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Abstract. In this contribution, we aim to summarise the efforts of the Italian SKA scientific
community in conducting surveys of star-forming regions within our Galaxy, in the devel-
opment of astrochemical research on protostellar envelopes and disks, and in studying the
planet formation process itself. The objective is dual: Firstly, to investigate the accumulation
and development of dust throughout the formation of planets, and secondly, to chemically
examine protoplanetary disks and protostellar envelopes by studying heavy molecules, such
as chains and rings containing over seven carbon atoms, which exhibit significantly reduced

strength at millimeter wavelengths.
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1. Introduction

The ingredients for the recipe to make a hab-
itable planet like our own Earth are: a small
rocky planet at the right distance from the
host star for water to be in the liquid state,
a magnetosphere, and an atmosphere organic-
rich in volatiles, capable of developing organic
molecules chemistry. Planets form in proto-
planetary disks in the early phases of stellar
evolution from the material processed and left
over during the star formation process.

In the last few decades, the field of ex-
oplanets has shown a large degree of diver-
sity in the planetary systems, and one of the

main modern challenges of the planet forma-
tion field is to identify the common traits,
physical and chemical processes shared by all
systems. Studying the chemical and physical
evolution of the refractory (dust) and volatile
(gas) component of the interstellar medium
(ISM) during the process of star and planet
formation is thus key to understand the gen-
esis of our own Solar System, the develop-
ment of life on Earth, and eventually how com-
mon or peculiar our system is in the global
context. Key questions still to be addressed
are: how chemically organic complex are the
volatiles delivered to the pristine planetary at-
mospheres? What molecules are passed from
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Nominal frequency 110 MHz 300 MHz 770 MHz 1.4 GHz 6.7 GHz 12.5 GHz

Range [GHz] 0.05-0.35 0.05-0.35 0.35-1.05 0.95-1.76 4.6-8.5 8.3-15.4
Telescope Low Low Mid Mid Mid Mid
FoV [arcmin] 327 120 109 60 125 6.7
Max. Resolution [arcsec] 10 3.5 0.55 03 0.06 0.03

Max. Bandwidth [MHz] 300 300 700 810 3900 2x2500
Cont. rms, 1hr [uly/beam] 2 26 14 4.4 2 13 1.2
Line rms, 1hr [uly/beam] ® 1850 800 300 140 90 85

Resolution range for Cont. & Line rms. 12-600 6-300 1-145 0.6-78 0.13-17 0.07-9
[arcsec] ©

For 1 hour integrations

Table Notes:

(a) Continuum sensitivity assumes fractional bandwidth per channel of Av/v = 0.3
(b] Line sensitivity assumes fractional bandwidth per channel of Av/v = 10 [>10° will be possible)
(c) The sensitivity numbers apply to the range of beam sizes given by Min. and Max. beam sizes

Fig. 1. Summary of the anticipated imaging performance of SKA. Adapted from Braun et al. (2019).

the large-scale envelope to the disk where plan-
ets, comets, and asteroids form? What is the
role of the star and environment in influencing
this chemical evolution? These are key ques-
tions in the context of the SKA Cradle of Lifd]
working group, which is dedicated to develop-
ing scientific cases for the SKA in the fields
of star and planet formation and evolution, in-
cluding astrochemistry. The main lines of re-
search regard the detection and characterisa-
tion of large molecules in the planet-forming
regions, the study of grain growth to constrain
the planet formation process, the detection of
magnetic fields around exoplanets via auroral
radio emission, and stellar activity, the study
of Solar System objects, and the search for ex-
traTerrestrial Intelligence (SETI).

Preparatory work inside the Cradle of Life
working group includes pilot projects with
SKA pathfinders and precursors (e.g. Coutens
et al.[2019; Bianchi et al.|2023)) and a constant
upgrade of the SKA1 use casesﬂ

! https://www.skao.int/index.php/en/
science-users/science-working-groups/
105/cradle-1life

2 https://www.skao.int/
sites/default/files/documents/
d35-SKA-TEL-SKO-0000015-04_Science_
UseCases-signed.pdf

2. SKA technical specifications

The Square Kilometer array (SKA) project is
an international effort to build the largest ra-
dio telescope in the world, with a collect-
ing area of more than one square kilome-
ter. The SKA Observatory, a new intergovern-
mental organization dedicated to radio astron-
omy, headquartered in the United Kingdom, at
the University of Manchester’s Jodrell Bank
Observatory, has responsibility for coordinat-
ing the overall project and managing two re-
mote telescopes. The SKA has a low-frequency
element, the SKA-LOW telescope, located at
the Murchison Radio Observatory in Western
Australia, and a high-frequency element, the
SKA-MID telescope, located in the Karoo re-
gion of South Africa. Both sites were chosen
for their optimal atmospheric conditions above
the desert sites andfor their radio quietness,
among many other scientific and technical rea-
sons.

SKA-LOW, currently under construction,
will consist of 512 aperture array stations, each
composed of 256 dual-polarised log-periodic
antennas randomly distributed in a 38 m di-
ameter circular area (131,072 antennas in to-
tal). The inner aperture array stations are ar-
ranged in a compact core with a diameter of
1 km with three spiral arms with a maximum
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Frequency Rang Ban idth
0.35 - 1.05 GHz
0.95 - 1.76 GHz
1.65 - 3.05 GHz
2.80-5.18 GHz

Mid Band 1
Mid Band 2
Mid Band 3
Mid Band 4

700 MHz
810 MHz

1.4 GHz

2.4 GHz

Mid Band 5a
Mid Band 5b

4.6 -8.5GHz
83-15.4 GHz

3.9 GHz

2x2.5GHz

65k channels maximum across any band, zoom windows possible with 16k channels

Fig.2. SKA-MID frequency coverage. Bands in
bold will be deployed as part of the funded Design
Baselines and were chosen after a science prioritisa-
tion (see text).

baseline of 65 km. The antenna array will op-
erate from 50 MHz to 350 MHz. SKA-MID,
currently under construction, will consist of an
array of 197 reflector antennas. This will be a
mixed array as the 64, 13.5m diameter, dishes
from MeerKAT telescope will be fully inte-
grated to the final array of 133, 15m diame-
ter, SKA dishes. The final configuration will
have a 150-km baseline. The outer part of the
array is a 3-arm spiral configuration, provid-
ing excellent instantaneous coverage of the u-v
plane. The dense core provides excellent sensi-
tivity to extended regions of low brightness and
a sensitive (single-dish-like) sub-array for pul-
sar and transient astronomy. The antenna array
will operate from 350 MHz to 15.3 GHz.
Figure[I] adapted from Braun et al| (2019),
provides a summary of the anticipated imag-
ing performance of SKA. The frequency cov-
erage and bandwidth of SKA-MID are listed
in Fig. 2] Bands in bold will be deployed as
part of the funded Design Baselines and were
chosen after a science prioritizatioﬂ Bands 3
and 4, that are part of the Design Baseline,
are not currently funded. While the frequency
coverage of the Design Baseline for SKA-
MID stops at 15.3 GHz, the dishes have an
aperture efficiency specification for 20 GHz,
with possible good performance up to at least
25 GHz for possible future expansion in fre-
quency space (i.e. Band-6). Spectral line imag-
ing provides between 52,500 and 65,536 lin-
early spaced channels across the frequency

3 https://skao.canto.global/s/
M81597?viewIndex=0&column=document&
1d=bg07p51lsdt2ep2iv9660tpd701
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band. Zoom windows allow for higher spec-
tral resolution images to be obtained, down
to several hundreds of Hz. These windows
contain between 14,000 and 16,384 linearly
spaced channels that can be configured across
the available bandwidth. Each zoom window
of 3.1 MHz contains 16k channels. The maxi-
mum zoom of the 5a/b Band results in very fine
velocity channels (0.004 km/sec at 12.5 GHz).
Details on channel widths at other frequencies
are summarised in Fig.

3. Complex carbon chains and rings
at the onset of planet formation

Life on Earth, as we understand it, is carbon-
based, with carbon acting as the primary struc-
tural foundation, or “backbone,” of prebi-
otic molecules (Ceccarelli et al. [2023; Oberg
& Bergin|2021; Mumma & Charnley|2011).
Despite their pivotal role in synthesizing pre-
biotic compounds, complex carbon chains and
rings (molecules with more than 5 carbon
atoms) remain relatively unexplored in as-
trochemical studies due to their faint spec-
tral lines at mm-wavelengths. Complex car-
bon species are abundant and widespread in
the early stages of Solar-type stars, and they
are mostly detected from single-dish observa-
tions (Sakai & Yamamoto|2013). Recent ob-
servations have highlighted the importance of
hydrocarbons and complex carbon species, not
only in astrobiology but also in the chem-
istry of young Solar analogues. Specifically,
the detection of complex species such as
C4H, C6H, HC7N, HCQN, C-CgHg, O-C6H4,
and c-C¢HsCN in TMC-1 and other prestel-
lar sources has demonstrated the prevalence
of a rich aromatic carbon chemistry during
the earliest stages of star formation (McGuire
et al.|[2020; [Burkhardt et al.|2021} |Cernicharo
et al.[2021}; Bianchi et al.[2023)). Complex car-
bon species have been detected in protostellar
sources (e.g. Sakai et al.|2008)) and protostel-
lar streamers (Taniguchi et al.|2024). Recent
JWST observations have confirmed an active
warm hydrocarbon chemistry in the inner disk
around a low-mass star (Tabone et al.|[2023)).
Although complex carbon species are detected
in various environments, their chemical ori-
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Nominal Frequency

110 MHz

300 MHz

770 MHz

1.4GHz

6.7 GHz

12.5 GHz

Range [GHz]

005035

005035

0.35-1.05

095-1.76

4685

83153

Channel width (uniform resolution
across max. bandwidth) [kHz]

134 134 806 806

Channel width (uniform resolution
across max. bandwidth) [km/s]

57 29 36 19

Spectral zoom windows X
narrowest bandwidth [MHz]

4x3.1

Finest zoom channel width [Hz] 226 226

210 210 210 210

Finest zoom channel width [km/s] 062 022

0.09 0.04 001 0.004

Fig. 3. SKA spectral resolutions (blue boxes point out the estimates in km s~!) at different frequencies.

Adapted from |Braun et al.|(2019).

gin remains poorly understood as well as their
spatial distribution at small spatial scales. The
SKA will provide for the first time observa-
tions of complex carbon species, which have
their emission peak at radio frequencies, in the
planet-formation region. To this end a dedi-
cated science case has been developed in the
context of Cradle of Lifef'l The focus of this
project will be to observe with SKA the Orion
Molecular Cloud 2 (OMC-2) star-forming re-
gion. This active star-forming filament harbors
a diverse population of both low- and high-
mass stars and disks (e.g. [Tobin et al,|2019),
making it suitable for observing multiple ob-
jects within the large field of view (> 6’) of the
SKA. Among these, the FIR 4 region stands
out due to its exposure to a flux of high-
energy cosmic-ray-like particles (Ceccarelli
et al.|[2014} |[Fontani et al.[2017). This height-
ened exposure closely resembles the condi-
tions encountered by the early Solar System,
which formed within a dense cluster of stars
(Lichtenberg et al.|[2019). As a result, OMC-2
FIR4 is regarded as one of the closest analogs
to the environment in which our Sun may have
formed, making it an ideal location for study-
ing chemistry reminiscent of our early Solar
System. Thanks to the unprecendent angular
resolution and sensitivity provided by the SKA
we will detect in Band 5 (5—-15 GHz) emission
lines from complex carbon chains and rings at

4 https://www.skao.int/
sites/default/files/documents/
d35-SKA-TEL-SKO-0000015-04_Science_
UseCases-signed.pdf

spatial scales of 200 au around disks in OMC-
2. This will allow for the first time to have a
complete census of the chemical complexity
available for planet formation, complement-
ing large astrochemical surveys performed at
(sub-)mm wavelenghts. Dedicated large pro-
grams performed with single-dish telescopes,
such as ASAI (Lefloch et al.| 2018) with
the IRAM-30m, and interferometers, such as
SOLIS (Ceccarelli et al.[2017) performed with
IRAM-NOEMA and FAUST (Codella et al.
2021) with ALMA, have revealed a rich chem-
istry including complex organic molecules and
potentially prebiotic species (Ceccarelli et al.
2023)). Interestingly, the ALMA ORANGES
survey has also revealed a different incidence
of sources rich in methanol, the precursor
of several complex organic molecules, in the
OMC2/3 region with respect to Perseus (see
Figure Bouvier et al|[2022). In particu-
lar, the analysis of 19 solar-mass protostars
showed that only 26% had warm methanol
emission compared to 60% in Perseus (Yang
et al| (2021). This difference may be related
to differences in the cloud conditions, and in
particular to the proximity with the Trapezium
cluster providing an intense UV illumination in
the southern part of the filament. Observations
performed with SKA will include protostel-
lar objects located at different distances from
the Trapezium cluster, allowing us to investi-
gate the feedback mechanisms including pro-
tostellar shocks and outflows, external UV il-
lumination from nearby stars and local cos-
mic rays, which can extract carbon atoms from
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Fig. 4. The OMC2/3 star forming region observed
by the ALMA ORANGES survey. Adapted from
Bouvier et al.|(2022)).

CO, making them available for the formation
of carbon species (Bianchi et al.|2023). In ad-
dition to protostellar feedback, a short dura-
tion of collapse timescales during the prestel-
lar core stage may also play an important role
in favoring the formation of complex carbon
chains and rings. This is because it will enrich
icy dust grain mantles with CH, instead of CO
Aikawa et al.| (2020). The proposed SKA ob-
servations will identify the main mechanism
of complex carbon species formation, shed-
ding light on the origins of the chemical di-
versity in Solar System precursors. This in-
cludes protostellar systems enriched with com-
plex organic molecules, while others show no
emission from these species and instead exhibit
warm carbon chain chemistry (Ceccarelli et al.
2023; Sakai & Yamamoto| |2013) and hydro-
carbons [Tabone et al| (2023). Understanding
the origin of this chemical diversity observed
at early evolutionary stages will bring us a
step closer to comprehending the variety of ex-
oplanets and the origin of Life in our Solar
System.
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4. Dust evolution during and after
planet formation

The evolution of dust plays a pivotal role in the
planet formation process as this is the mate-
rial that will assemble into e.g. planetesimals
and then minor bodies, and the bulk of the ter-
restrial planets. Grain settling and growth in
protoplanetary disks is thought to be the ini-
tial step of the formation of the rocky cores
of planets (see e.g. Beckwith et al.|2000). The
processes of collision and sticking of grains
have been studied theoretically and in labo-
ratory experiments (eg Blum & Wurm|[2008),
and are used in global disk evolution models
to describe the physics of dust evolution (eg.
Birnstiel et al.|[2012). The review of [Testi et al.
(2014) provides a summary of the theoretical,
experimental and observational understanding
of the grain growth process in disks.

The main observational signature for the
growth of grains in the disks midplane is the
spectral index of the dust opacity coefficient,
which can be measured once the thermal struc-
ture of the disk is modeled and contamination
from other sources of continuum emission (e.g.
from electrons in winds, or the non-thermal
emission from the central young star) is taken
into account (Testi et al.[2001},/2003)). The com-
bination of sensitive mm- and cm-observations
of disks in nearby star forming regions allows
us to disentangle emission mechanisms and
provide evidence for significant grain growth
(Tazzar1 et al.|2021). Nevertheless, the discov-
ery of substructures in disks, thanks to ALMA
sensitivity and angular resolution (e.g. HL Tau
ALMA Partnership et al. 2015) has allowed
us to realize that the effect of dust segrega-
tion in narrow rings and, consequently, the
local increase in the emission optical depth
is a significant limitation for our efforts to
probe the level of grain growth. Detailed multi-
wavelength analysis of well resolved disks
show that, while evidence for grain process-
ing is confirmed, determining the exact level
of growth and dust/gas ratio enhancement in
the ring is difficult (e.g. |Carrasco-Gonzalez
et al.|2016,[2019; [Ubeira Gabellini et al.|2019;
Curone et al.|2022; /Guidi et al.|2022).
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One of the latest development in the field is
related to the recognition of the importance of
disk planet interaction in shaping the evolution
of solids in disks. Theoretical considerations
and observational constraints seem to converge
on the idea that giant planets form relatively
fast in disks, which is confirmed by the appar-
ent lack of enough dust mass to form cores of
planets in disks older than 1-2 Myr (eg/Manara
et al[2018; [Testi et al.| 2016} |2022). The ap-
parent lack of dust evolution in disks at these
ages may be related to the fact that disk-planet
interaction promote dust production via plan-
etesimal collisions (see e.g. Turrini et al.|2019;
Bernabo et al.[2022). This view appears to be
confirmed by the discovery of massive plan-
ets in disks via the disturbances they introduce
in the disk kinematics (Izquierdo et al.|[2022;
Curone et al.|2022; [zquierdo et al.|2023|).

If planet formation occurs at early stages,
the first evidences for dust evolution need to
appear early on, during the disk formation
phase. Indeed, a recent development in the
field has been the analysis of dust properties
in protostellar envelopes and disks (Galametz
et al| 2019; |Cacciapuoti et al.|[2023), sup-
porting an early dust processing. In the com-
ing years, ALMA and NOEMA will con-
tinue to characterize the dust properties in
protostellar envelopes and disks at millime-
tre wavelengths, also employing the new re-
ceivers of the Wideband Sensitivity Upgrade
(e.g.|Yagoubov et al.|2020) and polarization ca-
pabilities, which provide complementary con-
straints on the dust evolution (Valdivia et al.
2019). Nevertheless, optical depth will remain
a major obstacle in using millimetre wave-
lenths observations to characterize the dust
evolution in disks and protostars.

Which will be the role of SKA in this sci-
ence domain? SKA will allow us to achieve un-
precedented sensitivity at longer wavelengths,
overcoming the limitations imposed by opti-
cal depth and will allow us to probe directly
the planet forming region (< 10 au) in pro-
tostars. A detailed account of the SKA con-
tribution in this area is provided in the SKA
Science Book (Testi et al.[[2015). Waiting for
SKA, our community has started to charac-
terise the long wavelength emission of disks

Codella et al.: Astrochemistry with the SKA

with the SKA precursors: a major effort has
been dedicated to the study of the p-Ophiuchi
core with the VLA (Coutens et al.|[2019)), this
study will need to be followed up in other star
forming regions and at other frequencies, over-
lapping with the ALMA and VLA surveys.
These data will characterise the properties of
the radio emission from young stars as a func-
tion of age and stellar parameters, this is a criti-
cal step to understand the effect of stellar activ-
ity on the chemical evolution of the solid and
volatile material during the planet formation
process, for example the photoevaporation of
the disk by energetic radiation from the central
star, which can be indirectly traced via the ra-
dio continuum emission (Pascucci et al.|[2012;
Galvan-Madrnd et al.|[2014). An essential in-
gredient to understand the circulation of pro-
cessed material in the planet forming zone is
the role of winds and outflows in the radial ad-
vection processes. There is tentative evidence
for a correlation between dust properties and
the strength of winds in young stars and disks
(Cacciapuoti et al.|[2024), as well as a correla-
tion between outflows and disk star interaction
in the form of accretion (Garufi et al. submit-
ted). SKA will allow us to finally provide final
answers to many of these pressing questions in
planet formation. Some specific contributions
to some of these topcis are discussed in this
book in Chapter 4 (Perotti et al.).

5. SKA beyond 15 GHz: iCOMs in
disks as observed in Band 6

Numerous studies have indicated that the
chemical makeup at the onset of a Solar-
type planetary system’s formation serves as a
crucial indicator for tracing its developmen-
tal history (e.g. [Caselli & Ceccarelli| 2012).
Out of the mre than 310 molecules so far
identified in the ISM, interstellar complex
organic molecules (iICOMs) are particularly
noteworthy. They are not only valuable for
their ability to trace evolutionary pathways but
also because they may be the forerunners of
biomolecules (see e.g. Saladino et al.[[2012),
the building blocks of life on Earth. The emis-
sion of iCOMs has been revealed during all
the initial phases of a Solar-type planetary sys-
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Hot surface
Warm molecular layer (iCOMs)

Cold midplane

/6rc © Marta De Simone, ERC-DOC by 4
L]

Fig. 5. Sketch of a typical protoplanetary disk. The
heated outer layer is where UV light ionises atoms
and breaks apart molecules. In the warm molec-
ular layer, which captures the UV light, gaseous
molecules (e.g. iCOMs) are stable. Within cold mid-
plane, almost all elements solidify onto the dust sur-
faces. From|Ceccarelli et al.[(2023).

tem’s development, which includes the prestel-
lar, protostellar environments, and protoplan-
etary disc stages (see the recent review by
Ceccarelli et al.|[2023)). Within this framework,
the significance of discs stems from their role
as the birthplace of planets.

Thermo-chemical models suggest that pro-
toplanetary disks surrounding young stars sim-
ilar to the Sun (see Fig. [B) are composed
of three distinct chemical layers (see e.g. the
review by |Oberg et al[[2023): (1) The hot
surface layer, also known as the disk atmo-
sphere, is where intense radiation breaks down
molecules through photodissociation; (2) The
warm molecular layer is characterized by the
presence of molecules in their gaseous state,
with active gas-phase chemical reactions; (3)
The freeze-out layer refers to the cold mid-
plane of the outer disk, where molecules ad-
here to dust particles and form icy mantles.
For each molecule, the freeze-out occurs at
the disk radius and height where the dust tem-
perature falls below the freeze-out tempera-
ture, which depends on the molecular bind-
ing energy. Nonetheless, nonthermal desorp-
tion mechanisms, triggered by the penetra-
tion of UV and X-rays from stars, can cause
molecules to freeze out beyond their expected
snowlines, occurring at greater heights within
the outer disk (Walsh et al.2014). Observations
of disks conducted at wavelengths under Imm
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Fig. 6. Methanol and acetaldehyde line emission
(white contours, ALMA-Band 7 observations) over-
lapped to the dust continuum emission (color image)
towards the protostellar disc around the Class 0 HH
212-mm object. The blue and red arrows indicate the
axes of the blue- and red-shifted jet components, re-
spectively. Adapted from Lee et al.|(2019).

are affected by optically thick dust, obscuring
line emission from the inner disk region.

The case of the protostellar disc around
the Class 0 HH212-mm (Orion) as observed
with ALMA at sub-millimeter wavelengths is
instructive [Codella et al.| (2019). Figure |§| re-
veals the spatial distribution of the chemically-
enriched gas around HH 212-mm, showing for
the first time (Lee et al.|2019,[2022) two rotat-
ing outer layers of the disk (here in CH;OH
and CH3CHO emission, but several complex
organics, such as methyl formate, were im-
aged). The key point in this context is that no
iCOMs emission is detected toward the dusty
disk within 0”1 (40 au) of the center, where the
dust emission in ALMA-Band 7 is severely op-
tically thick. The lack of emission toward the
disk midplane is clearly seen, but what is not
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clear is the origin of such a morphology. This
could be due to the previously mentioned dust
optical depth effects or a lower abundance of
these molecules in those areas. To accurately
determine the intricate molecular makeup of
the midplanes of protoplanetary disks (where
planet formation occurs), it is crucial to con-
duct observations at lower frequencies, specif-
ically at centimeter wavelengths.

SKA-Band 6 would offer the best com-
bination to optimise the dynamical range of
the expected emission lines due to iCOMs.
Frequencies exceeding approximately 15 GHz
encompass transitions that are up to 500 times
more intense than those found in Band 5, pro-
viding an optimal opportunity for the detection
and characterization of these molecules close
to the equatorial plane of protoplanetary discs
using the SKA (Walsh et al|[2014). Further
details in this context can be found in the
SKA MEMO 20-01 (www.skatelescope.
org/memos; SKAl Beyond 15 GHz: The
Science case for Band 6) document, and, more
precisely, in the contribution by J.D. Ilee, C.
Codella, C. Walsh and collaboratorsﬂ
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