level, at least 6(8) unblended lines are
needed (Halfen et al. 2006). An additional condition is thatall
the detectable lines predicted by a local thermodynamic equi-
librium (LTE) analysis that lie in the observed spectra must be
revealed. Moreover, the relative intensities of the di� erent tran-
sitions must be consistent with the LTE analysis, given the high-
density environment of hot molecular cores. Furthermore, high
spatial resolution data allow us to reduce the confusion limit
of single-dish observations because di� erent molecules may ex-
hibit di� erent spatial distributions.

The spectra of G31 exhibits a plethora of molecular lines
of multiple species. Although a complete identi�cation and

2 The Submillimeter Array is a joint project between the Smithsonian
Astrophysical Observatory and the Academia Sinica Institute of Astron-
omy and Astrophysics, and is funded by the Smithsonian Institution and
the Academia Sinica (Ho et al. 2004).

analysis of all the detected lines is planned for a forthcoming
paper (Rivilla et al., in prep.), we study here the emission of
selected COMs, including EG. Our motivation is to compare
their physical parameters and spatial distributions. These other
complex species are: glycolaldehyde (GA), ethanol (C2H5OH,
hereafter ET), methyl formate (CH3OCHO, hereafter MF), and
dimethyl ether (CH3OCH3, hereafter DME). We also compare
the spatial distribution of these COMs with that of methyl
cyanide (CH3CN), a typical hot molecular tracer that has been
studied in detail in Cesaroni et al. (2011).

We carried out the line identi�cation of the COMs with
MADCUBAIJ, which uses several molecular databases, includ-
ing JPL3 and CDMS4. This software provides theoretical syn-
thetic spectra of the di� erent molecules under LTE conditions,
taking into account the individual opacity of each line.

3.1. Single-dish data: GBT and IRAM 30 m

Our wide spectral coverage has allowed us to clearly identify
multiple lines of all the di� erent COMs. In Table 2 we summa-
rize the molecules detected in each dataset. All the COMs have
been detected in the di� erent datasets, with the exception of GA
and DME in the GBT data, because there are no bright lines of
these species in the frequency range covered by the observations.

We con�rm for the �rst time the detection of the low-
est energy conformer (aGg' conformer) of EG towards G31
(see details of the spectroscopy of EG in Appendix A). The
single-dish data (GBT+IRAM 30 m) provide us with more than
30 unblended transitions of EG (see Fig. 1 and Table 3). These
transitions cover an energy range of 5� 114 K. We note that all
the transitions predicted by the synthetic spectrum above 3� are
present in the observed spectra.

For identi�cation purposes, we have overplotted in Fig. 1 the
simulated LTE spectra provided byMADCUBAIJ, assuming a
source size from the SMA maps (see Sect. 4.1). The relative in-
tensities of the lines from 7 mm to 1.3 mm are well �tted with
an excitation temperature of� 50 K. We note, however, that the

3 http://spec.jpl.nasa.gov/
4 http://www.astro.uni-koeln.de/cdms
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Fig. 1.Unblended transitions of EG from single-dish observations. The spectroscopic parameters (rest frequencies, quantum numbers, energies of
the upper levels, and integrated intensities) from the LTE �t are listed in Table 3. For identi�cation purposes, we have overplotted in red the LTE
synthetic spectrum obtained withMADCUBAIJassumingTex = 50 K (see text).
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Table 3. Clean transitions (i.e., not blended with other molecular species) of EG identi�ed in the single-dish spectra (GBT and IRAM 30 m)
towards G31.

Frequency Transition Eup

R
Tmb � � v b Panel

(GHz) JKa;Kc; v (K) (K � km s� 1) Fig. 1
45.17972 52; 3 (v = 0)� 42; 2 (v = 1) 9 0.351 a)
45.54764 41; 4 (v = 1)� 31; 3 (v = 0) 5 0.305 b)
83.62492 81; 8 (v = 1)� 71; 7 (v = 0) 17 0.251 c)
83.85949 92; 8 (v = 0)� 82; 7 (v = 1) 24 0.240 d)
84.43952 80; 8 (v = 1)� 70; 7 (v = 0) 17 0.361 e)

85.21578a 96; 4 (v = 0)� 86; 3 (v = 1) 40 0.135 f)
85.21582a 96; 3 (v = 0)� 86; 2 (v = 1) 40 0.172 f)
85.52157 94; 6 (v = 0)� 84; 5 (v = 1) 30 0.221 g)
85.60355 94; 5 (v = 0)� 84; 4 (v = 1) 30 0.280 h)
86.65561 91; 8 (v = 0)� 81; 7 (v = 1) 23 0.393 i)
86.66012 93; 6 (v = 0)� 83; 5 (v = 1) 27 0.332 i)
87.56206 82; 7 (v = 1)� 72; 6 (v = 0) 20 0.285 j)
88.36696 101; 10 (v = 0)� 91; 9 (v = 1) 26 0.443 k)
88.74534 100; 10 (v = 0)� 90; 9 (v = 1) 26 0.342 l)
88.81207 92; 7 (v = 0)� 82; 6 (v = 1) 25 0.391 m)

88.87342a 85; 4 (v = 1)� 75; 3 (v = 0) 30 0.171 n)
88.87421a 85; 3 (v = 1)� 75; 2 (v = 0) 30 0.217 n)
88.98621 84; 5 (v = 1)� 74; 4 (v = 0) 26 0.221 o)

109.35771a 106; 5 (v = 1)� 96; 4 (v = 0) 45 0.334 p)
109.35786a 106; 4 (v = 1)� 96; 3 (v = 0) 45 0.422 p)
109.48919 105; 5 (v = 1)� 95; 4 (v = 0) 40 0.525 q)
109.51132 103; 8 (v = 1)� 93; 7 (v = 0) 32 0.536 r)
109.85770 104; 6 (v = 1)� 94; 5 (v = 0) 35 0.620 s)
111.44834 103; 7 (v = 1)� 93; 6 (v = 0) 32 0.716 t)
111.57944 111; 11 (v = 1)� 101; 10 (v = 0) 31 0.844 u)
112.34368 122; 11 (v = 0)� 112; 10 (v = 1) 40 0.909 v)
168.37712 176; 12 (v = 0)� 166; 11 (v = 1) 93 1.36 w)
168.38635 172; 15 (v = 0)� 162; 14 (v = 1) 79 2.35 w)
168.44321 176; 11 (v = 0)� 166; 10 (v = 1) 93 1.69 x)
171.41795 166; 11 (v = 1)� 156; 10 (v = 0) 85 1.48 y)

Notes.(a) The EG lines are autoblended, i.e., blended with other transition of EG.(b) Integrated intensities derived from the LTE �t.

Table 4.Clean transitions (i.e., not blended with other molecular species) of EG identi�ed in the interferometric SMA spectra towards G31.

Frequency Transition Eup

R
S � � v

(GHz) JKa;Kc; v (K) (Jy/beam� km s� 1)
221.03880 226; 17 (v = 0)� 216; 16 (v = 1) 143 8.6
221.10032 225; 18 (v = 0)� 215; 17 (v = 1) 137 9.0
230.57714 243; 22 (v = 0)� 233; 21 (v = 1) 150 10.0
230.83032 242; 22 (v = 0)� 232; 21 (v = 1) 150 7.3
231.12740 237; 16 (v = 0)� 227; 15 (v = 1) 160 7.7

LTE �t of multiwavelength transitions of EG underestimates the
true temperature. The reason is explained in detail in Sect. 4.2.

We also detected multiple lines of the other COMs. In
Appendix B we present tables with the unblended transitions de-
tected for each species. In Figs. B.1 and B.2 we show selected
lines at 3 mm and 7 mm detected with the IRAM 30 m and GBT
telescopes, respectively, along with the LTE �ts obtained with
MADCUBAIJ(Table C.1).

3.2. Interferometric data: SMA

For the identi�cation of lines we used the SMA datacube ob-
tained with the compact interferometer con�guration. Figure 4

shows the full SMA spectra (containing LSB and USB side-
bands) towards the continuum peak. For identi�cation purposes,
we have overplotted the LTE synthetic spectra obtained with
MADCUBAIJ of the di� erent COMs, and have indicated with
colored dots the lines least a� ected by blending. Several EG
unblended lines are clearly identi�ed (Fig. 4 and Table 4). The
energy range covered by these transitions is 114� 160 K. Addi-
tionally, the interferometric data allow us to map the spatial dis-
tribution of the EG emission. To study the spatial distribution of
the emission we used the datacubes obtained by combining the
data of both compact and very extended con�gurations, which
provide a better spatial resolution (0.9000� 0:7500). Figure 3 con-
�rms that the spatial distribution of di� erent unblended EG lines
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