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This thesis

“Se non ora, quando?”
—Primo Levi

4.1 RESEARCH CONTEXT AND DESCRIPTION

The interplay between interstellar dust, ice and gas plays a key role in
the journey starting in dense molecular clouds and ending with the rise
of new planetary systems. Along this path, ice mantles on dust grains can
be described as open systems, in constant exchange with the surrounding
gas phase through accretion and desorption processes. The outcome of
this mutual ice-gas interaction are organic molecules of different levels of
complexity (Jørgensen et al., 2020). These can evolve into biomolecules and
undergo an intricate and poorly understood cascade of biochemical reactions,
which ultimately can give rise to living organisms in the Universe. In this
context, a logical approach to constrain the formation of complex molecules
consists of investigating the chemical processes during the formation of
solar-type stars. In other words, providing constraints on the nature of the
material and the relative importance of the mechanisms involved in the gas
and ice interplay during stellar evolution.

At present, a lot is still unknown about the degree of chemical complexity
and the relationships between the intertwined solid-state and gas-phase
chemistries in stellar nurseries. The count of securely detected molecules in
the ISM (> 200) increased considerably in the last decades and with it, the
existence of new chemical routes in star-forming regions (McGuire, 2018).
However, despite the recent advances in the field, some ultimate questions
remain unanswered such as:

• What are the exact processes linking solid-state and gas-phase species
in cold protostellar envelopes?

• To what degree the physical environment impacts the solid- and gas-
phase chemistries during the formation of low-mass protostars?

To address the above questions, in this thesis I carried out multi-wavelength
observational studies of low-mass protostellar envelopes using a suite of
millimeter and infrared facilities (e.g., the Submillimeter Array (SMA), the
Atacama Pathfinder EXperiment (APEX), the Institut de RadioAstronomie Mil-
limétrique (IRAM) 30m, the James Clerk Maxwell Telescope (JCMT), and the
Very Large Telescope (VLT)). To access whether the physical conditions affect
the gas and ice interplay, the selected sample consists of young stellar objects
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located in three nearby star-forming regions, which do not share similar
formation histories and are characterized by different physical structures.
The targeted regions, the Serpens SVS4 cluster in Serpens Main, the multi-
protostellar system IRAS 05417+0907 in the _ Orionis Barnard 35A cloud,
and the Coronet cluster in Corona Australis are described in Chapter 3.

The approach followed consists of combining millimeter and near-/mid-
infrared observations, and thus directly obtain and compare abundances
of key astrochemical molecules, particularly of methanol, in both solid
and gas phases towards the same astrophysical region. This procedure,
previously adopted by Öberg et al. (2009a) and Noble et al. (2017), provides
critical information tracing the solid-state and gas-phase chemistries in a
complementary manner. In other words, it makes it possible to relate small-
scale variations in the ice chemistry probed by infrared observations with
large-scale astrophysical phenomena explored with millimeter observations.

Comparative studies similar to the ones presented in Chapters 5, 6, and
7 are relatively uncommon due to the challenges in obtaining observational
constraints on solid-state chemistry. This is primarily due to the difficulties
in disentangling the contribution of multiple molecules from blended ab-
sorption bands (Sect. 2.2) and to the low sensitivity of infrared observations,
which hampers the detection of solid-state molecules with abundances with
respect to H2 below ≈ 10−6 − 10−7. In comparison, millimeter observations
can detect gas-phase molecules with fractional abundances as low as ≈10−12.
Additionally, the sample of sources for which spectroscopic infrared data
exist is significantly reduced compared to the regions for which millimeter
data are available (Boogert et al., 2015). This reflects the fact that the
observation of several ice bands is only possible from space as described
in Chapter 2. As a consequence of the above, solid-state and gas-phase
observations are frequently treated separately or the latter are often in-
voked to indirectly constrain solid-state chemistry. However, this approach
leads to severe assumptions on the composition of the ice mantles, on the
grain-surface chemistry and on how efficiently molecules are desorbed to
the gas-phase (Noble et al., 2017). One way to observationally overcome
these assumptions is to compare, whenever possible, direct measurements
of solid-state and gas-phase molecules.

To determine the abundances of gas-phase molecules and of their solid
counterparts, and to cast light onto the poorly constrained non-thermal
desorption processes described in Chapter 1, the most appropriate targets
are the coldest shielded regions of protostellar envelopes, where the ice
mantles are not thermally desorbed and, by consequence, non-thermal
desorption processes are the most dominant (Sect. 1.3). To map the emission
towards these extended regions at rather high-angular resolution (3 − 4′′),
the adopted observation strategy consisted of accompany interferometric
observations with single-dish observations (Sect. 2.3.4). This procedure
allows to recover the extended emission filtered out by the interferometer
and to perform a quantitative analysis of the observational data.

The most suitable molecule for this type of comparative studies is methanol
for multiple reasons. First, it is the only complex organic molecule unam-
biguously detected in both solid and gas phases. Interestingly, it is the
simplest among the COMs detected in the gas-phase (McGuire, 2018), but
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it is the most complex molecule securely detected in the ice mantles in
interstellar and circumstellar environments (Boogert et al., 2015). Second,
CH3OH is primarily formed in the solid-state (Watanabe and Kouchi, 2002;
Fuchs et al., 2009), as its gas-phase formation pathways are considered
to be remarkably less efficient in comparison (Roberts and Millar, 2000;
Garrod and Herbst, 2006; Geppert et al., 2006). This indicates that CH3OH
is the ideal species to constrain non-thermal desorption mechanisms. Conse-
quently, in the past years laboratory experiments and models have focused
on determining non-thermal desorption rates and efficiencies principally for
methanol with respect to other interstellar species (e.g., Öberg et al., 2009b;
Bertin et al., 2016; Cruz-Diaz et al., 2016; Martín-Doménech et al., 2016;
Minissale et al., 2016a; Cazaux et al., 2016). As a result, one of the aims of
this thesis is to provide observational constraints to the current laboratory
and computational predictions.

Finally, methanol is considered to be the "seed" molecule for the produc-
tion of complex organic species both in the solid-state (e.g., Öberg et al.,
2009b; Chuang et al., 2016; Fedoseev et al., 2017) and in the gas gas-phase
(e.g., Shannon et al., 2014; Balucani et al., 2015; Vazart et al., 2020). This
implies that current astrochemical models largely rely on the presence of
CH3OH ice and its efficient desorption to explain the observed abundances
of complex organics in the hot-corino stage and in the cold phase. However,
in some cases this can lead to overestimated gas-phase CH3OH abundances
compared to the observed values (e.g., Vasyunin and Herbst, 2013; Vasyunin
et al., 2017). This reflects the poorly known values for non-thermal des-
orption efficiencies and the overall challenges in providing observational
constraints on CH3OH ice in star-forming regions (Boogert et al., 2015).
Alternatively, there might be other chemical routes to unveil which link
solid-state and gas-phase CH3OH to the production of COMs in star-forming
regions.

4.2 PUBLICATIONS

This section provides a summary overview of the scientific articles included
in Chapters 5, 6, 7. The articles are:

1. G. Perotti, W. R. M. Rocha, J. K. Jørgensen, L. E. Kristensen, H. J.
Fraser, and K. M. Pontoppidan 2020, A&A, 643, A48. "Linking ice and
gas in the Serpens low-mass star-forming region";

2. G. Perotti, J. K. Jørgensen, H. J. Fraser, A.N. Suutarinen, L. E. Kris-
tensen, W. R. M. Rocha, P. Bjerkeli, K. M. Pontoppidan, 2021, A&A,
650, A168. "Linking ice and gas in the _ Orionis Barnard 35A cloud";

3. G. Perotti, J. K. Jørgensen, L. E. Kristensen, W. R. M. Rocha, E. Artur
de la Villarmois, H. J. Fraser, P. Bjerkeli, M. Sewilo, S. B. Charnley, in
preparation. "Linking ice and gas in the Coronet cluster in Corona
Australis". The inclusion of the awarded second track of SMA data
is required to complete this article. This observational run has been
delayed due to the shutdown of the SMA due to Covid-19.
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4.2.1 Article I: Linking ice and gas in the Serpens low-mass star-forming region

This paper presents a study the gas-ice interplay towards ten deeply embed-
ded low-to-intermediate mass protostars constituting the Serpens SVS4 clus-
ter in Serpens Main (Sect. 3.1). In particular, millimeter and near-infrared
observations are combined to obtain direct measurements of CH3OH and
CO gas-phase and ice towards the ten young protostars. The SMA and
APEX datasets are folded together to recover the spatially extended emission
filtered out by the interferometer in the manner described in Sect. 2.3.4.
Simultaneously, the VLT-ISAAC near-infrared data are decomposed using a
combination of laboratory components and analytical functions using the
OMNIFIT fitting utility (Sect. 2.2.1). Finally, the chemical behaviours of
these two pivotal gas-phase species are analysed and directly compared to
their ice counterparts. To maintain the ice and gas measurements in their
own reference frame, two separate H2 column density maps are derived:
one from SCUBA−2 submillimeter continuum maps at 850 `m, and one
from the extinction in the �-band to adopt in the abundance determination
of the gas-phase and ice species, respectively.

An important conclusion of this observational study is that the gas and
ice variations towards the Serpens SVS4 cluster members do not show clear
trends. This lack of correlation is attributed to the complex physical structure
of the SVS4 cluster, plausibly embedded in the protostellar envelope of the
Class 0 protostar SMM4 and affected by the outflow associated with this
young source. This indicates that care should be taken when assuming
the abundance of solid-state species from known gas-phase abundances
and vice versa. Another important result is that the calculated CH3OH
gas-to-ice ratios in the cluster range from 1.4 × 10−4 to 3.7 × 10−3. The
sources responsible for the lower values of the CH3OH gas-to-ice ratio are
either the most deeply embedded or the ones located further away from the
main source of UV irradiation, the Class 0 SMM4, where the non-thermal
desorption of CH3OH ice is less efficient. The lower values of the CH3OH
gas-to-ice ratios are in good agreement with the observational study by
Öberg et al. (2009a) reporting a CH3OH gas-to-ice ratio equal to 1.2 × 10−4

and to the astrochemical predictions by Cazaux et al. (2016).

4.2.2 Article II: Linking ice and gas in the _ Orionis Barnard 35A cloud

The main focus of this article is the gas-ice interplay towards the multi-
protostellar system IRAS 05417+0907 in the _ Orionis Barnard 35A (B35A)
cloud. This system is composed by at least four sources: B35A−2, B35A−3,
B35A−4, B35A−5. Compared to Serpens Main, this region is impacted by the
stellar winds from the nearby high-mass star _ Orionis, which is thought to
be responsible for the star-formation activity in B35A (Sect. 3.2). Therefore,
one of the main aims of this paper is to analyse the dependencies of the
gas-ice interaction of a second nearby star-forming region, characterized by
a physical environment which diverges from Serpens SVS4. We adopt the
same observational strategy used in Article I: the SMA and APEX datasets
are combined to recover the extended CH3OH emission, whereas SMA and
archival IRAM 30m data are folded together to account for the missing CO
isotopologues emission. Archival ice column densities determined from
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AKARI observations of IRAS 05417+0907 are used to compare the gas and
ice abundances.

Our observations show that CH3OH probes the trajectory of the giant
outflow emanated from IRAS 05417+0907, and that the observed CH3OH
emission is due to non-thermal desorption mechanisms, plausibly sputtering
of CH3OH ice during shock events. One important consideration is that
none of the targeted species shows an expected trend in ice abundances with
respect to gas-abundances, corroborating the result obtained in Article I, and
suggesting that the interaction between ice and gas species is more complex
than previously thought. A second important conclusion is that the dust
column density probed by the submillimeter emission is not directly linked
to the H2O ice column density. For instance, the H2O ice column density is
higher towards the protostellar object B35A−4 compared to object B35A−5,
whereas the opposite is seen for the submillimeter dust emission. Our
conclusion is that this discrepancy is due to the fact that B35A−5 is located
along the trajectory of the outflow terminating in the Herbig-Haro object
HH 175, in a region where sputtering and heating impact the morphology of
the observed submillimeter dust emission. This study shows that millimeter
and near-infrared observations are complementary and indispensable to
relate the small-scale variations of grain-surface and ice chemistry with
large-scale astrophysical phenomena traced by millimeter observations.

4.2.3 Article III: Linking ice and gas in the Coronet cluster in Corona Australis

In this article, we focus on the gas-ice interplay towards a third nearby
star-forming region, the Coronet situated in Corona Australis (Sect. 3.3).
Although it is a deeply embedded cluster of young stellar objects resembling
Serpens SVS4, the Coronet harbours a younger stellar population which is
strongly irradiated by the nearby Herbig Ae/Be star R CrA. Therefore, this
region is an ideal testbed to study the effects of external irradiation from
Herbig Ae/Be stars onto the ice and gas chemistries in low-mass protostellar
envelopes. The SMA observations are used to study the gas-phase molecular
inventory, whereas archival SMA, APEX, and Spitzer Space Telescope data
are used to determine the CH3OH gas-to-ice ratios in the region.

A first important conclusion is that the gas-phase chemistry of the Coronet
is affected by the high UV flux from the nearby R CrA. This is reflected in
the enhanced emission of formaldehyde (H2CO) not associated with the
young stellar objects in the field of view. In contrast, the H2CO emission
is confined to two ridges which show peculiar shapes, supporting the idea
of Lindberg and Jørgensen (2012) that the cluster is strongly impacted by
external heating. Additionally, the detection of molecular tracers of shocks
such as sulfur oxides (SO, SO2) at the locations of IRS7A and SMM1C, and
of silicon oxide (SiO) south of R CrA suggests that IRS7A, SMM1C and R CrA
are likely responsible for outflows and Herbig-Haro objects in the region.

Another important consideration is obtained from the analysis of the
gas and ice variations in the Coronet. The comparison reveals a negative
trend between the ammonium ion (NH+4) and H2CO gas abundances, with
the caveat that NH+4 is one of the carriers of the 6.85 `m band. This result
indicates that the high-temperature regions traced by the emission of H2CO
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have a lower content of NH+4 residing on the grains, in agreement with its
desorption with increasing dust temperatures. Finally, the CH3OH gas-to-ice
ratios calculated towards the Coronet from literature data are consistent
with the values obtained in Article I.

4.3 OVERALL CONCLUSIONS AND OUTLOOK

Taken together, the main contributions of the dissertation research to the
field are:

• There is not a one-to-one correspondence between the abundance
of gas-phase species and their ice counterparts. As a matter of fact,
ice and gas variations towards the studied regions do not follow a
predictable trend. This implies that invoking ice chemistry and grain-
surface chemistry to explain the observed gas-phase abundances can
lead to inaccurate results, especially without an extensive knowledge
of the physical environment surrounding the sources of interest.

• The CH3OH gas-to-ice ratios constrained from observations validate
the predicted values (∼ 10−3 − 10−4) proposed by laboratory exper-
iments (e.g., Öberg et al., 2009b) and models (e.g., Cazaux et al.,
2016), favouring an efficient non-thermal desorption of methanol in
the gas-phase of cold envelopes. This observational constraint ac-
counts for multiple non-thermal desorption mechanisms, and not for
methanol photodesorption only.

• The distribution of CH3OH gas-to-ice ratios for the Coronet, Ser-
pens SVS4, and towards low-mass Class 0/I protostars in Öberg et al.
(2009a) suggests that the CH3OH chemistry at play in cold low-mass
protostellar envelopes, located in different low-mass star-forming re-
gions is rather insensitive to varying physical conditions as can be seen
in Figure 4.1. However, a larger sample of CH3OH gas-to-ice ratios is
needed to provide a conclusive assessment.

• The combination of infrared and millimeter observations is funda-
mental to cast light onto the gas-ice interplay, and hence to link the
small-scale variations in the ice chemistry with large-scale astrophysi-
cal phenomena probed by millimeter observations.

With the awareness of the importance of the gas and ice interplay in
the production of complex molecules, it has become clear that gas-phase
and solid-state observations are complementary and that their concurrent
analysis can advance our understanding of key aspects of star- and planet
formation (e.g., desorption processes and snow-lines). Future infrared
facilities, most notably the James Webb Space Telescope (JWST), will provide
high-sensitivity maps of interstellar ice molecules in a variety of astrophysical
environments. Compared to its predecessor, the Spitzer Space Telescope, the
sensitivity of JWST will be fifty times higher at 7 `m just because of its
sheer collecting area. Therefore, JWST observations will make it possible to
provide better constraints on the solid-state abundances of the eight species
securely detected in the ice mantles (H2O, CO, CO2, NH3, CH4, CH3OH,
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FIGURE 4.1: CH3OH gas-to-ice ratios (#gas/#ice) towards low-mass protostars in Serpens
SVS 4, Orion B35A and Coronet. The Serpens SVS 4 ratios (dark green squares) are from
Perotti et al. (2020), whereas the Orion B35A upper limit (light green circle) is from Perotti et al.
(2021). The light green triangles indicate the ratios estimated in Perotti et al. in preparation for
the Coronet cluster in Corona Australis. The dotted light blue line marks the averaged CH3OH
gas-to-ice ratio determined for Class 0/I objects in Öberg et al. (2009a). The shaded areas
indicate the ranges of gas-to-ice ratios towards the three molecular clouds.
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13CO and 13CO2) and to confirm the tentative detections (e.g., NH+4, H2CO,
HCOOH, CH3CHO, CH3CH2OH).

In this respect, an obvious continuation of the work presented in this the-
sis will be the combination of high-sensitivity ALMA and JWST data. The ice
and gas interplay will be explored systematically for each evolutionary stage
of the star-formation process, from cold clouds to nearby edge-on protoplan-
etary disks. These observational constraints will make it possible to trace the
chemical journey of the material from the clouds to the planet-forming zone,
and hence to understand what is the level of chemical complexity of the
matter incorporated into comets and planets. The outcomes of these studies
can be compared to the composition of cometary material or of the organic
matter found in pristine records of the early Solar System, carbonaceous
chondrites. The dependency of the gas-to-ice ratios, and therefore of the
interconnected gas-phase and ice chemistries on the physical conditions
will be addressed routinely for multiple interstellar species, eventually more
complex than CH3OH (e.g., CH3CH2OH). Particularly important for this pur-
pose will be the comparison between the gas-to-ice ratios obtained towards
clusters of young stellar objects versus isolated protostars, to disentangle
the relative importance of different astrophysical phenomena.

The resulting observational constraints will motivate compelling lab-
oratory experiments, especially of non-thermal desorption processes. At
present, the most studied non-thermal desorption channel in the laboratory
is photo-desorption, but even for this process, the rates and yields have
only be determined for a handful of interstellar ice molecules. The yields of
the other non-thermal desorption mechanisms described in Sect. 1.2.3 are
unknown for the majority of the interstellar species. Consequently, astro-
chemical models often do not include non-thermal desorption processes or
only for a limited number of species, which in turn affects the model results.
It is therefore a priority to obtain reliable laboratory and model predictions
to confront with observational results. In particular, it is of paramount im-
portance to increment modelling efforts simulating the ice photo-chemistry
of methanol and of more complex organics under laboratory conditions, to
gain a better understanding of the reactions which regulate the ice chemistry
prior and during the core collapse.

Another important venue for future work will be comparative studies of
the observationally constrained gas-to-ice ratios with the values obtained
from radiative transfer models combined with astrochemical models, specifi-
cally tuned to reproduce the physical structure of the targeted objects. These
will be of uttermost importance for the study of the gas-ice interplay in
protoplanetary disks, to determine at which radii from the central protostar
specific molecules are thermally desorbed (i.e., the location of snow-lines)
and how this affects the chemical composition of the forming planets.

4.4 OWN CONTRIBUTIONS VERSUS CONTRIBUTIONS OF COLLABORATORS

This section reports my own contributions to the articles and the contribu-
tions of my collaborators.

Article I This project is based on millimeter SMA and APEX observations
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with L. E. Kristensen as principal investigator, and near-infrared VLT-ISAAC
observations with K. M. Pontoppidan as principal investigator. I carried
out the calibration and reduction of the raw SMA and APEX datasets. L. E.
Kristensen assisted in this process. The combination of the interferometric
and single-dish data was performed by myself and J. K. Jørgensen provided
assistance with it. The flux calibration and the telluric absorption line
removal of the near-infrared VLT data was performed by K. M. Pontoppidan.
The rest of the infrared data reduction, the continuum and optical depth
determination, and the spectral decomposition with OMNIFIT was carried
out by myself with the assistance of W. R. M. Rocha. Guidance in the usage
of OMNIFIT and in the selection of the methodology to derive the column
density of the ice species was provided by H. J. Fraser and W. R. Rocha. The
ice laboratory components were supplied by H. J. Fraser and prepared to be
imported to OMNIFIT by W. R. Rocha. I led the analysis of the millimeter
and infrared data and the final discussion. I wrote the paper on my own
and made all the figures and tables, except for Figure 5.6 which was made
by W. R. Rocha. All co-authors gave valuable inputs and edited the article.

Article II This study makes use of SMA and APEX observations of which
I am the principal investigator, and literature ice column densities derived
from data taken with the AKARI satellite provided by A. N. Suutarinen. I was
actively involved in the SMA data collection. Reduced IRAM 30m maps of
the CO isotopologues were obtained from H. J. Fraser group members. The
calibration, reduction and combination of the interferometric and single-dish
data was performed by myself. L. E. Kristensen assisted with the imaging of
the SMA data and J. K. Jørgensen gave valuable inputs for the combination
of SMA and APEX data. W. R. Rocha gave support with the production of the
H2 column density map from the visual extinction in the �-band. I led the
analysis of the data and the resulting discussion. I wrote the entire paper
by myself and created all the tables and figures, except for Figure 1 which
was made by K. M. Pontoppidan. P. Bjerkeli supplied important comments
during the analysis of the data. All the co-authors made useful suggestions
and edited the article.

Article III This paper is based on SMA observations of which I am the
principal investigator and literature gas and ice column densities determined
from data taken with SMA, APEX and Spitzer Space telescope observations.
The raw SMA data were calibrated and imaged by myself. I wrote the paper
on my own and produced all the tables and figures, except for Figure 1 which
was made by W. R. Rocha. We are currently awaiting for the second awarded
track of the SMA data, delayed due to the pandemic, which will target the
CH3OH � = 5− 4 branch at 241.791 GHz. The SMA has resumed operations,
and our track is supposed to be carried out in the current observational
semester. Afterwards, we will be able to combine these SMA data with
awarded APEX and ACA data, and to compare the CH3OH gas-to-ice ratios
obtained from literature data with the value calculated from the new SMA
data at a higher angular resolution.
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