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Italian Science Case for ALMA Band 2+3 !

M. T. Beltr«an1, E. Bianchi1, J. Brand2, V. Casasola1, R. Cesaroni1, C. Codella1, F.
Fontani1, L. Gregorini3, G. Guidi1, L. Hunt 1, E. Liuzzo2, A. Marconi4, M. Massardi2, L.
Moscadelli1, R. Paladino2, L. Podio1, I. Prandoni2, V. Rivilla 1, K. L. J. Rygl 2, L. Testi1,5

1 Introduction

The Premiale Project ÒScience and Technology in Italy for the upgraded ALMA Observatory
Ð iALMAÓ has the goal of strengthening the scientiÞc, technological and industrial Italian con-
tribution to the Atacama Large Millimeter/submillimeter Array (ALMA), the largest ground
based international infrastructure for the study of the Universe in the microwave. One of the
main objectives of the Science Working Group (SWG) inside iALMA, the Work Package 1, is
to develop the Italian contribution to the Science Case for the ALMA Band 2 or Band 2+3
receiver. ALMA Band 2 reveiver spans from! 67 GHz (bounded by an opaque line complex
of ozone lines) up to 90 GHz which overlaps with the lower frequency end of ALMA Band 3.
Receiver technology has advanced since the original deÞnition of the ALMA frequency bands.
It is now feasible to produce a single receiver which could cover the whole frequency range from
67 GHz to 116 GHz, encompassing Band 2 and Band 3 in a single receiver cartridge, a so called
Band 2+3 system. In addition, upgrades of the ALMA system are now foreseen that should
double the bandwidth to 16 GHz. The science drivers discussed below therefore also discuss the
advantages of these two enhancements over the originally foreseen Band 2 system.

2 Galactic Science

2.1 High-mass star formation

High-mass stars are commonly deÞned as those stars whose mass exceeds! 8 M ! , a limit that
may vary depending on the border conditions, such as, e.g., the accretion rate. What makes
these stars di!erent from their low-mass siblings, is that they reach the zero-age main sequence
still undergoing heavy accretion. While the theoretical details of the high-mass star formation
process are still a matter of debate, a solid observational Þnding is that young OB-type stars
are deeply embedded inside their parental molecular cores Ð the so-called hot molecular cores
(HMCs). At the same time, massive stars are known to form in rich stellar clusters and are
located at typical distances of a few kpc. All these facts make it very di"cult to study the
cirumstellar environment, due to the large extinction and small separation from the nearby
cluster members. These constraints call for high angular resolution (" 1"") observations at long

! This white book expands and partly overlaps the European Science Case for ALMA Band 2 (Fuller et al.,
in preparation). The scientiÞc cases here presented are focused on the research interests of the members of the
iALMA Premiale Project.
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4Dipartimento di Fisica e Astronomia, Università di Firenze, Largo E. Fermi 2, I-50125 Firenze, Italy
5ESO, Karl-Schwarzschild-Strasse 2, 85748 Garching bei M¬unchen, Germany

1

ar
X

iv
:1

50
9.

02
70

2v
2 

 [a
st

ro
-p

h.
IM

]  
11

 S
ep

 2
01

5



wavelengths, where the dust opacity is su"ciently low. In practice, interferometric observations
at (sub)mm wavelengths are the ideal tool to investigate these regions.

Another important characteristic of young massive stars is that they are surrounded by dense
gas, rich in molecular species. These are believed to form on grains and then be released to the
gas phase when the grain mantles are evaporated by the photons of the newly born star. As
a matter of fact, the rotational transitions of rare, complex species can be e!ectively used to
derive the physical parameters of the circumstellar gas and study its distribution and velocity
Þeld. Moreover, detailed census of many molecular species may allow one to derive the chemical
composition of the gas and thus decide what reactions may explain the formation of the observed
molecules, which in turn may shed light on the genesis of the star itself.

With all this in mind, there is little doubt that ALMA is the ideal instrument for studies of
high-mass star formation. The unprecedented angular resolution in the (sub)mm regime coupled
with the high sensitivity, as well as the broad, simultaneous frequency coverage, are bound to
satisfy all the requirements discussed above. In particular, the dust opacity in molecular clouds
is known to increase with frequency, which makes it convenient to observe at (su"ciently) long
wavelengths. However, one must also keep in mind that all rotational transitions of molecules lie
in the (sub)mm range, which sets a lower limit to ! . Therefore, as a rule of thumb, observations
of high-mass star forming regions are best performed between a few mm and a few 100µm.

In the following, we identify three major contributions that ALMA Band 2+3 may give to
the study of high-mass star formation.

2.1.1 The chemical content of HMCs

As discussed in more detail in other parts of this report, the study of the chemical content of
HMCs is expected to help us to set tight constraints on the star formation process. But what
is the best frequency range for this type of studies? To answer this question, it is important to
stress that the number of rotational transitions is increasing with decreasing wavelength and their
excitation energies are on average higher. If the ÒquantityÓ of the information obtained from
broad band observations increases dramatically with the observing frequency, the corresponding
ÒqualityÓ is not necessarily improving. In fact, one sees that the overwhelming number of lines
detected towards HMCs often hinders precise line identiÞcations due to multiple overlaps of
adjacent transitions. Moreover, the high excitation energies make such lines weaker and their
emitting regions signiÞcantly smaller than those traced by lower excitation (and lower frequency)
transitions. These problems make it very di"cult and sometimes even impossible to resolve both
in space and velocity the emission from di!erent species. For HMC studies it may thus be worthy
to perform observations at longer wavelengths. In this context the ALMA Band 2+3 project
will play a crucial role.

Another aspect that also favours the choice of low frequencies for studies of HMC chemistry,
is the dust opacity. The dust optical depth in the (sub)mm domain increases with frequency as
" # NH2 #! , where$ $ 1Ð2 andNH2 is the H2 column density along the line of sight through the
HMC. Clearly, this implies that at su"ciently large frequencies the core will become optically
thick and the line photons will be absorbed by the dust, thus reducing the observed line intensities
dramatically. This e!ect is bound to a!ect especially the transitions of the typical HMC tracers,
as opposed to those molecules that are present (also) in the surrounding, lower density envelope.
For the same reason, the e!ect will be more prominent in the innermost parts of the HMCs,
because the density is believed to increase towards the core center as a power law, which boosts
the value of the dust opacity. While it is di"cult to establish the frequency and radius at which
the dust opacity will overcome the line emission, it seems likely that in the ALMA Band 2+3
such an e!ect will be negligible: in fact even for a column density as high asNH2 = 1025 cm# 2,
the dust opacity at, e.g., 85 GHz is only" $ 0.01 " 1.

2



2.1.2 Infall studies

One of the important issues concerning the formation of an OB-type star is the time at which
accretion stops. Some authors (see Keto 2002) have proposed that accretion onto the star may
initially quench the formation of an H ii region, until the stellar mass has increased to the point
that the Lyman continuum luminosity overcomes the mass accretion rate. This model predicts
also that even after the formation of an ionized region around the star, acrretion should go on
through the Hii region itself. It is thus interesting to establish observationally whether infall
can be detected towards the youngest Hii regions. In particular, hypercompact Hii regions (see
Kurtz 2005) should be the ideal targets to detect red-shifted absorption in suitable molecular
lines.

To search for red-shifted absorption towards these objects, one needs a good tracer of the
infalling gas and a bright Hii region. Unfortunately, these two requirements are to some extent
conßictual, as the brightness temperature of the free-free emission decreases with frequency,
wehereas the number of molecular lines increases (as explained above). It is thus necessary
to Þnd a compromise and select the longest possible wavelength where a su"cient number of
rotational transitions can be found. Cesaroni (2008) demonstrates that employing observations
at frequencies below! 100 GHz even infall towards hypercompact Hii regions around stars as
late as B3 can be detected.

One should keep in mind that infall studies with molecular lines may be nicely complemented
by observations of recombination lines, which trace the ionized gas of the Hii region. Given the
broad ALMA frequency coverage, it will be possible to perform observations of both suitable
molecular lines to detect infall towards the Hii region, and a recombination line to trace the
infall inside the Hii region.

2.1.3 Circumstellar disks

It is known that circumstellar accretion disks around B- and even more O-type stars appear to be
elusive (see Cesaroni et al. 2007 for a review). Recently, the existence of such disks around B-type
stars has found further support from observations with ALMA (see S«anchez-Monge et al. 2013,
2014; Beltr«an et al. 2014) and similar results are expected also for O-type stars when the longest
array baselines will be available. Clearly, angular resolution is an important issue in this type
of studies, which calls for high-frequency observations. However, one should not forget that also
low-frequency lines may be worthy. As previously explained, most high-frequency transitions
arise from high-energy levels and hence trace the innermost regions of the disk. Therefore, the
advantage of a better angular resolution is basically compensated by the smaller emitting region.
One may roughly conclude that the ratio between source angular size and instrumental beam is
approximately independent of the observing frequency.

Despite this consideration, the study of disks around O-type stars is likely best performed at
high frequencies, given the expected size of the disks (a few 1000 au) and the large distances of
the objects (several kpc), but observations at ALMA Band 2+3 may play an important role to
investigate the structure of the nearest (2Ð3 kpc) disks around B-type stars. Beside the advan-
tages already discussed above (limited line overlap, negligible dust absorption), observations at
low frequencies are less a!ected by phase instabilities and allow to target objects at lower eleva-
tions. The linear resolution achievable at 3 mm (! 50 mas) will su"ce to resolve the disk plane
and establish for example the presence of spiral arms. The targets for this type of observations
will be known luminous (! 104 L ! ) (proto)stars for which evidence of circumstellar disks has
been previously found with Plateau de Bure and ALMA observations.
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2.2 High-mass star-formation under the magnifying glass

2.2.1 High-mass star forming regions with methanol masers

As already mentioned, some of the biggest challenges in high-mass star formation (HMSF)
studies is the identiÞcation of high-mass star-forming objects and understanding how mass
accretion continues beyond a stellar mass of 8M ! (Palla & Stahler 1993). With the advance of
mm-interferometry, many massive cores have been found to fragment to lower mass proto-stellar
objects, and multiplicity in star formation is often di"cult to exclude, casting doubts on masses
of single star-forming objects. The search for accretion discs, predicted by recent 2-D models of
HMSF (e.g., Kuiper et al. 2010) and considered essential for continuing accretion despite the
stellar radiation pressure, is only possible through high angular resolution kinematic studies of
the gas surrounding the protostar, searching for disc signatures and/or jets emitted along the
disc axis.

The methanol maser emission at 6.7 GHz is one of the strongest and most widespread inter-
stellar masers (Menten et al. 1991). It can be used both for pinpointing high-mass star-forming
regions (HMSFRs) and for determining the structure and kinematics of the gas at high reso-
lution. As the excitation of this maser transition requires high densities and strong infrared
emission and/or shocks (Sobolev & Deguchi 1994, Cragg et al 2005), methanol masers are found
exclusively toward HMSFRs (Minier et al. 2003). Their brightness and compactness make the
methanol masers an excellent tool for astrometry (Rygl et al. 2010) and structure and 3-D
velocity studies at distances of 10Ð1000 AU from the newly born high-mass star (e.g., Moscadelli
et al. 2011). VLBI imaging of 6.7 GHz methanol masers showed that in! 30% of the sources
they are distributed in a ring-like shape (with radii of 20Ð200 mas) around the central protostar,
with kinematics suggesting that these masers originate at the interface between the protostellar
outßow and a disc or torus (Bartkiewicz et al. 2009). Though the 6.7 GHz masers environments
have been identiÞed only in a few high-mass protostars (e.g., Sanna et al. 2010, 2014, Moscadelli
et al. 2011), the 6.7 GHz maser emission was found to trace both disc rotation and expansion,
the latter likely induced by interaction with protostellar wind/jet, suggesting that ring-shaped
methanol masers are the ideal high-mass disc-candidates.

2.2.2 JustiÞcation for ALMA Band 2+3

Ring-like methanol maser sources in continuum emission with ALMA A high-angular
resolution continuum and molecular line study with ALMA in Band 2+3 of the ring-shaped
6.7 GHz methanol masers could Þnd conclusive evidence of discs, outßows, and constrain the
evolutionary stage of the high-mass protostar. Two emission mechanisms can contribute to the
spectral energy distribution of disc candidates: free-free emission from the ionized gas and ther-
mal black body emission from the dusty envelope. In its turn, the free-free emission associated
with these maser sources can originate both from hyper- or ultra-compact Hii regions and ion-
ized, wide-angle or collimated, stellar winds. Following the paradigm of the disc/jet system, one
would expect to observe a ßaring dusty envelope, oriented perpendicular to the ionized jet.

Establishing the nature and structure of the protostellar continuum requires sensitive (rms
noise!< 10µJy), high angular resolution (%FWHM < 100 mas) imaging in the mm wavelength range.
The ALMA Band 2+3 frequency range, from 67 to 116 GHz, is crucial to visualize the distri-
bution of the continuum emission and separate the free-free emission from the thermal dust
component by means of the spectral index,&, analysis. In fact, while the free-free emission is
expected to be optically thin (&! 0) in this frequency range, the dust emission should rapidly
increase with frequency (&> 1). Previous observations show that above a detection threshold of
a few 100µJy only a small fraction of ring shaped methanol masers (10%) is associated with
cm continuum emission, which motivated the interpretation that these sources harbor young
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Hii regions with a high turnover frequency (Bartkiewicz et al. 2009). ALMA will achieve an
extraordinary sensitivity at 3-5 mm, rms noise < 10µJy in less than one hour, allowing one to
image much weaker free-free emission than in previous cm studies, and possibly Þnding dusty
ßattened disc structures (Sanna et al. 2014). ALMAÕs long baseline conÞguration of! 15 km
o!ers ! 70 and 40 mas resolution at 5 and 3 mm, respectively, su"cient to resolve structures
that have similar angular scales as the observed maser rings.

Ring-like methanol maser sources in spectral line emission with ALMA Simulta-
neously with the continuum observations, ALMA can perform high-resolution imaging of the
disc/jet structure in various molecular lines available in Band 2+3, such as the low-J HCO+

and SiO transitions, and various deuterated species (see other contributions in this white paper)
that can be compared to the structure of the maser ring. If the envelope is truly ßattened, then
one might observe an inner gap at radii smaller than the methanol maser ring, since temperature
and turbulence should be too high for these molecular species to survive.

In summary, ALMA Band 2+3 observations of ring shaped methanol masers, will o!er a
wealth of continuum and molecular data that could provide crucial evidence for disc structures
around high-mass star-forming objects.

2.3 Low excitation lines of deuterated molecules

There are no doubts that the two most important chemical processes occuring in the cold (T% 20
K) and dense (& 104 cm# 3) preÐstellar cores are:(i) the enhancement of deuterated molecules,
and (ii) the freeze-out of neutral atoms and molecules on the surface of dust grains, where the
depletion of both C-bearing and N-bearing molecules is found to be high in low- and high-mass
preÐstellar cores. The Þrst one, initiated mainly from the proton-deuteron exchange reaction
H +

3 + HD ' H2D + + H2 + # E, is favoured at low temperature because of the endothermicity
of the backward chemical reaction. The second one, occurring on the surfaces of dust grains, is
favoured by the combination of low temperature and high density, by which atoms and molecules
stick on the surface of a dust grain and remain frozen on it (see Caselli & Ceccarelli for a review).
The two processes are believed to be correlated in the cold gas: in fact, depletion of CO boosts the
deuterium fractionation process because other neutrals can combine with the abundant H2D+

and form D-bearing molecules, and indeed correlation between the amount of CO depletion
and the deuterium fractionation (Dfrac , deÞned as the abundance ratio between a D-bearing
molecule and its hydrogenated counterpart) was found in low-mass dense cores (e.g., Crapsi et
al. 2005). Freeze-out of CO and other neutrals has also another crucial implication: frozen on
grain mantles, atoms and molecules can undergo hydrogenation (and deuteration), due to the
high mobility of the light H (and D) atoms. In particular, from hydrogenation of CO, the most
abundant neutral molecule after H2, one forms sequentially HCO, H2CO and CH3OH, which
is thus the species that is formed last. Therefore, as time proceeds, the formation of methanol
and its deuterated forms (CH2DOH, CH3OD, CHD2OH, etc.) is boosted, until the energy
released by the nascent protostellar object in the form of radiation increases the temperature of
its environment, causing the evaporation of the grain mantles and the release of these molecules
into the gas. As the temperature increases, the deuterated species are expected to get gradually
destroyed due to the higher e"ciency of the backward endothermic reactions (Caselli & Ceccarelli
2012). Therefore, highDfrac of species formed in the gas, like N2D+ and DCN, are good tracers
of the preÐstellar phase, while highDfrac of methanol are expected to better trace the short-
living evolutionary stage in between the pre-stellar and the protostellar phase, at which the
evaporation/sputtering of the grain mantles is e"cient, and the warm gas-phase reactions have
no time to change signiÞcantly the chemical composition of the gas. Recent observations of
these molecules in dense high-mass star-forming cores belonging to di!erent evolutionary stages
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Table 1: Ground rotational transitions of deuterated molecules in ALMA Band 2

molecule rest freq. (GHz)
DCO+ (1Ð0) 72.03931
DCN (1Ð0) 72.41469
CCD (1Ð0) 72.09843 Ð 72.20019
DNC (1Ð0) 76.30570
N2D+ (1Ð0) 77.10924
ortho-NH2D (JK 1K 2 = 1 1,1 ( 10,1) 85.92772

(Fontani et al. 2015) indicate the essential validity of this scenario.
In this framework, observations of deuterated molecules are crucial to derive the kinematics

and other chemical/physical properties of pristine dense cores. This information is mandatory
to understand the initial phases of the star formation process and put constraints on current
theories. In particular, because of the low temperature, the ground rotational transition (1Ð
0) is certainly the most sensitive probe because it is the easiest line to excite even at very low
temperature. However, unfortunately the (1Ð0) rest frequency of many deuterated isotopologues
of common, abundant interstellar molecules is below 80 GHz, not accessible by most of the
current millimeter single-dish telescopes and interferometers. For this reason, the large majority
of the studies performed so far have used the higher excitation transitions, which are not fully
representative of the whole core but just of the densest inner parts. Moreover, the deuterated
fractions are often derived by comparing the column density computed from the fundamental
transition of the hydrogenated molecule to that derived from higher excitation lines of the
deuterated counterpart, which make the ratio dependent on the possibly di!erent excitation
conditions. To solve this problem, ALMA Band 2 will be perfectly suitable, because the (1Ð0)
lines of many abundant deuterated molecules, including DCO+ and N2D+ , are unique to this
band. A list of these lines is reported in Table 1. Also, the excitation temperature of the (1Ð0)
lines can be derived directly from their hyperÞne structure, assuming the line to be optically
thick. This method in principle is valid also for higher excitation lines, but it is more uncertain
because they are expected to be fainter and optically thinner. Finally, in the same single spectral
setup one can observe simultaneously many lines of theortho-NH2D, including the (11,1Ð10,1)
line at ! 85 GHz, as well as several transitions of HDCO, which can help, all together, to obtain
a complete and consistent picture of deuterated molecules in the target cores.

Other important lines that can be observed in Band 2 are those of deuterated methanol,
which are important to trace the short-living evolutionary stage in between the pre- and the
protostellar phase (see above). Observations of deuterated methanol are possible in several
bands, but their identiÞcation is di"cult at wavelengths shorter than 3 mm because they can be
easily overwhelmed by nearby stronger emission lines of lighter and more abundant molecules.
Therefore, their detection must be checked carefully with synthetic spectra, which is not an easy
task usually (see e.g. Fig. 1 in Fontani et al. 2015). This problem can be bypassed in band 2,
because several transitions of CH2DOH can be observed in the range 67Ð90 GHz without the
contamination of lines of more abundant molecules, as can be seen in Fig. 1. The combination
of high angular resolution and high sensitivity o!ered by ALMA in Band 2 will be eminently
suitable to map these lines, which are expected to arise from very compact regions. As an
example, we can estimate the time required to detected some of the lines shown in the synthetic
spectrum in Fig. 1. The spectrum includes all transitions of CH2DOH in the spectroscopic
band ! 67( 90 GHz, as modeled by WEEDS assuming the following parameters:Tex = 20 K,
N (CH2DOH)=5 ) 1015 cm# 2, source size = 1Ó, line FWHM = 1 km s# 1. The column density
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Figure 1: Synthetic spectrum of CH2DOH modeled with WEEDS in the range! 67 ( 90 GHz,
assumingTex = 20 K, N (CH2DOH)= 5) 1015 cm# 2, source size = 1Ó, and line FWHM = 1 km
s# 1. The dashed line represents the expected 3' level in the spectrum that can be achieved after
36 minutes of integration on source with ALMA (see text for details).

assumed is a mean source-averaged value measured towards massive protostellar cores (Fontani
et al. 2015). Based on the OT time exposure calculator, at a representative frequency of 84 GHz
(the lower frequency currently observed by ALMA), assuming Tsys =60 K, 36 dishes of 12 m,
2 polarisations, a velocity resolution of ! 1 km s# 1, the 1' rms noise in the spectrum after
just 36 minutes of integration on source is 2 mJy. Fig. 1 tells us that more than 10 lines have
intensity peak well above 3' . Therefore, this will allow us not only to just detect the presence
of the molecule in the same spectral setup where the (1Ð0) lines of the other species will be
detected, but also to derive estimates of some important physical parameters from methanol
(e.g., gas temperature and column density from the rotation diagrams).

2.4 Understanding the formation of astrobiological molecules

The increasing number of detections of complex organic molecules around young stellar objects
strongly suggests that they are part of the material of which planetary systems are made. These
molecules play a central role in interstellar prebiotic chemistry and may be directly linked to the
origin of life. While the detection of the simplest amino acids such as glycine still remains elusive,
the search of two other families of prebiotic molecules has been more successful: aldoses and
polyols. The monosaccharide sugar glycolaldehyde (CH2OHCHO, hereafter GA) is the simplest
representative of the aldoses. This molecule can react with propenal to form ribose, a central
constituent of RNA (Collins and Ferrier 1995; Weber et al. 1998). The simplest representative
of the polyols is the reduced alcohol of GA, ethylene glycol (CH2OH)2, hereafter EG).

Theoretical chemical models have been developed in the last years to understand how these
complex molecules can be formed in the interstelar medium. Woods et al. (2012, 2013) tested six
di!erent mechanisms of GA synthesis proposed in the literature, both in the gas phase and on
the surface of grains, and concluded that the most likely pathways are 3 grain-surface formation
routes involving the formyl radical (HCO):
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1) CH3OH + HCO (' CH2OHCHO + H;
2) H2CO + HCO + H (' CH2OHCHO;
3) 2HCO (' CO + H 2CO (' HOCCOH;

HOCCOH + H (' CH2OCHO; CH2OCHO + H (' CH2OHCHO.

Figure 2: Integrated intensity of the CH2OHCHO (GA) line at 1.4 mm (220.46 GHz) detected
with PdBI towards the HMC G31.41+0.31 (red contours; Beltr«an et al. 2009), overplotted on the
VLA map of the 1.3 cm continuum emission (grey scale; Cesaroni et al. 1998). The positions
of the HMC and the nearby UC HII region are indicated.

From a chemical perspective, these proposed formation routes look promising. It is known
that HCO is formed on the surface of interstellar grains by the hydrogenation of CO (Woon et
al. 2002). Since CO is the secondmost abundant molecule in insterstellar ices, it is expected that
the abundance of HCO in the grains is high enough to produce e"ciently GA and EG. The third
mechanism proposed has been recently supported by the laboratory experiments by Fedoseev
et al. (2015). This work also shows that this mechanism is also very e"cient in forming EG
through sequential hydrogenation by two H atoms: CH2OHCHO + H + H #$ (CH 2OH) 2.

Interstellar GA and EG were Þrst detected towards the Galactic Center in the SgrB2 region
(Hollis et al. 2000, 2002; Halfen et al. 2006). Beltr«an et al. (2009) reported the Þrst detection of
GA outside the Galactic Center towards the Hot Molecular Core (HMC) G31.41+0.31 (hereafter
G31), using the IRAM PdBI (Fig. 2). Recently, the a-conformer of EG, a-(CH2OH)2), has been
detected towards G31 using the IRAM 30m telescope (Fig. 3; Rivilla et al., in preparation).
Calcutt et al. (2014) also conÞrmed the detection of GA towards 5 additional HMCs. Interest-
ingly, GA and EG have also been recently reported towards two low-mass protostellar systems,
the binary IRAS 16293( 2422 and NGC 1333 IRAS2A (J¿rgensen et al. 2012; Maury et al. 2014;
Coutens et al. 2015), and towards an intermediate-mass protostar NGC7129 (Fuente et al. 2014).
The HCO molecule was Þrst detected in the interstellar medium by Snyder et al. (1976) towards
a sample of molecular clouds associated with HMCs.

In agreement with theoretical predictions, very recent single-dish observations suggest a link
between HCO, GA and EG. Rivilla et al., (in preparation) has detected for the Þrst time HCO
towards G31 using the IRAM 30m telescope. Figure 3 shows the 3 mm spectrum towards G31,
including the HCO, GA and EG transitions. Moreover, the spectral line survey by Armijos-
Abenda÷no et al. (2015) towards two Galactic Center molecular complexes has shown that GA
is detected only if HCO is also present. These Þndings support the hypothesis of HCO as a

8



Figure 3: EG, GA and HCO transitions detected towards G31 HMC with the IRAM 30m tele-
scope (Rivilla et al., in preparation). The red line is the spectrum simulated assuming LTE
conditions. The extra emission in the HCO transition in the upper right panel is due to contam-
ination from an unidentiÞed molecule.

precursor of GA and EG.

2.4.1 JustiÞcation for ALMA Band 2+3

The advent of ALMA o!ers an unprecedented opportunity to study the formation of complex
molecules of astrobiological interest in star forming regions. Fig. 4 shows the simulated spectrum
of HCO, GA and EG in the ALMA Band 2+3, assuming Local Thermodynamic Equilibrium
(LTE) conditions, a temperature of 100 K and the column densities derived from the IRAM
30m detections (Rivilla et al., in preparation). The Band 2+3 will be particularly suitable for
the study of complex organic molecules due to several reasons:

¥ The number of molecular rotational lines excited at these frequencies (67Ð116 GHz) is
signiÞcantly lower than at higher frequencies, and hence the transitions of the complex
molecules su!er less from line blending with other species.

¥ The broad frecuency coverage of Band 2+3 will allow us to detect multiple transitions
of the molecular species with di!erent excitation energies, which is needed to conÞrm
robustly the detections and to derive the physical parameters (column densitiesN and
temperatures Trot ).
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¥ The high spatial resolution of ALMA contributes to reduce the line confusion with respect
to single-dish observations since di!erent molecules are expected to arise from di!erent
regions. If all the transitions attributed to a molecule exhibit the same spatial distribution,
the identiÞcation is further supported.

¥ Since the abundance of complex organic molecules is signiÞcantly lower than that of simpler
molecules, the high-sensitivity of ALMA opens up the possibility to detect a large number
of complex molecules that have remained undetected so far.




































































