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The PhD project in a nutshell

Context

The PhD project aims to test the laboratory results and the theoretical models pre-
dictions on chemical differentiation in Sun-like star forming regions. In particular, the
project is focused on Interstellar Complex Organic Molecules (iCOMs) and deuterated
species, which are considered our chemical heritage, namely the building blocks of the
organic material observed in Solar System bodies. The jet/disk protostellar regions are
thus perfect places to understand when and how the seeds of life form. Moreover iCOMs
and deuterated species can be used as key tools to observe the fundamental processes (ac-
cretion, ejection) sculpting the cradle where a star (and its planetary system) is going to
form. Our group is involved in a strong international observational effort to detect and
analyse complex and rare molecular species in the interstellar space through emission
due to their roto-vibrational transitions, using Large Programs based on both single dish
(IRAM-30m) and high resolution interferometric data IRAM-NOEMA, ALMA).

Data reduction and analysis

(1) IRAM 30m data in the framework of the ASAI IRAM Large Program;
(2) NOEMA data in the framework of the SOLIS IRAM Large Program;
(3) ALMA Cycle 1 and Cycle 4 data.

Roles within international synergies

(1) IRAM NOEMA Large Program SOLIS (Seed of Life In Space; PI: C. Ceccarelli and
P. Caselli); Member of the WG on shocks;

(2) IRAM-30m Large Program ASAI (Astrochemical Surveys At IRAM; PI: B. Lefloch
and R. Bachiller); Member of the WG on Class I/0 objects;

(3) iIALMA Premiale-INAF (PI: L. Testi) Member of the WG on Complex organic molecules
in star-forming regions;

(4) JEDI PRIN project (JEts and Disks @INAF) funded by PRIN-INAF 2013 Member of
the WG on Complex organic molecules in star-forming regions;

(5) SOLIS-SNS synergy: Collaboration between the Arcetri astrochemical group involved
in the SOLIS IRAM-NOEMA Large Program (led by C. Codella) and the the DREAM-
SLab Center of the Scuola Normale Superiore led by Prof. V. Barone. Member of the

WG on shocks and protostars;
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(6) FAUST synergy: collaboration between EU, Japan and USA astrochemistry experts
for the exploitation of ALMA and VLA data led by S. Yamamoto, N. Sakai, C. Ceccarelli,
C. Codella, C. Chandler. Member of the WG on shocks and protostars.

Contributed talks

(1) SVS13-A: Formaldehyde and methanol deuteration in a Class I hot corino.
Contributed talk for the SOLIS meeting 2016, Cergy, France, 08-10/02/2017

(2) How formaldehyde and methanol deuteration changes during the formation of a Sun-
like star? The SVS13-A case.

Contributed talk for the Workshop: Fractionation of isotopes in space: from the solar sys-
tem to galaxies, Firenze, Italy, 10-13/10/2016

(3) The first hot corino in a Class I object in Perseus as observed by ASAL

Contributed talk for the COST meeting: Complex Organic molecules in space, Scuola
Normale Superiore, Pisa, Italy, 7-8/03/2016

(4) Complex organic molecules towards SVS13-A.

Contributed talk for the 3rd JEDI meeting, Firenze, Italy, 13-14/06/2016

(5) The CH3CHO/HDCO ratio as a tool to study the COMs formation.

Contributed talk for the 2nd JEDI meeting, Osservatorio Astronomico Capodimonte,
Napoli, Italy, 09/04/2015

(6) Star forming regions: from single-dish to ALMA.

Contributed talk for the iALMA workshop on mm/sub-mm interferometry, Bologna, Italy
20-21/01/2015

Main Conclusions

For the Class O protostars, deuterated molecules and iCOMs provide a brand new
complementary set of tools with respect to standard molecular tracers such as CO and
SiO. They sample the inner parts of the jet/disk system revealing on scales less than 30 au
the chemically enriched region associated with accretion shocks and disk winds. These
species are fundamental in understanding the energetic and angular momentum budget of
the forming of a new Sun-like star. Regarding the more evolved Class I objects, the low
deuterium fractionation as well as the change in the abundance ratios between different
iCOMs indicate a modified chemical content in the evolutionary transition from the Class
0 phase to the Class I phase. On the other hand, [iCOMs]/[H,] abundance ratios look the

same moving from Class 0 to Class I paving the way for further investigations.
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Introduction

Understanding how our own Solar System, Earth and life, have come to be is
one of the most important and exciting topics in science. The analysis of the small
bodies like the Kuiper Belt Objects (KBOs), comets and meteorites revealed the
presence of several organic compounds including amino acids. Given these bodies
are thought to be the most pristine objects of the Solar System, these findings sug-
gest an interstellar chemical heritage. A surprising large number (about 200) of
molecules have been observed so far in the interstellar medium (CDMS'). Among
them about one third are Intestellar Complex Organic Molecules (iCOMs) namely
molecular species with 6 or more atoms and based on carbon. The detection of
these complex species is evidence that the building blocks of the large organic
compounds are ubiquitous in star forming regions. The study of the early proto-
stellar stages is thus fundamental to understand how and when simple molecules
form the large macromolecules and how they are inherited and/or reprocessed
during the evolution from the protostellar stages to the planetary systems. Key
reviews can be found in: Ehrenfreund & Charnley (2000), Herbst & van Dishoeck
(2009), Caselli & Ceccarelli (2012), Ceccarelli et al. (2014), Yamamoto (2017).
This chapter gives an overview of the processes involved in the formation of a
Sun-like star and its planetary system (see Fig. 1.1), providing the scientific con-
text for the results presented further on. In Chap. 2 an overview of the physical
processes and methods used to analyse the data are reported. In Chap. 3 the obser-

The Cologne Database for Molecular Spectroscopy, Miiller et al. 2001, 2005; www.astro.uni-
koeln.de/cdms/molecules



2 Chapter 1. Introduction

Figure 1.1: Sketch of the formation of a Sun-like star and its planetary system (Credit:ESO).

vational datasets and the relative instruments are described. Chapter 4 is dedicated
to the analysis of the chemical complexity towards the Class 0 object HH212. In
Chap. 5 the discovery and analysis of a hot-corino in a more evolved Class I ob-
ject, SVS13-A, is reported. The main results and discoveries related to this thesis
work are reported in Chap. 6 while in Chap. 7 the forthcoming observations and
the related projects are described.

1.1 The formation of a Sun-like star and its plane-
tary system

Stars like our Sun form in dark clouds invisible to optical observations. Only
the development of infrared and (sub-)millimeter telescopes enables the direct
studies of this complex process. Dense giant molecular clouds originated by the
cooling of the diffuse medium and their extent is on scales of ~100 pc. The in-
ternal structure is complex because of the interplay of several phenomena such as
gravitational collapse, magnetic fields and turbulence (Klessen & Glover 2016).
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Figure 1.2: Left panels: Spectral energy distributions (SEDs) of the different formation stages
of a Sun-like star (Adapted from Persson 2014). Right panels: Real observations
of objects in the different evolutionary stages taken with different instruments. The
prestellar core is the dark cloud B68 as observed by VLT/FORS1 (Credit:ESO). The
Class 0 object is the HH212 protostar in Orion as observed by ALMA (Lee et al.
2017a). The Class I object is HH30 as observed by the Hubble Space Telescope
(Credit: Chris Burrows (STScl), the WFPC2 Science Team and NASA/ESA). The
Class II object is an ALMA view of the protoplanetary disc surrounding the young
star HL Tauri (Credit: ALMA; ESO/NAOJ/NRAO). The Class III object is the image
of the system HR 8799 with three orbiting planets. The image has been acquired at
the Keck II telescope (Credit: Marois et al. 2010).
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Observations performed by the ESA Herschel space telescope” revealed that molec-
ular clouds have a filamentary structure (André et al. 2014). In the densest part
of the filaments fragmentation due to gravitation instabilities can occur forming
dense (ny, > 10* cm™) prestellar cores (~ 0.1-0.01 pc). These objects are grav-
itationally bound clouds with low temperatures (around 10 K). During a process
lasting fews Myr prestellar cores collapse under gravity forming one or more pro-
tostars (Shu 1977). It is in these cold objects that the initial conditions of a com-
plex process ending with a star and its planetary system are set. Young Stellar Ob-
jects (YSOs) have been empirically classified by Lada (1987) in a scheme based
on the slope of their infrared spectral energy distribution (SED), which reflects
their evolutionary stage. Other criteria have been introduced to classify objects
too deeply embedded to be detected in the near-infrared as for example the ratio
of submillimeter to bolometric luminosity (Lgupmm/Lyor; André et al. 1993) and
the bolometric temperature (Myers & Ladd 1993), that is the temperature of a
black body with the same mean frequency as the observed SED. Figure 1.2 ex-
tends the Lada’s classification scheme to the current known evolutionary stages
from the prestellar cores phase to the formation of a planetary system. On the
right panels observations in different wavelengths of objects in the different stages
are reported. The first stage is the prestellar core, represented by the Hubble im-
age of the Barnard object B68 which appears at visual wavelengths like a dark
object on the stellar background because of the large visual extinction. Once the
collapse occurs, the material starts to accrete into a central object forming a pro-
tostar which enters in the Class 0 phase. In this stage the central object is still
deeply embedded in a large scale envelope. The infalling material has to lose an-
gular momentum in order to be accreted from the protostar. The infalling material
tends to conserve angular momentum, producing the so-called centrifugal bar-
rier (see Fig. 1.3) which is this transition zone (a ring) from an infalling-rotating
envelope to a rotationally (Keplerian) supported disc (Sakai et al. 2014b, 2017,
Oya et al. 2016). At the centrifugal barrier, not only the gas motion is discon-
tinuous, but also the chemical composition of the gas drastically changes, due to
slow accretion shocks which drives the sputtering of the dust mantles and trig-
gers warm gas chemistry. This prevents the material from falling directly onto
the protostar surface and generate a disk-like structure. The angular momentum

Zhttp://sci.esa.int/herschel/
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Figure 1.3: Figure from Oya et al. (2016) is a schematic illustration of the gas components around
the Class 0 source IRAS 16293-2422. The sketch shows in the left panel the source
large scale structure while the right panel is a zoom in of the central region (~ 400 au).
The spherical outer envelope is represented by light blue regions. The small scales
structure shows the rotation of the inner envelope, assumed to be cylindrical, and
the disk around the protostar. In red the centrifugal barrier of the infalling-rotating
envelope is indicated.
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is removed thanks to the ejection of gas through low-velocity and poorly colli-
mated molecular outflows and high-velocity and highly collimated protostellar
jets. While the outflows are very massive and made of swept up material, jets
are denser and generated very close to the protostellar surface. Jets from young
accreting stars remain one of the most spectacular phenomena in astrophysics.
Although their exact launch zone is still debated (in the inner 0.05 AU, according
recent measurements by Lee et al. 2017b), it is currently accepted that they are
powered by the rotation and accretion energy of the system, and are accelerated
or collimated via a magneto-hydrodynamical (MHD) process (see e.g. Ferreira
et al. 2006; Shang 2007; Frank et al. 2014, and references therein). The ejected
material drives bow-shocks through the surrounding high-density medium and
traced by H, ro-vibrational lines at excitation temperatures above 1000 K. Slower
and cold (10-20 K) molecular outflows are in turn formed by swept-up material,
usually traced by CO. Shocks heat the gas and trigger several processes such as
endothermic chemical reactions and ice grain mantles sublimation or sputtering.
A large number of molecular species undergo a dramatic enhancement in their
abundances (see e.g. van Dishoeck & Blake 1998), as observed by observations at
millimeter wavelengths towards a number of outflows (e.g. Bachiller et al. 2001).
The Class 0 object reported in Fig. 1.2 is the HH212 protostar in the Orion star
forming region, recently observed in the submillimeter (Lee et al. 2017b) where
a bipolar jet and a forming dusty disk have been identified. After about 103 yr,
the protostar reaches the Class I phase in which the large scale envelope is still
present but the luminosity start to be dominated by the central object. The SED
is characterized by an infrared excess due to the protostellar light absorbed and
scattered by the disk and the dust envelope. The object reported in Fig. 1.2 is
HH30 in Taurus as observed with the Hubble space telescope. The image shows
a jet and an edge-on disk illuminated by the protostellar light. After about 10° yr
the protostar enter in the Class II phase when most of the envelope has dissipated
and the young star is surrounded by an accretion disk. Fig. 1.2 reports the spec-
tacular ALMA image of the protoplanetary disk around the Class II protostar HL.
Tauri. Within the disk dust coagulation occurs ending up with the formation of
a debris disk during the Class III phase and a planetary system. In Fig. 1.2 the
direct imaging of three planets orbiting around the protostellar objects HH 8799
are shown.
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1.2 Molecules in star forming regions: our astro-
chemical origins

During the low-mass star forming process, the interstellar medium evolves to-
ward denser condensations and molecules can therefore be formed, destroyed or
incorporated at the varius stages so that the chemical composition of the gas be-
comes increasingly more complex (see e.g. Caselli & Ceccarelli 2012, Ceccarelli
et al. 2014, Yamamoto 2017). Molecular complexity builds up at each step of the
Sun-like star formation process, starting from simple molecules and ending up
in large polyatomic species (see Figure 1.4). While matter slowly accumulates
toward the center of a molecular cloud, the central density increases and the tem-
perature decrease. Atoms and molecules in the gas phase freeze-out onto the cold
surfaces of the dust grains, forming the grain mantles. Hydrogenation of atoms
and molecules takes place, forming molecules such as water (H,0O), and formalde-
hyde (H,CO). In these regions the formation of new molecules in icy mantles is
also caused by the effects of UV photons and low-energy cosmic rays. At this
point the collapse starts, the gravitational energy is converted into radiation and
the envelope around the central object warms up. The molecules frozen on the
mantles acquire mobility and form new, more complex species. When the tem-
perature reaches about 100 K the mantle sublimates, given origin to the so-called
hot-corino phase, which has a very small size (< 0.01 pc). Molecules in the man-
tle are injected in the gas forming the so-called “first generation” species. Succes-
sively they react in the gas-phase to form the “second generation” of more com-
plex molecules. The abundance of iCOMs (such as methyl formate, HCOOCH;
or dimethyl ether, CH;OCH3) dramatically increases. However recent works sug-
gest that gas-phase chemistry could play an important role also in the formation
of the first generation species (Balucani et al. 2015, Codella et al. 2017). A clas-
sical example of a chemically rich hot-corino is provided by IRAS16293-2422
(e.g. Ceccarelli et al. 2007), where recently also glycolaldehyde (HCOCH,OH),
a crucial molecule for the formation of metabolic molecules, has been detected
(Jgrgensen et al. 2012). Simultaneously to the collapse, a newborn protostar gen-
erates a fast and well collimated jet, possibly surrounded by a wider angle wind. In
turn, the ejected material drives shocks travelling through the surrounding high-
density medium. Shocks heat the gas up to thousands of K and trigger several
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processes such as endothermic chemical reactions and ice grain mantle sublima-
tion or sputtering (e.g. van Dishoeck & Blake 1998). Several molecular species
undergo significant enhancements in their abundances. The envelope dissipates
with time and eventually only a circumstellar disk remains, which is also called
protoplanetary disk. In the hot regions, close to the central forming star, new
complex molecules are synthesized by reactions between the species formed in
the protostellar phase. In the cold regions of the disk, where the vast majority
of matter resides, the molecules formed in the protostellar phase freeze-out onto
the grain mantles again. Dust grains then coagulate into larger planetesimals, the
bricks of future planets, comets, and asteroids.

FROM A DIFFUSE CLOUD TO A SUN + PLANETARY SYSTEM
FROM ATOMS & SIMPLE MOLECULES TO LIFE

I 1- PRE-STELLAR PHASE: cold and dense gas
y FORMATION OF SIMPLE MOLECULES

2- PROTOSTELLAR PHASE: collapsing, warm dense gas
FORMATION OF COMPLEX MOLECULES

3- PROTOPLANETARY DISK PHASE:
cold and warm dense gas
SIMPLE & COMPLEX MOLECULES

4- PLANETESIMAL FORMATION : grains agglomeration

5- PLANET FORMATION AND THE “COMET/ASTEROID RAIN”
CONSERVATION AND DELIVERY OF OLD MOLECULES + LIFE

Figure 1.4: Star formation and chemical complexity. The formation of a star and a planetary
system, like the Solar System, passes through fundamental phases, marked in the
sketch (Caselli & Ceccarelli 2012)

iCOMs such as methyl formate, HCOOCHj3;, dimethyl ether, CH;OCH3;, or
glycolaldehyde, HCOCH,OH) have been found in all the components of the star
formation recipe (prestellar cores, hot-corinos, shocks induced by fast jets). These
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species are thought to be either formed in solid state chemistry of grain mantles
and then released in the gas-phase due to ice grain mantle sublimation or sput-
tering (see Fig. 1.5), or produced in the gas phase using simpler species released
by mantles (such as H,CO or CH3;0H). This question is still hotly debated. In
both the proposed mechanism for iCOMs formation (in the gas or onto mantles
surface), the chemical complexity is related to the initial ice composition (Oberg
et al. 2009, Sakai et al. 2010), confirming the importance of recovering the phys-
ical conditions of the natal protostellar cloud. In particular, one of the key bricks
for the iICOMs grain surface chemistry is CH3;0OH, formed through CO hydrogena-
tion (Sakai & Yamamoto 2013).

In the last years it has been discovered a new class of YSOs characterised by
a composition as rich as that of hot-corinos but in different species. These objects
are deficient in saturated iCOMs but rich in unsaturated species like carbon-chain
molecules. The particular chemistry associated with these sources has been de-
fined warm carbon-chain chemistry (WCCC; see Sakai et al. 2008, 2009). Even if
the origin of this chemical diversity is yet unclear, it looks not related to a differ-
ent evolutionary stage or to a particular star forming region. It has been proposed
that the chemical differences between hot-corinos and WCCC sources is related
to the different duration of the prestellar core phase which is reflected in a dif-
ferent chemical composition of the dust mantles (Sakai & Yamamoto 2011). For
WCCC objects, the short prestellar stage ensures that carbon atoms deplete onto
dust grains before being converted to CO. Indeed a recent paper by Oya et al.
(2017) is proposing L.483 as a WCCC source harbouring hot-corino activity. Nev-
ertheless only the analysis of a larger number of sources, both WCCC objects and
hot-corinos, will allow us to build a unified model of low-mass star-formation.
But it is clear that the key to understand the origin of the chemical differentiation
is in the early prestellar and protostellar stages.

The last developments of astrochemistry demonstrates that complex species
represent a powerful diagnostic tool to study the present and the past conditions
of an astronomical source. However, it is challenging to extract the rich infor-
mation provided by the observed spectra given it is required the synergy between
different research fields. The starting point is the line identification process in
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Figure 1.5: Schematic showing the main routes of interstellar ice processing that takes place in
astrophysical environments (Burke & Brown 2010). The temperatures in interstellar
dense clouds are low enough that most gas phase molecules freeze into ice mantles
on dust grains. Organic material may be created in dense molecular clouds on the
surface of icy dust grains by UV-driven chemistry. Heat generated by new born stars
or shocks stimulates further surface chemistry prior to evaporation or sputtering of
the icy mantles during cloud collapse. Once the molecules have been released into
the gas phase, they drive a rich chemistry leading to the formation of larger organics.

which the observed lines are compared with the spectroscopic data collected in
spectral databases. These contain the predicted frequency and spectroscopic pa-
rameters for rotational transitions of a particular species. The most used are the
Jet Propulsor Laboratory (JPL®, Pickett et al. 1998) and Cologne Database for
Molecular Spectroscopy (CDMS*; Miiller et al. 2001, Miiller et al. 2005) molecu-
lar databases. Once a molecular species has been identified, the observed lines in-
tensities need to be converted to molecular abundances. This is done with the help
of radiative transfer codes, once the collisional coefficients are known. Finally, to
derive the physical and chemical source structure the observed abundances have
to be compared with abundances predicted by an astrochemical model which take
into account the chemical reactions pathways and their rate coefficients. Cur-
rent astrochemical models ar e far to reproduce the large abundances of iCOMs

3https://spec.jpl.nasa.gov/
4http://www.astro.uni-koeln.de/cdms/
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observed so far in the protostellar objects. This demonstrates the need of explor-
ing new chemical pathways and of obtaining more observational evidence to put
stronger constraints on the models.

1.2.1 Deuterium fractionation

The deuterium fractionation is the process that enriches the amount of deu-
terium with respect to hydrogen in molecules. While the D/H elementary abun-
dance ratio is ~ 1.6 x 10~> (Linsky 2007), for molecules this ratio can be definitely
higher and can be a precious tool to understand the chemical evolution of inter-
stellar gas (see e.g. Ceccarelli et al. 2014, and references therein). In particular,
during the process leading to the formation of a Sun-like star, large deuteration
is observed in cold and dense prestellar cores (e.g. Bacmann et al. 2003, Caselli
& Ceccarelli 2012, and references therein). The process start when cosmic rays
ionise H, and H, forming the ion H;r Reactions with HD, which is the major
deuterium reservoir in cold environments, produce H,D* through the exothermic
reaction H] + HD — H,D™ + H, + 230 K (e.g. Caselli & Ceccarelli 2012, Cecca-
relli et al. 2014 and references therein). In a similar way the ions D,H" and D7 are
formed. In cold gas (where T < 20 K) the inverse reaction cannot proceed. The
formation of all the other deuterated molecules take place both in gas-phase or on
the gain surfaces via reactions of the other species with H,D", D,H" and D7. The
enhancement of H,D* which trigger all the deuteration process is due to the low
temperature. Indeed in these conditions abundant neutral species as O and CO
which are destruction partner of Hj are depleted from the gas-phase and freeze-
out onto grain mantles. Moreover the relative abundance of the ortho and para
modifications of H;, can have an effect on the deuterium fractionation. Normally,
the statistical ratio of the ortho/para is 3 but at low temperatures it is predicted to
drop below 1073 (Sipili et al. 2013) enhancing the H,D* abundance. In prestellar
cores, deuterated and double deuterated formaldehyde can be formed through gas
phase chemistry and then the formaldehyde D/H ratio could reflect the gas phase
chemistry (Roberts & Millar 2000). The picture is different for formaldehyde as
well as for methanol around protostars which are mostly formed via active grain
surface chemistry (e.g. Tielens 1983). For single deuterated methanol, the grain
chemistry statistical models of Charnley et al. (1997) and Osamura et al. (2004),
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predict that the ratio of the isotopologues CH,DOH and CH;0D formed on the
mantles should be 3. Deuterated H,CO and CH3OH are then stored in the grain
mantles to be eventually released into the gas phase once the protostar is formed
and the grain mantles are heated and successively evaporated (e.g. Ceccarelli
et al. 1998, Ceccarelli et al. 2007; Parise et al. 2002, Parise et al. 2004, Parise
et al. 2006) or sputtered by protostellar shocks (Codella et al. 2012; Fontani et al.
2014). As a consequence, D/H can be used as fossil record of the physical con-
ditions at the moment of the icy water and organics formation (e.g. Taquet et al.
2012b, Taquet et al. 2013, Taquet et al. 2014).

1.3 Previous observations and related limits

Low-mass star forming regions have been sparsely studied so far. Several ob-
servations have been carried out with single-dish telescopes in the mm-spectral
range (in particular with the IRAM-30m antenna) to detect iCOMs in Class 0/I
protostars (see e.g. Bottinelli et al. 2004, Maret et al. 2005, Bottinelli et al. 2007,
Oberg et al. 2011, 2014, Graninger et al. 2016). However, these studies are far to
provide a comprehensive census of the chemical content towards these sources.
The major problem is that to firmly identify iCOMs and, at the same time, to
safely derive the physical conditions of the gas we need to detect a large number
of lines. The project TIMASSS (The IRAS16293-2422 Millimeter And Submil-
limeter Spectral Survey: Caux et al. 2011) was a first pioneering project aimed
to a comprehensive study of molecular complexity in a Class O protostar which
demonstrates for the first time the need for systematic spectral surveys. Another
example is the 3mm survey performed towards L1527 by Takano et al. (2011).
In general terms, as different lines from transitions with different upper level en-
ergies are excited in a range of temperatures and densities, line surveys permit
to probe various regions along the line-of-sight. Star-forming regions are partic-
ularly complex because of the chemical differentiation of the regions (dominant
chemical species depend on the cloud zone) and because, for a given species,
the excited lines depend on the conditions (such as temperature, density, velocity
field), with sometimes complex kinematics, where infall and out flow motions are
simultaneously present. Another limitation consists in the lack of observations in
different evolutionary stages. The bulk of the observed objects are indeed in the
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Class 0 phase, while no clear results have been so far obtained for the later Class
I/II phases. Because of the paucity of dedicated surveys, there is no evidence of a
change of the chemical content during the evolutionary transition from Class O to
Class I. An instructive example is provided by the IRAM-30m survey performed
with angular resolutions larger than 20" by (Oberg et al. 2011, 2014, Bergner et al.
2017): some Class I objects are included but iCOMs are almost non-detected or
detected through very low excitation lines possibly not originating in a hot-corino.

This picture is valid not only for the iCOMs abundances but also for the level
of deuterium fractionation. While deuterated molecules have been detected to-
wards the early stages of the Sun-like star formation (i.e. prestellar cores and
Class 0 objects) as well as in the Solar System (see e.g. Ceccarelli et al. 2014,
and references therein), no clear result has been obtained for intermediate evolu-
tionary phases (Class I and II objects). A handful of measurements of deuterium
fractionation in Class I sources exists (i.e. Roberts & Millar 2007) but they refer
only to few transitions sampling large regions (up to 58”) well beyond the pro-
tostellar system. Loinard et al. (2002) provided measurements of double deuter-
ated formaldehyde in star-forming regions with both the SEST (Swedish ESO
Submillimeter telescope) and IRAM single dishes suggesting a decrease with the
evolutionary stage. In addition, Watanabe et al. (2012) reported the deuterium
fractionation measurements toward R CrA IRS7B, a low-mass protostar in the
Class 0/I transitional stage. They measured for H,CO a D/H ~ 0.05, lower with
respect to deuteration measured in Class O objects. However, they argued a differ-
ent origin for the altered chemical composition of the envelope of R CrA IRS7B:
in their case the low deuterium fractionation ratios do not suggest only an evo-
lutionary trend, because the protostar parent core was heated by the external UV
radiation from the nearby Herbig Ae star R CrA that considerably affect the pro-
tostar chemical evolution. Systematic observations of D/H in Class I objects are
therefore required to understand how the deuterium fractionation evolves from
prestellar cores to protoplanetary disks (see Fig. 1.6).

In this context, the unbiased spectral survey ASAI (Astrochemical Survey At
IRAM-30m; see Chap. 3), covering different evolutionary protostellar stages,
represents a major step ahead by observing with unprecedented sensitivity the
emission of a large number of molecular rotational transitions in the millimeter
domain.
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Figure 1.6: Figure adapted from Ceccarelli et al. (2014), reports the D/H ratio measured in or-
ganic matter in different sources: from the Solar System objects to the prestellar cores.
The filled symbols refer to the D/H water measures whereas open symbols refer to
organic matter.

The advent of new powerful interferometric facilities such as ALMA (Ata-
cama Large Millimeter Array; see Chap. 3 and NOEMA (NOrthern Extended
Millimeter Array”), has opened a new era of exploration of the chemical com-
plexity in the very inner regions of the protostellar objects. Despite the proto-
stars observed so far at high-angular resolution are fews (see e.g. Taquet et al.
2015, Sakai et al. 2014a, Jgrgensen et al. 2016, Sakai et al. 2016, 2017, Oya et al.
2017) the obtained results are very promising. More specifically, interferomet-
ric observations enable to minimise or even eliminate the beam dilution affecting
single-dish observations, providing the most reliable measurements of molecular
abundances. This is even more important for iICOMs given that we want to inves-
tigate the chemical heritage originated on spatial scales comparable to our Solar
System (inner 100 au). In sources characterised by a complex physical and kine-
matical structure as young protostars, iCOMs demonstrated to be powerful tracers
of the different processes at work. In particular, iCOMs allow us to go beyond
the classical definition of hot-corino, i.e. a generic roundish region of 100 au
around the protostar, imaging regions previously unexplored as for example the

Shttp://iram-institute.org/EN/noema-project.php
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shocks created by the rotating envelope infalling onto the external layers of the

self-gravitating disks, creating the high-temperature ring so-called the centrifugal
barrier (Oya et al. 2016).

In this framework, the main goals of the present PhD project can be summa-

rized as follows:

1. What is the spatial distribution of iCOMs and D-bearing species once ob-

served at Solar System scales? In other words, what is the picture of a
jet/disk protostellar system once we go beyond the classical 100 au frontier?
What is the inner structure and kinematics of a Class O protostar? In Chap.
4 we provide some answers by analysing emission due to methanol isotopo-
logues, acetaldehyde and deuterated water towards the HH212 protostar. In
particular, we report the first measurements of methanol deuteration in a
Class 0 object on a Solar System scale (see Bianchi et al. 2017b).

. which is the chemical content of a more evolved Class I source, in both
iCOMs emission and deuterium fractionation? Is there any evolutionary
trend in the comparison with earlier Class O protostars? In Chap. 5 we attack
these topics by studying iCOMs emission as well as organics deuteration
(Bianchi et al. 2017a). towards the Class I protostar SVS13-A.

. Can we provide robust constraints for state-of-the-art chemical models aimed
to follow the chemical content of a Sun-like star forming region, from cold
cores to protoplanetary disks? We tackle these issues in Chap. 5, where we
exploit in this context an IRAM-30m unbiased spectral survey.






Methods

2.1 Radiative transfer

The propagation of the radiation through a medium is described by the equa-
tion of transfer (see e.g. a classical book as Wilson et al. 2013):

% =-klI, +¢ (2.1)
where I, is the source brightness for a given frequency, k, is the absorption co-
efficient and &, is the emissivity. Under the hypothesis of Thermodynamic Equi-
librium (TE), namely if the radiation is in equilibrium with its surroundings, the

source brightness can be described by the Planck function:

2h? 1
BAT) = = (ehv/kT_l), 2.2)

which describes the spectral distribution of the radiation of a black body in
thermodynamic equilibrium and depends only on the temperature 7'; k& and k are
the Planck and Boltzmann constants respectively. Real systems are very different
from ideal systems, for this reason it is more convenient to define the Local Ther-
modynamic Equilibrium (LTE). It is a less strict condition than TE and it holds
whenever the medium has a well-defined temperature on scales much greater then
the free mean path of a photon. In this way all the real systems (which are not in
full TE because the temperature varies in the different regions) can be described

17
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as a collection of local regions each one characterised by a single temperature. In
LTE conditions Kirchhoff’s law holds:

2 = BT) (23)
k,

Defining the optical depth dt, as
dr, = —k,ds (2.4)

the transport equation (Eq. 2.1) can be written as follows:

1 dl, di,

S =1,- BT 2.5
k,ds drt, @) 2:5)
and integrated (see e.g. Wilson 2009)
Ty ()
1,(s) = 1,(0)e™ + f B,(T(1))e "dr. (2.6)
0

If T is constant (LTE condition), the general solution is then:

I(s) = L0)e ™ + B(T)(1 — ™). 2.7)

Considering a source emitting as a black body; if hv <« kT, then the Planck
function become the Rayleigh-Jeans relation:

2v?
BR](V, T) = ?kT . (28)

We can also define a radiation temperature, J(7T) as

c? hv 1
JT)=——I=———"+— 2.9
1) 2kv? k e/kT — 29)
Substituting the numerical constants k and h we obtain
% T
LA 20.84(—) . 2.10
GHz K 2.10)

This relation shows that the source brightness distribution is proportional to
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the temperature of the black body which is emitting the radiation. For this reason
it is common to express the brightness of a source using the brightness temperature

1 A2
Ty = ——1I,==1,. 211
T2k T 2k 211

For every source T}, is defined as the temperature that would have a black

body emitting the same source brightness. The source total flux is obtained by
integrating the brightness I, over the solid angle Q

S, = f 1,(8, p)cosOdC). (2.12)
Q.

s

For the small flux density of the astronomical sources the used unit is Jansky (Jy)

1Jly=10%Wm™2Hz "' =10 P ergs'em?Hz ™. (2.13)

Combining Eq. 2.11 and Eq. 2.12 we obtain

22
S, = -T)AQ (2.14)
C

which describes how it is possible to determine the true source brightness
temperature 7, if the flux density S, and the source size are known.

2.2 Spectral line fundamentals

The interaction between radiation and matter can be described as follows. If
the intensity of the radiation field is /, then the average intensity is

I= f L,o(v)dv (2.15)

where ¢(v) is the line profile function, normalized so that

f ¢p(v)ydv =1. (2.16)
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Then the average energy density of the radiation field is

~I

— 4
g=" (2.17)
C

Consider a system with a lower energy state E; and an upper level energy E,,
as illustrated in Fig. 2.1. Three different processes can occur: (i) spontaneous

Eu

Aul Bul u Blu U Cul Clu

EI v v v

Figure 2.1: Sketch of two energy levels in a molecules. One photon, of energy hv, can be ab-
sorbed by an electron inducing a transition from a lower energy state E; to an up-
per level with energy E,. On the other hand the transition from E, to E; can occur
emitting a photon. In particular, A,;, B,; and By, represent the Einstein coefficients
for spontaneous emission, absorption, and stimulated emission, respectively. On the
other hand, C; and Cy, are the collisional coefficients (see text).

emission,
dnu dl’ll
Aulnu = _( ) = (_) (218)
dt spon.emiss. dr spon.emiss.
(i1) absorption, and
— dn, dn;
B,n,U = - =|— 2.19
" ( dt )slim.emiss. ( dt )stim.emiss. ( )

(ii1) stimulated emission,

— [dn, dn;
B,nU = =—|— , 2.20
wit ( dt )abs. ( dt )abv. ( )
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where n; and n; indicates the number density of particles in the lower and up-
per energy state, respectively. In LTE conditions the radiation follows the Planck
function B,(T) and the Einstein coefficients (A,;, B, and B,; [s~']) are not inde-
pendent but related by the Kirchhoft’s law (2.3)

dn, dn, dn,
+ + =0, 2.21
( dt )abs. ( dt )spon.emiss. ( dr )stim.emiss. ( )
which implies

B, =B, (2.22)

81

and

2
B,=——A, 2.23
! 2 I (2.23)

If some cases the LTE conditions are not satisfied. A more general treatment
should include the role of the collisions. If we include (see Fig. 2.1) to the rate
equation the terms for collisional excitation (Cy,; [cm?s™!]) and de-excitation (C,;;
[cm3s™!]) rates we have:

nu(Aul + Bulﬁ + Cul) = nl(Bluﬁ + Clu) (224)

where U is the average radiation field intensity:

T- 4 e 8rhv? 1
Cc 3 exp(hv/[kTpe) — 1

(2.25)

with T, is the background temperature. The collision rate C,; (or Cy,) for two
general levels u and 1 depends on the number density of the collision partner 7.,
as

Cu= Yul X Neoll (226)

where y,; [cm? s7!] is the velocity-integrated collision cross section:

Yu = f cuVf(V)dv (2.27)



22 Chapter 2. Methods

with f(V) being the velocity distribution function of the colliding particles.

In principle, collisions with any of the many different chemical species present
in the ISM will contribute towards C,;, but in practice, the main contributors are
few key species like H,, He, and free electrons. If collisions dominate then the
collision rates are related by

2.28
i, (2.28)

= — = =—exp

Cu _ My _ & ( hv)
Cu m g

where T} is the kinetic temperature. The relation holds even when the system
is not in LTE conditions. If we neglet the background radiation field (hv > kT),)
we can use Eq. 2.24 to obtain:

ny _ (gu/gl)eEul/ka

= ) 2.29
n 1+Au/Cy (2:29)
From Eq. 2.24, Eq. 2.25 and Eq. 2.28 we then obtain
hv/k
T i (2.30)

= kT, + In(1 + A, /Cy)

When collisions dominate over radiative decays we have C,; > A,. Then
the level populations approach their LTE values and 7,, — T. In the other limit
(Cu < Ay, collisional excitations are balanced by radiative de-excitations, and
collisional de-excitations are negligible. We can therefore define a critical density
which is the parameter that discriminate between the two regimes

Nep = Aul/7ul (231)

When n > n,,, collisions dominate and the level populations tend to LTE
values. On the other hand when n < n,,, radiative decay dominates and the bulk
of the atoms are in the ground states.

2.3 Rotation diagram analysis

The equation of transfer, which relates the integrated area of the observed line
to a u—1 transition to the column density of the molecular species is
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[ 1iav = [n0 - i) -en 2:32)

where T, is the excitation temperature of the observed transition u—l, and T, is
the background brightness temperature. Taking into account that

f dv =& f dy, (2.33)
4

2 4
f tdy = 5208 [1 - ] (2.34)
v 81 g

the opacity is then

In the case of optically thin lines (7 < 1) and J,(T},) < J,(T,) using Eq. 2.32
and Eq. 2.33, the upper level column density can be written as:

8kv?
= T,dV 2.35
n Mmmfb (2.35)

where k is the Boltzmann constant, v is the frequency of the transition, h is the
Planck constant, c is the light speed, A, is the Einstein coefficient and the integral
is the velocity integrated line intensity.

In LTE, the energy levels are populated according to the Boltzmann distribu-
tion for the temperature T.

My = ‘Z—”exp(—Eu — E/kT)n, (2.36)
1

with g, and g, the statistical weights of the u and 1 level.
If we consider all the energy levels then

ny Mot _E, kT
— = ——e (2.37)
g O)

where

P = ) (2.38)

and Q(T) is the partition function at a given temperature, defined as
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om) =Y gexp(~ k).

(2.39)

If we consider an isothermal cloud, we can integrate along the line-of-sight so

that

N, = fnuds
Ntot = fntotds

Taking the natural logarithm, we have:

ln(&) = ln( Nior )— Eu
g.) \Q(T)) kT

and

(2.40)

(2.41)

(2.42)
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Figure 2.2: Schematic view of a rotation diagram: in the x-axis there are the upper level energies
of the observed transitions, expressed in K. After fitting the data using a y = ax+b
line, then a = —1/T and b = In(N,,,/g,,,). In other words the slope of the best fit to the
data points allow us to find the rotational temperature while the intercept, at E,,=0,

is the total gas column density.
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If we have several observed line transitions, we can plot

N,

y=lIn (—) (2.43)
gll

versus x = E,, as shown schematically in Fig. 2.2 The best fit to the data points

allow one to derive the rotational temperature while the intercept is the total gas

column density.

2.3.1 Multiplets

In some cases the spectral resolution of the observation does not allow one to
resolve the single transitions. We observe only one line which consists of several
transitions i of the same molecule with very close frequencies and the same upper
level energy E,, but different Einstein coefficients A,,(i) and degeneracies g,(i).
These unresolved multiplets require to be treated using the following method in
the rotation diagram analysis. The observed intensity is the sum of the integrated
intensity of the single i transitions, so that

I= Z 1() (2.44)

Given that the transitions have the same E,, Eq. 2.35 become

n,(i) _ 8mkv? f T,dv
gi)  hSd Yi(Au(Dg.()

This method has been applied to the analysis of molecular lines in Sec. 5.3.4.

(2.45)

2.3.2 Large Velocity Gradient (LVG) approach

So far we treated only the optically thin case. When the lines are not optically
thin we can solve the radiative transfer taking into account high optical depths
with the Large Velocity Gradient (LVG) approximation. This model assumes that
the cloud is spherically symmetric and that the systematic velocity is a function
of distance from the center of the cloud V = V(r/ry). Under these assumptions, a
photon emitted by a two level system at one position in the cloud can only interact
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with those that are nearby, reducing the global problem of photons transport to
local problem. More specifically, we can define a probability g that a photon
emitted at a radius r will escape from the cloud. The 8 parameter can be expressed
as a function of the optical depth 7:

1-e"

T

B = (2.46)

for a radially expanding sphere. The excitation temperature can then be expressed

as:
hy

T, =
hV/kYk
This method has been applied to the analysis performed in Sec. 4.3 and Sec.
5.2.

+ In(1+A,B/Cu) (2.47)

2.4 Molecular lines

The structure of molecules is more complex than that of atoms. In particular,
transitions can be divided in three components, according to the different energies
W:

Wtol‘ — Wel + inb + Wrat (248)

We! are the energies corresponding to electronic transitions (typically few eV)
which can be observed in the ultraviolet (UV) and visible. W"? are typically
between 0.1 eV and 0.01 eV corresponding to vibrational transitions caused by
the oscillations of the relative positions of the nuclei. These lines are observable
mainly in the infrared region of the spectrum. W’ (typical energies of = 1073
eV) are relative to rotational transitions responsible to the line emissions observed
from the cm to the mm and submm range. More specifically, if we consider only
the mm/submm wavelength ranges, the only observable transitions are rotational
or vibrational. For the simplest case of a diatomic molecules (like CO), the rota-
tional energy levels can be obtained by resolving the Schrodinger equation in the
rigid rotor approximation:

E(J)=BJ(J+1) (2.49)

where J is the quantum number for the total rotational angular momentum, and B
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is the rotational constant, related to the moment of inertia / of the molecule

h
= 2.
8m2cl (2.50)
where
I=ur (2.51)

while u is the reduced mass and r the bond length.

However, for all the molecules with more than two atoms, this simple approx-
imation is not valid and their treatment is more complex. More specifically, the
rotation of any molecule with an arbitrary shape can be described as the superposi-
tion of three free rotations about the three principal axes. All the iCOMs analysed
in this work are asymmetric top molecules. In this case the molecule have three

@

Figure 13-10

Atkins Physical Chemistry, Eighth Edition
©2006 Peter Atkins and Julio de Paula

Figure 2.3: Schematic view of a water molecule showing its three distinct principal moment of
inertia. Figure from Arkins Physical Chemistry, 2006, Oxford University Press. Inc.
New York, 2006, 8th Edition.

different moments of inertia /,, I, and I, associated with each axis (see Fig. 2.3)
and corresponding to the rotational constants

h

- 8n2cl,

(2.52)
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h
- 2.53
&n2cl, (2:53)

h
= 2.54
8m2cl. ( )

with I, < I, < I.. The energy levels are indicated by the quantum numbers J,
K, and K.. K, and K, are in the case of symmetric top molecules, the projection of
J on the assigned axis of symmetry. For asymmetric top molecules the two quan-
tum numbers K, and K. have not the same simple meaning but are the projection
of J for the limiting cases of oblate (I, = I, < I.) and prolate (I, < I, = 1.) tops.

2.4.1 Spin statistic

The total wavefunction of a molecule is the product of the spin and the rota-
tional wavefunctions. In the case of molecules containing identical nuclei, for
example H,, the symmetry of the spin wavefunction will depend on the rela-
tive orientations of the spins. If the spin wavefunction is symmetric, we have
the ortho-modification of the molecule while if antisymmetric we have the para-
modification. In the ISM, in conditions of thermal equilibrium, the exchange
between the two modifications occur very slowly (on time scales > 10° years).
The ortho and para modifications of a species can then be considered as different
molecules.



Observations

As reported in Chap. 1, stars form in dark molecular clouds where the ex-
tinction is large and observations in the infrared or in the optical are not efficient.
To observe these dense and deeply embedded regions the use of millimeter and
submillimeter telescopes (both single-dish antennas and interferometers) is cru-
cial. In addition, the (sub)mm domain is the spectral region where the bulk of the
lines due to rotational and vibrational molecular transitions are falling. Neverthe-
less, (sub)mm bands are affected from atmospheric noise. In particular, there is a
cut-off at about 300 GHz (4 ~ Imm) due to the resonant absorption of the lower
rotation bands of molecules in the troposphere. The main atmospheric noise com-
ponents are due to water vapour H,O, responsible of strong bands at 184 GHz
(1.63 mm). Also O, contributes with absorption lines near 60 GHz (5 mm) and
a single line near 119 GHz (2.52 mm). Moreover, the tropospheric events are
characterized by various phenomena, such as turbulence and variation of the re-
fraction index that contribute to add noise to the astrophysical signal. The only
way to extend the observable frequency window is by doing the measurements
from sites where air has a low water content. This is the reason for the choice
of the telescope location at so elevate altitude and in dry climate places with a
medium precipitable water vapour (pwv) value of about ~ 1mm.

In this chapter, I will give an overview of the basics concepts of single-dish
and interferometric observations. A more comprehensive treatment is out of the
scope of the present PhD thesis and it can be found in the classical texts, e.g.
Kraus (1986, Radio Astronomy, Cygnus-Quasar Books) and Wilson et al. (2013).

29
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Figure 3.1: The IRAM-30m antenna at Pico Veleta, near Granada, Spain.

More specifically, I will describe the observations with IRAM-30m antenna and
ALMA interferometer (see Fig. 3.1 and Fig. 3.2), analysed in Chap. 5 and in
Chap. 4, respectively.

3.1 Single-dish antennas: basic concepts

A single dish antenna is a parabolic reflector which collects the radiation and
reflects it to a central focus. Consider an antenna pointing to a source with bright-
ness 1(v, 8, ¢), where v is the frequency and 6 and ¢ are the angular coordinates
(see Fig. 3.3). The power pattern of the antenna consists of a large main lobe
(called main beam) in the forward direction and small sidelobes in the other di-
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Figure 3.2: Aerial view of the ALMA array on the Chajnantor Plateau, Chile. Credit: Clem &
Adri Bacri-Normier (wingsforscience.com)/ESO.

rections. The width of the main lobe is usually indicated by the half power beam
width (HPBW), which is the angle from where the received radiation decrease by
the 50% from the peak in the main beam.
The minimum angular distance that can be resolved in the observed image is
indicated as the angular resolution. For a single telescopes this quantity scales as
A
VRS p (3.1)
where A is the wavelength of the observations and d is the antenna diameter.

The power P received by the antenna from an element of solid angle AQ in the
bandwidth Av is

P = 1(,6, )A(v, 0, $)AQAY (3.2)

where A(v, 6, ¢) is the antenna reception pattern, normalized to Ag (effective
antenna aperture), the antenna response at the center of the main lobe.
If we consider P,(8, ¢) (the powern pattern normalized to its maximum) then
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Figure 3.3: The reception pattern of an antenna (from Napier 1999).

the total power per unit bandwidth is

P, = mAg f f 1,6, $)P,(6, $)dQ

(3.3)

where m=1/2 for a single dipole antenna which is sensitive to a single polari-

sation. The beam solid angle of the power pattern is:

QAszn(H,(p)dQ
4

while the main beam solid angle is given by

me = f Pn(e’ ¢)dQ
mb

(3.4)

(3.5)

The efficiency is a parameter considering all the effects that can reduce the
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antenna performances. Two important parameters are the forward efficiency:

Qo
= 3.6
nr 0, (3.6)
and the main-beam efficiency:
Q.
b = —— 3.7
Thmb N (3.7

which is a measure of how the power pattern is well concentrated in the main
beam.

Using the Nyquist theorem we can introduce the antenna temperature Ty,
which is the temperature of a resistance that would lead to a power equal to that
of the antenna:

P, = kT, (3.8)

with P, being the total power per unit bandwidth.

If a source has a constant brightness temperature 7', then

fsource Pn(ﬁ, ‘,DdQ) -

where T’} is the antenna temperature corrected for the atmospheric attenuation.

T, = (39)

The Main-Beam temperature (T),p) is the beam-averaged brightness tempera-
ture of a source over the solid angle of the main beam. This quantity is related to
TAZ

Tos = (”—F) T; (3.10)
Mmb
where nf is the forward efficiency, 7,,, is the main-beam efficiency, and T}
is the antenna temperature corrected not only for the atmospheric absorption but
also for the rear-sidelobes. If the source is unresolved, the signal received in the
beam will be diluted, so that a further correction is needed (beam-filling factor).
The relation is
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1
Tus = ("—F) T 3.11)
Nmb ) Mbf
with
92
= 2 3.12
U, 7+ (3.12)

with 6, and 6, are the angular source and the beam sizes (assumed to be both
a circular Gaussian).

Vo= |VRF'VLO| DSB mixer: Two sidebands, LSB and USB
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Figure 3.4: The sidebands of a heterodyne receivers (from C. Kramer, Millimeter calibration, gth
IRAM-30m Summer School, 2015).

The observed sky frequency need to be down-converted to a lower frequency
to send the signals to the back hands as for instance an heterodyne correlator.
This process involves a Local Oscillators (LO) as shown in Fig. 3.4. The mixer
produces a shift in frequency of an input sky signal by mixing it with the LO sig-
nal. In this way the observing frequency is down-converted into an Intermediate
Frequency (IF) with no other effect on the signal properties. In Double Sideband
(DSB) mixer operation, the mixing processes creates two sidebands, a lower side-
band (LSB) and an upper sideband (USB), also called the signal and image bands.
However in some cases is preferable to operate in sigle sideband (SSB). This is
the case of single dish spectral line observations, where the line of interest is in
only one of the sideband and the other sideband is a source of extra noise and lines
confusion. The image sideband can be then attenuated and the mixer operates in
SSB mode. For more details see e.g. Wilson (2009).



Chapter 3. Observations 35

3.2 The IRAM-30m large program ASAI

The IRAM-30m telescope is a single-dish antenna located on Pico Veleta in
the Spanish Sierra Nevada, at an altitude of 2850m. The telescope is equipped
with the Eight MIxer Receiver (EMIR) to offer a bandwidth of up to 16 GHz in
each of the two orthogonal linear polarisations for the 3, 2, 1.3 and 0.9mm at-
mospheric windows. The four EMIR bands are designated as E090, E150, E230,
and E330 according to their approximate center frequencies in GHz. The tele-
scopes efficiencies are reported in the webpage'. The atmospheric trasmission at
the IRAM-30m site and the EMIR bands are shown in Fig. 3.5.

Atmospheric transmission for 2mm and 4mm of pwv
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Figure 3.5: Atmospheric transmission for 2 mm and 4 mm of precipitable water vapour (pwv) at
the site of the 30m telescope. The EMIR bands are marked together with the frequen-
cies of a few important molecular transitions (Credits: IRAM website, www.iram-
institute.org).

1http://www.iram.es/IRAMES/main\?\’iki/lranﬁOmEfﬁciencies
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For IRAM-30m antenna the observed HPBWSs can be well fitted by

2460

HPBW["] = JIGHA

(3.13)

The observations of SVS13-A, analysed in Chap. 5 were carried out with
IRAM-30m telescope, in the framework of the Astrochemical Surveys At IRAM?
(ASAI) Large Program. The data consist of an unbiased spectral survey acquired
during several runs between 2012 and 2014, using the broad-band EMIR re-
ceivers. Observations were carried out with very good to excellent, stable weather
conditions. In particular, the observed bands are at 3 mm (80-116 GHz), 2 mm
(129-173 GHz), and 1.3 mm (200-276 GHz). The observations were acquired in
wobbler switching mode in order to obtain high quality baselines. This procedure
uses the wobbling secondary reflector to switch between the source (ON position)
and a reference position located at a wobbler throw in azimuth from the source
(OFF position). The maximum angular offset allowed by the wobbler mode is,
in the present case, 180”. In some cases (see Chap. 5), such a value is not large
enough to avoid the contaminations of line emission occurring in the OFF posi-
tion. This could be avoided by using another observing mode, i.e. the position
switching mode; in this case the OFF position can be observed in any region of
the sky, not necessarily nearby the source. However, the baselines collected in
the OFF position could be slightly different from that in the ON position, provid-
ing worse baselines than wobbler mode. In conclusion, the high quality baselines
make the wobbler switching mode the best approach for a spectral survey with the
goal to detect (also) weak lines (see Chap. 5).

For SVS13-A the wobbler throw was of 180" towards the source coordi-
nates, namely @y = 03" 29™ 03376, 61000 = +31° 16" (/3. The pointing was
checked by observing every hour on the nearby continuum sources 0316+413 and
03334321, and was found to be accurate to within 2”"-3". The telescope HPBWs
range between ~ 9” at 276 GHz to ~ 30" at 80 GHz.

Because of the high sensitivity of the ASAI observations, the line contami-
nation from the attenuated image band cannot be ignored. In order to permit an
easier lines identification from the image band, the LO frequency was regularly
shifted by a fixed amount of 50 MHz. As an example, Fig. 3.6 show the con-

Zwww.oan.es/asai
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tamination of the bright *CO(1-0) line at 110201.354 MHz from the image band.
Spurious features were corrected in close collaboration with the IRAM receiver
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Figure 3.6: Examples of contamination from the image band: the bottom-left panel show the
attenuated ghost at ~ 90.3 GHz of the bright '3CO(1-0) line at 110.2 GHz.

engineers group (for details see Lefloch et al. 2017, in press). The data reduction
was performed using the GILDAS—CLASS?® package. Calibration uncertainties
are estimated to be ~ 10% at 3 mm and ~ 20% at lower wavelengths. Note that
some lines (see Sect. 5.2.2) observed at 2 mm and 3 mm (i.e. with a HPBW >
20") are affected by emission at OFF position observed in wobbler mode. Line
intensities have been converted from antenna temperature to main beam tempera-

3http://www.iram.fr/IRAMFR/GILDAS
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ture (Twg), using the main beam efficiencies reported in the IRAM-30m website®.
The typical rms are 2.0-4.8 mK at 3mm, 4.2-5.1 mK at 2mm and 4.3—4.6 mK at
1.3 mm, respectively.

3.3 Interferometers: basic concepts

The angular resolution of a single telescope is given by (Eq. 3.1), being d the
antenna diameter. The telescope capability to resolve very small regions would
be thus limited because of the practical problems related to the increase of the an-
tenna diameter. This problem can be overcome using array of antennas working
together in interferometry. The telescope angular resolution (also called synthe-
sized beam) then become % ~ A/D where D is the maximum distance between
two antennas with an improvement of several orders of magnitude in the angular
resolution.

Every interferometer composed by N>2 elements, can be described consid-
ering N(N-1)/2 pairs of radio antennas. The basic unit is the two-element inter-
ferometer, illustrated in Fig. 3.7. A pair of antennas observing the same source
at the same frequency will receive a wavefront at different times because of the
geometric delay (7,). The signal from the single antennas (V, and V, in Fig. 3.7)
are then multiplied and coherently integrated in time by the correlator, taking into
account this delay. The output voltage of the interferometer correlator (R) varies
sinusoidally with the change of source direction in the interferometer frame, yield-
ing the interferometer fringes. In particular, if the interferometer is observing a
source with a brightness distribution /,, the telescope response is described by the
visibility function:

V,(u,v) = f f ACx, Y1, (x, y)e ) d xdy (3.14)

where V, is the Fourier transform of the sky brightness distribution 7, (x,y)
modified by the primary beam shape A(x, y). Visibility is a complex function with
amplitude depending only on the source strength and phase on its position. It can

4http //www.iram.es/IRAMES/mainWiki/Iram30mEfficiencies
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Figure 3.7: Cartoon showing a two-element interferometer. (From NRAO website:
www.cv.nrao.edu).

be inverted as:
ACx, I, (x,y) = f f V, (u, v)e* ) dydy (3.15)

The primary beam is the HPBW of the individual array element, which gives
also the telescope field of view (FoV) ~ A/d. The Fourier plane is called uv-plane
and contains the coordinates in wavelength of all the measured visibilities. One of
the main differences between interferometric and single-dish observations is that
while the latter is a filled-aperture antenna, in the case of an interferometer the
visibility function V, is not sampled everywhere, but only at specific points of the
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uv plane. The telescope capability to reconstruct the image of the real observed
source improves with increasing uv coverage. Given that the uv coordinates de-
scribe the baselines projected in the plane perpendicular to the source direction,
the uv coverage improves moving the antennas to obtain different baselines spac-
ing. This is done using the aperture synthesis technique which take advantage
of the Earth rotation to sample the uv plane. Indeed the Earth’s rotation make
the baseline vector between two antennas, as seen from a distant source, contin-
uously changing. Another important difference of an interferometer with respect
to a single-dish is that the first acts as a spacial filter. More specifically, the sky
emission with large angular sizes corresponding to Fourier components at spacing
shorter than the smaller baseline are invisible for an interferometer. The smaller
baseline is always limited to the smaller physical separation of two antennas, so
that for extended sources there is always some missing flux which can be eventu-
ally recovered complementing the interferometer measurements with single-dish
observations. Finally, the point-source sensitivity o; of a standard array is given
by:

ZkTsys
Oy =
nAeff \/N(N - l)npAvtm,

(3.16)

where A.¢¢ is the telescope effective area, 7 is the efficiency, N is the number of
antennas and n, is the number of polarizations. Av is the width of the spectral
resolution element and ¢, is the total on-source integration time. Ty, is the sys-
tem temperature and is build up of a number of terms that contribute to the noise.
The principal elements are the environment, sky and receiver temperatures and the
fractional transmission of the atmosphere. The interferometer sensitivity can be
substantially improved by increasing the number of the antennas, the bandwidth,
and/or the integration time.

Once one obtains the interferometer observed visibilities, it is necessary to per-
form a calibration process and finally a cleaning process to reconstruct the source
image. During the calibration, all the data with unexpected behaviors, resulting
from instrumental errors or contaminated by atmospheric lines are flagged. Suc-
cessively, using the observations of the calibrators, the bandpass, flux density, and
phase calibration are applied to the target data. The last step is the cleaning process
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which produce the final source image from the visibility data. More specifically,
for spectral lines observations a first clean procedure in the multi-frequency syn-
thesis mode is performed to generate the continuum image. The continuum flux
density is then subtracted from the image to generate the continuum-free spectral
line images. The next step is then performed in channel mode, selecting only
channels containing the spectral lines of interest. The output of the imaging pro-
cess is an image datacube, with a frequency (or velocity) channel axis in addition
to the two sky coordinate axes. For a more detailed description of the procedures
used to analysed interferometric data we refer again to a classical text such as
Wilson et al. (2013).

3.4 ALMA Cycle 1 and Cycle 4 observations

The Atacama Large Millimeter/Submillimeter Array (ALMA) is an aperture
syntesis telescope which will be composed, in its final configuration, of 66 high-
precision reconfigurable antennas working in the millimeter/submillimeter band.
The array is located on the Chajnantor plain of the Chilean Andes, a site that nor-
mally offers the exceptionally dry and clear sky conditions required to observe
at millimeter and sub-millimeter wavelengths. The telescope is an international
astronomy facility, it is a partnership of East Asia, Europe and North America in
cooperation with the Republic of Chile. The Joint ALMA Observatory (JAO) is
responsible for the overall leadership and management of construction, commis-
sioning and operations of ALMA in Chile. The three ALMA regional partners
(Executives) maintain ALMA Regional Centers (ARCs) within their respective
regions. They are the East Asian ARC (EA ARC), based at the National Astro-
nomical Observatory of Japan headquarters in Tokyo; the European ARC (EU
ARC), organized as a coordinated network of scientific support nodes distributed
across Europe, and the North American ALMA Science Center (NAASC), based
at NRAO headquarters in Charlottesville, VA, USA. The ARCs provide the in-
terface between the ALMA project and its user communities, mainly in the areas
of proposal preparation, observation preparation, acquisition of data through the
archive, data reduction, data analysis, delivery of data, and community formation
and outreach.

Early Science Operations started in 2011 and the array was officially inau-
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gurated in March 2013. The most recent ALMA operation cycle (Cycle 5) has
started in October, 2017. The interferometer is composed of fifty antennas of
12 meter dishes in the 12-m Array, used for sensitive, high-resolution imaging.
These are complemented by the Atacama Compact array (ACA), composed of
twelve closely spaced 7 meter antennas (7-m Array), and four 12 meter antennas
for single-dish (or Total Power) observations (TP Array), to enhance wide-field
imaging of extended structures. The antennas can be distributed in different con-
figurations with baselines ranging from 15 m to ~ 16 km. Once completed, ALMA
will accomodate up to 10 receiver bands covering most of the wavelength range
from 10 to 0.3 mm (30-950 GHz). Each receiver band is designed to cover ap-
proximately all the atmospheric transmission windows (see Fig. 3.8). For Bands 3
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Figure 3.8: The figure from ALMA Cycle 5 Technical Handbook, shows the atmospheric trans-
mission at the ALMA array operation site for 0.5 mm of precipitable water vapor
(pwv). The 10 ALMA bands are superimposed, in red those available in Cycle 5 and
in purple Band 5 which is the new band, introduced from Cycle 5.
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to 8, the receivers are two-sideband (2SB), where both the upper and lower side-
bands, with a bandwidth of 4 GHz, are provided separately and simultaneously
for the two polarizations. On the other hand Bands 9 and 10 use double sideband
(DSB) receivers, where the IF contains noise and signals from both sidebands.

In Chap. 4 we analysed ALMA Cycle 1 and Cycle 4 observations of the
HH212 protostellar system. In particular, the source was observed in Band 7 us-
ing 34 12-m antennas between 15 June and 19 July 2014 during the Cycle 1 phase.
Further observations of HH212 were performed in Band 7 using 44 12-m antennas
between 6 October and 26 November 2016 during the Cycle 4 phase. The max-
imum baselines for Cycle 1 and 4 were 650 m and 3 km, respectively while the
maximum unfiltered scale is ~ 3", i.e. about 1200 au at the HH212 distance of 405
pc. In Cycle 1 the spectral windows between 337.1-338.9 GHz and 348.4-350.7
GHz were observed using spectral channels of 488 kHz (0.42-0.43 km s™!), sub-
sequently smoothed to 1.0 km s™! to increase sensitivity and obtain higher Signal-
to-Noise (S/N). Calibration was carried out following standard procedures, using
quasars J0607-0834, J0541-0541, J0423-013, and Ganymede. The continuum-
subtracted images have clean-beam FWHMs from 0741 x 0733 to 052 x 0734
(PA = —63°), and an rms noise level of 5-6 mJy beam™' in 1.0 km s™! channels.
For Cycle 4 spectral units of 122 kHz (0.1 km s™!) were used to observe the spec-
tral windows between 335.0-337.4 GHz. The spectral windows were also used to
derive continuum from the line-free channels. Calibration was carried out follow-
ing standard procedures, using quasars JO510+1800, J0552+0313, J0541-0211
and J0552-3627. The continuum-subtracted images have a typical clean-beam
FWHM of 0715 x 0712 (PA = —88°), and an rms noise level of 4-5 mJy beam™!
in 0.1 km s~! channels. Spectral line imaging was achieved with the CASA pack-
age, while data analysis was performed using the GILDAS’ package. Positions
are given with respect to the MM1 protostar continuum peak located at @(J2000)
= 05" 43" 51341, 6(J2000) = —01° 02’ 53”17 (Lee et al. 2014). Lines were iden-
tified using spectroscopic parameters extracted from the Jet Propulsor Laboratory
(JPLS, Pickett et al. 1998) and Cologne Database for Molecular Spectroscopy
(CDMS’; Miiller et al. 2001, 2005) molecular databases.

5 http://www.iram.fr/IRAMFR/GILDAS
®https://spec.jpl.nasa.gov/
"http://www.astro.uni-koeln.de/cdms/






Chemical complexity around
Class 0 protostars

The deuterium fractionation and iCOMs abundances at the different evolution-
ary stages of a Sun-like protostar provides us unique tools to investigate the origin
and the evolution of our Solar System (Caselli & Ceccarelli 2012, Ceccarelli et al.
2014). As reported in Chap. 1, Class O sources are the youngest protostar, still
deeply embedded and accreting matter from a collapsing envelope (André et al.
1993). Submm observations at high spatial resolution, on scales <100 au, are
fundamental to understand the physical and chemical structure of these sources
which will set up the initial conditions of the protostellar disk that may eventually
form planets. In this Section we report interferometric ALMA observations (see
Sec. 3) of the jet-disk system associated with the Class O protostar HH212-mm.
The results presented in this Section can be found in Bianchi et al. (2017b).

4.1 The pristine jet-disk system in HH212

HH212 is a bright and symmetric bipolar jet driven by a low-luminosity Class
0 protostar, IRAS 05413-0104, deeply embedded in a compact molecular cloud
core, L1630 in the Orion star forming region (d = 405 + 15 pc, Kounkel et al.
2017; Kounkel, private communication). The systemic velocity (V) of the ob-
jectis +1.7 kms™! (Lee et al. 2014). The jet was first revealed in H, imaging (Zin-
necker et al. 1998) and then further observed through H,O masers using VLBI. In
particular, water masers observations revealed that the jet lies close to the plane
of the sky (4°; Claussen et al. 1998, Lee et al. 2017b). A large flattened rotating
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Figure 4.1: a) Contour map of integrated emission in SiO(2-1) superimposed on the H, image
(Codella et al. 2007). The SiO emission regions are labelled in white. The filled
triangle indicates the driving source (here called MM1). Contour levels range from
30 (0.22 Jy beam™' km s7!) to 390 by steps of 60. The filled ellipse in the lower
left corner shows the synthesized PABI beam (HPBW): 1789 x (/94. b) Same as a)
for the SiO(5—4) emission. The dotted circle indicates the primary beam of the PdBI
antennae. H, knots are labelled in black. Contour levels range from 30 (0.42 Jy
beam™! km s7!) to 390 by steps of 30~. The beam is (/78 x (/34. ¢) Inner 5” of the
SiO(5—4) map, superimposed onto the continuum image at 1.4 mm (gray scale and
white contours). Continuum contour levels range from 30~ (1.9 mJy beam™!) to 360
by steps of 60

envelope in the equator perpendicular to the jet axis was observed in NH; with a
radius of ~ 7000 au by Wiseman et al. (2001).

The innermost regions have been then extensively studied in CO(2-1), (3-2)
and SiO(2-1), (5-4), (8-7) using IRAM-NOEMA, SMA, and ALMA (see Fig.
4.1 and 4.2) at scales ranging from ~ 1”-2”5 down to =~ 0 1-0702 (e.g. Lee et al.
2006, 2007, 2008, 2014, 2017a,c; Codella et al. 2007, 2014, 2016b, 2017; Bianchi
et al. 2017b; Cabrit et al. 2007, 2012).
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Figure 4.2: Protostellar system HH212 as observed by ALMA Cycle 0 in band 7 (Codella et al.
2014). Left panel: 850 um continuum (turquoise contours) overlaid on SiO(8-7)
integrated between -23 and +15 km s~ (colour scale and black contours), compared
with the systemic velocity Viys (+1.7 km s7!). First contours at 5o~ (6 mJy beam™!
for continuum and 270 mJy beam™! km s~! for SiO) in steps of 200" (continuum) and
5o (Si0). The ellipse shows the synthesized continuum HPBW (0761 x 0”45 at PA
= 51°). The beam HPBW of the SiO map is 0763 x 0746 (PA = 49°). Central panel:
contour plot of the C'70(3-2) emission (turquoise) overlaid on the of the C3*S(7-6)
emission (colour and black), both integrated in the Vyys + 6 km s™! range. The HPBW
is 0765 x 0’47 (PA = 49°). First contours and steps correspond to 5o (50 mJy beam™!
km s™! for C**S and 65 mJy beam™' km s~! for C'70). Right panel: Contour plot of
the CH30H(7,7—61 ) emission (turquoise, integrated in the Viy;+6 km s~! range) on
top of the Si0(8-7) emission (colour and black, integrated between —23 and +15 km
s~! with respect to Veys). The HPBW is 0765 x 0747 (PA = 49°) for CH3;0H and
0752 x 0747 (PA = 35°) for SiO. First contours and steps correspond to 50 (65 mJy
beam™! km s™! for CH30H and 270 mJy beam™' km s~! for SiO).

The high spatial resolution NOEMA maps revealed a bright bipolar SiO mi-
crojet with inner peaks at +1-2" = 405-810 au of the protostar, invisible in H, due
to high extinction (Codella et al. 2007; Lee et al. 2007). The SiO emission was
confined to a highly-collimated bipolar jet (width ~ 0”35 close to the protostar)
along the outflow axis. For the first time the jet was traced down to within 500 au
of the protostar, in a region heavily obscured in H, images. Where both species
were detected, SiO showed the same overall kinematics and structure as H, (see
Fig. 4.1), indicating that both molecules trace shocked material. The SiO jet
width =~ 100 au was remarkably close to atomic jet widths in T Tauri stars, favour-
ing a universal magnetohydrodynamical (MHD) collimation process (Cabrit et al.
2007). In this way SiO filled in the gap between the jet larger scales proved by
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H, and the obscured innermost regions around the protostar, confirming to be a
powerful tracer of molecular jets in Class O sources.

With the advent of ALMA, providing a previously unmatched combination of
high angular resolution, high sensitivity, and spectral coverage, it has been possi-
ble to improve significantly the investigations on the complex kinematics of the
innermost central regions of HH212. In particular, Fig. 4.2 (Codella et al. 2014,
2016b) shows the simultaneous identification, using the first ALMA cycles with
angular resolutions of ~ (76, of all the crucial ingredients known to be involved
in the star formation recipe: (i) the fast, collimated bipolar SiO jet driven by the
protostar; (i1) the large-scale swept-up CO outflow; (iii) the flattened rotating and
infalling envelope, with bipolar cavities carved by the outflow, in C!7O(3-2); (iv)
the hot-corino heated by the protostar and traced by iCOMs, e.g. CH3;0H(7, ;-
616); and (v) a rotating wide-angle flow that fills the cavities and surrounds the
axial jet, in C3*S(7-6).

C'0 observations, shown in Fig. 4.2, reveal for the first time velocity gradi-
ents (blue/red) in the compact high-velocity emission (+1.9-3.5 km s~! from the
systemic velocity). The gradients have been detected along the equatorial plane
consistently with a rotating molecular disk around a 0.2-0.3 M, protostar (Lee
et al. 2014, Codella et al. 2014, Podio et al. 2015). The emission centroid posi-
tions in each channel are obtained from elliptical Gaussian fits in the uv domain
and plotted in Fig. 4.3 (right panel) along the disk plane. In the same figure,
the centroid measurements are compared with Keplerian rotation curves and, as a
reference, with a ~ r™! rotation curve that conserves specific angular momentum
(pseudo-disk). In spite of the high spatial resolution, these ALMA observations
do not allow the authors to distinguish between the different rotation curves, call-
ing for further higher resolution observations. Finally, the molecular disk, which
has a radius of ~ 60 au has been recently imaged by Lee et al. (2017b) observing
dust continuum emission at 850 um with ALMA.

Interestingly, additional HDO and CH;0OH ALMA observations (Codella et al.
2016b, Leurini et al. 2016) suggest that the emission is likely associated with
outflowing gas, and possibly with a disk wind. In addition, recent high angular
resolution Si0 maps have been used to prove the jet rotation (Lee et al. 2017a),
previously suggested by one H, knot (Davis et al. 2000).

All these findings make HH212 a unique Class O protostellar region where
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Figure 4.3: a) Figure from Codella et al. 2014 shows SiO(8-7) channel maps at Vyy, + 8 km s
(blue and red) overlaid on top of C3*S(7-6) close to systemic velocity (black). b)
zoom in of the blue- and redshifted C'”O(3-2) emission in the velocity range (+1.9—
3.5 km s~! from Viys) tracing the rotating inner disk. The tilted black cross indicates
the SiO jet direction (PA = 22°) and the equatorial plane. First contour at S0 (15
mly beam™! km s~ ), then steps of 70 ¢) Velocity shift from Vi, as a function of
distance from the protostar along the equator (PA = 122°). Red and blue datapoints
denote the C'70(3-2) centroid positions (from fits in the uv domain with 1o error
bars) in the various velocity channels. Black solid and dotted curves show Keplerian
rotation around a stellar mass of 0.3 + 0.1 M. The r™! curve for angular momentum
conservation is plotted in magenta for comparison.

a bright jet, a compact rotating disk, and signatures of a disk wind have been
revealed. This source is thus an ideal laboratory to study the jet-disk system and
the interplay of infall, outflow and rotation in the earliest stages of the low-mass
star-forming process.

4.2 Deuteration on a solar system scale around HH212

In this Section we exploit ALMA Band 7 Cycle 1 and Cycle 4 observations
with an angular resolution down to 0”15, corresponding to 60 au at the source
distance, to obtain the first measurement of methanol deuteration in the disk for-
mation region (see Sect. 3.4).

4.2.1 Line spectra and maps

In Cycle 1 data, we detected 5 lines of '*CH30H and 12 lines of CH,DOH
covering excitation energies, E\,, from 17 to 438 K (see Tab. 4.1). In addition, in
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Table 4.1: Methanol emission lines detected through both ALMA Cycle 1 and 4 towards HH212-

mim.
Transition ” Ei, Sy rms Tpear’ Voea!  FWHM® Int®
(GHz) (K) D» (K) (K) (kms™!) (kms!) (Kkms™)
Cycle 1

BCH;0H 130 ;-12, 2 338.75995 206 029 154(0.19) 15(03) 58(0.8) 9.63(1.12)

13
13CH;0H 1340-143; 34778840 303 4 036 0.56(0.09) 2.1(12) 6.6(2.6) 3.95(1.39)
3CH;0H 1191,-10, 348.10019 162 5  0.84 127(0.08) 1.7(l.1) 55(2.6) 7.46(2.98)
13CH;0H 1,,-000E 35010312 17 2 116 149(0.16) 17(1.2) 47(23) 7.44(2.98)
13CH;0H 8,7~ 35042158 103 2 093 1.49(028) 12(1.3) 55()  8.72(2.60)
CH,DOH 99,48, 5 €0 33734866 96 6 0.15 3.32(0.10) 1.9(0.1) 43(02) 15.31(0.49)
CH,DOH 9, 3-8, 01¢ 33846254 120 2 026 1.94(026) 2.0(0.5) 52(0.9) 10.74 (2.06)
CH,DOH 13,5120, €0 338.86898 202 2 0.13 1.87(0.13) 2.0(0.1) 4.9(02) 9.70 (0.43)
CH,DOH 6, 655 €0 33895711 48 5 029 3.65(0.29) 1.8(0.1) 4.3(03) 16.67(0.92)
CH,DOH 18,,5-185,s el 347.76728 438 10 0.09 1.19(0.09) 1.9(0.1) 53(0.3) 6.63 (0.31)
CH,DOH 18,,~185:6 el 347.95281 438 10 0.18 1.16(021) 13(0.2) 52(04) 6644 (0.57)
CH,DOH 4, 540, el 348.16076 38 4  0.15 3.99(0.25) 22(0.1) 4.3(0.1) 18.10(0.49)
CH,DOH 7,474 el 34995168 132 3
CH)DOH Toa-Trs 24095279 139 3 016 528(049) 1L7(00) 4500.) 2526(053)
CH,DOH 6,365 el 350.02735 117 2
CHyDOH 6,16, 1 2000777 117 o 023 456(032) 18(01) 40(02) 1953(072)
CH,DOH 5,,-55, el 350.09024 104 2
CHDOH 5. 5.3l 22000038 104 o 063 385(033) 17(03) 49(07) 2003221
CH,DOH 6,5-5, 5 el 35045387 72 4 0.63 298(020) 1.8(0.5) 54(1.5) 17.01 (3.92)
CH,DOH 5,455 el 35063207 49 5 0.60 4.50(0.39) 23(02) 44(0.5) 21.04(1.99)

Cycle 4
BCH;0H 12,129, A 33556021 193 23 9.14 10.60 (1.59) 2.6(1.3) 4.7(2.5) 53.70(28.10)
CH,DOH 16,,5-16; ;5 019 334.68395 327 8 229 8.54(1.72) 3.1(0.5) 52(1.3) 47.11(9.23)

¢ Frequencies and spectroscopic parameters have been extracted from the Jet Propulsion
Laboratory molecular database (Pickett et al. 1998) for all the transitions. Upper level
energies refer to the ground state of each symmetry. * Gaussian fit. © The line transitions
918—826 0l is partially blended by the 7_5,—6_s1 EI CH30H transition. While the line
625-515 el is partially blended by the 18,17-171,16 E CH3CHO transition. 4 The line
transitions 16;15—16115 o with Ey, = 327 K and S,-j,u2 =8D?is partially blended by the
SO, (8 — 7) transition.

the Cycle 4 dataset we revealed one transition of *CH;OH (Ewp= 193 K), and one
of CH,DOH (Ep= 327 K).

Examples of the profiles of the detected lines are shown in Fig. 4.5: the emis-
sion peaks at velocities between ~ +1 km s~! and +3 km s~!, consistent with the
systemic velocity of +1.7 km s~! (Lee et al. 2014), when the spectral resolution of
1 km s~! is considered. The profiles, fitted using the GILDAS package, are Gaus-
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Figure 4.4: Left Panel: The HH212 protostellar system as observed by ALMA-Band 7 during
Cycle 1 operations. Blue/red contours plot the blue/redshifted SiO(8-7) jet overlaid
on the C'70O (3-2) contours (in black). Positions are with respect to the MM1 pro-
tostar continuum peak located at (J2000) = 05" 43 51341, §(J2000) = —01° 02
53717 (Lee et al. 2014). The filled ellipse shows the synthesized beam (HPBW):
0743 x 0/33. Central Panels: zoom-in of the central region (Bianchi et al. 2017a):
13CH3OH(130,13—121,12)E and CH,DOH(9¢9—8; 3)e0 integrated over +4 km s~ with
respect to the vy, = +1.7 km s™!, (black contours and grey scale). First contours and
steps are 5o for *CH30H (15 mJy beam ~! km s~!) and CH,DOH (35 mJy beam ~!
km s7!). The HPBWs are: 052 x (/34 (PA = -64°) for 3CH30H and 0”54 x 0”35
(PA =-65°) for CH,DOH. Right Panel: zoom-in of the central region, as observed by
ALMA-Band 7 Cycle 4 (Bianchi et al. 2017a), showing the 13CH;4 OH(12,11-12¢,12)A
emission integrated over 10 km s™! around vy, (black contours and grey scale). First
contours and steps are 50 (20 mJy beam ~! km s~!) and 3¢, respectively. The HPBW
is 0715 x 0712 (PA = -88°). In addition we show the moment 1 map which is tracing
in each pixel with emission larger than 50, the line profile peak of '3CH3;0H. Note
the velocity gradient perpendicular to the jet axis.

sian with typical Full Width at Half Maximum (FWHM) ~ 5 km s~!. The spectral
parameters of the detected lines are presented in Tab. 4.1. Figure 4.4 introduces
the HH212 system: the C'7O(3-2) line traces the envelope hosting the protostar.
The bipolar blue- and redshifted lobes are traced by SiO (Codella et al. 2007, Lee
et al. 2014). The central panels, covering a zoom-in of the central protostellar
region (< 075, i.e. 203 au), show the Cycle 1 data, specifically examples of the
emission maps of '*CH3;OH and CH,DOH. The emission is spatially unresolved
with a size smaller than the Cycle 1 beam (0”5 X 073) corresponding to a size of
203 x122 au. However, the definitely higher angular resolution provided by the
Cycle 4 dataset (0715 x 0”12 corresponding to a radius of 30x24 au) provides
spatially resolved images of both '*CH;0OH and CH,DOH emission lines. Note
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that the CH,DOH line is partially blended (the blueshifted portion of the profile)
with the SO,(8,6—7,.7) line (Tab. 4.1). We use the *CH3;OH emission as revealed
in the Cycle 4 image to show in the right panel of Fig. 4.4 a further zoom-in,
sampling the inner 100 au of the system.
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Figure 4.5: Examples of line profiles in Tg scale (not corrected for the beam dilution): species
and transitions are reported. The vertical dashed line stands for the systemic Vigsr
velocity (+ 1.7 km s~!, Lee et al. 2014). Red and blue curves are for the Gaussian
fit. In the spectrum of Cycle 1 (1;;-090)A 13CH;O0H transition, a CH,DOH doublet
containing the (542-532)el and the (54;-533)el transitions is also shown (see Tab.
4.1). In Cycle 4 spectra the (7,7-616)A CH3O0H and the (8,6—717) SO, transitions
are also shown.

4.2.2 Methanol deuteration

We used the '*CH;OH lines detected in Cycle 1 to perform a rotation diagram
analysis, assuming local thermal equilibrium (LTE) conditions and optically thin
lines. In order to exclude opacity effects, we used the '*CH;OH lines to derive the
CH;0H column density because the main isotopologue lines observed by Leurini
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et al. (2016) are moderately optically thick (7 < 0.4). We also verified that the
CH,DOH transitions are indeed optically thin using a population diagram analysis
(Goldsmith & Langer 1999) in which opacities are self-consistently computed.
We used *CH;OH and CH,DOH lines extracted from the same ALMA dataset in
order to have the same uv coverage and to minimise calibration effects. Moreover,
the Cycle 0 (beam =~ (76) observations of CH3;OH (Leurini et al. 2016) trace a
much warmer component dominated by lines with E\, up to 747 K with respect
to the emission lines analysed in this work. A source size of 0719 + 0702 has
been derived from the '*CH3;OH Cycle 4 map integrated over the whole emission
range and then used to correct the Cycle 1 observed values. This value is in good
agreement with ~ 072, as derived from CH;OH (Leurini et al. 2016). Figure 4.6
shows the derived rotational temperature and column density which are T, =
(171 £ 52) K and N, = (6.5 + 2.1) x 10'® cm~2, respectively. Conservatively, we
used only Cycle 1 data to perform the fit; however, the '>CH;0H Cycle 4 line is
in good agreement with Cycle 1 observations.

CH;0H T=171(52) K 3100 CH,DOH assumed T= 171 (52) K |

N=6.5(2.1) x 106 cm~2

source size = 0.19"

30.0

IN(N.,/g.,)

29.0

28.5

28.0

295

% N=1.1(0.2) x 10" cm~2

source size = 0.19"

w

o

o
—o—
H—e—H

|

28.5
e Cyclel 2801 m Cycle 4 1

= Cycle4d e Cyclel

50 100 150 200 250 300 350 0 100 200 300 400 500
Ep(K) Eup(K)

Figure 4.6: Rotation diagrams for '*CH30H (left panel) and CH,DOH (right panel). An emit-

ting region size of 0719 is assumed (see text). The parameters Ny, gu, and E,, are,
respectively, the column density, the degeneracy and the energy of the upper level, re-
spectively. The derived value of the rotational temperature is reported for '*CH;OH.
For CH,DOH the T, derived from the '3C-isotopologues is assumed to derive the
column density. The two CH,DOH transitions with excitation energies higher than
400 K as well as the Cycle 4 point are excluded from the fit, although they are in good
agreement with it.

In the right panel of Fig. 4.6 we derive the column density of CH,DOH,
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assuming the same rotational temperature and size derived for '*CH;OH. We ex-
cluded from the fitting the two CH,DOH transitions with E,, > 300 K to avoid any
possible contamination from non-thermal excitation processes or the occurrence
of a component with a different, higher, excitation condition. In any case, the fit-
ting obtained with the low-energies transitions (continuous line) is in agreement
with the two excluded transitions, as well as with the Cycle 4 transition, as shown
by the dotted line. The derived column density for CH,DOH is then Ny, = (1.1 £
0.2) x 10" cm™2. The LVG analysis (see Ceccarelli et al. 2003 and Sec. 2.3.2 for
further details) of the '*CH;OH emission indicates a source size of 071-0"2, Tiin
larger than 100 K and densities larger than 10° cm™ in agreement with the HDO
results reported by Codella et al. (2016b).

The column densities derived from the rotation diagrams were used to de-
rive the methanol D/H for the first time in the inner 100 au around a low-mass
protostar. When we assume a '>C/!3C ratio of 70 (Milam et al. 2005) at the galac-
tocentric distance of HH212 (~ 8.3 kpc), the D/H is consequently (2.4 + 0.4) X
1072. This value is in agreement with the upper limit of 0.27 derived by Lee et al.
(2017¢) using CH,DOH and three lines of CH3;OH. In addition, our measurement
is lower than previous values of CH,DOH in other Class 0 objects performed with
the IRAM-30m single dish, which indicate D/H ~ 40-60% (Parise et al. 2006).
Even taking into account that, as reported by Belloche et al. (2016), the column
densities of CH,DOH derived in Parise et al. (2006) were overestimated by a fac-
tor ~ 2 because of a problem in the spectroscopic parameters, the HH212 deuter-
ation is still one order of magnitude lower.

What are the reasons for this difference? To start with, the single-dish mea-
surements by Parise et al. (2006) are sampling regions > 2000 au: the D/H is
calculated assuming that the main isotopologue and the deuterated species come
from the same emitting source, but this cannot be verified with low angular resolu-
tions. This issue is overcome with high angular resolution observations, like those
presented here, which allow us to directly image the emitting region. Interestingly,
Jgrgensen et al. (2016) report a level of deuteration for glycolaldehyde of ~ 5 % in
IRAS16293 in Ophiuchus on 50 au scale. That said, a possible explanation for the
lower methanol deuteration measured for HH212 mm could be related to different
physical conditions during the formation of methanol on dust mantles during the
prestellar phase. A higher gas temperature reduces the atomic gas D/H ratio land-
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ing on the grain surfaces, and in turn reduces the deuteration of methanol. All the
sources observed by Parise et al. (2006) are located in the Perseus star-forming
region, which could have had experienced different conditions with respect to the
Orion B region where HH212 lies.
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Figure 4.7: Final [CH,DOH]/[CH3OH] abundance ratio in ices as a function of the tempera-
ture, as described by the Taquet et al. (2014) GRAINOBLE astrochemical model (V.
Taquet, private communication). Two densities are considered here: ny = 10> cm™
(dashed) and ny = 10% cm™ (solid). In both cases the higher the temperature, the
lower is the methanol deuteration.

Specifically, while in Perseus the dust temperature is about ~ 12 K (Zari et al.
2016), HH212 is located about one degree north of the high-mass star forming
region NGC 2024, and the dust temperature here is >16 K (Lombardi et al. 2014).
To verify this possibility, the observed results are therefore compared with the
prediction of methanol deuteration in interstellar ices obtained using the GRAIN-
OBLE astrochemical model (Taquet et al. 2012b, 2013, 2014). The code follows
the gas-ice interstellar chemistry through a 3-phase (gas, ice surface, ice bulk) rate
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equations approach initially developed by Hasegawa & Herbst (1993). Figure 4.7
shows the final [CH,DOH]/[CH;OH] abundance ratio in ices as a function of the
temperature for two different densities: ny = 10° cm™ (dashed) and ny = 10°
cm™ (solid). From Fig. 4.7 we note that the methanol deuteration is strongly
dependent on the temperature (assuming that gas and dust have the same temper-
ature). In particular, the [CH,DOH]/[CH3OH] abundance ratio decrease down to
one order of magnitude by increasing the temperature from 10 K to 20 K. For
temperature >16 K, the expected [CH,DOH]/[CH;O0H] abundance is fews 1072,
perfectly consistent with the value measured in this work D/H= (2.4 + 0.4) x 1072,
This agreement confirms the diagnostic value of molecular deuteration to recover
the physical conditions during the pre-collapse phase. Interestingly, we note that
according to Fuente et al. (2014) the methanol deuteration in the hot core in the
intermediate-mass star-forming regions NGC7129, FIRS 2 is ~ 2 %, and in Orion
massive hot cores the methanol D/H is between 0.8 x 107 and 1.3 x 107 (Peng
et al. 2012).

4.2.3 Emitting region of deuterated methanol

Figure 4.8 shows the channel maps of the two transitions observed during
ALMA Cycle 4, that is, at the highest spatial resolution presented here: '*CH;O0H
(124,11—-12¢,12)A and CH,DOH (16,1516, 15)01 (see Tab. 4.1). For both lines the
rightmost panels show the spatial distributions of the emission close to systemic
velocity. The remaining panels are for the blue- and redshifted velocities, imaged
up to +4 km s~!. We note that for CH,DOH the redshifted emission is partially
contaminated by the SO,(8,¢—7,7) emission (see Tab. 4.1 and Fig. 4.5).

The spatial distribution of the methanol isotopologues at the systemic veloc-
ity is elongated along the jet axis (PA = 22°). A fit in the image plane gives for
3CH;0H a beam-deconvolved FWHM size of 0718(0702)x0/12(0702) at PA =
33°. For CH,DOH we derived 0720(0702)x0"10(0702) and PA = 19°. These val-
ues correspond to FWHM sizes of 73x49 au ('*CH3;0H) and 81x41 au (CH,DOH).
Closer to the blue- and redshifted emission, we resolve a clear velocity gradient
parallel to the equatorial plane (see also Fig. 4.9) with shifts of + 0”1 = 41 au, in
the same direction as the HH212 disk rotation. The typical (beam-deconvolved)
size of the blue- and redshifted emission at +2 km s~! from the systemic veloc-
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Figure 4.8: Channel maps of the 13CH3OH(121,1 1—12¢,12)A (upper panels) and CH,DOH(16; 15—
16;,15)o1 (lower panels) blue- and redshifted (continuum subtracted) emissions ob-
served during ALMA-Cycle 4 towards the HH212 mm protostar. Each panel shows
the emission integrated over a velocity interval of 1 km s~! shifted with respect to the
systemic velocity (see the magenta channel, sampling the velocity between +1.5 km
s7! and +2.5 km s7!) by the value given in the upper-right corner. The black cross
(inclined in order to point the SiO jet direction and consequently the equatorial plane,
see Fig. 4.4) indicates the position of the protostar. The ellipse in the top left panel
shows the ALMA synthesized beam (HPBW): 0”15 x 0”12 (PA = —88°). First con-
tours and steps correspond to 30" (2.7 mJy beam ~! km s7!). Note that for CH,DOH
at velocities higher than +1.0 km s~! a further emission appears along the jet axes to
the north and to the south with respect to the CH,DOH emission. This is due to the
S0O,(82,6—71.7) emission line (see Tab. 4.1 and Fig. 4.5). which has been confirmed
to be a good tracer of outflowing material (Podio et al. 2015). Given that the velocity
scale has been derived by first fixing the CH,DOH frequency, the SO, emission looks
artificially red, but it is clearly blueshifted (see Fig. 4.5)

ity is 0722(0704)x0714(0704) and 0718(0702)x0710(0703), respectively, similar
to the size at V. Rotation has previously been noted in CH3;OH by Leurini et al.
(2016) from unresolved maps at lower resolution (=~ 076). The authors further
noted that emission centroids (fitted in uv-plane) moved away from the source,
and eventually away from the mid plane, at higher velocity, speculating that the
methanol emission is not dominated by a Keplerian disk or the rotating-infalling
cavity, and possibly associated with a disk wind. With the present images we
reach higher angular resolution, which allows us to refine the picture: the sys-
temic velocity looks arising mainly from two peaks at +0”05 = 20 au above and
below the disk plane (of which the centroids in Leurini et al. 2016 only traced the
barycenter). In addition, channel maps at +1 km s~! suggest redshifted emission
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peaking in the north and blueshifted emission peaking in the south, which is not
the direction we would naively expect for a disk wind from HH212 mm. Since
the jet axis is so close to the plane of the sky' this might perhaps still be explained
by non-axisymmetric structure in a disk wind, but synthetic predictions would be
needed to test this.

I L L
- 60 mas ' i
0.02 L along ! 1Z)CH:,)OH 7
: the disk plane ! (121’11_120,12)'6‘ 18
- |
BRI E
BN - I ] —
© i | {1 7
2 0.01 | | 142
i |
- I |
- I i
_ i 1
03 [ =Tlo
|
C .\=1\T,:|. 1 | ;I 1 | 1 L L7
-6 0 6 12

Visr (km S_1>

Figure 4.9: Comparison in flux density and in Tp scales (Tg/F, = 482.609 K Jy~!) between the
13CH3OH(121,11—120,12)A spectrum extracted at + (06 from the protostar (see Fig.
2: blue- and redshifted emission towards north-west and south-east, respectively) in
the direction along the equatorial plane (i.e. disk plane; Lee et al. 2017b). The vertical
dashed line stands for the systemic V gg velocity (+ 1.7 km s7!, Lee et al. 2014).

Alternatively, our data suggest that the emission could arise from accretion
shocks occurring at the centrifugal barrier associated with the accretion disk, and
heating the gas at temperatures around 100 K (Sakai et al. 2014b,a; Oya et al.
2016). The radial extent ~ 50 au of the observed red- and blueshifted emission
is indeed consistent with the dust disk radius ~ 60 au, recently resolved by Lee
et al. (2017b) at 850 um with ALMA. In this case, we would observe a thicker
accretion shock near the centrifugal barrier in HH212, as recently seen in C,H

IThe system inclination is 4° to the plane of sky, (Claussen et al. 1998; Lee et al. 2017b)
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in L1527 (Sakai et al. 2017). We may also have a contribution from a warm
disk atmosphere, emitting in the northern/southern portions of the accretion disk,
thicker than the dust atmosphere.

4.2.4 Single deuterated methanol CH;0D

We detect the CH;0D(6,_—6,,) line at 335.089660 GHz with upper level ex-
citations energy E, = 67 K with a S/N of ~ 5. In Figure 4.10 we show the spa-
tial distribution of the CH;0D emission integrated in velocity channels of 1 km
s~!, similarly to what reported in Fig. 4.8. The black contours show the emis-
sion close to the systemic velocity while the black cross indicates the position of
the protostar. The latter is inclined in order to point to the SiO jet direction and
consequently the equatorial plane. In blue/red is shown the blue- and redshifted
emission. Even if the line is weaker, the spatial distribution is in agreement with
the observed '*CH3;0H and CH,DOH emission, see Fig. 4.8. We derive a value
for the CH;0D column density of Ny, ~ 2 X 10'® cm™ , assuming a source size of
0719 and T,y = 176 K as derived for *CH;OH, and using the rotational partition
functions from Ratajczak et al. (2011).

We use the measure of the ratio between the two single deuterated methanol
isotopologues to test the current theory of methanol deuteration. Basically, ac-
cording to the grain chemistry statistical models of Charnley et al. (1997) and Os-
amura et al. (2004) the ratio of the isotopologues formed on the mantles, namely
the ratio between CH,DOH and CH;0D should be 3. However, this is not always
confirmed by the measurements in star forming regions (Ratajczak et al. 2011).
We compare the CH;0D column density with that of CH,DOH, derived using a
single line with an excitation energy close to that of the detected CH;OD line. In
particular we use the CH,DOH(6, 6—5¢ 5)e0 line observed in Cycle 1 (see Tab. 4.1)
to derive a column density of N, ~ 8 X 10!® cm™, assuming again a source size
of 0719 and T, = 176 K and correcting for the Cycle 1 beam dilution. The de-
rived value of [CH,DOH]/[CH;0D] is 3.5, in agreement with the statistical value
suggested by the grain chemistry models. This values seems to indicate that the
traced material is ejected from grain mantles and their abundances are still not
affected by gas-phase processes, consistent with the fact that we are sampling the
region around a Class O protostar in the earliest evolutionary phase. Note that to
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our knowledge this is the first [CH,DOH]/[CH3OD] measurements at such small
scales around a Class O protostar. Further observations are needed to confirm
these findings. For a more detailed discussion on the [CH, DOH]/[CH;OD] ratio,
see Section 5.2.8.
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Figure 4.10: Channel maps of the CH3;0D(6,-—6,,) blue- and redshifted (continuum subtracted)
emissions observed during ALMA-Cycle 4 towards the HH212 mm protostar. Each
panel shows the emission integrated over a velocity interval of 1 km s~! shifted with
respect to the systemic velocity (see the black channel, sampling the velocity of
+2 km s7!) by the value given in the upper-right corner. The black cross indicates
the position of the protostar. The ellipse in the top left panel shows the ALMA
synthesized beam (HPBW): 0715 x 0713 (PA = —88°). First contours and steps
correspond to 50 (1.0 mJy beam ~! km s71).

4.2.5 Conclusions on HH212 deuteration

The ALMA Cycle 1 and 4 observations allow us to measure methanol deuter-
ation in the inner 50 au of the jet-disk system associated with the Class 0 protostar
HH212, in Orion B. The deuteration is ~ 2 x 1072, a value lower than what previ-
ously measured using single-dish towards Class 0 protostars in Perseus. Although
we cannot exclude that single-dish observations are mixing different gas compo-
nents with different D/H values, our findings are consistent with a higher dust
temperature in Orion B with respect to the Perseus cloud. This confirms the diag-
nostic value of molecular deuteration to recover the physical conditions during the
pre-collapse phase. The emission is confined in a rotating structure which extends
at + 40 au from the equatorial plane and is elongated along the jet axis. Disk wind,
disk atmosphere, and accretion shocks could explain the observed images. Higher
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spatial resolution maps will be necessary to distinguish between these possibili-
ties.

4.3 1iCOMs and water in HH212: accretion shocks
and disk winds

The ALMA Cycle 1 and Cycle 4 datasets were further exploited to investigate
the iICOMs emission in the HH212-mm system. In particular, several transitions
of CH3CHO in Cycle 1 and Cycle 4 data and one transition of deuterated water
(HDO) in Cycle 4 observations have been analysed. The combination of water and
1COMs is obviously of paramount importance in the context of prebiotic chem-
istry. Note that in the following analysis HDO cannot be used to derive water
deuteration, given the lack of the main isotopologue observation. We instead used
HDO as a proxy to image water emission in protostellar systems on Solar-System
scales. The spatial distribution and the kinematics of the observed lines have been
used in order to determine the physical properties of the inner hot-corino region.

4.3.1 Line spectra and maps

We detected 14 CH3CHO emission lines (12 in Cycle 1, 2 in Cycle 4) and
one line of deuterated water (HDO) in the Cycle 4 dataset. Spectral line imaging
was achieved with the CASA?” package, while data analysis was performed using
the GILDAS® package. Positions are given with respect to the MM1 protostar
continuum peak located at (J2000) = 05" 43™ 51341, §(J2000) = —01° 02" 53”17
(e.g. Lee et al. 2014). Emission HDO and CH3CHO lines (see Tab. 4.2) were
identified using spectroscopic parameters extracted from the Jet Propulsor Labo-
ratory (JPL?, Pickett et al. 1998) molecular database. We also used the Cycle 1
SiO(8-7) and C*S emission at 347330.63 GHz and 337396.69 MHz (also from
JPL), respectively, as well as the continuum to show the direction of the jet, the
shape of the asymmetric cavity, and point to the protostar (Tabone et al. 2017).

2http://casa.nrao.edu
3http://www.iram.fr/IRAMFR/GILDAS
“https://spec.jpl.nasa.gov/
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Figure 4.11: CH3CHO and HDO line profiles in T} scale observed during the ALMA Cycle 1
and 4 (right panels) operations. Species, transitions, and upper level excitations (E,
in K) are reported (see Table 1). The vertical dashed line stands for the systemic
velocity vgys = +1.7 km s™! (e.g. Lee et al. 2014). Red curves are for the Gaussian
fits, which results are reported in Table 1. In some panels, vertical red segments
point out an additional CH;CHO line close to that centered at vsy. The CH,DOH
labels are for emission lines of the deuterated methanol, published by Bianchi et al.
(2017b). Some unidentified lines are also reported.
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Figure 4.11 shows the CH3;CHO spectra extracted from the protostellar posi-
tion: the profiles, fitted using the GILDAS package (see Tab. 4.2), are Gaussian-
like and the S/N of the T, is always larger than 6. The line excitation is high,
with E, from 163 K to 215 K. In addition, we detected, in the Cycle 4 spectra the
35,14, line of HDO, with E, = 335 K (S/N ~ 12). All the emission lines peaks
at velocities close to the systemic velocity and their Full Width Half Maximum
(FWHM) linewidths are between +5.1 km s™! and +6.6 km s™! in agreement with
the CH3;CHO and HDO lines detected at lower angular resolution by Codella et al.
(2016Db).

Figure 4.12 reports the spatial distribution of the CH;CHO(18, 17—17, 16)E and
CH;CHO(184,15—174.14)A emission (observed in Cycle 1) integrated over +£5 km
s! with respect to vy,,. These maps are representative of the spatial distribu-
tions of all the CH3;CHO lines detected in Cycle 1. The CH;CHO images were
not spatially resolved when observed by Codella et al. (2016b) using a beam of
~ (76, and the present Cycle 1 maps (~ 0”4) are still spatially unresolved. The
higher spatial-resolution Cycle 4 images allows us to resolve the size of the emit-
ting regions, which are quite roundish with the following diameters: 161+17 mas
(HDO), 205+25 mas (CH3;CHO-E), and 213+34 mas (CH;CHO-E).

4.3.2 Physical properties

The temperature and column density of CH;CHO have been derived using the
rotational diagram approach (Fig. 4.6), assuming Local Thermodynamic Equi-
librium (LTE) conditions and optically thin emission. We used both Cycle 1 and
Cycle 4 emission lines, assuming a source size of (718, following the maps of Fig.
4.12, and consequently correcting the observed intensities. We derived a temper-
ature of 78+14 K and column density of 7.6+3.2 X 10> cm™2. The temperature is
in a perfect agreement with the Cycle O results reported by Codella et al. (2015),
as well as consistent the temperatures of 165+85 K and 171+52 K derived from
methanol observations by Lee et al. (2017¢) and Bianchi et al. (2017b). On the
other hand, the column density is higher by a factor 4 with respect to what re-
ported by Codella et al. (2015), in agreement with the size of 0’3 assumed using
the unresolved Cycle 0 maps. The reliable measure of the CH;CHO column den-
sity reflects in an improved estimate of the CH;CHO abundance. As stressed in
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Figure 4.12: Left panel: The HH212 protostellar system as observed by ALMA-Band 7 during

Cycle 1. Blue/red contours plot the blue/redshifted SiO(8-7) jet and the C3*S(7-6)
asymmetric cavity (magenta and green contours) overlaid on the continuum at 0.9
mm (white contours). Positions are with respect to the coordinates of the MM1 pro-
tostar, reported in the text. The filled ellipse shows the synthesized beam (HPBW)
for continuum: 0736 x 0728 (—62°). The beam for the SiO and C34S images is:
0743x0!33 (—64°). First contours and steps for continuum are are 5o (1.5 mJy beam
~1y and 600, respectively. For SiO first contours and steps are 5o and 250, respec-
tively: the blue maps has been obtained by integrating down to 21 km s~! (10 =29
mJy beam ~! km s~!), while the red map collects emission up to +12 km s~! (1o =
23 mJy beam ~! km s7!). The C** map has been obtained by integrating the veloc-
ities from -1 km s™! to +1 km s™! with respect to the systemic velocity vy, = +1.7
km s~ (Lee et al. 2014): first contour and steps are 5o~ (10 mJy beam ~! km s7!)
and 30, respectively. Central panels: Zoom-in of the central region as observed by
ALMA-Band 7 Cycle 1: CH3CHO(181’17—171!16)E and CH}CHO(184‘15—174J4)A
emission integrated over +5 km s~ with respect to Vs (black contours). First con-
tours and steps are 30 (18 mJy beam ~! km s~!). The HPBWs are 0741 x (0”33 (-64°)
for CH;CHO(18,,17—17 16)E, and 0744 %033 (—63°) for CH;CHO(184,15—174,14)A.
The black triangle is for the MM1 coordinates, while the tilted cross indicated both
the directions of the jet and of the equatorial plane. Right panels: Further zoom-in of
the central region, as observed by ALMA-Band 7 Cycle 4, showing the HDO(33 ;—
4,,5), CH3CHO(18y,13—17¢,17)E, and CH3;CHO(18;13—17,17)A. emission integrated
over 10 km s™! around vy, (Upper panels; black contours). First contours and steps
are 30 (14 mJy beam ~! km s~!). The HPBW is 0”15 x 0712 (PA = -88°). The
corresponding first moment maps are reported in colour scale in the Lower panels.

Contours are from 0 km s~! to +4 km s~! by step of 0.5 km s~!.
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Figure 4.13: Upper panel: Rotation diagrams for CH3;COH, derived using both Cycle 1 (black
points) and Cycle 4 (red) data. An emitting region size of 0”18 is assumed (see
text). The parameters Ny, g, and E,, are, respectively, the column density, the
degeneracy and the energy of the upper level. The derived values of the rotational
temperature and total column density are reported. Lower panel: LVG predictions
of the temperature versus HDO column density required to reproduce the observed
velocity-integrated emission (solid curves; see Tab. 4.2) densities of: 108 cm™
(blue), 10° cm™ (magenta), and 10'© cm™3 (red). Dashed lines are for the optical
depth (v = 0.3 and 0.4), increasing with column density. A source size of (/18 is
assumed. The grey zone is for the temperature derived from CH3;CHO (see upper
panel).
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Table 4.2: CH;CHO and HDO emission lines detected towards HH212-mm during Cycle 1 and
Cycle 4 observations.

Transition® Vo @ E, ¢ Sijp? s Tpea Vpeak > FWHM? L ®
(GHz) (K) DY (K) (K) (kms™) (kms) (Kkms™)
Cycle 1
CH;CHO 18,1753 A 347.2883 215 210 02 13(02) +1.7(-)° 50(-° 6.8(0.4)
CH;CHO 185,5-17510 A 3472949 215 210 0.1 1.1(02) +17() 50(=)° 58(0.2)
CH;CHO 183,16-17555 A 347.5192 179 221 02 1.4(0.2) +0.9(0.3) 6.6(0.7) 10.1(0.9)
CH;CHO 18361735 E  347.5633 179 221 0.1 14(02) +1.5(0.1) 51(02) 7.7(02)
CH;CHO 1845—17,14 A 347.6504 195 216 04 1.5(02) +1.4(0.4) 55(0.8) 8.7(1.3)
CH;CHO 184,5-17, 4 E 3477563 194 213 02 15(02) +1.7(=° 6.3(0.5) 10.2(0.7)
CH;CHO 184,17, E 347.8310 195 213 0.1 13(0.1) +1.7(02) 53(04) 7.1(0.5)
CH;CHO 184,—17,;3 A 347.8390 195 213 0.1 14(0.1) +0.5(0.1) 59(03) 8.8(0.3)
CH;CHO 183,5-175.4 A 350.1334 179 221 . .
CH3CHO 183,5-17; 4 E  350.1344 179 221 L1 3100 +L76F 500 16.32.3)
CH;CHO 18, ,,-17, s E  350.3628 164 226 02 19(0.2) +1.3(02) 52(0.3) 10.6(0.6)
CH;CHO 18,7176 A 3504458 163 226 0.5 24(04) +1.7(>° 50(=° 125(1.2)
Cycle 4
HDO 33,4, 3353955 335 04 05 162(1.3) +2.1(0.1) 6.6(0.2) 101.6(1.9)
CH;CHO 18,5-1797 E 3353181 155 227 0.6 85(1.3) +3.0(02) 53(02) 47.8(2.6)
CH;CHO 18y5—170;7 A 335.3587 155 227 1.1 9.6(1.3) +2.9(02) 56(0.5 57.3(4.5)

¢ Frequencies and spectroscopic parameters have been extracted from the Jet Propulsion
Laboratory molecular database (Pickett et al. 1998) for all the transitions. Upper level

energies refer to the ground state of each symmetry.  Gaussian fit. ¢ Assumed.
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Codella et al. (2015) the continuum emission, being optically thick (see e.g. Lee
et al. 2017b, and references therein), cannot be used to derive a N(H,) estimate.
However, assuming H, column densities around 10** cm™2, which is a typical val-
ues for hot-corinos in Perseus and in B335 (Taquet et al. 2015, Imai et al. 2016),
we can infer Xcp,cuo = 8 X 107°. This is in good agreement with the CH;CHO
abundance found in a region within a few 10 au around the B335 protostar using
ALMA (2 x 107%; Imai et al. 2016).

The HDO emission has been analysed using a non-LTE LVG model (see Cec-
carelli et al. 2003 and Sec. 2.3.2), assuming collisional coefficients for the sys-
tem HDO-H, computed by Faure et al. (2012). A Boltzmann distribution for the
ortho-to-para H, ratio, in agreement with the Faure et al. (2012) computations,
showing that para-H, and ortho-H, collisional coefficients are different only at
temperatures < 45 K. With respect to Codella et al. (2015), we can now use the
measured size of 07 18. Figure 4.6 (lower panel) shows the LVG predictions in the
Twin—N(HDO) plane for densities for 103 cm™ (blue), 10° cm™ (magenta), and
10'° cm™ (red; representing the LTE regime). Assuming N(HDO)/N(H,0) < 0.1,
Xm0 =3 X 1073; see Taquet et al. 2015), and the source size of 0718, then Fig.
4.6 shows that only densities of at least 103 cm™ are possible, leading to N(HDO)
< 3 x 107 cm™. Indeed, densities of 10’ cm™ would imply N(HDO) < 3 x
10'® cm~2, i.e. values ruled out by the LVG solutions in Fig. 4.6. With a density
of 108 cm™ the opacity of the HDO line is 0.3, while lower values are expected
for higher densities. We note that the temperatures derived from CH3;CHO (grey
region) are consistent with the solutions found with HDO.

In conclusion, the present dataset allow us to further constrain (with respect to
Codella et al. 2015) the physical properties associated with HDO and CH;CHO:
Twin = 78+14 K and ny, > 108 cm™.

4.3.3 Kinematics

The study of kinematics is instructive: Fig. 4.12 (lower panels) reports the
distribution of the 1** moment of the HDO and CH3;CHO Cycle 4 images. We de-
tect a velocity gradient (+ 2 km s~! with respect to the systemic velocity) directed
along the equatorial plane, consistent with both the gradients detected in the en-
velope and in the disk (e.g. Wiseman et al. 2001; Lee et al. 2014, 2017c; Codella
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Figure 4.14: Channel maps of the HDO(33;—4,,) (upper panels) and CH3CHO(1813—170.17)
E&A (lower panels) blue- and redshifted (continuum subtracted) emissions ob-
served during ALMA-Cycle 4 towards the HH212-mm protostar. Each panel shows
the emission integrated over a velocity interval of 1 km s~! shifted with respect to
the systemic velocity (see the magenta channel, sampling the velocity between +1.5
km s7! and +2.5 km s7!) by the value given in the upper-right corner. The black
cross (inclined in order to point the SiO jet direction and consequently the equato-
rial plane, see Fig. 4.12) indicates the position of the protostar. The ellipse in the top
left panel shows the ALMA synthesized beam (HPBW): 0”715 x 0712 (PA = —88°).
First contours and steps correspond to 30 (4.5 mJy beam ~! km s~! for HDO and
3.0 mJy beam ~!' km s~! for CH;CHO).
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Figure 4.15: HDO(33 1—4»,) (Upper) and C'"O(3-2) (Lower) channel maps emitting veys+ 2-3
km s~! (blue and red) overlaid on top of the disk traced by Lee et al. (2017b) using
ALMA-Band 7 continuum observations (grey scale). C'70(3-2) emission (a tracer
of the HH212 disk at those velocities, se also Codella et al. (2014) has been also
observed within the present Cycle 4 dataset (Tabone et al. 2017). First contours and
steps correspond to 30~ (60 mJy beam™! km s~! for HDO and 73 mJy beam™' km
s~! for C!70) and 50, respectively.
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et al. 2014, Leurini et al. 2016), i.e. blueshifted towards north-west and redshifted
towards south-east. redshifted towards south-east. Additional information is com-
ing from the channel maps (Fig. 4.14): the emission at v,y looks elongated along
the jet axis. The sizes of the emitting regions are, within the errors, consistent:

e 161(17)x103(18) mas (72x46 au; HDO);
e 213(34)x129(33) mas (99x58 au; CH;CHO-A);
e 209(25)%x98(26) mas (94x44 au; CH;CHO-E).

At higher velocities we clearly spatially resolve both the red- and blueshifted
regions, that have sizes similar to those derived at systemic velocity, and moves
away from the jet axis revealing the velocity gradient. These spatial sizes well
overlap with the disk, traced by Lee et al. (2017b) using ALMA continuum emis-
sion in Band 7 with a spatial resolution of 8 au (see Fig. 4.15). Although com-
parisons between images taken at different angular resolutions have to be taken
with a pinch of salt, the present molecular suggest that HDO and CH3;CHO comes
from a radius consistent to that (60 au) of the dusty disk around the protostar.
However, the HDO and CH;CHO channel maps do not show (within the present
spatial resolution), a trend expected for inner envelopes (v ~ r~!) or self-gravitating
disks (v ~ r~/2), where higher velocities the positions of the blue- and redshifted
clumps are getting closer. Such a trend was indeed observed using C!”O(3-2) and
HCO*(4-3) as observed at (0’6 angular resolution by Codella et al. (2014) and Lee
et al. (2014), respectively, revealing a rotating molecular disk. Figure 4.15 com-
pares the spatial distribution of HDO at velocities® vy, + 2-3 km s~ with that of
C!70(3-2) as observed in the same dataset presented here. Clearly, HDO is more
compact that C!”0, that is more elongated along the equatorial plane confirming
that are tracing different gas.

In the light of these results: what is the origin of the hot, dense, chemically
enriched, and rotating gas, and extended up to + 40 au with respect to the HH212
disk plane? In light of recent investigations on protostellar systems (Lee et al.
2017c, Sakai et al. 2017), different scenarios can be discussed:

5 These velocities are those that allow one to trace the disk given that, at velocities closer to
Vgys, the emission is dominated by the molecular static cloud.
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e we are observing the so-called disk atmosphere reported by Lee et al. (2017¢),
who imaged CH30H and NH,CHO (among other species) with a spatial
resolution of 8 au. The authors found that these iCOMs trace the outer lay-
ers (i.e. the atmosphere) of the disk rotating around HH212-mm within the
centrifugal barrier of ~ 44 au. The iCOMs emission detected by Lee et al.
(2017¢) shows no extended emission, but is rather imaging two thin (~ 50
mas) layers above and below the opaque mid-plane of the disk, at + 50 mas.
The maps here reported follow the iCOMs vertical distribution up to about
+ 100 mas from the equatorial plane. A possible explanation is that they
are tracing in HDO and CH3CHO the same components, convolved at a
larger beam, that makes us see a unique structure instead of two thin layers.
However, we cannot exclude that HDO and CH3;CHO are complementing
the CH3;0H and NH,CHO images on spatial scales, larger than those by
Lee et al. (2017c), tracing more extended emission. Note that Bianchi et al.
(2017b), using the present ALMA dataset, found very similar images for
3CH;O0H. In both cases, we confirm that iCOMs around the HH212 pro-
tostar are either formed directly in the external layers of the disk itself and
then injected into the gas-phase by thermal desorption, or formed in the gas-
phase using simpler species released from grain mantles (e.g. Codella et al.
2017, and references therein, for a recent discussion on this question).

e we are observing the centrifugal barrier, i.e. the chemical enrichment in
the ring where the infalling envelope meets the rotating disk. Indeed, the
Position-Velocity (PV) diagrams obtained from the HDO and CH;CHO im-
ages perpendicular to the jet axis and along the equatorial plane (Fig. 4.16)
are well consistent with the classical shape expected from a ring around
the protostar, i.e. with the projected velocity proportional to the position
offset from the protostar (see e.g. Sakai et al. 2014b,a, 2016, 2017; Oya
et al. 2016, Lee et al. 2017c, and references therein). Figure 4.16 suggests
a radius for the centrifugal barrier of =~ 015 (60 au) for CH;CHO: consid-
ering the different angular resolution the present PVs are in agreement with
the ~ 0711-0"12 derived by Lee et al. (2017c). Interestingly, the vertical
size of the iCOMs structure is consistent with the results obtained for the
L1527 protostar by Sakai et al. (2017): a fraction of the gas moves away
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Figure 4.16: Position-velocity cut of HDO(33;—4,,) colour scale, magenta contours) along the
equatorial plane (PA = 112°, see Fig. 1) overlap with that of the CH;CHO(18; ;3—
170.17)-E (upper panel) and CH3;CHO(18¢,15—17¢,17)-A (lower panel), drawn in white
contours. First Contours and steps correspond to 30~ (3.1 K km s™!). Dashed lines
mark the position of HH212-mm protostar and the cloud Visg (+1.7 km s7!; Lee
et al. 2014). The error bars are drawn In the bottom-right corners.

slowly® from the mid-plane of the centrifugal barrier towards vertical di-
rections. Figure 4.16 suggests that this effect could be more important for
HDO, since it is showing a slightly wider distribution (+ 072) with respect
the CH3CHO one. Indeed, the possibility for HDO to be associated with
outflowing motion has been already proposed by Codella et al. (2016b) by
analysing the line profiles of ALMA data at lower (~ 0”6) spatial resolution.

bprojected velocities around + 1 km s~!, being the L1527 system edge-on, as HH212.
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4.3.4 Conclusions on iCOMs

The results of the present work confirms that astrochemistry is a powerful tool
that can be used to image kinematical components occurring the inner 50 au from
the newly born protostar. In particular, we show that water (in its deuterated form)
and acetaldehyde are formed in regions associated with the disk, tracing a ring-like
structure wich extends up to + 60 au, in agreement with what previously found by
Lee et al. (2017c¢) for formamide. The gas associated with HDO and CH;CHO is
hot, Ty, = 78+14 K, and dense, ny, > 108 cm™.

The present images shows iICOMs emission up to 40 au above and below the
disk plane. Are these iCOMs outflowing, thus leaving the protostellar system?
Interestingly, both the HDO and CH3OH peaks of the emission at low blue- and
redshifted velocities, £ 1 km s™! from vy, are significantly offset from the equa-
torial plane. The red emission lies at north-east while the blue one mainly emits at
south-west. This is found also in the *CH;OH images reported by Bianchi et al.
(2017b). This effect is clearly inconsistent with the jet, and it cannot be a signature
of a disk wind, recently modeled in HH212 using SO and SO, emission by Tabone
et al. (2017). Indeed a disk wind should show a kinematical pattern coherent with
both the jet and the outflow which have northern/southern blue-/redshifted lobes.
Detailed models of MHD disk winds are required to further analyse this aspect.

On the other hand, by inspecting the asymmetric cavity opened by the jet and
well traced by C**S in Fig. 4.12 (see also Codella et al. 2014), we clearly note
that the emission at = 1 km s™' from v,y is brighter exactly in the north-east and
south-west portions of the arms close to the protostar. In light of this, it could be
tempting to speculate that the HDO and CH;OH peaks at vy = 1 km s™" are due
to slow shocks releasing material outwards as suggested by Sakai et al. (2017). If
so, this would imply that (1) the enriched gas could contribute to extract angular
momentum from the protostellar system, and (ii) iCOMs, i.e. potential bricks to
be used for a prebiotic chemistry would leave the region where a planetary system
is expected to form. Clearly, further interferometric high resolution observations
are needed to verify this possibility (see Chap. 7).






Chemical complexity in a later
Class I protostellar stage

As reported in Sec. 4, the emission of iCOMs and deuterated molecules can
provide precious information on the chemical and physical properties of Class 0
sources and they can be used as a sort of Ariadne thread to reach the later evo-
lutionary stages, i.e. the cradle of Solar System analogs (Ceccarelli et al. 2014).
However, while deuterated molecules have been detected towards the early stages
of the Sun-like star formation (i.e. prestellar cores and Class 0 objects) as well as
in the Solar System, no clear result has been obtained for intermediate evolution-
ary phases (Class I and II objects). In the same way, iCOMs have been detected
towards the early stages (prestellar cores, Class 0) and the Solar System, demon-
strating the existence of efficient pathways to chemical complexity. Nevertheless,
the iCOMs observations in the intermediate stages (Class I / Class II) are still far
to be comprehensively investigated.

In this Section, we present the observation of deuterated formaldehyde and
methanol as well as several iICOMs (e.g. ketene, acetaldehyde, methyl formate
and dimethyl ether) in the Class I object, SVS13-A. The results presented in this
Section are reported in Bianchi et al. (2017a) and Bianchi et al. (in preparation).
The source was observed between 2012 and 2014 in the context of the ASAI
IRAM-30m large program (see Sec. 3.2).

75
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5.1 The SVS13-A Class I laboratory

SVS13-A is a Class I protostar located in the SVS13 cluster of the NGC 1333
cloud in Perseus. Since the discovery of the first dark clouds by Barnard (1913),
the Perseus region has received increasing attention and has been extensively in-
vestigated at many wavelengths at a variety of resolutions. In particular, the young
cluster NGC 1333 is one of the best studied and the most active region of star
formation in the Perseus cloud. The region is rich in sub-mm cores, embedded
YSOs, radio continuum sources, masers, IRAS sources, SiO molecular jets, H,
and Herbig-Haro shocks, molecular outflows, and the lobes of extinct outflows
(see e. g. Walawender et al. 2008, Tobin et al. 2016 and references therein).
The eastern portion of the cloud contains the star forming cloud BS5, a young (2
— 4 Myr) cluster IC 348 and a diffuse Hu region (G159.6-18.5). The western
portion of the Perseus cloud is associated with the most active sites of current
star formation, including the NGC 1333 cluster, the small stellar aggregates as-
sociated with Barnard 1 (B1), L1448, 1.1455, and additional cloud cores which
are producing smaller groups of young stars. Figure 5.1 (left panel, from Bally
et al. 2008) shows an overview of the Perseus star forming region in which the
NGC 1333 cluster is highlighted. Submillimeter observations of its southern re-
gion revealed many bright Class 0O/I objects, including SVS13, IRAS 2, IRAS 4
and their individual components (see Figure 5.1 from Plunkett et al. 2013, right
panel). Early surveys were performed using single-dish telescopes to explore the
dust envelopes of the IRAS objects and in some cases resolve them into multiple
sources, for example for IRAS 4 which was first resolved into two objects 4A
and 4B (Sandell et al. 1991). Further observations of the region pointed toward
the importance of outflows for the distribution of the matter in NGC 1333. For
example, Lefloch et al. (1998a) mapped the southern region of NGC 1333 at 1.3
mm using the IRAM-30 m telescope revealing two cavities in the region, related
to the action of the outflows from the newly formed stars (see Figure 5.2.)
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More specifically, SVS13-A is associated with an extended outflow (> 0.07
pc, Lefloch et al. 1998a, Codella et al. 1999) as well as with the well-known
chain of Herbig-Haro (HH) objects 7-11 (Reipurth et al. 1993). The accurate
distance of the SVS13 region (235 + 18 pc) has been derived using VLBI parallax
measurements of masers associated with this object (Hirota et al. 2008). IRAM-
30m observations revealed that the SVS13 star forming region itself is associated
with a Young Stellar Objects (YSOs) cluster dominated in the millimeter by two
objects labelled A, and B, respectively, separated by ~ 15”. SVS13-B has been
first tentatively detected by Grossman et al. (1987) and then confirmed by Chini
etal. (1997). A third source SVS13-C is located at a distance of 20” from A (Chini
et al. 1997). The embedded objects in NGC 1333 identified in single-dish maps
have been successively observed at higher resolution using various interferometers
to improve understanding of their small scale structure and to look for further
multiplicity. As an example, a significant number of the deeply embedded objects
in NGC 1333 including the SVS13 region were targeted by Looney et al. (2000)
with the BIMA array survey (see Figure 5.4). The region was found to be even
more complex with the detection of additional nearby sources thanks to further
radio observations. In particular the source SVS13-A has been resolved itself into
a close binary system, separated by 0”3 using the Very Large Array (Rodriguez
et al. 1999; Anglada et al. 2000).

Interestingly, SVS13-A and SVS13-B are associated with two different evolu-
tionary stages. On the one hand, SVS13-B is a Class 0 protostar with Ly, =~ 1.0
Lgy, (e.g. Chen et al. 2009; Tobin et al. 2016) driving a well collimated SiO jet
shown in Fig. (Bachiller et al. 1998; Lefloch et al. 1998b).

On the other hand, SVS13-A is definitely more luminous (= 32.5 Ly,,, Tobin
et al. 2016) and has a low Lgypmm/Lvor ratio (~ 0.8%) and a high bolometric tem-
perature (T, ~ 188 K, Tobin et al. 2016). Thus, although still deeply embedded
in a large scale envelope (Lefloch et al. 1998a), SVS13-A is considered a more
evolved protostar, already entered in the Class I stage. Recently a systematic study
of SVS13-A has revealed the presence of a hot-corino region with the detection
of HDO (Codella et al. 2016a) lines originating in a very compact and hot re-
gion around the protostar. Indeed De Simone et al. (2017) imaged glycolaldehyde
emission around SVS13-A using IRAM-NOEMA interferometer, obtaining a size
of 0”3 corresponding to ~ 70 au. For all these reasons, SVS13-A is an almost
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Figure 5.2: Continuum emission at 1.25mm of the NGC 1333 star forming region obtained with

the IRAM-30m radiotelescope (Lefloch et al. 1998a). The map is centered on the
(here unresolved) SVS13 object, indicated by the star and it has an angular resolution
of 15”. The continuum emission reveals not only conspicuous dust envelopes and
cores associated with the protostars IRAS4A-B, IRAS2 and SVS13 but also the pres-
ence of material associated with the protostars outflows. Cavl indicates the cavity
opened to the southeast of SVS13 and situated between the HH 7-11 chain of objects
(marked by black stars) and the SVS13 southern elongation. Corl, and Cav?2 indicate
the positions of the core and cavity also present in the region. The molecular outflows
and the H, filaments are indicated by dashed lines (see Lefloch et al. 1998a for de-
tails). Note that in Lefloch et al. (1998a) the right ascension and the declination refer
to the B1950 coordinates.
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Figure 5.3: SiO (2-1) emission observed with the IRAM-30m telescope superposed upon an H,
2.12 mm map of the region around the SVS13, IRAS 2, and IRAS 4 protostars in
NGC 1333 (Lefloch et al. 1998b). The angular offsets are derived with respect to
the position of the SVS13 system. Red squares indicate the position of the proto-
stars while blue and red contours are tracing the velocity integrated emission of the
blueshifted/redshifted high-velocity gas. The high-velocity SiO emission traces the
bipolar outflow emanating from IRAS 4A and the SVS13-B outflow, which propa-
gated from the south of the SVS13 core to the southwest of IRAS 4. The bright-
ness emission of the quiescent SiO component is traced in thick black contours,
widespread around the HH 7-11 objects and coincident with the SVS13-B outflow.
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Figure 5.4:

Figure 5.5:
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Continuum interferometric observations at 2.7 mm of the SVS13 region, performed
with the BIMA array (Looney et al. 2000). In the map are indicated the two objects
labelled A, and B, respectively, separated by ~ 15" and the third fainter object SVS13-
C, at a distance of 20" from A.
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Glycolaldehyde maps of the source SVS13-A obtained with the IRAM-Plateau de
Bure (PdB) interferometer in the framework of the CALYPSO IRAM large program
(De Simone et al. 2017). In particular the maps show the comparison between the 1.4
mm continuum (white contours) and the glycolaldehyde spatial distributions (colour
scale and green contours). On the left panel the glycolaldehyde distribution refers to
the sum of the 76,651 and 76 165, with E, = 37 K. On the right panel to the 22, 5,
2140 emission with E,, = 135 K. The detection of glycolaldehyde is an evidence of
the presence of a hot-corino region n (i.e. 100 K in the inner 100 au) in SVS13-A.
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Figure 5.6: SVS13 region as observed with IRAM-PdBI at 3mm in dust continuum, from Chen
et al. (2009). Cross in the images marks the position of the radio source VLA 3
(Rodriguez et al. 1997). The synthesized PdBI beam is shown as grey oval in the
image. The superposed red circles show the IRAM-30m telescope HPBWs referring
to the ASAI observations at 1, 2 and 3mm and corresponding to a size of 10", 20”
and 30", respectively.

unique laboratory to investigate how deuteration change from the Class O to the
Class I phases.

5.2 Decrease of deuteration in Class I objects

In this Section we present the results of formaldehyde and methanol deutera-
tion measurements towards the Class I low-mass protostar SVS13-A. This section
is based on the work presented in (Bianchi et al. 2017a). SVS13-A has been ob-
served with the IRAM-30m telescope near Pico Veleta (Spain), in the framework
of the Astrochemical Surveys At IRAM (ASAI) Large Program.
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Figure 5.7: Figure from Bianchi et al. (2017a). Examples of line profiles in Ty scale (not cor-
rected for the beam dilution): species and transitions are reported. The vertical dashed
line stands for the ambient LSR velocity (+ 8.6 Km s~!, Chen et al. 2009)
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5.2.1 Line identification

Line identification has been performed using a package developed at IPAG
which allows to identify lines in the collected ASAI spectral survey using the
Jet Propulsor Laboratory (JPL!, Pickett et al. 1998) and Cologne Database for
Molecular Spectroscopy (CDMS?; Miiller et al. 2001, Miiller et al. 2005) molecu-
lar databases. We double checked the line identifications with the GILDAS Weeds
package (Maret et al. 2011). We detected several lines of H)>CO, HDCO, D,CO,
3CH3;0H and CH,DOH (see Tables 5.1 and 5.2). '3CH;OH is a species with in-
ternal rotation, divided in two A-type and E-type forms because of the presence
of a methyl group (CH3). The total statistical weight of the A and E type levels
is the same (Turner 1991 and references therein). For CH,DOH the fundamental
torsional level is further divided into three sub-levels indicated with e0 (0 K), el
(13.4 K) and o/ (18.3 K) (Parise 2004). On the other hand, H}?CO and D,CO
exist in two isomers, ortho and para, that have different nuclear spin states. The
statistical o/p ratio is 3:1 for H?CO and 2:1 for D,CO. These values are expected
beyond the so called high-temperature limit, which can be analytically approx-
imated by hA << kT for asymmetric-top molecules as formaldehyde, where A
(Hz) is the largest rotational constant of the molecule.

Examples of the detected line profiles in Ty;p scale are shown in Figure 5.7.
The peak velocities of the detected lines are between +8 km s~! and +9 km s7!,
being consistent, once considered the fit uncertainties, with the systemic velocity
of both A and B component of SVS13 (+8.6 km s~!, Chen et al. 2009; Lépez-
Sepulcre et al. 2015). We fitted the lines with a Gaussian function, and excluded
from the analysis those lines with [V - Vgl > 0.6 km s~! plausibly affected
by line blending. We select for the analysis only the lines with a signal to noise
(S/N) higher than 40. The spectral parameters of the detected lines, as well as the
results from the Gaussian fits, are presented in Tables 5.1 and 5.2, where we report
the frequency of each transition (GHz), the telescope HPBW (), the excitation
energies of the upper level E,, (K), the Sy product (D?), the line rms (mK), the
peak temperature (mK), the peak velocities (km s~'), the line full width at half
maximum (FWHM) (km s~!') and the velocity integrated line intensity i, (mK

Thttps://spec.jpl.nasa.gov/
2http ://www.astro.uni-koeln.de/cdms/
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Figure 5.8: Figure from Bianchi et al. (2017a). Distribution of the linewidth (FWHM) of the
observed HDCO and D,CO lines. Cyan is for D,CO and blue hatched is for HDCO.

km s7!).

5.2.2 Formaldehyde isotopologues

We report the detection of several lines of H,CO and its isotopologues H}*CO,
HDCO and D,CO. The measured intensity ratio between the low energy transi-
tions of H,CO and H}’CO (as e.g. the 3;5-2,, at E,, = 32 K), is ~ 25, a value
well below the median value for the interstellar medium of '>C/13C ~ 68 (Milam
et al. 2005). This indicates that the observed H,CO are optically thick. We use
thus H)’CO to derive the formaldehyde deuteration.

We detected 7 lines of H}?CO, 5 lines of HDCO and 5 lines of D,CO, with ex-
citation energies, E,,, in the 1045 K range. Examples of the detected line profiles
are shown in Figure 5.7; the detected transitions and the observational parameters
are displayed in Table 5.1 and Table 5.2. The lines profiles are close to a gaussian
shape and the peak velocities are close to the systemic source velocity with values
between +7.8 km s™! and +9.0 km s~! while the FWHM is between 0.9 and 2.5 km
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Figure 5.9: Figure from Bianchi et al. (2017a). Tentative detections of emission due to CHD,OH
(left panel) and CH3OD (right panel) transitions. Transitions and upper level energies
are reported. Red curves are for the Gaussian fit. Note that the middle-upper panel
reports emission due to two different transitions (see the red vertical bars).

s~!. Three lines of H)*CO (with frequencies 137.45 GHz, 141.98 GHz, and 146.64
GHz) and one line of HDCO (with frequency 134.2848) are detected in the 2 mm
band and they are affected by contamination of emission in the off positions (see
Sec. 3.2 for details on the observing techniques), consistently with the analysis
reported by Lopez-Sepulcre et al. (2015), using ASAI spectra. The contaminated
lines correspond to a size of the telescope HPBW > 16”. In these cases the mea-
sured intensities will be treated as lower limits in the rotational diagram analysis
(see Sec. 5.2.6). For the D,CO, only one line is detected at 2 mm but it does
not show any absorption feature due to the wobbler contamination (see Chap. 3).
This can be an indication of a more compact region emitting in D,CO with respect
to that of HDCO emission. A similar behaviour has been observed in a different
context by Fuente et al. (2014) towards the intermediate-mass Class 0 protostar
NGC 7129-FIRS 2. They detected, using interferometric observations, an intense
and compact D,CO component associated with the hot core. On the other hand
Ceccarelli et al. (2001) detected in the low-mass Class O protostar IRAS16293-
2422, an extended D,CO emission (up to ~ 5000 au), associated with the external
envelope. The present data do not allow us to draw reliable conclusions on the
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Figure 5.10: Figure from Bianchi et al. (2017a). Upper panel: The 1o and 20 contour plot of
x? obtained considering the non-LTE model predicted and observed intensities of
all the detected ortho *H,CO lines. The best fit is obtained with N('*H,CO) = 5.5
x 102 cm™2, 6, = 5", Ty, = 20 K and ng, > 7 x 10° cm™. Lower panel: Ratio
between the observed line intensities with those predicted by the best fit model as a
function of line upper level energy Ep.

relative size of the two deuterated formaldehyde isotopologues. However, in the
case of SVS13-A a more compact size is suggested by the broader line profiles of
D,CO with respect to HDCO (see Figure 5.8). In Figure 5.8 we show the distri-
bution of the linewidths of the detected HDCO lines in hatched blue and D,CO
lines in cyan. The bulk of the HDCO lines has a FWHM between 1.5 and 2.0
km s~! while for the D,CO the peak of the distribution is in the 2.0-2.5 km s™!
range. Interestingly, three lines of low excitation (E,, < 35 K) of H)’CO (with
frequencies 212.81 GHz, 206.13 GHz and 219.91 GHz) and all the HDCO lines
(except for the line in the 2 mm band) show weak (~ 30 mK) wings clearly in-
dicating emission due to outflows that we analyse separately from the main line
component.

5.2.3 Methanol isotopologues

Similarly to formaldehyde, the detected lines of CH;OH are optically thick.
We verified it through the measured ratio between the intensities of CH;OH and
BCH;0H (as e.g. the 5, 5—4 4 + + at E,, = 49 K) that is ~ 2. For this reason also
in this case, we use 3*CH3;O0H to calculate methanol column density. In the case
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Figure 5.11: Figure from Bianchi et al. (2017a). Left panel: The 1o (in red) and 20 (in blue)
contour plot of y? obtained considering the non-LTE model predicted and observed
intensities the detected *CH;CO lines with Ey, > 40 K. The best fit is obtained
with N(3CH3;0H) =9 x 10' cm™2, 6, = (//3, Ty, = 80 K and gy, > 3 x 10" cm .
Right panel: Ratio between the observed line intensities with those predicted by the
best fit model as a function of line upper level energy E,. Circles refer to 3CH;CO
A transitions while stars refer to E transitions.

of methanol, the process of line identification was more complex than formald-
heyde. This is due to the very rich spectra observed with ASAI towards SVS13-A
with a consequent challenging lines identification for a complex molecule such
as CH;OH. In addition to the criteria summarized in Sec. 5.2.1, we further re-
quire FWHM > 2 km s~! to discard any possible false identification. We report
the detection of 18 transitions of '*CH;OH and 27 lines of CH,DOH with ex-
citation energies in the 20-276 K range. Examples of the detected line profiles
for methanol isotopologues are shown in Figure 5.7. The spectral parameters and
the results of the gaussian fit are shown in Tables 5.1 and 5.2. The line profiles
are broader than for formaldehyde isotopologues, with a FWHM up to 5.4 km
s~!. None of the observed profiles show absorption features due to the wobbler
contamination, pointing to an emitting region smaller than formaldehyde.

Interestingly, we detect two different transitions of both CHD,OH and CH;0D
with E,, between 33 K and 77 K (see Table 5.1 and Figure 5.9). The peak ve-
locities are consistent with the systemic source velocity and the FWHMs are in
agreement with those of the lines from the other methanol isotopologues.



Chapter 5. Chemical complexity in a later Class I protostellar stage 89

25.0 .
13
24.5 H2"CO source size = 10"
240 T= 23(4)K
: N= 25(6) 10" cm~2 |
23.5
2
o 23.0
3
Z 225
IS ()
22.0 blue wing
T= 12 Kassumed
21.5 N= 9100 cm~2 }
21.0
20.5 L L L L L L L L
5 10 15 20 25 30 35 40 45 50
Eup(K)
28 :
271 HDCO source size = 10"
261 T= 15(2) K
N= 9(3) 10" cm~2
251
§ 24 | []
é 231 blue wing
= T= 12(7) K

2ol N=9(15)10" ecm™2

21 red wing
T= 12(8) K
20l N=6(12)10" cm™2

10 15 20 25 30 35 40 45 50

Eup(K)
24.0 ‘
235 D,CO source size = 10"
T= 28(6) K
23.0 1
N= 13(3) 10" cm~2
__ 225
s :
(2]
2220
z ’
=4
= 215
21.0
20.5
20.0 ‘ ‘ ‘ ‘ ‘ ‘ ‘
15 20 25 30 35 40 45 50 55
EUP(K)

Figure 5.12: Figure from Bianchi et al. (2017a). Rotation diagrams for Hé3CO (upper panel),
HDCO (middle panel) and D,CO (lower panel). An emitting region size of 10" is
assumed (see text). The parameters N, g,, and E,, are, respectively, the column
density, the degeneracy and the energy (with respect to the ground state of each
symmetry) of the upper level. The derived values of the rotational temperature are
reported. Arrows are for the lines affected by wobbler contamination (see Sec. 5.2.2)
and thus considered as lower limits.
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Figure 5.13: Figure from Bianchi et al. (2017a). Rotation diagrams for '*CH3OH (upper panel)
and CH,DOH (lower panel) assuming two emitting components. An emitting region
size of 10” is assumed (see text). The parameters Ny, gy, and Ey, are, respectively,
the column density, the degeneracy and the energy (with respect to the ground state
of each symmetry) of the upper level. The derived values of the rotational tempera-
ture are reported.
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Table 5.1: List of transitions and line properties (in Ty scale) of the HDCO, D,CO and
CH;DOH emission detected towards SVS13-A

Transition v HPBW E," S ms  Tpeu” Vieak” FWHM? Lo
(GHz) () (K) (D?) (mK) (mK) (km s7!) (kms™')  (mKkms™)
Deuterated species

HDCO 2, -1, 1342843 18 18 8 17 158(5) +8.31(0.05) L.1(0.1) 188(17)
HDCO 3,,-2;, 2013414 12 27 14 19 334(22) +8.43(0.03) 1.6(0.1) 561(21)
HDCO 4, 4-3, 3 246.9246 10 3320 17 312(22) +8.50(0.03) 1.9(0.1) 619(18)
HDCO 494-303 256.5854 10 31 22 10 376(20) +8.54(0.01) 1.9(0.0) 777(11)
HDCO 4;3-3, 268.2920 9 40 20 21 207(21) +8.55(0.05) 2.0(0.1) 451(23)
p-D,CO 3,521, 166.1028 15 21 14 11 33(9) +8.79(0.21) 2.2(0.5) 79(15)
p-D,CO 4,4-3,3 221.1918 11 3220 16 92(7)  +8.74(0.09) 1.8(0.2) 178(17)
0-D,CO 494303 2314103 11 28 43 11 194(12) +8.88(0.03) 1.9(0.1) 381(12)
0-D,CO 4,,-3,, 236.1024 10 50 33 13 56(7) +8.95(0.13) 2.4(0.3) 144(16)
p-D,CO 4,3-3,, 2455329 10 35 20 11 55(7) +8.85(0.11) 2.4(0.3) 139(13)
CH,DOH 2y,-1,, el 89.2753 28 20 1 3 12(2) +38.65(0.37) 4.2(1.1) 51(9)

CH,DOH 6, 5-60,6 €0 99.6721 25 50 7 2 15(2)  +8.09(0.17) 4.1(0.5) 68(6)

CH,DOH 7, 4797 €0 105.0370 23 65 8 3 17(3)  +8.66(0.18) 3.1(0.4) 57(6)

CH,DOH 3,,-2,, el 1354529 18 29 2 8 30(6) +8.48(0.22) 3.0(0.5) 98(15)
CH,DOH 3, 5404 el 161.6025 15 29 1 9 36(7)  +8.71(0.19) 2.7(0.4) 103(15)
CH,DOH 5, 54, 4 ol 2212730 11 55 4 17 57(7)  +8.31(0.19) 3.2(0.4) 195(22)
CH,DOH 50544 el 2227415 11 46 4 10 75(8) +8.45(0.10) 4.3(0.2) 342(15)
CH,DOH 5,34, 4 €0 223.0711 11 448 3 8 59(9)  +7.98(0.11) 4.5(0.2) 284(13)
CH,DOH 35345, 01 231535, 87 2 10 56(7) +8.34(0.13) 3.8(0.3) 223(15)

CH,DOH 55,43, 0l¢  223.1536
CH,DOH 5,345, el 2233155 11 59 3 12 708) +8.12(0.10) 3.0002)  228(15)

CH,DOH 5,,-4,, ¢0¢  223.6162
CH,DOH 5,40 ¢0¢  223.6162

CH,DOH 5,443 ¢l 225.6677 11 49 4 11 56(11) +8.18(0.15) 4.0(0.3) 237(17)
CH,DOH 5, 44,3 €0 226.8183 11 37 3 10 51(10) +8.08(0.14) 3.8(0.3) 203(14)
CH,DOH 15;13-15;14€0 228.2461 11 276 20 29 89(12) +7.84(0.20) 3.0(0.4) 285(37)
CH,DOH 9,7-9, 3 €0 231.9692 11 113 11 14 99(8)  +8.72(0.09) 3.7(0.2) 390(19)
CH,DOH 8,687 €0 234.4710 10 94 10 13 67(8) +9.17(0.14) 4.1(0.3) 293(19)
CH,DOH 7,5-7,6 €0 237.2499 10 76 8 12 64(12) +8.31(0.13) 3.9(0.3) 266(18)
CH,DOH 7, 66,4 01 244.5884 10 83 16 61(10) +8.09(0.18) 3.6(0.6) 231(26)
CH,DOH 3,,,-3;, €0 247.6258 10 29 9 48(8)  +8.26(0.13)  3.7(0.3) 189(13)
CH,DOH 3,,-3;3 ¢0 255.6478 10 29 9 58(8) +8.61(0.12) 5.3(0.4) 331(16)
CH,DOH 4, 4—3¢3 €0 256.7316 10 25 9 61(8) +8.32(0.11) 4.3(0.2) 278(14)
CH,DOH 4,34, 4 €0 258.3371 10 38 14 60(6) +8.33(0.16) 4.7(0.4) 302(21)
CH,DOH 5;4-5,5 €0 261.6874 9 48 4509)  +8.09(0.26) 4.3(0.5) 205(24)

11 95 1 10 47(11) +8.25(0.14) 3.5(0.3) 174(14)

AR PR N WLWWND DN
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CH,DOH 13,312, 1, €0 262.5969 9 194 17 54(12) +8.51(0.21) 3.8(0.4) 219(23)
CH,DOH 6, -5, 5 €0 264.0177 9 48 14 64(7) +8.40(0.12) 2.8(0.3) 192(17)
CH,DOH 7,47, 7 €0 270.2999 9 76 14 55(13) +8.35(0.17) 4.2(0.4) 243(19)
CH,DOH 6,55, 4 ¢l 270.7346 9 62 16 60(10) +8.21(0.16) 3.5(0.3) 222(20)
CHD,OH 5,4, el 207.771 11 48 14 43(9) +8.69(0.20) 2.7(0.4) 125(17)
ggg;gg gzij:: :i ;g;:zgg 11 77 2 11 35(10) +7.21(0.24) 4.1(0.5) 153(17)
CH;OD 5,4/, 2233086 11 39 3 20 32(10) +8.53(0.41) 3.2(0.9) 108(27)
CH;0D 50, —40, 226.5387 11 33 4 18 48(10) +8.87(0.28) 4.6(0.6) 232(28)

@ Frequencies and spectroscopic parameters of HDCO and DyCO have been extracted
from the Cologne Database for Molecular Spectroscopy (Miiller et al. 2005). Those
of CH,DOH are extracted from the Jet Propulsion Laboratory database (Pickett et al.
1998). © The errors in brackets are the gaussian fit uncertainties. © The lines cannot be
distinguished with the present spectral resolution.
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Table 5.2: List of transitions and line properties (in Tyg scale) of the H)*CO and '*CH3O0H emis-
sion towards SVS13-A

Transition v HPBW E,* Sp** s Tpeu” Vieak” FWHM? L
(GHz) (@) (K) (D? (@mK) (mK) (km s71) (kms™) (mKkms™)
Isotopologues

o-HPCO 2,,-1;, 137.4500 18 22 24 10 63(4)  +8.50(0.08) 1.0(0.2) 64 (10)
p-H}?CO 24,-10, 141.9837 17 10 11 10 54 (10) +8.46(0.10) 1.1(0.2) 62(10)
o-HPCO 2,-1; 146.6357 17 22 24 14 105(4) +8.39(0.06) 0.9(0.1) 98(13)
0-H>CO 3,3-2;, 206.1316 12 32 4 13 124(15) +8.58(0.06) 2.5(0.2) 332(18)
p-HI*CO 303-20, 212.8112 12 20 16 10 70(6) +7.76(0.14)  2.0(0.3) 235(65)
0-HPCO 3,,-2y, 219.9085 11 33 43 10 134(12) +8.90(0.04) 2.2(0.1) 359(17)
0-HPCO 4,4-3, 3 274.7621 10 45 31 21 102(16) +8.34(0.11) 2.5(0.3) 270(25)
BBCH;0H 20,10, 94.4110 26 20 2 10(2) +8.61(0.21) 3.9(0.4) 42(4)

BCH;0H 2,,,-1,, 94.4205 26 28 2 11(1)  +9.19(0.16) 2.4(0.4) 27(4)

BCH;0H 2 -1, - - 95.2087 26 21 2 17(2)  +7.56(0.10)  3.5(0.3) 65(4)

BCH;0H 1, 9-1¢, 165.5661 15 23 8 76(8)  +8.58(0.09) 3.6(0.2) 289(15)
BCH;30H 7, 6707 166.5695 15 84 5 34(5) +8.64(0.13) 3.5(0.4) 125(10)
3CH;0H 8_1 3707 221.2852 11 87 11 49(11)  +8.05(0.16)  3.5(0.3) 180(16)
BCH;0H 5,544+ +  234.0116 11 48 10 66(13) +8.87(0.11) 4.1(0.3) 284(16)
3CH;0H 505—404 235.8812 10 47 13 70(8)  +9.11(0.12)  3.3(0.3) 245(17)

BCH;0H 515414 235.9382 10 40
13CH;OH 103,7_102,8' + 254.5094 10 175
3CH;0H 83 5-8,4- + 254.8418 10 132
BCH;0H 734-75- + 254.9594 10 113
BCH;0H 633-654- + 255.0510 10 98
3CH;0H 8;34-8,7+ - 255.2656 10 132
3CH;0H 93 7-9, 5+ - 255.3559 10 152
3CH;0H 10351020+ - 255.4970 10 175
3CH;0H 5,343 263.1133 9 56
BCH;0H 9_,0-803 268.6354 9 107

10 52(10) +8.84(0.15) 5.0(0.3) 275(17)
54(7)  +8.31(0.09) 3.7(0.2) 215(10)
7 52(7)  +8.29(0.09) 4.0(0.2) 218(11)
11 52(7)  +8.25(0.14)  4.3(0.3) 238(15)
10 71(11)  +8.63(0.11) 4.7(0.2) 353(16)
6 47(6)  +8.30(0.09) 3.9(0.2) 193(9)
7 SI(7)  +8.52(0.09) 3.8(0.2) 208(11)
9 46(9) +8.43(0.14) 4.1(0.3) 202(13)
10 60(10) +8.31(0.12) 4.4(0.3) 278(15)
13 55(13) +7.99(0.16) 4.1(0.4) 236(18)

APV AIO RPN =~ —N
o]

¢ Frequencies and spectroscopic parameters of HE CO and ' CH30H have been extracted
from the Cologne Database for Molecular Spectroscopy (Miiller et al. 2005). Upper
level energies refer to the corresponding ground state of each symmetry. ” The errors in
brackets are the gaussian fit uncertainties.
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5.2.4 Conclusions on the line identification

In summary, the bulk of methanol and formaldehyde isotopologues lines are
detected in the 1 mm band. For this reason, the temperature estimate from the
rotational diagram analysis (see Sec. 5.2.6) is not affected by the beam dilution.
The 30m HPBW is ~ 10” at 1 mm, which ensures that the emission is coming
from SVS13-A with no contamination from SVS13-B (the separation between
SVS13-A and the companion protostar is ~ 15””). The lines collected in the 2 and
3 mm bands could be in principle contaminated from the emission from SVS13-
B, because the HPBW is larger, but as we will see in the following discussion
they are in agreement with the Imm lines, confirming the origin of the emission
is SVS13-A.

Interestingly, the formaldehyde profiles show line wings that suggest outflow
emission, in agreement with the origin of the detected emission from the SVS13-
A, that is associated with an extended outflow (> 0.07 pc, Lefloch et al. 1998a,
Codella et al. 1999).

5.2.5 LVG analysis

We analysed the H,'3CO and "*CH;0H observed lines with the non-LTE
Large Velocity Gradient (LVG) approach using the model described in Ceccarelli
et al. (2003) and in Sec. 2.3.2. For methanol we used the CH;OH-H, collisional
coeflicients provided by the BASECOL database (Dubernet et al. 2013). In the
case of formaldehyde, we considered only the ortho form, for which the H,CO-
H; collisional coeflicients (Troscompt et al. 2009b) are available. We assumed a
Boltzmann distribution for the H,, using for the methanol analysis the statistical
ortho-to-para ratio of 3. In the case of formaldehyde we assumed a ortho-to-para
ratio close to zero following Troscompt et al. (2009a). We ran grids of models
varying the kinetic temperature, T,, (from 10 to 200 K), the H, density, ny,,
(from 10* to 10!° cm™), the H,*CO column density, N(!*H,CO0), (from 10! to
10" ¢m™2), and the "*CH3O0H column density, N('*CH;0H), (from 10'¢ to 10'8
cm™?), while the emitting size, 0y, was left as free parameter.

In the case of formaldehyde, the best fit was obtained with N("*H,CO) = 5.5
X 10'? cm™ and 6, = 5”+ 1”: Figure 5.10 (upper panel) shows the y? contour
plot as a function of the temperature and H, density using these values. The
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temperatures corresponding to the best fit solution are Ty, = 20-25 K and the
density are quite high ny, ~ 0.2-2 x 107 cm™, suggesting to be close to LTE.
Figure 5.10 (lower panel) shows, for the best fit solution, the ratio between the
measured lines intensities and the LVG model predictions, as a function of the
line upper level energy. The detected transitions are predicted to be optically
thin (opacities between 0.03 and 0.06). The LVG analysis clearly supports the
association of formaldehyde with the protostellar envelope with a size of ~ 1200
au.

Different is the case of '*CH3OH for which the LVG model does not converge
towards a solution suggesting we are mixing emission from different regions, pos-
sibly due to different HPBWs. In the light of this suggestion, we considered
separately the lines with higher excitations (E,, > 40 K) observed with similar
HPBWs (between 9” and 15”). The solution with the lowest y? corresponds to
N(3CH;0H) =9 x 10'® cm™2 and an emitting size of 6, = 073 + 0”1, i.e. a radius
of 35 au (see Figure 5.11). The best fit solution corresponds to a temperature of
0.8 to 2.5, being thus moderately optically thin. All these values suggest that the
emission detected at high excitations is dominated by a hot-corino, an environ-

Tsin = 80 K and very high-densities, ny, > 108 cm™. The line opacities vary from

ment which is typically very abundant in methanol, due to thermal evaporation of
the dust mantles (e.g. Caselli & Ceccarelli 2012). Interestingly, the occurrence
of a hot-corino around SVS13-A has been recently suggested by high-excitation
HDO lines, also observed in the ASAI context and indicating a Ty;, larger than
150 K on smaller spatial scales (a radius ~ 25 au; Codella et al. 2016b).

The analysis of the remaining 4 lines (observed with HPBWs larger than 15”)
is not straightforward given the 4 transitions have almost the same E,, (20 —
28 K). The LVG approach suggests typical solutions with column densities of
N('3CH;0H) ~ 10" cm™2, temperatures < 70 K, densities at least 10° cm~, and
sizes ~ 2" —4". The line opacities in this case range from 0.007 to 0.02, being thus
optically thin. The lower densities and the more extended emitting size suggest
that we are sampling a more extended region (a radius ~ 350 au) around the pro-
tostar where the temperature is still high enough to allow the methanol molecules
to be released from grain mantles.
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5.2.6 Rotation Diagram analysis

In order to derive the D/H values we determined the temperature and the col-
umn density of formaldehyde and methanol isotopologues through the rotational
diagram analysis. The two main assumptions are that the lines are optically thin
and they are in LTE. The LVG analysis previously described suggests that these
conditions are plausible. Under these assumptions, for a given molecule, the rel-
ative population distribution of all the energy levels, is described by a Boltzmann
temperature, that is the rotational temperature 7\, (for further details see Sec. 2.3).

As a first step we assumed a size filling the smaller IRAM-30m beam, i.e. 10",
a value consistent with the continuum emission at 1.25 mm observed with IRAM-
30m radiotelescope by Lefloch et al. (1998a). Note however that the T}, estimate
does not depend on the source size assumption because almost all the lines have
been observed with a beam of ~ 10” and then suffer the same beam dilution. The
rotational diagram analysis shows low values of T, around 20 K, consistent with
the LVG results and consistent with an association with the extended molecular
envelope around the protostar. We obtained 7, = 23 + 4 K and column density
Nt =25 £ 6 x 10" cm™ (HP’CO), Tyoy = 15 £ 2 K and Ny, = 9 = 3 x 10"
cm~2 (HDCO), and T,y = 28 + 6 K and column density Ny, = 13 + 3 x 10! cm™
(D,CO), see Figure 5.12.

For HDCO we detected line wings with velocities up to ~ +3 km s~! with re-
spect to the systemic source velocity. This low velocity emission is likely probing
ambient material swept-up by the outflow associated with SVS13-A Lefloch et al.
(1998a). We derived the temperature and column density of this outflow compo-
nent using the residual intensities after subtracting the gaussian fit of the ambient
component and then we analysed them separately. From the rotational diagram
analysis we obtained for both the blue- and the redshifted emission, a Ty, ~ 12 K.
Also in this case, the T,y value is not affected by beam dilution because the lines
come from the 1.3 mm band. The low T, value is again an indication of an ex-
tended emission, in agreement with the well-studied extended outflow driven by
SVS13-A (Lefloch et al. 1998a). We assumed also in this case an arbitrary source
size of 10”, obtaining T, = 12+ 7 K and Ny, = 9+ 15 x 10" cm=2 (HDCO blue
wing), Ty = 12+ 8 K and Ny, = 6+ 12 x 10''cm™2 (HDCO red wing). In the case
of H>CO, due to line contamination, we detected blue wings only for two lines;
by assuming the same rotational temperature of the HDCO wings, we obtained a
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column density of Ny, ~ 9 x 10'%cm™2.

For HfCO and HDCO we detect both para and ortho transitions (see Tables
5.1 and 5.2). Once considered both species in a single rotation diagram, the dis-
tribution does not show any significant scatter from the linear fit. Considering the
poor statistic (2 para and 5 ortho transitions for H?CO; 3 para and 2 ortho tran-
sitions for HDCO) and the uncertainties of the line intensities, this is consistent
with the o/p statistical values at the high-temperature limit (3:1 for H}*CO and 2:1
for D,CO). This is in agreement with the rotational temperatures for both H*CO
and D,CO which are above the expected high-temperature limit of ~ 14 K and ~
7 K for H}>CO and D,CO, respectively.

For the methanol analysis one rotational temperature is not able to fit the ro-
tational diagrams of '*CH3;OH and CH,DOH, supporting the occurrence of two
emitting components associated with different excitation conditions, as already
suggested by the LVG analysis.

A better fit is obtained using two slopes (see Figure 5.13; again as a first step
assuming a source size of 10”):

1. one with a low T,y (15 + 3 K for "*CH;OH and 27 + 8 K for CH,DOH)
for the lines with E,, < 50 K. The column densities are N, = 18 £ 7 X
108cem™2 for BCH;0H and Ny, = 11 + 5 x 10"3c¢m™? for CH,DOH;

2. one with a higher Ty (99 + 13 K for *CH;0H and 190 + 76 K for CH,DOH)
for the lines with E,, > 50 K. The column densities are Ny, = 4 + 1 X
10cm™2 for 3CH;0H and Ny, = 8 + 2 x 10"*cm™2 for CH,DOH.

These two excitation regimes are in agreement with what found with the LVG
approach: a hot-corino and a more extended region associated with a lower tem-
perature. The higher T, values obtained for both '*CH;OH and CH,DOH with
respect to the formaldehyde isotopologues suggest again that the origin of the
emission is not the extended envelope but the hot-corino.

5.2.7 Methanol and formaldehyde deuteration

We use the column densities derived from the rotation diagrams to derive
the D/H ratio for formaldehyde and methanol. In order to properly measure the
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D/H, the column densities are derived assuming for each specie, the source size
suggested by the LVG analysis: 5” for formaldehyde isotopologues, ~ 3" for
methanol lines with E,, < 50 K and 0”3 for methanol lines with E,;, > 50 K. As
already discuss in Sec. 5.2.2 and 5.2.3, it was not possible to directly measure the
column density of the main isotopologue of H,CO and CH3;OH because the lines
are optically thick. For this reason we derived the formaldehyde and methanol
column densities from the H1?*CO and '*CH;OH column densities, assuming a
12C/13C ratio of 86 (Milam et al. 2005) at the galactocentric distance of SVS13-A.

We report the obtained D/H ratios in Table 5.3. To be consistent, we assumed
for the D-species the T, derived from the '*C-isotopologues. In any case the
following conclusions do not change if we assume for all the molecules the corre-
sponding T.

For H,CO we measured a D/H of 9 + 4 x 1072, We can compare this value
with measurements of deuterated formaldehyde in Class 0 sources performed by
Parise et al. (2006), using data obtained with the same antenna (IRAM-30m) and
a consistent beam sampling. The value measured towards SVS13-A is close to the
average value reported for the Class 0 sources, which is D/H ~ 0.12.

For the double deuterated formaldehyde we obtained a D/H value of 4 + 1 X
1073, If we compare this value with that reported by Parise et al. (2006), we can
note that it is definitely lower, by at least one order of magnitude, suggesting that
the D/H is indeed lower in the more evolved Class I objects, like SVS13-A, with
respect to the Class O sources.

The D/H value for the D,CO respect to the HDCO, is ~ 5 x 1073, a value
again lower of at least one order of magnitude that those reported by Parise et al.
(2006) for the Class O sources. This estimate is even more reliable because it is
independent from H}*CO.

Finally, we derived the D/H ratio also for the outflowing gas. In this case, we
assumed an extended component with a source size of 10”, obtaining a value of
4 + 6 x 1073 for the HDCO in the blue wing and 3 + 6 x 1073 for the HDCO
in the red wing. These measurements are in agreement with that measured in the
shocked region associated with the L1157 protostellar outflow by Codella et al.
(2012), that reported a value of 5-8 x 10~ using IRAM-30m data.

The derived D/H ratio for CH,DOH with respect to CH3OH is listed in Table
5.3. To calculate this ratio, we derived the CH,DOH column density assuming
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Figure 5.14: Figure from Bianchi et al. (2017a); adapted from Ratajczak et al. (2011). The fig-
ure show the [CH,DOH]/[CH30D] ratio as a function of the protostar luminosity.
The horizontal dashed line refers to the value predicted by grain chemistry models
(Charnley et al. 1997).
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the same T, of *CH30H, obtaining D/H ~ 2 x 1073, for the lines with excitation
energies E,, <50K,and D/H~7 + 1 X 1073 for the lines with E,, > 50 K. These
values are two orders of magnitude below the D/H reported in Parise et al. (2006),
supporting that also the methanol deuteration for the Class I object SVS13-A is
dramatically decreased with respect to Class 0 objects.

We give an estimate of the CHD,OH and CH;OD column densities using the
tentative detected two lines, which can be used as lower limits for the following
analysis. We derived a value of Ny, ~ 1 x 10'® cm™2 for CHD,OH and N,,, ~ 6
x 10" cm™2 for CH30D, assuming the same source size and T, of the *CH;OH
low energy transitions (size ~ 3" and T, = 12 K) and using the rotational partition
functions from Ratajczak et al. (2011).

5.2.8 The [CH,DOH]/[CH;0D] ratio

Finally, we derived a measure of the [CH,DOH]/[CH;OD] ratio, and thus test
the predictions of the current theory of methanol deuteration. Basically, according
to the grain chemistry statistical models of Charnley et al. (1997) and Osamura
et al. (2004) the ratio of the singly deuterated isotopologues CH,DOH and CH;OD
formed on the mantles should be 3. However, this is not confirmed by the few
measurements in star forming regions.

Figure 5.14 (adapted from Ratajczak et al. 2011 and reference therein) reports
the so far measured ratios as a function of the bolometric luminosity, including
both low- and high-mass star forming regions. The [CH,DOH]/[CH;0D] ratio
always differs from the statistical value, and in particular, a weak trend have been
proposed with the abundance ratio is substantially lower in massive hot cores than
in (low-mass) hot- corinos (as well as in intermediate-mass protostars), by typ-
ically one order of magnitude. In particular, in low mass protostars, CH;O0D is
found to be less abundant than CH,DOH, by more than a factor 10 (Ratajczak
et al. 2011). Unless the prediction for the methanol formation on dust grains has
to be revised, these measurements are suggesting that the ratio is altered by gas-
phase reactions at work once the deuterated methanol molecules are released by
the dust mantles.

The present work allows us to provide a little piece of information to this
general context. For SVS13-A we obtained [CH,DOH]/[CH;0D] in the 2.0 —
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2.5 range (see the magenta point in Figure 5.15), comparing the column density
estimated from the CH;0D 5,,—4, line and the column density from a CH,DOH
line with similar energy (4,3—4;4 €0). Our measurement seems to question the
previous conclusions on a change of the [CH,DOH]/[CH;OD] ratio as a function
of the protostellar luminosity. On the other hand, it suggests an evolution with
time going from Class 0 to Class I, with CH,DOH more efficiently destroyed than
CH;OD. To conclude, it is clear that we need further measurements to properly
investigate any possible dependence on time and/or luminosity.

5.2.9 D/H of organics: from Class 0 to Class 1

The present results strongly support that both H,CO and CH3;0H deuteration
decreases when a protostar leaves the Class 0 stage to enter in the Class I phase.
Figure 5.15 shows the D/H ratio measured for organic molecules at different stages
of the Sun-like star forming process, from prestellar cores to protoplanetary disks
(the time increases from the left to the right along the x-axis). The present ob-
servation for SVS13-A can be properly compared with that of Class O objects,
derived by sampling similar spatial scales around the protostar. The methanol
and formaldehyde deuteration measurements of SVS13-A, fill in the gap between
Class 0 objects and protoplanetary disks, associated with Class II-III objects.

For HDCO, the average value measured in Class 0 sources (Parise et al. 2006)
is D/H ~ 0.12, consistent with the value measured in SVS13-A, which is D/H
~ 8.6 + 3.5 x 1072, Completely different is the case of D,CO, which shows
an increase going from prestellar cores (average value D/H ~ 0.045, Bacmann
et al. 2003) to Class 0 sources (D/H ~ 0.15, Parise et al. 2006 and then a strong
decrease in SVS13-A (D/H = 3.8 + 1.1 x 1073. A similar behaviour is observed
for the methanol deuteration that increase from a value of D/H ~ 0.1 in prestellar
cores (Bizzocchi et al. 2014) to D/H ~ 0.52 in Class O (Parise et al. 2006) and then
significantly decrease in SVS13-A to D/H = (1.5 -7.1) x 1073.

In conclusion, the overall comparison shows a clear trend going from the
prestellar cores to the Class O objects and to the Class I source. The deuterium
fractionation of organics increase going from prestellar cores to Class 0 sources
and then decreases up to two orders of magnitude going from Class O protostars
to the more evolved phases. In protoplanetary disks the few available organics
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Figure 5.15: Figure from Bianchi et al. (2017a). D/H ratio measured in organic matter in different

astronomical sources. Prestellar cores measurements of D,CO and CH,DOH are
from respectively Bacmann et al. (2003) and Bizzocchi et al. (2014). Class 0 data
are taken from Parise et al. (2006). SVS13-A data refer to the D/H inferred in
the present paper for HDCO (8.6 x 1072), D,CO (3.8 x 1073) and CH,DOH (7.1
x 1073 for the hot-corino and 1.5 x 1073 for a larger region, i.e. a radius < 350
au). Protoplanetary disks data refer to measurements of DCN/HCN (Oberg et al.
2012) and DCO*/HCO" (van Dishoeck et al. 2003) in TW Hya and of DCO*/HCO*
(Guilloteau et al. 2006) in DM Tau. Note that the prestellar cores and the Class 0
protostars are not ordered in age thus any trend within the classes is not significant

(as in the plot reported by Ceccarelli et al. 2014).



102 Chapter 5. Chemical complexity in a later Class I protostellar stage

Table 5.3: Results from the rotational diagram analysis: derived rotational temperatures, Ty,
derived column densities, N, and resulting deuteration ratios. The latter are cal-
culated assuming for each deuterated specie, the same T}, of the correspondent 13-

isotopologue.
Transition Lines Energy range Boltzmann Plots D/H®
Size® Trot Niot
(K) (@) (K) (cm™)
whole emission
D,CO 5 21-50 5 25(5) 3(1)x 10 3.8(1.1) x 1073
HDCO 5 18-40 5 122)  3(1)x 102  8.6(3.5) x 1072
H}3CO 7 10-45 5 193) 7(2) x 102 -
CH,DOH (E,, <50K) 14 20-50 ~3 2409 7(5)x10" 1.5(1.1)x 1073
BCH;0H (E,, < 50 K) 7 20-48 ~3 12(2)  16(7) x 10" -
CH,DOH (E,, >50K) 13 54-194 03 177(71) 4(1)x 107  7.1(2.4) x 1073
BCH;0H (E,, > 50K) 11 56-175 03 91(13) 20(4) x 10'6 -
outflow
H}’CO Blue wing* 3 20-33 10 12¢ 15(5) x 10! -
HDCO Blue wing® 4 27-40 10 12(7)  9(15) x 10" 4.0(6.3) x 1073
HDCO Red wing® 4 27-40 10 12(8) 6(12) x 10" 2.6(5.2) x 1073

“Assumed from LVG analysis results; for the outflow component we arbitrarily assumed
an extended (10" ) size.

b To calculate the D/H ratio we assumed for HDCO and D,CO the same rotational
temperature of H?CO (Trot = 19 K). For CHyDOH we assumed the same rotational
temperature of 3 CH30H (Tro = 12 K and 91 K).

¢ Derived using the residual intensities after subtracting the gaussian fit of the ambient
component. For the Hy'3CO wings we assumed the same Ty of the HDCO wings (see
text).

measurements refer to DCN/HCN (Oberg et al. 2012) and DCO*/HCO* (van
Dishoeck et al. 2003, Guilloteau et al. 2006) and are in agreement with the de-
creasing trend with values between 0.035 and 0.004. Note that the prestellar cores
and the Class 0 protostars are not ordered in age thus any trend within the classes
is not significant (as in Ceccarelli et al. 2014).

Why does D/H decrease from Class O to Class I protostars? Formaldehyde
and methanol observed around embedded protostars have been mostly formed at
the surface of interstellar grains and have been then evaporated thermally when
the temperature exceeds their temperature of sublimation. Two possibilities can
therefore be suggested. The decrease of D/H from Class 0 to Class I could be
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due to (1) warm gas phase chemistry after the evaporation of formaldehyde or
methanol; (2) a lower deuteration of icy formaldehyde and methanol in Class I
than in Class 0.

Case 1: Warm gas phase chemistry can decrease the deuterium fractionation of
formaldehyde and methanol through ion-neutral reactions. Charnley et al. (1997)
showed that the CH,DOH/CH3;0H decreases dramatically by two orders of mag-
nitude at times longer than 3 x 10° yr, because of electronic recombinations that
destroy more efficiently CH,DOH than CH;OH. The timescale of 3 x 103 yr is
consistent with the typical lifetime of Class I protostars (0.2-0.5 Myr; Evans et al.
2009). However, the direct comparison between the dynamical and the chemical
timescale is quite challenging and several questions should be indeed addressed:
(i) the evolution of deuterium chemistry strongly depends on the density of the
protostellar core (Awad et al. 2014), (ii) revised chemical models by Osamura
et al. (2004) suggests longer timescales (up to 10° yr) to decrease the deuterium
fractionation, and (iii) the dynamical timescale of the material in the hot-corino
envelope inside the centrifugal radius could be lower (1 x 10*~1 x 10° yr; Visser
et al. 2009). In addition, the decrease of methanol deuteration occurs when most
of the methanol is already destroyed with abundances lower than 1 x 1078, Al-
though formaldehyde spends more time in the warm gas due its lower binding
energy, it does not show any significant decrease of its deuteration (Charnley et al.
1997, Roberts & Millar 2007).

Case 2: A second possibility is that the decrease of deuteration is due to the
gradual collapse of the external shells of the protostellar envelope. The deuterium
chemistry is very sensitive to physical (density, temperature) and chemical (CO
abundance, H, ortho/para ratio) parameters (see Flower et al. 2006). Icy formalde-
hyde and methanol deuterations increase with the density and with the decreas-
ing temperature during the formation of prestellar cores (see Taquet et al. 2012a,
Taquet et al. 2013). Taquet et al. (2014) showed that the deuteration of formalde-
hyde and methanol ices can decrease by two orders of magnitude from the centre
to the external part of prestellar cores, the exact values depending on the structure
of the core and its history. In the subsequent protostellar phase, the shells are then
gradually accreted from the center to the outer part in an inside-out fashion during
the core collapse. The methanol deuteration observed in the early Class O phase
would reflect the material at the center of the prestellar core whereas the older
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Class I phase reflects the material coming from the external core shells. An in-
structive view has been reported by Codella et al. (2012), who analysed the H,CO
and CH;OH deuteration in the shocked region L1157-B1, located relatively far
(0.08 pc) from the protostar driving the shocks in the outflow, and thus sampling
an outer region probably associated with a (pre-stellar) density lower than that
where the protostar is successively born. The D/H derived for L1157-B1 are in-
deed lower than what found for the standard hot-corino IRAS16293-2422, i.e. the
inner 100 au of the protostellar core. In other words, H,CO and CH;OH deuter-
ation can be used to measure the density at the moment of the ices formation,
before the start of the star forming process: the higher is the D/H, the higher was
the density. In the case of SVS13-A the D/H for formaldehyde in the outflow, sam-
pling a region definitely more extended than the protostellar high density cocoon,
is indeed supporting this scenario (see Figure 5.16). The decrease by two orders
of magnitude from Class O to Class I protostars observed for the D,CO/H,CO
and CH,DOH/CH;O0H ratios is in good agreement with the model predictions
by Taquet et al. (2014) although the models still tend to underpredict the abso-
lute ratios by one order of magnitude. It should be noted that the decrease of
formaldehyde and methanol deuterations with the evolutionary stage of the pro-
tostar are not necessarily accompanied by a decrease of water deuteration. As
water ice is mostly formed in molecular clouds before the formation of prestellar
cores, its deuteration only weakly varies within prestellar cores. This scenario can
therefore simultaneously explain the decrease of deuteration of formaldehyde and
methanol observed in this work and, in addition, the constant deuteration of water
observed towards SVS13-A by Codella et al. (2016b).

5.2.10 Conclusions on deuteration

We studied the formaldehyde and metanol deuteration in the Class I object
SVS13-A with the IRAM-30m antenna in the framework of the ASAI large pro-
gram consisting of an unbiased spectral survey at 1.3, 2 and 3 mm towards the
source. The aim of this project was to understand how the deuterium fractionation
of organics like H,CO and CH30H change in a Class I object, SVS13-A, with
respect to the Class O sources. The bulk of the detected lines are in the 1.3 mm
band corresponding to a telescope HPBW ~ 10”. This ensures than the signal is
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Figure 5.16: Figure from Bianchi et al. (2017a). Deuterium fractionation of H,CO and CH;OH
as found toward SVS13-A (blue), L1157-B1 (red) and IRAS16293-2422 (green;
from Loinard et al. 2001; Parise et al. 2002, Parise et al. 2004). Black diamonds
stand for the prediction of Taquet et al. (2012a) for pre-shock gas densities of 10°,
10*, 10°, and 10° cm™3 (see labels) and temperatures of 10 (dashed line) and 20 K
(solid).
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coming from SVS13-A and it is not contaminated by the SVS13-B Class 0 object,
offset by 15”. The main results are reported as follows:

1. We detected 7 lines of H,'3CO, 5 transitions of HDCO and 5 lines of D,CO
with excitation energies E,;, in the 1045 K range. The LVG analysis of
H,"3CO indicates low values of Ty, (~ 20 K), densities larger than 10°
cm™, and an emitting size of about 5” (~ 1200 au). The low temperature
is confirmed by the rotational diagram performed for the all formaldehyde
1sotopologues, suggesting the association with the molecular envelope sur-
rounding the protostar.

2. Both H,"*CO and HDCO lines show wings indicating emission from out-
flowing gas. For both the blue- and the redshifted emission we obtained
a low T,y (~ 12 K), in agreement with the association with the extended
outflow driven by SVS13-A.

3. We detected 18 lines of '*CH;OH and 27 transitions of CH,DOH with Eyp
in the 20-276 K range. We report the detection of CHD,OH and CH;0D
through 2 different transition for each species. The LVG analysis of *CH;OH
suggests the occurrence of of two components, with different excitation con-
ditions: (1) a compact region (6; =~ 0”3, 70 au) corresponding to high tem-
peratures (T, ~ 80 K) and very high densities (> 108 cm™), clearly being
the hot-corino (recently discovered by HDO observations; Codella et al.
2016b). (2) a colder (Ty;, < 70 K), more extended (6, ~ 2" — 4”") region
associated with densities > 10° cm™. The rotation diagram analysis con-
firms for the deuterated methanol the presence of a hot corino component
associated to high densities and temperatures and a second component due
to colder gas emission.

4. We measured for formaldehyde D/H ~ 9 x 1072, a value consistent with
the average value reported from Class 0 sources (D/H ~ 0.12, Parise et al.
2006). The deuterium fractionation derived for the outflowing component
is D/H ~ 4 x 1073, in agreement with that measured in the shocked region
associated with the L1157 protostellar outflow by Codella et al. (2012). On
the other hand, for D,CO we obtained D/H ~ 4 x 1073, lower by one order
of magnitude respect to Class 0 objects. This trend is even stronger for the
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measured methanol deuteration, which is 4 x 1073, two orders of magnitude
lower than the values reported by Parise et al. (2006) for Class 0 objects.

5. The [CH,DOH]/[CH30D] ratio that is in the 2.0 — 2.5 range. Previous mea-
surements by Ratajczak et al. (2011), including both low- and high-mass
star forming regions, indicate a weak trend with a lower abundance ratio
observed in massive hot cores with respect to (low-mass) hot- corinos (as
well as in intermediate-mass protostars), by typically one order of magni-
tude. According to these indications, in SVS13-A CH;0D was expected to
be less abundant than CH,DOH, by more than a factor 10 (Ratajczak et al.
2011) However, our [CH,DOH]/[CH3;0D] measurement questions the pre-
vious indication on a change of the ratio as a function of the protostellar
luminosity.

6. The low deuterium fractionation measured towards SVS13-A could be an
indication of the modified chemical content in the evolutionary transition
from the Class 0 phase to the Class I phase. Alternatively, the decrease of
D/H in a more evolved phase could be due to the gradual collapse of the ex-
ternal shells of the protostellar envelope, less deuterated because composed
of ices formed in a less dense region. Only high resolution interferometric
observations, able to sample the inner region of the protostar (< 1” corre-
sponding to ~ 235 au at the source distance) and to disentangle the emission
coming from the different protostar components, will properly answer these
open questions.
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5.3 From Class 0 to Class I: chemical heritage

So far, only NH,CHO was analysed towards SVS13-A using the ASAI database
(Lopez-Sepulcre et al. 2015). We complement the analysis taking inventory of all
the other iCOMs towards the source. In particular we identify 4 iCOMs: H,CCO,
CH;CHO, HCOOCH; and CH30CHj3;. We put also constraints on the abundance
of a large number of iCOMs.

Figure 5.17: Sketch of the 3D structure of ketene (H,CCO, upper left), acetaldehyde (CH;CHO,
upper right), methyl formate (HCOOCHj3;, lower left), dimethyl ether (CH;0CHj3,
lower right).

The line identification process has been performed with the same procedure
described in Sec. 5.2.1. We used in particular the Jet Propulsor Laboratory (JPL?,
Pickett et al. 1998) and Cologne Database for Molecular Spectroscopy (CDMS*;
Miiller et al. 2001, Miiller et al. 2005) molecular databases.

3https://spec.jpl.nasa.gov/
4http://www.astro.uni-koeln.de/cdms/
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5.3.1 Ketene (H,CCO)

Table 5.4: List of transitions and line properties (in Ty scale) of the H,CCO emission detected
towards SVS13-A

Transition Ve HPBW E,° Sp* ms  Tpeal Voeak” FWHM? Lt
(GHz) @ (K) (D?» (mK) (mK) (kms™) (kms™") (mKkms™)
0-H,CCO 7,4-6, 5 142.7690 17 40 41 10 39(4) +8.61(0.17) 2.0(0.5) 82 (15)
0-H,CCO 8,577 160.1422 15 48 48 9 39(9) +8.35(0.19) 3.7(0.5) 153 (16)
0-H,CCO 835734 ¢ 161.6022
0-HaCCO 81¢Tss © 1616022 15 152 42 10 36(7) +8.19(0.19) 2.6(0.4) 98 (15)

0-H,CCO 8,771 163.1609 15 48 48 8  45(12) +847(0.11) 2.1(0.3)  99(l1)
p-H,CCO 104,109 2020143 12 53 20 18 45(13) +823(0.19) 1.4(04)  68(17)
0-H,CCO 11,5,-10,,0 2201776 11 76 66 21  68(7) +8.76(0.21) 33(0.6) 241 (32)
p-H,CCO 11550-10, 2222286 11 116 21 9  31(4) +894(0.12) 1.3(0.3) 41 (8)
p-H,CCO 1150-10,5 2223144 11 116 21 5 27(5 +827(0.01) 2.0(0.3) 56 (6)
0-H,CCO 11;50-10,5 2243273 11 78 66 14 73(10) +7.91(0.13) 3.7(03) 283 (20)
0-H,CCO 12, 1p-11,;; 2401858 10 88 72 11  99(9) +7.56(0.08) 4.1(0.2)  432(16)
p-H,CCO 125101159 2425362 10 128 24 7 25(7) +7.76(0.13) 15(0.5) 40 (8)
0-H,CCO 12, 1,-11,40 2447123 10 89 72 11  66(6) +837(0.08) 22(0.2)  153(12)

O-HQCCO 133']0—123_9 ¢ 262.5974
0-H,CCO 133;,-123,0 ¢ 262.5966

p-H,CCO 13;,-12,;;  262.6190 9 140 26 9 51(9) +8.75(0.06) 0.9(0.1) 51(6)
p-H,CCO 13,112,590  262.7609 9 140 26 8 37(8) +8.11(0.11) 2.4(0.3) 95 (9)

9 206 74 10 53(12) +8.09(0.19) 3.7(0.4) 207 (21)

@ Frequencies and spectroscopic parameters are extracted from the Cologne Database for
Molecular Spectroscopy (CDMS? :Miiller et al. 2001,Miiller et al. 2005). © The errors in
brackets are the gaussian fit uncertainties. ¢ The lines cannot be distinguished with the
present spectral resolution.

Ketene is one of the numerous carbon-chain molecules that have been ob-
served in the interstellar medium, it was discovered for the first time in 1977 in
Sgr B2 (Turner 1977) and subsequently found in many astronomical sources. Al-
though it is not an iCOM in the strict sense (only 5 atoms), it is thought to be
involved in grain-surface reactions to form many iCOMs such as formic acid,
ethanol and acetaldehyde (Charnley et al. 1997; Hudson & Loeffler 2013 and ref-
erences therein). Ketene is a near-prolate asymmetric top rotor, a sketch of the
3D structure is illustrated in Fig. 5.17. Moreover, H,CCO exist in two isomers,
ortho (transition with K odd) and para (transitions with K even), that have different
nuclear spin states. For kinetic temperature much larger than 15 K, as in typical
hot-corinos (7T, =100 K), the ortho-to-para ratio is expected to be close to the
statistical value of 3 (e.g. Ohishi et al. 1991).
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We detected 11 lines of the para and 6 of the ortho form of H,CCO in the
ASALI observed spectral bands. In particular, only 4 of the detected transitions are
in the 2mm band, observed with a HPBW of ~15” , while the rest of the lines are
detected in the Imm band (HPBW of ~10"). The line upper level energies (E,;)
are in the 40-206 K range. The observed spectra are shown in Fig. 5.18 while the
spectral line parameters are reported in Tab. 5.4.

Note that the intensity of the para transitions is systematically lower than the
intensity of the para transitions, in agreement with the o/p statistical values of 3
at the high-temperature limit. The line profiles are close to a gaussian shape with
FWHM between 0.9 and 4.1 km s~!. The peak velocities are close to the systemic
source velocity (+8.6 km s™!, Chen et al. 2009; Lépez-Sepulcre et al. 2015) with
values between +7.6 km s~!' and +8.8 km s~'. The two transitions 835734 and
836—735 with E, = 152 K, as well as the two transitions 133 ;0—1239 and 133 ;;—
12319 with E,, = 206 K, are not spectrally resolved within the present frequency
resolution, forming a unique profile (see Tab. 5.4). These lines are then excluded
from the further analysis.

We perform a rotation diagram analysis assuming LTE conditions and an the
hot-corino as the emitting source, consequently we assume a size of 1”. Once
considered both ortho and para transitions in a single rotation diagram, the dis-
tribution does not show any significant scatter from the linear fit. Considering
the uncertainties of the line intensities and the calibration errors, this is consistent
with the o/p statistical values of 3 at the high-temperature limit. We found a rota-
tional temperature Ty, = 64 + 11 K and a column density Ny, = 11.4 + 2.9 x 104
cm~2, see Fig. 5.19 and Tab. 5.10.
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Figure 5.18: H,CCO line profiles in Ty scale (not corrected for the beam dilution); transitions
are reported. The vertical dashed line stands for the ambient LSR velocity (+ 8.6
Km s~!, Chen et al. 2009). In the upper and lower panel are reported the ortho and it
para transitions respectively. Note that the intensity of the para transitions is lower
than the ortho ones, consistently with the ratio 1:3 of the statistical weights in the
high-temperature limit (T >15 K).
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Figure 5.19: Rotation diagram for H,CCO. An emitting region size of 1” is assumed (see text).
The parameters N,,, g,, and E,;, are, respectively, the column density, the degeneracy
and the energy (with respect to the ground state of each symmetry) of the upper level.
Blue squares and red dots indicate ortho and para transitions, respectively. The
derived values of the rotational temperature and the column density are reported.



Chapter 5. Chemical complexity in a later Class I protostellar stage 113

5.3.2 Acetaldehyde (CH;CHO)

Table 5.5: List of transitions and line properties (in Typ scale) of the CH3;CHO emission detected
towards SVS13-A.

Transition v HPBW Eu° S ms Ty’ Veak” FWHM? Iind®
(GHz) (@) K) (D @mK) (mK) (kms™") (kms™) (mKkms™)
CH;3;CHO 5,5-4,4E¢ 93.5953 26 16 61 1 13(1) +8.74(0.39) 2.37(0.11) 32(1)
CH;CHO 11,,-10; ;0 A 205.1707 12 61 138 7 43(7) +8.62(0.08) 1.60 (0.22) 74 (8)
CH;CHO 115,0-10,90 A 211.2430 12 70 134 5 42(5) +8.42(0.09) 2.25(0.28) 101 (10)
CH;CHO 11,0-10,0 E ~ 211.2738 12 70 134 6 38 (6) +8.86(0.99) 2.23(0.36) 91 (11)
CH;3;CHO 1145-1047 A 212.1284 12 97 121 5 25(5) +8.89(0.12) 2.15(0.26) 57 (6)
CH;CHO 11,,,0-10,9 E  216.5819 11 65 138 11 53 () +7.99(0.09) 2.45(0.21) 139 (10)
CH3CHO 11,,0-10;0 A 216.6302 11 65 138 8 45 (11) +7.81(0.16) 3.44 (0.39) 166 (16)
CH;CHO 12 ,—-11911 A 226.5927 11 71 151 8 41 (8) +8.38(0.15) 4.05(0.45) 176 (15)
CH;CHO 12,1150 A 230.3019 11 81 147 11 33(6) +8.60(0.15) 1.47(0.30) 52 (10)
CH3CHO 1245-1147 E€  231.4844 11 108 135 6 39(6) +8.48(0.17) 3.08(0.39) 129 (15)
CH;CHO 1230-1155 A4 231.9684 11 93 142 7 98 (7) +8.09(0.12) 2.84(0.25) 296 (26)
CH;CHO 12, 9-11,0 E  234.7955 10 82 147 7 49 (7) +8.51(0.09) 3.64 (0.24) 191 (10)
CH;CHO 13, 15-12,, E  242.1060 10 84 163 9 44 (9) +8.14(0.11) 2.53(0.30) 120 (11)
CH;CHO 13312012 A 244.8322 10 83 164 7 44 (7) +8.36 (0.07) 1.89(0.19) 88 (7)
CH;CHO 135 9—-12390 A 251.4893 10 105 156 5 32 (5 +8.16(0.08) 1.71(0.21) 59 (6)
CH;3CHO 13511-12510 A 254.8505 10 94 161 7 34(7) +7.90(0.13) 2.87(0.33) 103 (10)

¢ Frequencies and spectroscopic parameters are extracted from the Jet Propulsion Labo-
ratory database (Pickett et al. 1998). * The errors in brackets are the gaussian fit uncer-
tainties. © Irregular profile probably due to contamination by unidentified lines: excluded
from the further analysis. “The transition CH3CHO 1239—1138 A at frequency 231.9684
GHz is observed but excluded from the analysis because contaminated by the CH,DOH
9,7-91.8 €0 transition (see Bianchi et al. 2017a)

Acetaldehyde is a common interstellar molecule which has been detected in al-
most all the star-formation environment, from cold dark cores (e.g. Bacmann et al.
2012, Vastel et al. 2014, Jiménez-Serra et al. 2016) to hot-corinos (e.g. Cazaux
et al. 2003, Codella et al. 2016b) and protostellar shocks (e.g. Codella et al. 2015).
CH;CHO is an asymmetric top molecule; a sketch of the 3D structure is illustrated
in Fig. 5.17. As in the case of methanol, because of the presence of a methyl
group (CH3), acetaldehyde is a species with internal rotation. Having one rotor,
CH;CHO is divided in two A-type and E-type forms. The total statistical weight
of the A and E type levels is the same (Turner 1991, and references therein). De-
spite the several detections in a large range of interstellar conditions, it is not yet
clear if acetaldehyde is synthesized directly on the grain surfaces (e.g. Garrod &
Herbst 2006) or via gas-phase reactions (e.g. Charnley et al. 1992). In particular
the first route has been recently questioned by observations in protostellar shocks
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(Codella et al. 2015) and quantum chemical calculations (Enrique-Romero et al.
2016). However the picture is still far from being clear.

We detected 6 transitions of CH;CHO in the E form and 10 transitions in the
A form. Almost all the lines are detected in the Imm ASAI spectrum, observed
with a telescope HPBW ~ 10”, except for the 5, 5—4, 4 E which is detected in the
3mm band but excluded from the analysis because contaminated by an unidenti-
fied emission line. The line upper level energies (E,,) range from 16 K to 108 K
while the peak velocities are consistent with the systemic velocity (+8.6 km s™!,
Chen et al. 2009; Lépez-Sepulcre et al. 2015) with values between +7.8 km s™!
and +8.9 km s~!. The line shape is nearly gaussian with typical FWHMs of ~2—4
km s~!. The spectral parameters and the gaussian fit results are reported in Tab.
5.5 while the spectra of the detected lines are in Fig. 5.20. The CH;CHO 1259—
1155 A transition is observed but excluded from the analysis being contaminated
by the CH,DOH 9,7-9, 5 €0 transition (see Bianchi et al. 2017a and Sec. 5.2.3).
We analysed the detected lines using the rotation diagram technique, assuming
LTE conditions and the hot-corino region as the origin of the CH;CHO emission,
with a source size of 1”. The results, shown in Fig. 5.21, indicate a rotational
temperature T, = 36 + 10 K and a column density Ny = 10.7 + 6.6 x 10'> cm™2,
Note that in Fig. 5.21 the red arrows indicate the upper limits derived from the
two transitions 5,544 E and 12, 9—1147 E (see Tab. 5.5) which are contaminated
by other emission lines and consequently excluded from the fit.
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CH3CHO emission towards SVS13—-A
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Figure 5.20: CH;CHO line profiles in Tj;p scale (not corrected for the beam dilution); transitions
are reported. The vertical dashed line stands for the ambient LSR velocity (+ 8.6
Km s~!, Chen et al. 2009). The 515—41.4 E transition at frequency 93.5953 GHz and
the 1243—1147 E transition at 231.4844 GHz are contaminated by unidentified lines
and thus excluded from the further analysis.
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Figure 5.21: Rotation diagram for CH3;CHO. An emitting region size of 1" is assumed (see text).

The parameters N,,, g,, and E,;, are, respectively, the column density, the degeneracy
and the energy (with respect to the ground state of each symmetry) of the upper level.
The derived values of the rotational temperature are reported. Red arrows indicate
the 5;5—414 E and 1243—1147 E transitions, not used to perform the fit because
contaminated but reported as upper limits.
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5.3.3 Methyl Formate (HCOOCH;)

Another important iCOM which appears to be ubiquitous in the star forming
regions is methyl formate. It was observed for the first time in 1975 towards the
molecular cloud Sgr B2 by Brown et al. (1975) and then detected in both cold
environments (e.g. Jiménez-Serra et al. 2016, Taquet et al. 2017 and references
therein) as well as in the hot-corino phase (e.g. Cazaux et al. 2003, Bottinelli
et al. 2004) and in protostellar shocks (Arce et al. 2008, Lefloch et al. 2017). As
the previous species, HCOOCH3; is an asymmetric top molecule, as illustrated in
Fig. 5.17.

Energy (kJ mol™)

. cis . . . . .
-60 0 60 120 180 240
Torsional Angle (degrees)

Figure 5.22: Potential energy surface of the cis and trans methyl formate (HCOOCH3) molecule,
from (Neill et al. 2012). The cis form is the most stable and in LTE conditions the
population ratio of cis over trans is ~ 10'3:1 at a typical temperature of 100 K.

The presence of the methyl group (CHj3) is responsible of the molecule inter-
nal rotation which reflects in the HCOOCH; A and E forms. As in the case of
acetaldehyde, the total statistical weight of the A and E type levels is the same
(Turner 1991 and references therein). Moreover HCOOCHj; can exist in two
different geometrical configurations or isomerism: the cis configuration, if the
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Table 5.6: List of transitions and line properties (in Ty scale) of the HCOOCH; emission de-

tected towards SVS13-A at 1 mm.

Transition Ve HPBW E," Sp** ms  Tpeu Vieak”
(GHz) ) (K) (DY (mK) mK) (kms™)

FWHM? Tl
(kms™') (mKkms™)

HCOOCH; 18,7-17,s E 2054957 12 99 47 7  43(7) +8.48(0.15)
HCOOCH; 185-17,16 A 2055016 12 99 47 7  46(7) +8.02(0.12)
HCOOCH; 165,5-15;, . 206.6012 12 89 41 11 47(11) +8.47(0.18)
HCOOCH; 165,5-15;0 A 206.6195 12 890 41 10 42(11) +8.34(0.18)

HCOOCH; 17,15-16, 1, B 2067109 12 95 43 4 43(7) +8.70(0.06)
HCOOCH; 17,14-16, 3 E 2099185 12 101 43 5  39(5) +8.90(0.07)
HCOOCH; 1761-16611 A 2112550 12 115 40 6  28(6) +8.67(0.12)
HCOOCH; 176116611 E 2112661 12 115 39 8  40(8) +8.21(0.12)
HCOOCH; 176,,-16610 E 2115372 12 115 39 6  29(6) +8.35(0.17)
HCOOCH; 176,,-16510 A 2115751 12 115 39 5 28(5) +8.43(0.26)
HCOOCH; 175,-165n B 214.6317 11 108 41 9 39(6) +7.80(0.14)
HCOOCH; 175116511 A 2146526 11 108 41 12 39(12) +7.93(0.22)
HCOOCH; 185161755 E 2147824 11 106 46 9  53(9) +7.76(0.11)
HCOOCH; 185161755 A 2147925 11 106 46 8  41(8) +7.87(0.15)

HCOOCH; 195 17-185 6 E“¢  216.2109
HCOOCH; 19;,5-18;;7 E<¢  216.2110

HCOOCH; 19, 5-18;17 A 2162165 11 109 49 6  30(6) +8.33(0.15)
HCOOCH; 18,16-17,;s E 2168302 11 106 46 8  46(8) +8.15(0.13)
HCOOCH; 18516-17,15 A 2168389 11 106 46 8  39(8) +8.31(0.14)

HCOOCH; 20, 5019110 E<¢  216.9648
HCOOCH; 20, 50191 19 A ¢ 216.9659
HCOOCH; 200201990 E©¢ 2169663 11 111 53 9 99(9) +7.93(0.13)
HCOOCH; 205, 10-19910 E<4  216.9663
HCOOCH; 200201919 A ¢ 216.9673

HCOOCH; 17,16-16,;s E“¢  218.2808
HCOOCH; 175141653 E<Y 218.2809

HCOOCH; 173,~165;3 A 2182979 11 100 44 7  51(7) +8.07(0.10)
HCOOCH; 17,516, o B 220.1669 11 103 43 10  46(10) +8.86(0.14)
HCOOCH; 17,15-16,15 A 2201903 11 103 43 8  46(8) +8.89(0.11)

HCOOCH; 1845—1744 E<¢  221.6605 11 112 45
HCOOCH; 18109—17105 A ©?  221.6611 11 167 33 8 65(8) +8.10(0.08)
HCOOCH; 180517107 A %4 221.6611 11 167 33

HCOOCH; 185,19-175 E 2224214 11 144 38 11 43(7) +8.38(0.15)

HCOOCH; 195 1518315 E<¢  225.6088
HCOOCH; 195 718514 B¢ 225.6088

HCOOCH; 21,2,-20,20 E¢ 2275609
HCOOCH; 21520020 E¢¢  227.5617
HCOOCH; 2155020, s E©¢ 2275618 11 112 55 12 93(12) +8.50(0.10)
HCOOCH; 215,20, 50 A4 227.5620
HCOOCH; 21520020 A ¢ 227.5628

HCOOCH; 185,5-175, B 228.6289 11 119 44 14  46(6) +8.61 (0.20)
HCOOCH; 185;5-1750 A 228.6514 11 119 44 9  38(8) +7.98(0.14)
HCOOCH; 19,,6-18415 A 2332268 11 123 48 7  46(7) +8.65(0.10)
HCOOCH; 206,,~193 E 2512645 10 149 48 10  35(7) +9.16(0.17)
HCOOCH; 20614~195.3 A 2512857 10 149 48 9  42(9) +8.56(0.14)
HCOOCH; 2110520101 E 259.1379 9 203 43 15  16(4) +8.65(0.55)

HCOOCH; 24,5423, E©4 259.3420
HCOOCH; 245423023 B4 2593421
HCOOCH; 24, 5,-23123 A4 259.3429
HCOOCH; 2402423023 A ¢ 259.3430

HCOOCH; 20, 16-19415 A 2595217 9 139 51 8 39(7) +8.69(0.15)

11 109 49 11 52(11) +8.05(0.17)

11 100 44 7 51(7) +8.49(0.08)

11 117 49 8  44(8) +8.08(0.13)

9 158 64 8 79 (8) +7.81(0.07)

4.84(040) 222(15)
4.07(029) 199 (12)
432037  214(17)
3.83(0.41)  171(16)
291(0.14)  134(59)
263(0.18)  110(6)
2.77 (0.26) 83 (7)

245(0.26) 104 (10)
3.86 (0.46)  117(11)
373(0.64)  111(17)
272(0.29) 113 (11)
3.81(047)  159(18)
295(0.23)  167(12)
423 (043)  185(15)

4.06 (0.41) 224 (19)
3.94 (0.40) 127 (10)

375(037) 183 (14)
375(037)  156(13)

6.80 (0.48) 716 (40)

3.04 (0200 167 (9)
341(024)  184(11)

336 (0.40) 164 (15)
2.94(0.22) 144 (10)

3.69 (0.20) 257 (12)

247(037)  113(13)

373(026) 173 (11)

4.80(0.25) 473 (21)

333(0.52)  162(20)
2.84(0.29) 114 (11)
3.60(0.23) 178 (10)
3.51(034)  132(13)
344 (029)  155(12)
2.85(1.09)  48(18)

4.11(0.16)  345(11)

3.86 (0.40) 159 (12)

¢ Frequencies and spectroscopic parameters are extracted from
Laboratory database (Pickett et al. 1998). ” The errors in brackets

uncertainties. ¢ The lines cannot be distinguished with the present spectral resolution.

the Jet Propulsion

are the gaussian fit
d

The line is excluded from the further analysis because blended by other transitions with

different upper level energies (see text).
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Table 5.7: List of transitions and line properties (in Ty scale) of the HCOOCHj; emission de-
tected towards SVS13-A at 2 and 3 mm.

Transition v HPBW E,* Sp** ms  Tpeu® Vieak” FWHM" Iind®
(GHz) () (K (D) mK) mK) (ms')  (kms') (mKkms™)

HCOOCH; 7,5-6,4 E 90.1457 27 20 17 3 8(1) +9.01(037) 2.41(0.73) 20 (6)
HCOOCH; 12,,1-11,10 A 141.0443 17 47 31 2 29(2) +9.05(0.05) 1.58(0.12) 48 (3)
HCOOCH; 135,-12;0E  158.6937 16 60 33 3 19(3) +839(0.11) 3.65(0.27) 74 (5)
HCOOCH; 133,1-123 10 A 1587044 16 60 33 6 20(6) +8.28(0.28) 4.61(0.67)  98(12)
HCOOCH; 14,,5-13, , B 1627689 15 63 36 6 26(6) +8.03(0.20) 4.78(0.48) 134 (11)
HCOOCH; 145,5-13,1, A 1627753 15 63 36 8 23(8) +7.47(0.28) 4.01(0.63)  98(14)
HCOOCH; 14,,5-13;, B 163.8297 15 62 36 5 31(5 +834(0.15) 4.29(0.38) 140 (10)
HCOOCH; 14, 3-13;1, A 163.8355 15 62 36 6 21(6) +8.65(0.18) 2.52(0.36) 57 (8)
HCOOCH; 15,5-141,4 E©  163.9604 5 65 39 6 38(6) +7.54(0.26) 4.69(0.62) 187 (21)

HCOOCH; 15)5-141,4 A€ 163.9619

HCOOCH; 15051404 E¢  163.9875

HCOOCH; 15015-1401s A ¢ 163.9889 15 65 39 8 33(8) +6.84(0.35) 5.92(0.96) 209 (28)

@ Frequencies and spectroscopic parameters are extracted from the Jet Propulsion Lab-
oratory database (Pickett et al. 1998). © The errors in brackets are the gaussian fit
uncertainties. ¢ The lines cannot be distinguished with the present spectral resolution. ¢
The line is excluded from the further analysis because blended by other transitions with
different upper level energies (see text).

methyl group (CHj3) is on the same side of the carbon chain; the trans configura-
tion if the methyl group is on opposing sides of the carbon chain (see Fig. 5.22).
However the trans form is less stable than the cis form and at typical temperatures
of 100 K, the population ratio of cis over trans is ~ 10'3:1 (Neill et al. 2012). Fur-
thermore the energy barriers make unlikely the interconversion between cis and
trans forms in interstellar environments, so only the cis has been detected (Laas
et al. 2011).

Methyl formate is the most abundant among its isomers acetic acid (CH;COOH)
and glycolaldehyde (HCOCH,OH). In the Sgr B2 complex, a relative abundance
of ~ 0.5:1:26 (glycolaldehyde : acetic acid : methyl formate) has been measured
by Hollis et al. (2001). The reason of this abundances differentiation is still un-
clear but it is thought to be related to the respectively formation processes (e.g.
Bennett & Kaiser 2007).

We detected in total 49 lines of HCOOCH; in the ASAI spectra. Among them,
only one line has been detected in the 3mm ASAI band, with a HPBW ~27" while
11 lines are detected in the 2mm band and 37 in the 1mm band, observed with
HPBWs of ~15” and ~10”, respectively. The lines cover a large range of upper
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level energies E,;, , from 20 K to 203 K, the line profiles are close to gaussian shape
with typical FWHM~2—4 km s~! and the peak velocities are close to the systemic
source velocity (+8.6 km s™!, Chen et al. 2009; Lépez-Sepulcre et al. 2015) with
values between +7.5 km s™! and +9.2 km s™!. The spectral line parameters and
the results of the gaussian fit are reported in Tab. 5.7 and in Tab. 5.6 while the
emission line spectra are shown in Fig. 5.23.

Assuming LTE conditions and the hot-corino region as the emitting source
with a size of 1”, we performed a rotational diagram analysis. The results are a
rotation temperature Ty, = 66 + 5 K and a column density Ny, = 11.6 + 1.3 x 101
cm™2, as illustrated in Fig. 5.24 and reported in Tab. 5.10. Note that in some cases,
because of the limited spectral resolution, we observe only one line but it consists
of different transitions with the same upper level energy E,,. These unresolved
multiplets are treated in the rotation diagram analysis using the method illustrated
in Section 2.3.1. On the contrary, the lines containing several transitions with
different upper level energies and different quantum numbers are excluded from
the analysis.
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HCOOCH; emission towards SVS13—A
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Figure 5.23: HCOOCH; line profiles in Ty scale (not corrected for the beam dilution); transi-
tions are reported. The vertical dashed line stands for the ambient LSR velocity (+
8.6 Km s~!, Chen et al. 2009). All the line profiles due to several transitions with
different upper level energies are excluded from the analysis (see text).
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Figure 5.23: Continued.
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Figure 5.24: Rotation diagram for HCOOCH;. An emitting region size of 1” is assumed (see
text). The parameters N, g,, and E,, are, respectively, the column density, the
degeneracy and the energy (with respect to the ground state of each symmetry) of
the upper level. The derived values of the rotational temperature are reported.
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Table 5.8: List of transitions and line properties (in Tyg scale) of the CH;OCH3 emission de-
tected in the 2mm and 3mm ASAI bands towards SVS13-A.

Transition Ve HPBW E,* S ms Ty’ Vol FWHM? Lo
(GHz) ()  (K) (D» (mK) (mK) (kms™') (kms') (mKkms)

CH;0CH;3 7, 7-606 EA 147.0242 31

CH;0CH;3 7, 7-606 AE 147.0242 15

CH;0CH; 7, 7-60 EE 147.0249 V7 6y B - - - 6339
CH;0CH; 7,7-606 AA 147.0256 46

CH;0CH; 9)9-8,5 AA 153.0545 100

CH;0CHj; 999-8, 5 EE 153.0548 160

CH;0CH; 9)0-8, 5 AE 1530552 1© 40 6o 8 a a - 116 (12)
CH;OCH; 90-8, 5 EA 153.0552 40

CH;0CH;3 2241522310 AE  162.4095 51

CH;OCH; 224 15-22319 EA  162.4095 102

CH;0CH; 2241522519 EE  162.4107 15 B4 40 7 - - - 7413)
CH30CH; 2241522310 AA  162.4120 153

CH;OCH; 8,5-707 EA 162.5290 36

CH;O0CH; 8,3-707 AE 162.5290 55

CH;0CH; 8, 3707 EE 162.526 10 B3 oys 8 - - - 1423an
CH;0CH; 8,5-797 AA 162.5302 91

¢ Frequencies and spectroscopic parameters are extracted from the Cologne Database
for Molecular Spectroscopy (CDMS®;Miiller et al. 2001,Miiller et al. 2005) molecular
database. © Gaussian fit is not performed given the asymmetric line profiles. “The
transition is not used for the further analysis.

5.3.4 Dimethyl ether (CH;OCH3)

Dimethyl ether is one of the largest iCOM detected in the interstellar medium
and similarly to the other species it seems to be present in all the stages of the
star forming process. Dimethyl ether is an asymmetric top molecules with two
equivalent methyl groups, as illustrated in Fig. 5.17. The torsional movements
along the CO-bond of the two CHj rotors, cause the splitting of each rotational
level into four substates AA, EE, EA, and AE. The spin statistical weights were
derived by Myers & Bright Wilson (1960) as 6(AA), 16(EE), 2(AE), 4(EA) and
10(AA), 16(EE), 6(AE), 4(EA) for ee-00’ and eo-oe rotational transitions, respec-
tively. CH;OCHj; has been detected for the first time by (Snyder et al. 1974) in
the Orion nebula and successively, in the context of Sun-like star forming regions,
in different hot-corinos (e.g. Cazaux et al. 2003, Bottinelli et al. 2004) as well

7e (even) and o (odd) refer to the K,, K. labels of the energy states of an asymmetric rotor.
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as in cold prestellar cores (e.g. Jiménez-Serra et al. 2016). We detected up to 15
lines of dimethyl ether in the three ASAI bands, with upper level energies rang-
ing from 26 to 254 K. All the detected lines consist of several emission lines not
spectrally resolved (at the present velocity resolution, are multiplets, see Tab. 5.8
and Tab. 5.9). As a consequence, the line profiles does not show a gaussian shape
depending on the shift of the frequencies between the multiplet components. For
this reason we do not perform a gaussian fit, as reported in Tab. 5.8 and Tab. 5.9.
We perform a rotation diagram analysis treating the multiplets with the method
illustrated in Sec. 2.3.1. To be consistent we use for the analysis only the lines
composed by the 4 forms (AA, AE, EE, EA) of the same transition.

The derived values for rotation temperature and column density are 7y, = 107
+ 26 K and N = 5.5 + 1.5 x 10" cm™2, respectively (see Fig. 5.26 and Tab.
5.10).
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Table 5.9: List of transitions and line properties (in Tyg scale) of the CH;OCH3 emission de-
tected in the Imm ASAI band towards SVS13-A.

Transition Ve HPBW Eu," Sp** tms Tpea' Vpea! FWHM? It
(GHz) (@) K) (D» mK) (mK) (kms') (kms!) (mKkms™)

CH;0CH; 13, ,-12,1, AA 202.4906 77

CH;0CH; 13, ,-12,,, EE  202.4916 123

CH;0CH; 13, 1,-12,,, AE  202.4926 12 86 46 18 - - - 18124
CH;0CH; 13,,-12,,; EA  202.4926 31

CH;0CH; 84,-835 EE ¢ 204.5520 55 75

CH;0CH; 8,5-835 EA ¢ 204.5525 12 55 17 18 - - - 146 (21)
CH;0CH; 11451139 EE€  204.5526 83 151

CH;0CH; 121,-11,1; AA  212.7559 91

CH;0CH; 12,1111, AA  212.7561 243

CH;0CH; 129-11,;; AA  212.7562 12 0 6 1 - - - 209015
CH;0CH; 12,111, AA  212.7562 30

CH;0CH; 12, ,-119,; EA  225.5988 62

CH;0CH; 12, ,-119,; AE  225.5988 93

CH;0CH; 12, 1,-110;; EE  225.5991 1 0 gy 1B - B B 324 23)
CH;0CH; 12, ,-119,; AA  225.5995 154

CH;0CH; 9,5-8,7 EA 237.6188 23

CH;0CH; 9,5-8,7 AE 237.6188 12

CH;0CH; 9,5-8; 7 EE 2376200 1° 46 o3 ? - - - 368 (16)
CH;0CH; 9,5-8,7 AA 237.6230 35

CH;0CH; 13, 3-12012 AE  241.9462 34

CH;0CH; 13,13-120» EA  241.9462 69

CH;0CH; 13, 3-120,, EE  241.9465 10 8l oy 12 - B B 32907
CH;0CH; 13,3120 AA  241.9468 103

CH;0CH; 15, 14-14,,3 AA  249.9238 105

CH;0CH; 15, 14-14,,3 EE  249.9245 168

CH;0CH; 15, 14-14,,3 AE  249.9251 10 136 1 - - - 100 (12)
CH;0CH; 15, 414513 EA  249.9251 42

CH;0CH; 21562147 AE  251.1408 118

CH;0CH; 215,6-214,7 EA  251.1408 79

CH;0CH; 215,6-214,7 EE  251.1424 10 246 55 13 - B B 95(19)
CH;0CH; 2151621417 AA  251.1441 197

CH;0CH; 1254-1249 AE 262.8893 58

CH;0CH; 1254-1249 EE 262.8902 9 106 112 15 - B - 107 (15)
CH;0CH; 1255-1240 AA 262.8954 97

CH;0CH; 15¢,5-14; 14 EA¢  269.6088 82

CH;0CH; 150,514, 14 AE¢  269.6088 06 123

CH;0CH; 15¢,5-14,14 EE€  269.6088 9 329 15 - - - 218 (18)
CH;0CH; 15¢,15-141 14 AA ¢ 269.6088 205

CH;0CH; 223192143 EE€ 269.6096 246 106

CH;0CH; 15, 5-140,4 AE  275.3817 41

CH;0CH; 15, 5-149,4 EA  275.3817 82

CH,OCH, 15, s—l401s EE 2753819  ° 106 33 18 - - - 2242
CH;0CH; 15, 1514014 AA 2753821 124

¢ Frequencies and spectroscopic parameters are extracted from the Cologne Database
for Molecular Spectroscopy (CDMS®;Miiller et al. 2001, Miiller et al. 2005) molecular
database. © Gaussian fit is not performed given the asymmetric line profiles. “The
transition is not used for the further analysis.
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Figure 5.25: CH;OCHj3; line profiles in Ty scale (not corrected for the beam dilution); transi-
tions are reported. The vertical dashed line stands for the ambient LSR velocity (+
8.6 Km s~!, Chen et al. 2009). The blue lines indicate transitions with the same
upper level energies and quantum numbers, while the red lines indicate transitions
with different upper level energies and quantum numbers.
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Figure 5.26: Rotation diagram for CH3;0OCHj3. An emitting region size of 1” is assumed (see
text). The parameters N, g,, and E,, are, respectively, the column density, the
degeneracy and the energy (with respect to the ground state of each symmetry) of
the upper level. The derived values of the rotational temperature are reported.
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Figure 5.27: Rotation diagram for NH,CHO from Loépez-Sepulcre et al. (2015). An emitting
region size of 1” is assumed (see text). The parameters N, g,, and E,, are, respec-
tively, the column density, the degeneracy and the energy (with respect to the ground
state of each symmetry) of the upper level. The derived values of the rotational tem-
perature are reported.

5.3.5 Formamide (NH,CHO)

Formamide is an interstellar molecule of great interest because it has been
proposed as a pre-biotic precursor genetic material (e.g. Saladino et al. 2012, and
references therein). Formamide was detected for the first time in space by Rubin
et al. (1971) towards Sgr B2. Recently, Yamaguchi et al. (2012) and Mendoza
et al. (2014) reported for the first time NH,CHO emission towards the protostellar
shocks L1157-B1 and B2. In addition Kahane et al. (2013), detected formamide
towards the hot-corino IRAS 16293-2422. The abundance of NH,CHO was pre-
viously measured in all the ASAI targets, by Lopez-Sepulcre et al. (2015). In
particular, 13 formamide lines has been detected towards SVS13-A and analysed
using the rotation diagram analysis, assuming the hot-corino as the origin of the
emission with a typical size of 1”. The derived values of rotation temperature and
column density (see Fig. 5.27 and Tab. 5.10) are T, = 40 + 4 K and Ny, = 3.2
+ 6 x 10" cm™2, respectively. We will use these values for the overall analysis of
the iICOMs abundances around SVS13-A.
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Table 5.10: List of the detected iCOMs towards SVS13-A.

Specie E,, range Trot ¢ Niot ¢ Xn, €
(K) (K) (cm™)
H,CCO 40-206 64 (11) 11.4(2.9)x10"* 23x107°

CH;CHO 16-108 36 (10) 10.7 (6.6) x 105 2.1 x 1078
HCOOCH;  20-203 66 (5) 11.6(1.3)x 10" 6.4x 10717
CH;0CH; 46-246 107 (26) 5.5(1.5)x 10 23x107®
NH,CHO? 15-127 40 (4)  3.2(0.6)x 10"  1.1x1078

® Parameters refer to an assumed source size of 1. From Lopez-Sepulcre et al. (2015).
¢ Assuming for a typical hot-corino N(H) ~ 5 x 10% cm™.

A summary of the measured iCOMs abundances towards SVS13-A is given in
Tab. 5.10.

5.3.6 Constraints on other iCOMs

Beside the detected iCOMs we also put constraints on the column densities
of non detected iCOMs which have been previously detected towards hot-corinos
(e.g. Bottinelli et al. 2004, Jaber et al. 2014).

In particular we assumed (i) a temperature of 80 K, based on the rotational
temperatures (7,.) derived for the detected iCOMs, and (ii) a typical size of 1”
for the hot-corino region. Under LTE conditions, we derived upper limits for the
column densities of HCOOH, HCCCOH, HCOCH,OH, CH;NH,, CH;COCH;
and CH;0. The derived values are reported in Tab. 5.11. Note that HCOCH,OH
has been recently imaged towards SVS13-A by De Simone et al. (2017) using the
IRAM-NOEMA interferometer. The derived column density derived is Ny = 1.2
+ 0.6 x 10" cm™, well consistent with the upper limit derived here. In Chap.
6 we will discuss how upper limits on iCOMs can be fruitfully used to put firm
contraints on chemical models.
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Table 5.11: List of upper limits for non-detected iCOMs towards SVS13-A.

Specie Trot @ Niot ¢

(K)  (em™)
HCOOH 80 <8x10"
HCCCOH 80 <g2x10P
HCOCH,0OH” 80 <3 x10"
CH;NH, 80 <3x10Y
CH;COCH; 80 <g2x10P
CH;0 80 <5x10%

¢ Parameters refer to an assumed source size of 1”’. The temperature has been assumed
based on the Ty values derived for the iCOMs detected towards SVS13-A. The column
densities upper limits refer to 1o. * In agreement with the NOEMA CALYPSO
measurements from De Simone et al. (2017) (see text).
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5.3.7 Conclusions on iCOMs

How can we estimate the abundances of the detected iCOMs ? The classical
approach to quantify the iCOMs abundances in a source is to derive the frac-
tional abundance of each species with respect to H,, the most abundant molecular
gas constituent. However, the determination of the molecular hydrogen column
density in star forming regions may hide relevant difficulties. For instance, the
homonuclear H, molecule does not have a permanent dipole moment and it is con-
sequently impossible to reveal using rotational transitions. Even carbon monoxide
(CO) which is the second-most abundant interstellar molecule, with a fractional
abundance [CO]J/[H,] = 107 (in particle numbers), is not easily exploitable for
abundances determination. Carbon monoxide is ubiquitous in star forming re-
gions, and it has a strong dipole moment; however, it is detected in all the compo-
nents of the star forming “recipe”, from the static molecular cores to fast jets, thus
it is difficult to determine from CO observations the origin of the emitting region,
probably different from that emitting in iCOMs. Being back to H,, its column
density is normally estimated using continuum observations of the dust compo-
nent. In particular, assuming optically thin emission, the envelope mass can be
evaluated using:

B S,d?
 K.BJ(ToR,
where S, is the continuum integrated flux, d is the source distance, K, is the
opacity for dust mass (see e.g. Ossenkopf & Henning 1994), B, (T,) is the Plank
function for a given dust temperature (T,) and R, is the dust-to-gas ratio (see
Taquet et al. 2015). Then the H, column density can be derived from M using:

S.D

N(H,) = (5.2)

umyQd?

with M being the mass of the envelope, u the mean molecular mass in units
of hydrogen molecular mass, my the hydrogen atom mass, €2 the solid angle sub-
tended by the source and d its distance (see Taquet et al. 2015). The large un-
certainty on the determination of some of these parameters, like for example the
opacity or the gas-to-dust ratio makes the estimate of H, column density still chal-
lenging for most of the sources.
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Figure 5.28: Abundances of the five iCOMs analysed in SVS13-A normalized to the H2 abun-
dance for different objects: the prestellar core L1544 (Bizzocchi et al. 2014,
Jiménez-Serra et al. 2016), the pre-protostar hydrostatic core B1-a (Pezzuto et al.
2012, Gerin et al. 2015), the Class 0 sources IRAS 4A, IRAS 2A and IRAS16293-
2422 (e.g. Taquet et al. 2015, Jaber et al. 2014), the protostellar shock L1157-B1
(Codella et al. 2010, Lefloch et al. 2017) and the Class I source SVS13-A (this
work). The iCOMs abundances with respect to H, in IRAS 4A, IRAS 2A and
IRAS16293-2422 are from Taquet et al. (2015) while B1-a is from Cernicharo et al.
(2012). Arrows indicate upper limits measurements. Note that all the sources are
observed with the IRAM-30m telescope. The horizontal black arrow indicates the
evolutionary stage (out of scale).




Chapter 5. Chemical complexity in a later Class I protostellar stage 135

The iCOMs abundances with respect to H, in SVS13-A are reported in Tab.
5.10. We assumed typical values of H, column density of x 10*~10?* cm™2, ex-
pected in the inner 100 au of hot-corinos (e.g. Maret et al. 2005 and references
therein). In order to put the SVS13-A measurements in the context of iCOMs
abundances of low-mass star forming regions, Fig. 5.28 compares the present
findings with those derived in prototypical objects (observed with the same tele-

scope, i.e. the IRAM-30m single dish) such as:

o 1.1544 is the prestellar core prototype located in the Taurus star forming
region at a distance of 140 pc (see Caselli et al. 1999, 2002, and references
within). It is a well studied source characterised by high density (> 2 x 10°
cm™) and low temperature (~ 7 K). Despite the high molecular depletion, in
the core several iICOMs have been detected, produced possibly by reactive
desorption or cosmic-ray irradiation of the external portion of the cloud
(Vastel et al. 2014, Jiménez-Serra et al. 2016).

e B1-b is an intermediate stage between prestellar cores and Class 0 (> 10*
yr) protostars. This source is located in the Barnard 1 dark cloud, in Perseus
(d = 235 pc, see e.g. Bachiller & Cernicharo 1986). B1-b is composed of
two different objects, B1-b N and B1-b S which are thought to be in the first
hydrostatic core phase because of their spectral energy distribution (Pezzuto
et al. 2012) and their association with small low-velocity outflows (Gerin
et al. 2015). This indicate a more evolved stage with respect to starless
cores but younger than a Class 0.

o NGC 1333-IRAS 4A, NGC 13333-IRAS 2A and IRAS16293-2422 are
classified as Class 0 solar-type protostars. In particular IRAS 4A and IRAS
2A are located in the NGC 1333 star forming region in Perseus (d = 235
pc) while IRAS16293-2422 is in the p Ophiuchi star-forming region (d =
120 pc, Loinard et al. 2008). All the sources are well studied and associated
with iCOMs emission (e.g. Taquet et al. 2015, Jaber et al. 2014).

e L.1157-B1 is the prototype of a chemically rich protostellar shock. This bow
shock originates at the apex of the cavity carved by the outflow associated
to the Class 0 protostar L1157 (d = 250 pc, Looney et al. 2007). It has been

extensively studied because it is one of the best laboratories to investigate
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the interaction between shocks and molecular gas, having a kinematical age
of only 2000 yr (Gueth et al. 1996). Several iCOMs have been detected
towards the shock using both sigle-dishes and interferometric surveys (e.g.
Codella et al. 2010, Lefloch et al. 2017).

Figure 5.28 compares the iCOMs abundances with respect to H,: ketene is re-
ported in red, acetaldehyde in orange, formamide in red, methyl formate in yellow,
and dimethyl ether in blue. On the x-axes the sources are ordered following the
evolutionary stage of the process leading to the formation of a Sun-like star: from
the younger prestellar core 1.1544 to Class 0 and Class I protostars. In addition,
we added the L1157-B1 prototypical shock, which is induced by the jet driven by
the L1157-mm Class O protostar.

Even if some of the Class 0 measurements are only upper limit, we can discuss
some general trends:

e The most abundant molecule in the prestellar core L1544 appears to be
H,CCO. However the abundances of CH;OH, HCOOCH; and CH;OCH;
are not negligible (~ 107!"), and NH,CHO is also present but with a defini-
tively lower abundance (3 x 107!'?). The available measurements for the hy-
drostatic core B1-b (Cernicharo et al. 2012) are substantially in agreement
with what found in L1544. Indeed the abundance of CH;CHO, HCOOCH;
and CH3;0CH3; are ~ 107!, The only difference with respect to L1544 is in
the H,CCO abundance which is similar to the other iCOMs in B1-b, while
it is higher by one order of magnitude in L.1544.

e The main differences are observed if the cold sources (L1544, B1-b) are
compared to the other stages. For Class O we observe a dramatic enhance-
ment of the HCOOCHj3; and CH;0OCHj; abundance: from 2 orders of mag-
nitude, for IRAS16293-2422, to 4 orders of magnitude for IRAS 2A. Even
if we consider that some measurements in Class O are upper limits (indi-
cated by arrows in Fig. 5.28), it is clear that the outburst of the chemical
complexity looks related to the hot-corino phase, when the grain mantles
are sublimated by the increase of kinetic temperature due to stellar winds.

e The iCOMs abundances measured towards SVS13-A appears to be compa-
rable with respect to the Class 0 abundances within an order of magnitude.



Chapter 5. Chemical complexity in a later Class I protostellar stage 137

Indeed the abundances of HCOOCH5; and CH;OCH; in the three sources
SVS13-A, IRAS 4A and IRAS 16293-2422, range between 9 X 10~ and
8 x 1078, This behaviour seems to indicate that the more evolved Class I
stage is as much chemically rich as the Class O phase. In other words, the
iCOMs abundances observed in the early hot-corino stage looks to be pre-
served till the Class I phase. Furthermore, the protostellar shock L1157-B1
shows a chemical enrichment similar to the Class O sources and to SVS13-
A with iCOMs abundances ranging between 2 x 10~ for NH,CHO to 3 X
1078 for HCOOCH; and CH3OCHj. This is an indication that jets driven by
Class 0 protostars, such as L1157-mm, can largely contribute to the chem-
ical enrichment in the protostellar surroundings. In this case, the process
is related to the dust erosion in shocks (e.g. Pineau des Forets et al. 1993,
Guillet et al. 2011 and references therein) due to gas-grain (sputtering) or
grain-grain collisions (shattering).

Beside the abundances with respect to H,, it is instructive to compare the abun-
dance of iCOMs with respect to methanol (CH;OH) which is assumed to be the
unique iCOM which is formed only on dust mantles and not in the gas phase. In
other words, methanol can be used, once assumed that the composition of dust
mantles is the same, as a sort of proxy to measure the amount of material injected
into the gas phase.

Figure 5.29 shows the abundance ratio of [1ICOMs]/[CH3;0H] for selected
sources, trying again to find evolutionary trends: the prestellar core L1544, the
Class 0 IRAS16293-2422, and the Class I SVS13-A. The [iCOMs]/[CH;0H] ra-
tios for SVS13-A are definitely lower than those measured in the other sources. In
particular we observe for H,CCO a variation of three orders of magnitude between
L1544 and SVS13-A. According to KIDA® ketene is not directly produced from
methanol thus this could explain the large variation between the sources. How-
ever the lack of reliable measurements in IRAS16293-2422 prevent us to derive
any trend. Also the NH,CHO trend is not clear because the measurement toward
L1544 is an upper limit but we observe a decrease of two orders of magnitude
from IRAS16293-2422 to the SVS13-A abundance. Again, this is not surprising
given that for formamide it has been proposed a different chemistry with respect to

Klnetic database for Astrochemistry (KIDA), see Wakelam et al. 2012



138 Chapter 5. Chemical complexity in a later Class I protostellar stage

[ T T T 1
Il H,CCO [@ CH3CHO Il NH,CHO [ HCOOCH; HEl CH;3;OCH;
I0 F ]

102}

Abundance wrt CH;0OH

1074}

107

L1544 IRAS16293 SVS13-A
TIME

Figure 5.29: Abundances of different iCOMs normalized to the methanol abundance. The
measurements towards SVS13-A (this work) are compared to the prestellar core
L1544 (Bizzocchi et al. 2014, Jiménez-Serra et al. 2016) and to the Class O source
IRAS16293-2422 (e.g. Taquet et al. 2015, Jaber et al. 2014). Arrows indicate upper
limits measurements. The horizontal black arrow indicates the evolutionary stage
(out of scale).
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that of CH3;OH. In particular, recent observations suggest that the main precursor
of formamide are H,CO and NH, reacting in the gas phase (Codella et al. 2017,
Barone et al. 2015 and references therein). On the other hand, the correlation ex-
isting between HCOOCH; and CH3;OCHj3; looks more intriguing: the abundances
of the two species are similar within a factor 5, suggesting that they have to be
related in both cold and warm environments. This is a strong evidence that methyl
formate and dimethyl ether have a common precursor or one of the two is the pre-
cursor of the other, as already proposed in other works (Jaber et al. 2014, Brouillet
et al. 2013, and references therein). For CH;CHO and HCOOCH; we observe a
decrease of a factor ~ 20 and ~ 70, respectively going from the early pre-stellar
and protostellar stages to SVS13-A. On the other hand CH3;0CHj; range from 0.05
in L1544, to 0.4 in IRAS16293-2422 and 8 x 107 in SVS13-A. These results
seems to support the presence of gas-phase reactions at work on time scales of
~ 10*~10° yr. Indeed, if all the iCOMs would be simply produced by desorption
of grain mantles, we should observe roughly constant ratios relative to CH3;OH,
presuming that the dust mantles composition is similar in the different sources.

We emphasise that all the comparisons between the sources have to be taken
with a pinch of salt given we compare different works. These preliminary results
have to be confirmed increasing the statistics with systematic observations of the
chemical content of both Class 0 and (in particular) Class I objects.






Conclusions

The work of the thesis contributes to the overall effort to increase the obser-
vational studies of the chemical content in Solar-type protostars. As discussed in
Chap. 1, molecular deuteration and iCOMs are of great importance in the study of
protostellar regions. On the one hand deuterated species give the opportunity to
recover the physical gas conditions in the pre-collapse phase. On the other hand,
iCOMs are interesting because they constitute the smallest bricks to build up bi-
otic material and they might have had a role in the emergence of life on Earth.
Nevertheless, observations performed with single-dish antennas exist for very few
sources and only a handful are at higher angular resolution (see e.g. Taquet et al.
2015). This prevents the elaboration of a firm and coherent picture. In this work
(i) we improved the observational scenario with the analysis of deuterated species
and iCOMs in the Class 0 source HH212, and (ii) we opened new laboratories to
study how the chemical-physical properties evolves with time, as in the case of
the Class I protostar SVS13-A.

6.1 Deuterium fractionation to shed light on the past

ALMA high angular resolution observations of the Class 0 source HH212
allow us to obtain the first measurements of methanol D/H on a Solar System
scale. The comparison between the temperatures in Orion B (where HH212 is
located) and Perseus (where most of the Class 0 protostars lie) suggests that the
derived D/H is related to the differences in the ambient gas temperature at the
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ices formation epoch. Interestingly the observed results are in good agreement
with the predictions on methanol deuteration in interstellar ices obtained using
the GRAINOBLE astrochemical model (Taquet et al. 2012a, 2013, 2014). Our
findings confirmed, once more, the power of deuterium fractionation in recover-
ing the prestellar gas conditions; in addition we show the need to observe star
forming regions in the different molecular clouds (such as Perseus, Taurus, Ophi-
ucus, and Orion) to understand what is the role of the environment in the chemical
differentiation.

6.2 On the nature of a hot-corino

We detect and analyse deuterated water and iCOMs at high angular resolution
(up to 0715) in the Class 0 HH212. Our work demonstrates that these tracers are
more efficient than the classical molecular tracers (such as CO and SiO) for the
imaging and kinematics of the very inner protostellar regions (below 100 au). One
of the hypotesis is that the observed emission is originated by a disk wind or by
slow shocks occurring at the centrifugal barrier (Sakai et al. 2017). In any case the
recent observations with increasing angular resolution showed that the structure
of the disk-outflow systems is far more complex than initially thought. The hot-
corinos, defined as the regions where the temperature is high enough (T > 100
K) to trigger a rich chemistry, have been so far observed with a typical angular
resolution of ~ 1” (i.e. ~ 230 au in Perseus). Here we indeed go beyond this
frontier, tracing Solar System scales. One interesting point of the iCOMs images
obtained using emission due to '*CH3;OH, CH,DOH, HDO, and CH;CHO, is the
origin of the tilt of the red/blueshifted emission at low velocities (+ 1 km s~! with
respect to the systemic source velocity) in direction NE-SW. As we suggested in
Chap. 4 it may be due to the interaction of a wind with the asymmetric cavity. An
important piece of the puzzle is provided by A further intriguing possibility could
be infall motion toward the disk. In this case, the infalling material would present
redshifted emission above the disk and blueshifted emission below the disk. When
the infall motion is considered together with the rotation of the system/cloud,
the redshifted emission of the infall would tend to be cancelled on the NW side
above the disk plane that is blueshifted for the rotation. On the other hand, the
blueshifted emission of the infall would tend to be cancelled on the SE side below
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the disk plane that is redshifted for the rotation, giving in total the observed tilt.
However, since we are observing the system so close to edge-on, any infalling
velocity component is going to be projected at very small values ( + 0.2 km s71),
maybe too small to produce a projected velocity shift of + 1 km s™! between the
red and blue lobes. Whatever the answer is (infalling or outflowing), we need a
slow shock to produce the molecules we observe. A detailed modelling would be
required to understand the complex kinematics observed towards the source. We
are indeed working in synergy with the modelers of the LERMA-Paris node to
start investigating these so far unexplored regimes of very high density and very
low velocities.

To conclude our project shows that the chemical richness can also be used as
unique tracer of kinematical components at work in the factory producing a Sun-
like star, opening at the same time new questions on which are the dominating
processes. Only future forthcoming ALMA and NOEMA data will possibly pro-
vide a final answer. In particular, we will need a further investigation of the effects
produced by the occurrence of an optically thick disk.

6.3 How chemistry evolves from the Class 0 to the
Class I phase

The analysis of the Class I object SVS13-A provides us the opportunity to
characterise the chemical content of a more evolved source, trying to determine a
possible evolutionary trend in the comparison with Class O protostars. Even if the
angular resolution of single-dish data is not enough to disentangle the protostel-
lar components, the large number of lines provided by unbiased spectral surveys
(such as ASAI) allows us to analyse the global chemical complexity in a source
previously unexplored. More specifically, we detected several lines of deuterated
formaldehyde and (for the first time) methanol obtaining reliable measurements of
the organics D/H in a Class I object. This contributed to fill the gap between Class
0 objects and protoplanetary disks, associated with Class II-III objects, in the con-
text of deuteration measurements (see Chap. 1). In SVS13-A the D/H is up to two
orders of magnitude lower than the values measured in Class 0 sources located in
the same star-forming region and observed using the same telescope. This is a first
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indication of a modified chemical content possibly due to the different evolution-
ary stages. Thanks to the wide observed bandwidth, we analysed several iCOMs
such as H,CCO, CH;CHO, HCOOCH; and CH;OCH3, revealing for the first time
a rich hot-corino towards the source (see also Lopez-Sepulcre et al. 2015, Codella
et al. 2016a). Comparing the iCOMs abundances to H,, SVS13-A appears to be
as chemically rich as the observed Class O protostars. However, the ratio between
1iCOMs and methanol shows a different behaviour. [iCOMs]/[CH;OH] decreases
significantly (at least by a factor of 20) going from Class 0 to SVS13-A. Given
methanol is a proxy of the material ejected in the gas-phase from dust grain man-
tles, a lower ratio indicates again a modified chemical content during the Class 0
— Class I evolutionary transition, plausibly due to gas-phase reactions. If con-
firmed, this would give us a further piece of information on how the protostellar
chemical richness is inherited by a forming planetary system.

6.4 iCOMs abundances: new constraints and related
limits

The low number of sources where iCOMs have been detected hampers our
understanding on how these species are formed in the ISM. As reported in Chap.
1 two major theoretical routes of iCOMs formation are possible: on the grain
surfaces or in the gas-phase. Most likely, a combination of the two is at work,
but their respective roles and the timescales involved are still hotly debated. The
building of a solid and comprehensive theory requires: (1) the observations of
a large number of lines to identify and properly derive the iCOMs abundances
in each source; (2) the combination of single-dish and interferometer to obtain a
complete picture, from the large envelope to the smallest scales comparable with
the Solar System, and (3) a statistical approach obtained through the observations
of several star-forming regions at the same angular scales.

1. The unprecedented results provided by ASAI i.e. a large number of iCOMs
detected through a large number of emission lines, put severe constraints
on the iCOMs relative abundances. A particular case is represented by
methoxy (CH3;0) which, interestingly, is not detected in SVS13-A. More
specifically, the derived CH;0 column density is N < 5 X 10" cm™2,
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This molecule has been recently proposed as a possible precursor of methyl
formate and dimethyl ether in gas-phase processes (Balucani et al. 2015).
Given the high abundances of HCOOCH; (Ny,, ~ 12 x 10" ¢cm™2) and
CH;0CH; (N ~ 6 x 10 cm™), the present CH30 non detection is in-
deed challenging the proposed gas formation routes (see 5.3.7). Chemi-
cal models should take into account that [CH;O]/[HCOOCH;]<0.04 and
[CH;0]/[CH30CH3]<0.09. These values are not consistent with those pre-
dicted by Balucani et al. (2015) who reported [CH;0]/[HCOOCH;] and
[CH;0]/[CH30CH3;] larger than 1. However these models have been op-
timized for cold objects such as L1544 where indeed methoxy has been
detected (Vastel et al. 2014, Jiménez-Serra et al. 2016). Clearly, the present
observations imply a yet incomplete reaction network which need to be up-
dated, especially for higher temperature as those probed in hot-corinos. We
are working in a close collaboration with the chemistry department of the
Bologna and Perugia Universities as well as with Scuola Normale Superiore
di Pisa to tackle this question.

2. In general, the measurements derived using single-dishes appears to be
very different from that provided by high resolution interferometry. An
instructive example is given by the recent ALMA project PILS (Protostel-
lar Interferometric Line Survey: Jgrgensen et al. 2016) which is provid-
ing a new census of iCOMs towards the Class 0 IRAS16293- 2422, im-
proving the old one by TIMASSS (The IRAS16293-2422 millimeter and
submillimeter spectral survey: Caux et al. 2011). These new observations
at angular spatial resolution of (0”5 (60 au at the source distance), shows
[CH;CHO/CH;0OH] and [HCOOCH;]/[CH;0H], lower down to one order
of magnitude than what found with single-dish measurements. Moreover,
recent observations revealed the presence of several iICOMs in comets Love-
joy and Hale-Bopp (e.g. Despois et al. 2005, Biver et al. 2015). The
HCOOCH; and CH;CHO abundance ratios are found to be fews x 1072
(Biver et al. 2015), not so far from the abundances derived using ALMA
in IRAS16293-2422 (Jgrgensen et al. 2016), suggesting that the materials
synthesized in the early stages of the Solar System formation has been pre-
served until nowadays. A further step ahead will be done with interfero-
metric observations of a sample of sources in different evolutionary stages



146

Chapter 6. Conclusions

of the low-mass star forming process. This is needed to check the trends
found using single-dish data, verifying that the emission due to different
1COMs is really tracing the same gas within every source. Indeed it is not
excluded that in a region like a hot-corino where there is a huge tempera-
ture gradient, iICOMs can trace different regions. In conclusion, these find-
ings definitely support a comparison based on interferometric observations
which will minimise the uncertainties on the emitting source sizes of all the
molecules involved in the analysis.

. A final remark is dedicated to the fundamental need of a statistical ap-

proach. Data obtained so far are sparse and related to few objects. To
properly compare the different environments and the different evolutionary
stages we need systematic observations of a significant number of sources.
Indeed, several large programs using interferometers have been carried out
with this purpose, like SOLIS', a Large Project at IRAM-NOEMA aimed to
image the iCOMs emission in a sample of Solar-type star forming regions
in different evolutionary stages. In Chap. 7 the work in progress and the
forthcoming projects related to this topic will be discussed.

ISeeds Of Life In Space (SOLIS), Codella et al. 2017, Fontani et al. 2017 and Chap. 7



Perspectives: the
NOEMA-SOLIS revolution

The results of this thesis demonstrate not only the efficacy of interferometric
observation in mapping the very inner regions of protostars using iCOMs (see
Chap. 4), but also the utility of using single-dish observations to disclose the
chemical complexity in sources chemically unexplored (see Chap. 5). Single-
dishes are indeed powerful tools to unveil the chemical richness of young stellar
objects thanks to the possibility of performing broad spectral line surveys of star
forming regions. However, these observations are performed with typical beam
sizes of 10”-30", large enough to include several chemical/physical components
around the protostellar objects. More specifically, whenever the source presents
strong temperature and density gradients, like in the envelope and in the hot-corino
regions of a young protostars, the filling factor of the emission becomes smaller
with increasing excitation conditions. This effect can be taken into account trying
to fit separately multiple components in the rotation diagram analysis, as we ex-
plained in Sec. 5.2.6. Nevertheless, interferometric follow-ups are fundamental to
disentangle all the different components of the emitting sources and to determine
exactly their size. This will be necessary not only to determine more accurately
the abundances of the detected iICOMs and the deuterated species but also to map
their spatial distribution in order to put strong constraints on their formation and
destruction routes.

In order to answer some of these open questions our group, in Arcetri, is
deeply involved in the SOLIS (Seeds Of Life In Space) Large Program at the
IRAM-NOEMA interferometer, with P.I. C. Ceccarelli (IPAG-France) & P. Caselli
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(MPE-Germany). The fundamental goal of this long-term project, started in 2016,
is to obtain Imm and 3mm observations of five key iCOMs in 7 targets represen-
tatives of all the different evolutionary stages of a Sun-like system, going from
the prestellar cores, to Class 0 and Class I sources in addition to a protostellar
shocked region. Typical angular resolution are <1” (Imm) and ~ 4”-5" (3mm).
The selected iCOMs are: methoxy (CH30), methanol (CH;OH), dimethyl ether
(CH30CH3), methyl formate (HCOOCH;) and formamide (NH,HCO). These
species have the advantage of being abundant in both cold and warm environ-
ments and/or they will allow us to discriminate between the different formation
pathways, such as grain-surface versus gas-phase chemistry. In addition, the di-
versity of the source sample will enable to analyse for the first time methodically
how the chemical content arises and evolves in the different stages of the star-
formation process. Indeed the biggest limitation of the existing observations is
that they are sparse and difficult to compare. On the other hand SOLIS will pro-
vide a homogeneous dataset for all the sources which will be properly compared.
A number of papers exploiting the SOLIS datasets for single targets have been
recently published or submitted (see Fontani et al. 2017, Codella et al. 2017, Cec-
carelli et al. 2017, Punanova et al. 2017, Favre et al. 2017).

An example of the potential of the SOLIS observations is presented by Codella
et al. (2017) which exploited the dataset of the protostellar shocked region L1157-
B1. The source has been extensively studied, being a unique laboratory to inves-
tigate the chemistry associated to the interaction of a jet-induced shock with the
surrounding gas. More specifically, L1157-mm is a Class 0 protostar (d = 250 pc)
driven a precessing, episodic jet (Gueth et al. 1996, Podio et al. 2016). The jet has
excavated two main cavities, with apices called B1 and B2 (see Fig. 7.1). B1 itself
consists of a series of shocks caused by different episodes of ejection impacting
against the cavity wall (Podio et al. 2016), the oldest of which (kinematical age
=~ 1100 yr) is also the farthest away from the source. The study of the L1157-B1
region is strategic because the protostar is 0.08 pc away, so that the heating is pro-
duced only by the shock and we can study the species injected into the gas phase
straight after the sputtering of the icy dust mantles (Bachiller et al. 2001).

As part of my involvement in SOLIS, I reduced the L1157-B1 data at the
IRAM headquarters in Grenoble (France) in April 2016. The unprecedented high
angular resolution SOLIS observations of formamide in the region provided direct
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Figure from Codella et al. (2017). Left panel: The L1157 southern blueshifted lobe
in CO (1-0) (white contours; Gueth et al. 1996). The precessing jet ejected by the
central object L1157-mm (white star) excavated two cavities, with apices B1 and B2,
respectively. The maps are centered at Ao = +25” and A = —63”5 from L1157-mm.
The emission map of the NH,CHO (4, 4—3, 3) line is shown by the colour image. For
the CO image, the first contour and step are 60 (1o~ = 0.5 Jy beam™! km s™') and 40,
respectively. The first contour and step of the NH,CHO map correspond to 30 (15
mJy beam™! km s™!) and 1o, respectively. The dashed circle shows the primary beam
of the NH,CHO image (64”"). The magenta and white ellipses depict the synthesized
beams of the NH,CHO (5779 x 4”81, PA = -94°) and CO (3765 x 2796, PA=+88°)
observations, respectively. The three dashed arrows indicate the directions (projected
on the plane of the sky) of the episodic jet producing the shocks. Right panel: sketch
of the L1157-B1 system, showing the three episodic shocks.
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evidence of the formation in gas-phase of this fundamental iCOM (Codella et al.
2017). The first high spatial resolution NH,CHO image in L1157-B1 has been
reported and compared with the spatial distribution of other key species (see Fig.
7.2). In particular, Fig. 7.2 shows in the left panel that the formamide emission
does not coincide with that from H,CO and SiO, but only covers the southern por-
tion of the B1 structure. Moreover, Fig. 7.2 (middle panel) shows the acetaldehyde
(CH3CHO; Codella et al. 2015) distribution which is mostly associated with the
northern portion of B1. When considering in particular the distribution of these
two species, three different zones can be identified: SHOCK 1 (the northern and
youngest one, where only acetaldehyde emits); SHOCK 2 (an intermediate zone,
where both formamide and acetaldehyde are present); SHOCK 3 (the southern
and oldest region, where only formamide emits). The chemical modelling of the
source (Codella et al. 2017) suggested that the formamide formation is dominated
in L1157-B1 by gas-phase reactions involving species previously hydrogenated on
the grain surfaces (Barone et al. 2015, Vazart et al. 2016, Skouteris et al. 2017).
This also explains why the formamide abundance peaks where the acetaldehyde
abundance has already started to decrease. These new observations together with
the recent detection of iCOMs in cold objects (e.g. Vastel et al. 2014), challenge
the pure grain-surface chemistry paradigm (e.g. Vasyunin & Herbst 2013) and add
evidence that gas-phase chemistry plays an important role in the iCOMs forma-
tion. These results highlights the potentiality of SOLIS to improve dramatically
our understanding of iCOMs formation and evolution, once the whole dataset will
be analysed. After the PhD project, I will move to IPAG' to further work on the
SOLIS data, starting from the exploitation of the SVS13-A observations.

IInstitut de planétologie et d’astrophysique de Grenoble, France
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Figure from Codella et al. (2017) which shows the chemical segregation in L1157-
B1. The maps are centered at: (J2000) = 20" 39" 0955, §(J2000) = +68° 01’ 10”70.
Left panel: p-H,CO (29,—1p,;) integrated emission (grey), and SiO (2-1) (magenta) at
low-velocity (less than —10 km s™! with respect to vyys) on top of the present NH,CHO
line emission map (colour image, black contours). For clarity, for the H,CO and SiO
images, only the 30 (1o~ = 3.3 mJy beam™' km s~ and 50 mJy beam™! km s~' for
H,CO and SiO, respectively) contour is reported to show the overall B1 structure.
The northern triangle at "B1la” identifies the youngest position in B1, where the pre-
cessing jet driven by L1157-mm impacts the cavity wall while the southern triangle
denotes the position of the oldest shock, which is identified by the so-called “finger”
feature traced by SiO at low-velocity. The H,CO image is smoothed to the same
angular resolution (red ellipse) of the NH,CHO (4, 4—3,3) line data. The synthe-
sized beam of the SiO is: 2'8 x 272, PA = 56°. Middle panel: Same as in the left
panel for the CH3;CHO (79 7—6¢ 6 E+A) velocity-integrated emission (cyan contours;
also smoothed to the same beam of the NH,CHO map; first contour and step cor-
respond to 307, 4 mJy beam™! km s~!, and 1o, respectively). Right panel: Sketch
of the three zones identified from the spatial distribution of formamide and acetalde-
hyde: SHOCK 1 (blue), the northern region, where CH3;CHO (and not NH,CHO) is
detected; SHOCK 2 (green), where both CH3;CHO and NH,CHO are detected; and
SHOCK 3 (red), the southern region, where only NH,CHO (and not CH3;CHO) is
detected. Time increases and chemistry evolves going from SHOCK 1 to SHOCK 3
(see arrows in Fig. 7.1).
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