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Jets and out ows are ubiquitous phenomena associated with the formation of
young stellar objects (YSOs). They play a crucial role in removing angular mo-
mentum from the accreting system and in regulating star-formation e ciency.
Theoretical studies and observations with ALMA and VLA have shown that jets
and winds may have a crucial role in promoting dust growth in the envelope-disc
system and in shaping the physical and chemical properties of the surrounding
environment. Despite these signi cant advances, many fundamental questions re-
main unanswered regarding the acceleration, collimation, and chemical impact of
jets and out ows from YSOs. The SKA-project will overcome the limitations of
current mm/cm-facilities by enabling high-angular resolution and high-sensitivity
cm-observations, crucial for probing jets/out ows near YSOs. Radio recombina-
tion lines, combined with proper motions, o0 er a unique opportunity to study the
3D-kinematics of jets. Non-thermal linearly polarised synchrotron emission will
allow measuring magnetic eld strength and morphology at unprecedented scales
of a few au. Observations of dust emission in out ow cavities will allow studying
how dust grows and is eventually transported from the disc to the envelope and
back. Finally, the SKA-project will allow exploring the dust composition and
chemical enrichment in shocks, where sputtering/shattering of grains cause the
release of their mantles and refractory cores in the gas-phase. Complementary
to ALMA's detection of simple and complex organic molecules, the SKAO will
probe, for the rsttime, long carbon chains/rings, several Cl-, Al-, Mg-, and other
metal-bearing species (missed by current sub-mm facilities).
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1 Introduction

In the early stages of star formation, the accretion of mass is typically linked to the expulsion of
material. This process occurs in young stellar objects (YSOs) across the full range of protostellar
masses (from brown dwarfs to massive objects; e.g. Frank et al. 2014; Anglada et al. 2015, 2018).
In Solar-like protostars, for accretion to occur, the angular momentum is removed through ejection
from a rotating/accreting disc (Shu et al., 1987), mainly through collimated, and high-velocity

( 100 km s?) jets. The exact origin of the jet remains elusive, whether it emerges from the
innermost part of the disc, through an X-wind (Shang, 2007) or a dust-free magneto-hydrodynamic
(MHD) disc wind (Tabone et al., 2020). The high-spatial resolution that can be reached by observing
close-by low-mass star-forming regions allows researchers to capture detailed views of jet and disc
systems. As an example, Figure 1 shows how observations of di erent molecular species lead
to an instructive picture of a pristine jet/disc system such as HH 212-mm (e.g. Lee et al. 2021).
Collimated jets propagate along the symmetry axis of the system reaching high velocities up to
several hundreds of km & They are surrounded by denser, slowet@ km s 1) out ows of a

wider opening angle, which can extend over large distancésX pc), and are commonly traced
through low-J CO rotational lines (Lada, 1985; Lopez-Vazquez et al., 2024). Moving to the high-
mass regimes'(¢ 8 M ), the picture is less detailed due to the observational limits introduced

by the large distances of the high-mass star forming regions (dist@ncdskpc; e.g. Sanhueza

et al. 2019; Morii et al. 2023; Urquhart et al. 2022; Molinari et al. 2025). High-mass (proto)stars
continue to accrete material even after reaching the main sequence and initiating hydrogen fusion,
and they predominantly form within stellar clusters (e.g Motte et al., 2018; Beuther et al., 2025,
and references therein), with formation timescales shorter than those of Sun-like YSOs (e.g. Gerner
et al., 2014; Gieser et al., 2021; Sabatini et al., 2021). In both high- and low-mass regimes, the
ejected material interacts with the dense surrounding interstellar medium (ISM). The resulting
interaction drives high-velocity ( 10 km s 1) shocks, which subsequently sputter and vaporise

the grain cores and mantles (e.g. Caselli et al., 1997; Jiménez-Serra et al., 2008). This leads to a
signi cant increase in the abundance of several molecular species, as evidenced by surveys at (sub-
)millimeter wavelengths (e.g. Bachiller et al., 2001; Codella et al., 2010). Shocks along protostellar
jets are unique interstellar laboratories, where species usually locked into dust refractory cores
are desorbed and can be investigated in gas-phase. Shocks are also opportunities to explore the
chemical processes occurring in environments where the gas is both dense and warm and where its
composition has been signi cantly enriched by the by-products of dust (e.g. Ceccarelli et al., 2023).
This Chapter provides an overview of the physical and chemical properties of jets and out ows in
YSOs (Sect. 1), spanning wavelengths from the optical to the cm regimes across the full range of
stellar masses. The subsequent Sections then detail how the Square Kilometre Array Observatory
(SKAQ) is positioned to play a pivotal role in resolving the outstanding questions that remain open
in this eld.

1.1 Previous results in the optical, IR, (sub-)mm & radio domains

1.1.1 [IR/optical facilities

The infrared and optical spectrum provides insight into the warm and hot compgn&g0(K)
of the out ows. Notably, the most abundant molecule, i$ exclusively observed at Y 30 m.
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Figure 1: Left: Sketch of the extended disc wind and jet from a protostar. The wind launches from 4 40 au,
while the jet originates at radif0.20 au. The shell (gray cross-hatched) spans from the wind's inner region
to the jet-driven bow shock (adapted from Lee et al. 2021). Middle Panel: The HH 212 protostellar disc/jet
system viewed by ALMA, revealing: (i) the SiO jet (blue and red contours), (i) tH®©Gotating envelope

(pink and turquoise), and (jii) the cavity walls in*€S (green). The white cross indicates HH 212-mm
protostar. Right: Zoom-in on blue and red Séhows a slow out ow, proposed to represent the disc wind.

Ground-based optical and IR studies of YSOs are often limited to more evolved Class Il systems
(e.g. Frank et al., 2014), since the envelope dissipation enables studies of their jets close to the
launching zone. Studies of Class I/ll jets with tiery Large Telescop@/LT) revealed depleted
elemental abundances, suggesting a signi cant presence of dust. The [Fe II] lines, in particular,
allowed accurate estimates of shock conditions and elemental abundances (Podio et al., 2006, 2011;
Giannini et al., 2015). Velocity-resolved studies have been crucial for revealing the structure of
jets and the presence of wide-angle winds (e.g. Pontoppidan et al., 2011; Birney et al., 2024).
Hubble Space TelescofidST) high-angular resolution capabilities allowed the measurement of jet
widths and rotation close to their launching zones, providing key insights into their collimation and
launching mechanism (Bacciotti et al., 2002; Erkal et al., 2021).

Spectroscopy with thénfared Space Observator{fSO) and Spitzer Space Telescope enabled
systematic access toHotational transitions in Class 0/l systems, allowing the estimation of mass
and physical conditions of the out owing gas (e.g. van Dishoeck, 2004; Maret et al., 2009). With
the advent of théderschelSpace Observatory, access to the far-IR range has been opened, where
the bulk of the out ow cooling is taking place. Using the emission lines of CO asd kbtational
transitions, it was possible to obtain a quantitative and qualitative picture of the outer layers of
the out ow streams. A scenario of chemical evolution of the out ow could be modelled, from
predominantly molecular to atomic and ionised (Podio et al., 2012; Nisini et al., 2015), with two
clear temperature components of CO gas, and the presence of hot water in shocks close to the
protostars (e.g. Kristensen et al., 2012; Manoj et al., 2013; Watson et al., 2016; Karska et al., 2018).
SOFIA airborne mission delivered velocity-resolved information on the jets at far-IR (Le och

et al., 2015). A breakthrough in studies of the protostars and their jets is being mdadenbg
WebbSpace Telescope (JWST), which enables observations of even the most embedded systems
at sub-arcsecond scales in near and mid-IR. The high sensitivity of JWST enabled the detection of
ionised jets even in the very low-mass protostars (Narang et al., 2024), at the same time showing
purely molecular ow in other systems (Ray et al., 2023), suggesting a more complex picture of the
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youngest out ows than just a time-related chemical evolution. Another surprise provided by JWST
was a detection of H recombination lines (Federman et al., 2024) and dust continuum emission
in the jet (Caratti o Garatti et al., 2024a) likely associated with dust lifted from the disc. Precise
characterisation of the jets in Class 0/1 systems, linking their accretion and ejection properties, is
now possible (Nisini et al., 2007; Tychoniec et al., 2024). The upcoming Extremely Large Telescope
(ELT) will deliver ultra-high spatial and spectral resolution at optical/NIR wavelengths, providing
direct access to the innermo3t1( au) launch regions of the disc wind via overtone CO bands and
other diagnostics, resolving jet rotation and collimation on sub-au scales. In summary, infrared
studies of jets and out ows present mounting evidence for extended protostellar disc winds (Podio
et al., 2011; Tychoniec et al., 2024; Delabrosse et al., 2024). At the same time, the temperature
structure of out ows can be identi ed by access to the main cooling agents like GO, &hd B

(e.g. Maret et al., 2009; Goicoechea et al., 2012; Manoj et al., 2016).

1.1.2 (Sub)-millimetre telescopes

Low-J transitions of CO in the (sub-)millimetre are widely used to study the morphology and
kinematics of out ows (e.g., Lada, 1985; Arce and Sargent, 2006; Dunham et al., 2014; Feddersen
et al., 2020; de Valon et al., 2022; Bacciotti et al., 2025; Blazquez-Calero et al., 2026). Classical
large-scale bipolar molecular out ows, mainly composed of swept-up ambient material, travel at
velocities of 10 km s !, have sizes from 0.01 to a few parsecs, masses @1 to 1" , and
dynamical timescales of $0.0° yr (Lada, 1985; Cabrit et al., 1997; Bally, 2007; Arce et al., 2007;
Bally, 2016). In addition, low-J molecular transitions at (sub)mm-wavelengths have revealed a
highly-collimated extremely high velocity (EHV;100 km s 1) molecular component of the out-

ows in the youngest protostars, also referred to as (cold) molecular jets (Bachiller and Cernicharo,
1990; Lee, 2020). Highly sensitive, very high angular resolution observations of this cold compo-
nent, such as those now possible with ALMA, allow us to map intermediate velocities, bridging
the gap between the velocities of the EHV jets and the slower velocities typical of the entrained
molecular material. This type of study can provide crucial information about how the jet interacts
with its surrounding medium (Blazquez-Calero et al., 2026). Another new advance enabled by
modern millimetre interferometers, particularly ALMA, is the discovery of small-sc&2900 au)
molecular ows (Pascucci et al., 2023) that rotate in the same sense as the disk and appear to be
launched from radii o®100 au (Launhardt et al., 2009; Bjerkeli et al., 2016; Zapata et al., 2015; de
Valon et al., 2022; Lee et al., 2018; Tabone et al., 2017; Zhang et al., 2018; Lépez-Vazquez et al.,
2023, 2024), up to the case study of HH 212 where Lee et al. (2017) imaged a rotating SiO jet at
the remarkable resolution of 10 au.

In addition, some out ows, identi ed ashemically active display strong enhancements of ad-
ditional molecular species. These enhancements are driven by endothermic chemical reactions
and sputtering (gas-grain collisions) and shattering (grain-grain collision) of grain mantles and
cores that inject atoms and molecules into the gas phase (e.g. Caselli et al., 1997; Gusdorf et al.,
2008; Jiménez-Serra et al., 2008; Guillet et al., 2011). Among these species, SiO stands out as
a prominent tracer of shocks, with abundances enhanced by up to six orders of magnitude (e.g.
Bachiller et al., 1991, 1998b; Martin-Pintado et al., 1992; Codella et al., 1999; Nisini et al., 2007).
Similarly, Methanol (CHOH) was among the rst iCOMSsfound to be enhanced (up to a factor
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Figure 2: Chemical strati cation in the L1157-B1 shocked region as traced by the IRAM-NOEMA.. (Left)
Maps of NHbCO (44 3 1-3) and CO(1 0) emission (white contours; Gueth et al. 1996; Codella et al. 2017).
(Right) Zoom-in of the B1 shocked region as traced by Formamide (colour), Methanol, Formaldehyde,
deuterated Formaldehyde, and Acetaldehyde (Benedettini et al., 2013; Fontani et al., 2014; Codella et al.,
2015, 2017, 2020). For each line image, synthesised beams are shown. Adapted from Ceccarelli et al. (2023).

100) in shocks, tracing high-density and high-temperature regions (Bachiller and Pérez Gutiérrez
1997; Bachiller et al. 1998a, 2001; Jgrgensen et al. 2004; Codella et al. 2025). The intense radia-
tion produced in shocks can substantially modify the chemistry of dense condensations that have
not yet experienced any dynamic disturbances (e.g., Girart et al., 2002b, 2005; Viti et al., 2006;
Tappe et al., 2008). Subsequent improvements in sensitivity and resolution enabled the detection of
more complex species, such as Methyl formate {OBHO), Acetonitrile (CHCN), Formamide
(NH>CHO), and Ethanol (&H50H), especially toward the prototypical chemically-rich out ow
driven by the L1157-mm protostar (e.g. Arce et al., 2008; Codella et al., 2009; Sugimura et al.,
2011; Yamaguchi et al., 2012; Le och et al., 2017, 2018; L6pez-Sepulcre et al., 2024), as well as
in other out ows associated with low-, intermediate-, and high-mass protostars (e.g. Palau et al.,
2017; Holdship et al., 2019; De Simone et al., 2020).

Single-dish telescopes (e.g., APEXRAM?® 30m) have been essential in revealing chemically en-
riched out ows. However, sensitive high-angular-resolution interferometric observations (with e.g.,
ALMA and IRAM NOEMA) are required to exploit the diagnostic power of molecular emission.
Figure 2 shows the chemical richness of the L1157-B1 shocked clump. These observations enable
resolving spatial structures and detecting chemical segregation within shocked regions critical for
constraining the physical properties of jets and the formation pathways of iCOMs.

Works performed in the framework of the large programme IRAM NOEMA SOLl(ISeccarelli

Linterstellar Complex Organic Molecules: C-bearing species wifatoms and containing heteroatoms as Oxygen
and/or Nitrogen (Herbst and van Dishoeck, 2009; Ceccarelli et al., 2023).

https://www.eso.org/public/teles-instr/apex/

Shttps://iram-institute.org/

4https://solis.osug.fr-THE-PROJECT-
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etal., 2017) revealed a spatial chemical segregation in L1157-B1 and B2 (Figure 2) among several
iCOMs (Codella et al., 2017, 2020; Lépez-Sepulcre et al., 2024). The prior knowledge of the
out ow properties combined with the comparison between observations and astrochemical models
allows the characterisation of the dominant formation routes of the detected iCOMs. Indeed, the
observations provide the chemical strati cation in a time-dependent structure, while the model
provides the evolution of the molecular abundances in the post-shocked gas (Giani et al., 2023).
This strategy has been extended to other sources (NGC1333-IRAS 4A, and OMC-2/3 FIR6 c-a)
where high-resolution imaging has uncovered similar strati cation (De Simone etal., 2017; Bouvier
et al., 2025). Finally, ALMA observations of masers of Hydrogen recombination lines at sub-mm
wavelengths have been instrumental in unveiling the kinematics and the structure of ionised jets
and winds in massive objects (see Sect. 4). A striking example is the massive star MWC 349A,
where the improved sensitivity and angular resolution with respect to previous telescopes allowed
scientists to spatially resolve the innet00 au of the ionised wind and jet, probing their velocity
structure close to the launching zone (Prasad et al., 2023; Martinez-Henares et al., 2023, 2024).
Furthermore, the detection of a thermal hydrogen radio recombination line towards a protostellar jet
(Jiménez-Serra et al., 2011; Sanchez-Monge et al., 2025) opens the door for future discoveries that
will enable the characterisation of the thermal jet's physical properties (e.g., density, temperature,
ionisation fraction | ¢), line-of-sight LOS velocities; see Sect. 4.1).

In summary, sub-mm observations, particularly when carried out at high angular resolution, are
essential for dissecting the physical and chemical structure, the origin, and the evolution of molec-
ular out ows and jets. While single-dish telescopes have been critical for discovering chemically
active out ows, interferometers allowed us to resolve the spatial and velocity structure, disentangle
chemical layers, and match observations with detailed astrochemical models. These e orts are
crucial for using molecular emission as a diagnostic tool not only for the jet dynamics and shock
physics, but also of the chemical evolution of protostellar environments. However, sub-mm obser-
vations have highlighted an intrinsic limitation that remains insurmountable at these wavelengths:
the absence of crucial information regarding heavier carbon-bearing species, which are key for our
understanding of how chemical complexity grows in the ISM (see also the chapter by Bianchi et al.
2026 in this volume). Within the broader scope of scienti ¢ investigations supported by the SKAQO,
itis noteworthy that a number of relatively simple carbon chain molecules and cyanopolyynes, such
as ethynyl (GH), cyclopropenylidene (c4H>), and cyanoacetylene (HN), have already been
successfully observed in the millimeter (mm) spectral range in the prototypical shocked region
L1157-B1. The accumulated observational evidence (e.g. Benedettini et al., 2007; Sugimura et al.,
2011) has laid important groundwork for extending the chemical inventory toward more complex
and massive carbon-bearing species. These heavier molecules are expected to emit primarily at
frequencies below 15 GHz, which aligns well with the capabilities of upcoming SKAO surveys. The
presence of such species in the post-shock environments of astrophysical sources can o er unigue
diagnostic tools to trace the progressive chemical enrichment of the ISM. In addition, shocks can
be used as laboratories to understand the chemical composition of the refractory part of dust cores,
which remains largely unexplored, even after the launch of the JWST due to the limitations of
mid-IR observations to the unambiguous identi cation of the IR bands of refractory material (e.g.
Kimura and Nuth 2005). Complementary to far-IR space missions (Jiménez-Serra et al., 2025), the
SKA telescopes have the potential to play a crucial role in the characterisation of the refractory part
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of dust grains - which is the material incorporated later on into cometesimals and planetesimals -
through observations of the rotational lines of metal-bearing molecular species at cm-wavelengths
(see Sect. 5.2).

1.1.3 Centimetre-Decimetre telescopes

Due to the severe angular resolution limitation of single-dish telescopes operating at cm wavelengths,
almost all studies on YSO out ows in this range have been carried out with aperture-synthesis
telescopes, notably mostly with théery Large Array(VLA). However, several other facilities

have contributed signi cantly to the eld: théustralian Telescope Compact Arr@TCA) has

been key in surveying southern regions inaccessible to the \@Merlin provides the highest

high angular resolution (50 mas at 5 GHz) for non-VLBI telescopes;Giaat Metrewave Radio
Telescop€GMRT) has enabled high-sensitivity exploration at low frequence¥ { GHz), where
non-thermal emission appears to be important. With the development of the VLA in the early
1980s, the high-resolution and sensitive observations revealed several low-mass YSOs exhibiting
radio emission. Although these emissions were initially thought tolbedgdions (Haschick et al.,

1980), it was quickly recognised that the radio brightness exceeded what would be expected based
on the YSOs luminosity. Consequently, the emissions were associated with the mass loss of the
YSOs (e.g., Cohen et al., 1982; Pravdo et al., 1985; Snell et al., 1985). After these early studies,
there have been numerous radio observations at GHz frequencies (e.g., Andre et al., 1987; Anglada
et al., 1992; Girart et al., 2002a; Reipurth et al., 2004; Dzib et al., 2013). The emission is usually
weak, with ux densities in the [Jy, mJy] range. These observations have revealed peculiar at

or mildly positive spectral indiceq § / aY, with typically U "' 05), and when resolved, they

show extended and elongated structures in the same direction as the larger-scale optical jets and
molecular out ows (Curiel et al., 1993; Anglada et al., 1998). It is now well established that cm
free-free emission is associated with jets driven by YSOs of all stellar masses (Anglada et al., 2018).
All these characteristics can be understood with the free-free jet models by Reynolds (1986), and
therefore they are usually referred to as "thermal radio jets" (e.g. Cep A HW2, Rodriguez et al.,
1994). The radio luminosity! (r) of YSOs, is correlated with the strength of the out ow and with

the YSO bolometric luminosity! (50;; Anglada et al., 2018). This is a clear indication that the radio
emission is associated with the out ow phenomenon. However, the most evolved YSO (mainly
Class Ill) show non-thermal radio emission associated with the active stellar magnetosphere (e.qg.,
Andre et al., 1992; Gudel, 2002). Both contributions (free-free emission from out ow and the
non-thermal emission) can be found also in intermediate stages, such as late Class | or Class Il (e.g.,
Girart et al., 2004; Coutens et al., 2019; Kaur et al., 2024). In addition to the radio emission around
the youngest YSOs, a small number of HH objects also exhibit radio emission (e.g., Anglada et al.,
1992; Marti et al., 1993; Masqué et al., 2012). The spectral index can be compatible with optically
thin free-free emission (e.g., HH 1 2, Rodriguez et al., 2000), or be slightly negative, indicating a
non-thermal contribution (e.g., HH 80-81-80N, Marti et al., 1993; Masqué et al., 2012, and Sect. 2).
Over the past thirty years, spots with negative spectral indices (signatures of non-thermal emission)
have been detected along the route of YSO jets. These spots are typically associated with fast-
moving radio knots that trace strong shocks where jets interact with dense ambient material (e.g.,
Marti et al., 1995; Rodriguez et al., 2000; Curiel et al., 2006; Rodriguez-Kamenetzky et al., 2016,
2022; Sanna et al., 2019). Some of the clearest examples include the triple source in Serpens (e.g.,
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Rodriguez et al., 1989; Rodriguez-Kamenetzky et al., 2016), HH 80 81 (e.g., Marti et al., 1993;
Carrasco-Gonzalez et al., 2010; Rodriguez-Kamenetzky et al., 2017; Vig et al., 2018), Cep A (e.g.,
Garay et al., 1996), W3(OH) (e.g., Wilner et al., 1999), IRAS 16547 4247 (e.g., Rodriguez et al.,
2005), HOPS 370 (e.g., Osorio et al., 2017), G035.02+0.35 (e.g., Sanna et al., 2019) and DG Tau
A (e.g., Feeney-Johansson et al., 2019). Over the past decade, studies of large samples of YSOs
revealed an increasing number of radio jet knots with negative spectral indices (e.g., Purser et al.,
2016; Rosero et al., 2016; Sanna et al., 2018; Kavak et al., 2021; Obonyo et al., 2025), broadening
the sample of objects to be considered potential sources of non-thermal emission. Out ows have
also been studied in maser emission using VLBI techniques, especially water masers (e.g., Torrelles
et al., 2011; Moscadelli et al., 2005, 2019; Vlemmings and Diamond, 2006; Alves et al., 2012;
Sanna et al., 2012; Carrasco-Gonzalez et al., 2015; Goddi et al., 2017). These observations trace
shocked out owing gas very close to its launching zone and provide accurate measurements of the
collimation and kinematic properties of the ow, in particular the signatures of rotation around
the symmetry axis. These results have validated the widely adopted model of magneto-centrifugal
acceleration for the launch of out ows (Surcis et al., 2014; Moscadelli et al., 2022).

2 Non-thermal emission in jets

Non-thermal emission in protostellar jets is attributed to a minority population of relativistic par-
ticles accelerated in strong shocks. The observational evidence of non-thermal emission has also
been addressed from a theoretical point of view. It has been shown that the interstellar ux of
relativistic CR electrons is not su cient to explain the synchrotron ux density observed in proto-
stellar jet knots as well as near the protostellar surface. Among the di erent mechanisms that can
accelerate thermal particles to relativistic energies, such as stochastic Fermi acceleration, magnetic
reconnection, and rst-order Fermi acceleration (Marcowith et al., 2016), the latter, also known as
di usive shock acceleration (DSA; e.g. Bell 1978), has been identi ed as the main mechanism for

e cient acceleration at shock fronts present in both intermediate- and high-mass YSOs (Padovani
et al. 2015, 2020, see also Rodriguez-Kamenetzky et al. 2016, 2017 for an observational perspec-
tive). The advantage of this theoretical approach is that it is possible to reproduce the observed ux
densities by quantitatively constraining physical parameters such as volume density, ionisation frac-
tion, temperature, ow velocity in the shock reference frame, and magnetic eld intensity (Padovani
etal., 2016). In addition to non-thermal emission, the same model can be used to explain the origin
of the enhanced ionisation rate (higher than the estimated rang®of3-10 s ! due to Galactic
cosmic-ray ux; e.g. Sabatini et al. 2020, 2023; Socci et al. 2024; Redaelli et al. 2025) necessary
to reproduce the abundance of molecular species such as HQONH: in L1157-B1 (Padovani

etal., 2016) and cyanopolyynes in OMC-2 FIR 4 (Fontani et al., 2017; Lattanzi et al., 2023, see also
Sect. 5). A double signature of the presence of a local source of energetic particles (non-thermal
emission and high ionisation rate, Padovani et al. 2021) has therefore been proposed, and SKAO
is the key instrument for this type of analysis. So far, in one object only (HH 80-81; Fig. 3),
non-thermal knots were con rmed to be due to synchrotron emission by direct detection of linearly
polarised emission (Carrasco-Gonzalez et al., 2010). More recently, Rodriguez-Kamenetzky et al.
(2025) performed the rst rotation measure analysis of polarised synchrotron emission in the same
jet, revealing a 3D helical magnetic eld (B- eld) structure. This breakthrough paves the way for
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Figure 3: Full 5 cm view of the HH 80-81 jet. (a) Total intensity image of the radio jet, showing precession
with dotted arrows; Herbig Haro objects are labelled. The dashed lines indicate the region shown in (b). (b)
Polarised emission is shown where the S/N is above 4 and total intensity S/N above 10. Green contours show
total intensity at [10, 1000] (with f =3 Jy beam?). Circles mark the area shown in panel c. Synthesised
beam (18° 6% PA = 4) is at lower left; 0.4 pc corresponds to%Qc) Zoom into the lobes where the
rotation measure (RM) was analysed (beanf®127.5°9 PA = 7 , lower right). Overlaid are magnetic eld
streamlines on the RM map, with colour scale indicating LOS-magnetic eld direction (red: pointing away,
blue: pointing toward observer). B- eld and RM are shown for pixels with $/Rin Stokes | and polarised
intensity. (d) Schematic illustrating the inferred 3D helical magnetic eld con guration from polarisation
analysis. Figure adapted from Rodriguez-Kamenetzky et al. (2025).

further studies of the magnetic eld strength and morphology in protostellar jets in the near future.
However, whether non-thermal emission is common in protostellar jets remains a key question,
directly linked to the identi cation of the underlying mechanisms that could enable e cient par-
ticle acceleration across di erent protostellar masses. The SKAO will provide a transformative
improvement to this research line and greatly increase the number of studies of polarised emission
and related B- eld in a large sample of protostellar jets exhibiting signs of non-thermal emission. In
general, negative spectral indices are found toward jet lobes at relatively large dis{aB@@8 u)

from the protostar, likely associated with shocks interacting with the ambient medium. As such, ra-
dio sources showing extended lobes are good candidates for SKAO investigations aimed at the study
of particle acceleration and synchrotron emission. However, there are cases where non-thermal
emission has been proposed to arise at small (projected) distari@® §u) from the YSO (e.g.,

NGC 1333 IRAS 2B; Tychoniec et al., 2018).

2.1 Synchrotron emission and linear polarisation

Synchrotron emission is a powerful diagnostic tool for probing B- elds in astrophysical jets, as
it reveals both their presence and their properties. As linearly-polarised radio waves propagate
through magnetised plasma, their polarisation plane rotates due to Faraday rotation. This rotation
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is proportional to the Faraday depth, which encodes information about the B- eld component
along the line of sight. Fitting a Faraday rotation model to the observed Stokes parameters, the
intrinsic (emitted) polarisation can be recovered, thereby enabling the 3D B- eld structure to be
inferred. In an ideal uniform magneto-ionic external medium - a Faraday screen - the Faraday depth
equals the rotation measure (RM), which characterises the simplest case where the polarisation
angle varies linearly with wavelength squared! 2° = j o, RM_2, wherej ¢ is the source's
intrinsic polarisation angle. This indicates pure rotation without depolarisation or changes in the
intensity of the polarisation vector. This analysis enables RMjagmaps to be created. Rotating
polarisation vectors by 9¢/ields the B- eld orientation in the sky plane, while RM values provide
information on the B- eld component in the LOS direction. These techniques are well established
for relativistic jets from Active Galactic Nuclei (e.g., Pasetto et al., 2021) and have been applied
to the protostellar jet HH 80-81 (Rodriguez-Kamenetzky et al., 2025), powered by the massive
protostar IRAS 18162-2048 (Fig. 3a). The advantage in studying young stellar object jets is that
both the jet and counterjet lobes have comparable signal-to-noise, providing a 3D description of
the B- eld at opposite positions with respect to the star, and allowing us to relate it with the disc
kinematics itself. Notably, HH 80-81 remains the only YSO jet with detected linearly polarised
synchrotron emission so far.
In HH 80 81, the 3D B- eld structure within the jet was reconstructed through a radio polarimetric
study (see Fig. 3b) based on deep VLA observations (Rodriguez-Kamenetzky et al., 2025). The
method relies on analysing the polarisation angle and degree as a function of wavelength across the
observed radio band, which requires highly sensitive data to detect polarised emission in narrow
sub-bands. Assuming a simple Faraday screen model, the wavelength dependence of Stokes Q
and U is simultaneously tted, allowing recovery of the intrinsic polarised emission properties
and reconstruction of the B- eld geometry. Figure 3c shows the plane-of-sky magnetic el (
streamlines overlaid on the RM map, where red and blue indicate LOS eld componeats (
directed away from and toward the observer, respectively. From these results, the authors inferred
a helical con guration of the B- eld, with ¢ 0.1 mG consistent with the equipartition-derived
plana-of-sky value of , 0.2 mG (Carrasco-Gonzalez et al., 2010), giving an average strength of

= 3, i 0.22 mG. A schematic of the inferred helical eld is shown in Fig. 3d. The eld
winding follows the disc rotation (counterclockwise as seen from Earth; e.g., Carrasco-Gonzalez
et al. 2012; Fernandez-Lopez et al. 2023), but its orientation appears to be independent of the
rotational motion (i.e., RM gradients in the jet and counterjet exhibit clear opposition). We stress
this signi cant result because the orientation of the magnetic elds may depend on the mechanism
generating them.

2.2 Observational prospects with the SKA-Mid

The SKA-Mid® unprecedented sensitivity will expand the sample of YSOs exhibiting non-thermal
radio jets and will make it possible to extend linear polarisation studies to protostellar jets beyond the
single case identi ed so far (i.e. HH80-81). This will enable the investigation of B- eld properties

in a broader population of protostellar jets. Here, we provide an estimate of the time needed to
detect non-thermal emission in YSO jets with the SKA telescopes, based on the parameters reported

Shttps://www.skao.int/en/explore/telescopes/ska-mid
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in the literature. The expected polarisation fraction in synchrotron-dominated regions ranges from
5% to 30%, depending on the B- eld alignment and observational wavelength. According to the
literature, typical ux densities of radio jets and knots in HH objects at cm-wavelengttGGHz)
are in the range 0.1 to a few mJy (e.g, Anglada et al. 2018). At lower frequencies, the emission is
expected to be higher for non-thermal sources: e.g., a source with a ux density of 0.2 mJy at 10
GHz is expected to have a ux density ofl mJy at the frequencies covered by SKA-Mid Bands
1 (0.80 GHz) and 2 (1.31 GHz), assuming a spectral index0o6 (e.g., Rodriguez-Kamenetzky
et al., 2016; Osorio et al., 2017; Vig et al., 2018). Assuming a conservative polarisation fraction
of 5-10%, we estimate the expected polarised ux density of a non-thermal radio jet to be on the
order of 50-100 Jy.
Using the SKAO Sensitivity Calculatdin continuum mode (AA4 con guration), we estimated
the integration times needed to reach an rms noise level dfytheam over the full bandwidth in
Band 1 and 2 at a declination o6 (Orion). To achieve a synthesised beam 01?° 1% we
assumed Briggs weighting with robust =0 in Band 1 and robust = 1 in Band 2. The requested rms is
reached in 1.4 hin Band 1 (435 MHz bandwidth), and.1 min in Band 2 (720 MHz bandwidth).
Note that these estimates are intended to detect the presence of a non-thermal emission component
with the purpose of identifying new synchrotron emitter candidates.
In-depth studies will be crucial to investigate the 3D-structure of the B- eld, requiring the source
to be angularly resolved, and in the following, we estimate the sensitivity and integration times
needed with SKA-Mid. As a suitable example to illustrate this calculation, we consider the case
where the angular size of the emission (which can vary with wavelength) is sampled by 5 beams,
corresponding to the source solid angle. Following Rodriguez-Kamenetzky et al. (2025), we must
study the in-band, frequency dependent, polarisation behaviour. To do this, we need observations
sensitive enough (e.g., S{N) to detect a clear signal of linearly polarised emission in a number of
sub-bands within a given band. For a total polarised ux density of 50-1830 we would expect
an average intensity of 10-20)y beam®. We estimate the integration time to detect polarised
emission ata S/N 7 (i.e. rms 1.5-3" Jy beam?) per sub-band for sources with peak intensities
of 10-20" Jy beam?, dividing the full bandwidth into 20 sub-bands of 36 MHz (Band 2) ad
MHz (Band 1). With a synthesised beam ofl%(refer to the parameters above), reaching an rms
of 3" Jy beam? requires 1¢7hinBand 2 and 125 h in Band 1. To achieve a deeper sensitivity
of 1.5 Jy beam?, the required integration times increase to 6.7 h and 50 h, respectively.
This investigation would be feasible even during the SKA telescopes science veri cation phase,
as suggested by analogous calculations performed for the AA* con guration. WitB® 3%
synthesised beam and considering 10 sub-bands, polarised emission in Band 2 can be detected
at SIN 7 per sub-band for resolved sources (solid anglebeams) with intensities of 10-20
* Jy beam? requiring 2 to 8 h of integration. In Band 1, detecting a' 2y beam? source at S/N

7 per sub-band requires about 14 h, while for a fainter source db8g¢®eam?, the required time
increases by a factor of four.

6All integration times provided in this Chapter are obtained using the SKAO Sensitivity Calculetps:(/
sensitivity-calculator.skao.int/ ) updated as of October 2025. The inclusion of MeerKAT antennas for Band 5
calculations follows the methodology discussed by Tra cante et al. (2026) in this volume.
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3 Thermal emission in protostellar jets

Over the past decades, signi cant progress in characterising the thermal emission of radio jets
from YSOs has been driven by radio interferometric facilities working in the centimeter range.
These instruments enabled sub-arcsecond imaging of jet morphologies, detection of variability, and
precise measurements of spectral indices (see Sect. 1.1.3 and Anglada et al., 2018, for a review).
In parallel, deep surveys have established a robust empirical correlation betweenahets and

! por Of their driving sources that holds for stars with high luminosities down to very-low luminosity
objects (VeLLOs), and even proto-brown dwarfs (see Sect. 3.2). This relation underscores the
universality of mass-ejection processes across the protostellar population.

Despite the tremendous progress made in last years, the current facilities impose important limita-
tions to fully understand thermal radio jets. Their angular resolution and sensitivity constrain our
ability to resolve the innermost jet-launching regions, specially at low luminosities or in distant and
crowded star-forming regions. Moreover, frequency coverage is often insu cient to disentangle
free free emission from possible non-thermal contributions or to trace the full spectral turnover
from optically thick to thin regimes. These challenges highlight the need for next-generation radio
arrays such as the SKA telescopes to fully characterise the physics of thermal radio jets.

3.1 Launching and collimation mechanisms

Itis not yet clear whether the launching and collimation mechanisms of protostellar jets are universal
across all stellar masses and evolutionary stages, or if they vary as a function of protttgllar
mass, or environment. In solar-type objects, observations suggest that collimation takes place
very close to the protostar, often within1 au. An example is HL Tau, a Class Il YSO, where
cm-continuum emission, with a size of only 3 au, is elongated along the same direction than
the optical jet (Carrasco-Gonzalez et al., 2019). In the intermediate-mass regime, high angular
resolution observations reveal the coexistence of two ionised components: one poorly collimated
wind and a second, well-collimated jet originating in the immediate vicinity of the protostar
(Rodriguez-Kamenetzky et al., 2022; Carrasco-Gonzalez et al., 2021). Only magnetic elds are
capable of providing collimation on such short distances, thus this observational evidence is a strong
indication of an intrinsic magnetic drive for the launch of jets, as, for example in the models of
magnetised disk winds (see Ray and Ferreira 2021 for a review). However, for some massive objects,
there is evidence of collimation occurring at larger distances, beyond 10 au from the central source
(Carrasco-Gonzalez etal., 2015, 2021). In massive star-forming environments, external collimation
mechanisms could play a signi cant role. Laboratory experiments and theoretical work (Albertazzi
et al., 2014) suggest that poorly collimated winds could be gradually focused as they interact with a
dense surrounding medium and/or a strong ambient magnetic eld (likely to be presentin high-mass
star-forming regions). Understanding whether collimation is an intrinsic property of the launching
mechanisms or the result of external con nement is therefore a crucial open question in the study
of protostellar jets and out ows.

3.2 The radio-bolometric luminosity relation: ejection e ciency

A key nding in the study of protostellar jets is the established correlation betwednktbéthe jets
and! o of their driving protostars (see Figure 4). This correlation provides a valuable framework
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Figure 4: ! g-! po correlation using data col-
lected from the literature. The dashed black
line corresponds to the t done to all radio
jets in Anglada et al. (2018), while the solid
black line is the ts using the whole sam-
ple. The red dotted line depicts the expected
I R associated with the Lyman continuum ux
of Hii regions powered by stars of di erent

! bol. The black dashed horizontal line marks
the ¥ rms of SKA-Mid Band 5a in AA4
(without MeerKAT antennas) after 10 min-
utes of integration time ( 00012mJy kpc)

for sources located at 140 pc. The black dotted
horizontal line represents the one after 1 hour
( 0:00051mJy kp@).

for estimating the expected ux across a wide range of masses. However, observational challenges
exist at both ends of this correlation. For massive YSOs, the radio emission associated with the jet
is several orders of magnitude weaker than the one expected from photoionization. In the crowded
environments of the high-mass star-forming regions intense radio continuum emission associated
with Hii regions complicates the detection of the jets. Thus observations with very high dynamic
ranges are essential. On the other hand, jets from very low-mass objects are intrinsically very weak.
Detecting these faint sources requires higher sensitivities. Furthermore, observations across all
mass ranges are strongly a ected by distance. Currently, the study of radio jets, particularly for
low-mass YSOs, is limited to the nearest star-forming regidftiskpc).

VeLLOs, such as brown dwarfs, exhibit an unusual excesg ielative to the established correlation

for massive and low-mass YSOs (Ellerbroek et al., 2013; Palau et al., 2024). This behaviour could
be interpreted as these very low-mass objects transforming accretion into ejection more e ciently,
thus showing a high value of ratio between the mass-I8%s4 and mass-accretioriY,.o) rates.

This interpretation is supported by observations of solar-type Class Il sources, where an increase in
e ciency has also been observed, with lower accretors exhibiting a higher ratio between ejection
and accretion (Rota et al., 2025). However, the deri¥ipds strongly depends on the assunjeaf

the jet. Avalue ofje 10% is typically adopted for all jets regardless of the mass of the driving
source. We note, however, that such a valug foderives from the few cases in which this di cult
measurement has been possible, that is for a handful of solar-mass T Tauri stars (e.g., Bacciotti
et al., 1999; Hartigan and Morse, 2007). Recent measurements in massive jets yielded a value of
5%-12%, (Fedriani et al., 2019).

3.3 The role of SKA-Mid: Probing the Jet launching mechanism and proper motion

The advent of the SKAO will open a transformative window for the study of thermal radio jets from
protostars and YSOs. In particular, the superb angular resolutidraf for a distance of 200 pc)
and sensitivity ( 4 ~ Jy in 1 hour) of SKA-Mid in Band 5b will address long-standing questions
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on the launching and collimation mechanisms of jets.

A key motivation for a better understanding of the connection betWBggn and "%, is to re ne

and extend the empiricalr-! po relation discussed in Sect. 3.2 (see Fig. 4). This relation currently
spans several orders of magnitude, but it is poorly constrained at its extremes. SKA-Mid will
enable detections of statistically signi cant samples towards the low-luminosity end (i.e., VeLLOs
and proto-brown dwarfs) in regions of our solar neighbourhood. As shown in Fig. 4, already
with 10 minutes of integration time in Band 5a the Sensitivity limit is well bellow the current
measurements with existing facilities, and after 1 hour of integration time, the detection limit
decreases by almost one order of magnitude. Recently, Pérez-Garcia et al. (2025), presented the
SUbstellar CANdidates at the Earliest Stages (SUCANES) database, which contains 174 objects
classi ed as potential very young substellar candidates. This sample o ers an excellent example of
the scienti ¢ exploitation of SKA-Mid Bands 5a and 5b. Moreover, the SKA-Mid long baselines for
Band-5 gives an angular resolutidéh01°% Upon the commencement of observations with SKA-
Mid, a temporal baseline ranging from over 30 years will exist for high-angular resolution radio
studies. This duration will facilitate the measurement of proper motions in the closest star-forming
regions, such as Orion. On one hand, SKA-Mid will allow studying the kinematics of radio jets,
overcoming resolution limits of previous measurement$@ to 100 mas yr') of proper motions in

radio knots from jets (Rodriguez etal., 1989; Curiel etal., 1993; Marti etal., 1998; Curiel etal., 2006;
Masqué et al., 2015; Rodriguez-Kamenetzky et al., 2022). On the other hand, it will be possible to
study the orbital properties of radio YSO binaries, and derive their masses (e.g., Curiel et al., 2003;
Loinard et al., 2003; Diaz-Rodriguez et al., 2022), as well as the kinematics of YSO clusters (e.g.,
Dzib et al. 2017; see Sect. 4.2). Note that studies of proper motions with current interferometers
are not only very scarce, but they also can su er from astrophysical noise . In some cases, radio
knots appear isolated and far from the central protostar (e.g., Rodriguez-Kamenetzky et al., 2016;
Carrasco-Gonzalez et al., 2021), which makes it relatively easy to measure their proper motions.
However, in some cases, especially when approaching the central protostar, radio knots appear
embedded in extended emission which also changes with time (e.g., Marti et al., 1995; Maureira
et al., 2020; Hernandez Garnica et al., 2024). This could lead to greater uncertainties in the jet's
velocity or the source's proper motion. This e ect which is important in current interferometers
with a low number of antennas, could be highly mitigated thanks to the much higher image delity
of the SKA-Mid.

3.4 The role of SKA-Low: Optically thick emission

The estimate of¥yss requires reliable determinations of the electron density énd the ionised

mass { ion) in the ow. These quantities can, in principle, be obtained from the observed radio
ux density at a given frequency if we know the optical depth of the emission at that frequency.
However, thermal radio jets at cm-wavelengths typically display spectral indices in the range 0.1 1
(see e.g., Anglada et al., 2018), indicative of partially optically-thin emission. As a result the exact
value of the optical depth remains uncertain. A common approach is to assume that the measured
spectral index remains constant up to the frequency at which the emission becomes totally optically
thin, and where'®,ss could be safely determined (e.g., Anglada et al., 2018). Unfortunately, the
transition to total optical thinness happens at frequencis GHz, where thermal dust emission

from the disc and/or envelope often dominates the spectrum.
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An alternative approach is to estimdfgssat the frequency at which the free-free emission becomes
fully optically thick. This transition is expected to occur at low frequencies, where contamination
from dust is negligible. It is then possible to model the Spectral Energy Distribution (SED) and
obtain=¢, " jon and"®ss However, the transition to optical thickness occurs arouhd0 MHz,

where free-free emission is expected to be extremely weak. So far, this study could only be
performed in the bright YSO T Tau (Coughlan et al., 2017) through LOFAR observations. In this
object, an evolved (Class Il), low-mass object, the transition to optically thick emission takes place
at a very low frequency of 150 MHz, with a ux density of 2 mJy. However, T Tau is a nearby

( 140 pc) and its jet is very bright, which makes it accessible to such studies.

SKA-Low’ will open the possibility of extending this study to other objects. We can estimate the
feasibility of detecting optically thick emission with SKA-Low at 200 MHz from Figure 4 (where

! ris usually measured at 5 GHz). We also assume a median spectral index of 0.45 (Anglada et al.,
2018). Anintegration time of just1 hour with SKA-Low (AA4) yields an rms of 300 Jy beam?,
corresponding td g = 6 10 3 mJy kp& at 200 MHz ( 0.03 mJy kpé at 5 GHz). This rms will

allow us to detect optically thick free-free emission from jets driven by sourced with 10!

Detecting sources down ! would require an integration time of5 h, and hundreds of hours

to cover the fulll poi-range in Fig. 4. Note that the frequency at which emission becomes optically
thick depends on density, meaning that denser jets are expected to be brighter at higher frequencies.
Crucially, this part of the spectrum remains completely unexplored for protostellar jets.

The SKA-Low (AA4) angular resolution at 200 MHz will Bé 3+5°C While observations at 5 GHz
typically resolve jets at subarcsecond scales, the expected size of free-free emission at 200 MHz is
larger due to the frequency dependence of the optically thick region; for instance, in T Tau the jet
emission was resolved at 150 MHz with a beam size 6f° The expected jet size$jg4) at 200

MHz can be estimated using the Reynolds (1986) jet model, according to Whigh/ = a¥ 2

(see also Anglada et al., 2018). Assumidg0.45, a jet with\jerscr; = 1%°will have a size of

\ jet-200MHz = 15%0 and will be suitably resolved with the SKA-Low, up to a distance of 140 pc.

4 The atomic and ionised YSO jet components

4.1 Radio recombination lines (RRL) and H emission

Hydrogen Radio Recombination Lines (RRLs) present an excellent opportunity to retrieve the
kinematics of the ionised winds close to their launching sites, before they have interacted with the
surrounding medium (Anglada et al., 2018, see also the dedicated chapter by Guidi et al. 2026 in
this volume). Interferometric observations of RRLs from massive systems trace jets (Jiménez-Serra
et al., 2011; Prasad et al., 2023), MHD and photoevaporative (PE) winds (e.g. Baez-Rubio et al.,
2014; Zhang et al., 2019), and warped discs (Jiménez-Serra et al., 2020). Some of these sources
present maser-ampli ed RRLs (e.g. the massive star MWC 349A, Martin-Pintado et al., 1989).
Hence, non-LTE radiative transfer tools such as the MORELI code (Baez-Rubio et al., 2013) are
employed to characterise the launching sites and velocity structure of these winds (Baez-Rubio et al.,
2014; Martinez-Henares et al., 2023, 2024). The detection of a thermal radio recombination line in
the protostellar jets powered by Cepheus A HW2 (Jiménez-Serra et al. 2011) and W75N (B)-VLA3

"https:/www.skao.int/en/explore/telescopes/ska-low
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Figure 5: MORELI predictions of the H82 RRL at 11.71 GHz. We show predictions for di erent
combinations of wind'® s and 3 of the system, starting from the case of MWC 349A (left panel). The
pale-blue region shows thé Setection with SKA-Mid (see text), while the dark blue corresponds tofthe 5
detection with SKA-Mid (AA4) of the line intensity at a velocity of 100 km's Integration times from the
SKAO Sensitivity Calculator are shown.

(Sanchez-Monge et al., 2025) o ered a direct way to measure the jet's physical properties (e.g.,
=, electron temperatur¢, and LOS-velocity). Despite these promising results, RRLs have not
been detected yet in low-mass systems, with the exception of the externally-irradiated proplyds
(Boyden et al., 2025). The radio continuum free-free emission detected in some low-mass stars
suggests the presence of ionised winds from their discs, which would be con rmed by the presence
of RRLs (e.g. Pascucci et al., 2012; Macias et al., 2016). The main challenge comes from the fact
that RRLs are expected to present low intensities under LTE conditions at centimeter wavelengths:
i.e. only a few percent above the free-free radio continuum (e.g. Pascucci et al., 2018). Although
the RRL intensities increase Asa* with X = 11, at mm-wavelengths the dust continuum may
hinder their detection. The high sensitivity of SKA-Mid Band 5 observations provides, therefore,
an ideal opportunity for the detection of these lines across the full range of protostellar masses.
Figure 5 shows predictions of line intensities for a rang&igtsand distances (d), and considering

LTE and non-LTE e ects. Using the SKAO Sensitivity Calculator for the AA4 con guration in
Band 5b and a (velocity) spectral resolutiohkm s , we nd that integration times for detection

range from less than an hour to about twenty hours, depending on the source distance. This means
that the detection of RRLs with the SKA-Mid will be feasible during the Science Veri cation

in AA con guration, even toward distant low-mass YSOs. From these observations, the RRLs
spatial distribution may be recovered by obtaining spectro-astrometric Gaussian centroids (see e.g.
Martin-Pintado et al., 2011; Zhang et al., 2017; Jiménez-Serra et al., 2020; Sanchez-Monge et al.,
2025), which will allow the separation of the jet and wind contribution from the W&égions.

The much higher velocities (0f100 km s ') reached by jets and winds will also allow them to be
distinguished from K regions (whose expansion velocities 120 km s !). RRLs emitted at the
frequencies covered by the SKA telescopes trace the outer, less dense regimes of the ionised disk
and wind in comparison to the high-frequency lines covered by ALMA. This complementary view
will allow us to retrieve the three-dimensional physical structure and kinematics of the wind and
jet, and to test the MHD or PE origin of the outermost ejection. For the faintest lines, stacking of
multiple RRLs will provide the required line intensities to prove the presence of ionised winds. The
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combination of these deep observations with non-LTE radiative transfer modelling will be crucial
to investigate the origin of the jets and winds launched by YSOs.

At IR-wavelengths, high angular resolution observations with the JWST have shown that H recom-
bination lines are not only associated with the accretion shock at the stellar surface but also exhibit
considerable emission along the jet (e.g., Harsono et al., 2023; Federman et al., 2024), such as in
the case of the very low-mass Class 0 protostar IRAS 16253 2429 (Narang et al., 2024). The ionic
jet component at these wavelengths is typically observed from the emission of forbidden lines such
as [Fe I1], [Ne II], and [Ar II], which provide a powerful probe of the hotter, more highly excited
components of the out ow (Tychoniec et al., 2024; Caratti o Garatti et al., 2024b; van Dishoeck
et al., 2025; Narang et al., 2025). However, in several YSOs, the large thickness of the parent
envelope results in high dust extinction at the infrared. This, combined with the poorer spatial
resolutions of the JWST with respect to interferometers, prevents the study of the jet at its launching
position. In this context, the SKA telescopes will complement the JWST by enabling observa-
tions much closer to the jet base and providing velocity-resolved analysis, which will overcome
the 80km s lresolution limit of IWST. Finally, while RRLs trace the ionised component of the

jet and wind, the neutral atomic component often dominates over the molecular and ionised gas
(e.g. Bally, 2016). His the dominant component of the neutral jet material (Lizano et al., 1988),
and accurately constraining the total ma%%ss, and momentum carried byikk essential for
building a complete picture of the mass/energy budgets of these ows. Howevemidsion at

21 cm from the neutral jet is often faint and can be contaminated by galactimidsion along the

same LOS. Despite these challenges, observatories sdagk@bo(Lizano et al., 1988), the VLA
(Russell et al., 1992; Giovanardi et al., 2000) and nowRiwe-hundred-meter Aperture Spherical
radio TelescopdFAST; Li et al. 2022) show extended, high-velocity émission associated with

out ows. These observations generally lack the spatial resolution needed to isolate the launching
region, often resulting in confusion between overlapping ows from multiple protostellar sources
and unrelated high-velocity clouds. The enhanced sensitivity and angular resolution of the SKA
telescopes will enable the next major advancement in detecting and studying these neutral winds.

4.2 Proper-motion of thermal/non-thermal knots

Measuring jet velocities is essential to constrain theoretical models of jet launching and collimation
(see Sect. 3.1). Velocities are combined with jet density to derivédhg estimates and, in turn,

the "Ppsd "Pacc ratio and the momentum ux (out ow force). All these parameters are key physical
diagnostics for theoretical models (e.g. Frank et al., 2014; Ray and Ferreira, 2021). Achieving a
complete dynamical picture of protostellar jets requires measuring their full 3D-velocity structure.
While the precision of LOS velocity measurements of protostellar jets in the IR has improved
signi cantly in recent years (e.g.,5 10 km s 1 with JWST/MIRI), it still remains moderate. The
SKAO will enable the detection of RRLs in radio jets (Anglada et al., 2015), thereby providing even
more precise measurements of the LOS velocity component. When combined with proper-motion
measurements (i.e., the velocity components in the plane of the sky), this will allow us to reconstruct
the full 3D velocity structure of the jet. The latter measurementrelies on multi-epoch observations to
nd the proper motions of thermal and non-thermal continuum. These studies indicated tangential
velocities from 100 to 1000 km s? (e.g., Marti et al., 1995, 1998; Rodriguez et al., 2000;
Chandler et al., 2005; Curiel et al., 2006; Masqué et al., 2015; Rodriguez-Kamenetzky et al., 2016,
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2022; Osorio et al., 2017; Anglada et al., 2018).

While current facilities can measure proper motions in only a few bright jets, the combination of
high angular resolution, wide bandwidth, and large collecting area o ered by SKA-Mid will enable,
for the rsttime, routine 3D-velocity measurements of faint (few mJy) knots (see Sect. 3.3). Starting
fromits rstlightin Science Veri cation, SKA-Mid will open up a new regime of kinematic studies

of jets. Forinstance, in Band 5ay=11.8 GHz; a=5 GHz) and 5a4y=6.55GHz; a=3.0 GHz),
thermal jets can be detected with an rms noise of abouly#beam in 30 min for a source in
Orion (3=390 pc; Tobin et al. 2020) using the AA4 con guration (with only 15-m antennas) and a
synthesised beam 0f0.1%° 0.1°°(Briggs; robust=0). Nonthermal knots from the same source can
be detected in Band 2§ = 1310 MHz; a = 720 MHz), with an rms noise of about™2yebeam

in 30 min, using the AA4 con guration (including MeerKAT antennas) and a synthesised beam
of 0.7°° 0.6°°(Briggs; robust=0). The 3D-velocity vector of each knot provides both the jet
inclination and the true space velocity of the ejecta. This complete kinematic information enables:
(8 the identi cation of acceleration and collimation through velocity gradiei@Bré ne estimates

of "¥ossand momentum ux of the jet (Reynolds, 198638@he detection of rotation or precession

of jets via asymmetries in the velocity eld; an8 to distinguish between di erent launch models

by getting closer to the jet launch region within the SKA telescopes sensitivity and resolution.
Beyond individual sources, SKAO will examine large samples of YSO jets across the Galaxy,
enabling statistical studies of jet velocities as a function of mass, age, and environment. Its data
will synergise with ALMA mapping of molecular out ow, JWST spectroscopy, and Gaia distances.

5 Molecular complexity in YSO out ows revealed by shocks

As illustrated in Sect. 1, shocks occurring along protostellar out ows have a strati ed density
and temperature structure, and the characterisation of their chemistry requires multi-wavelength
observations. While sub-millimeter observations trace complex O-bearing molecules, the study
of carbon-chain chemistry in UV-irradiated out ow cavities requires observations at longer wave-
lengths. Large carbon chains have their rotational transitions peaking at cm-wavelengths at low
temperatures, making the mm range insu cient to capture their full emission. However, current
cm-wavelength facilities do not yet o er the angular resolution and sensitivity required to detect
and spatially resolve these tracers. The capabilities of the SKA telescopes will be crucial to explore
complex carbon chain chemistry. By coupling observations of carbon chains in the cm range with
O-bearing species in the (sub-)mm range, we will gain key insights into the chemical strati cation
and the physical structure of the out ow cavity, including the role of UV irradiation and shock
processing across di erent layers. These observational diagnostics are particularly powerful when
interpreted alongside cutting-edge 3D-MHD simulations of star-forming regions, which now in-
clude signi cantly improved microphysical modelling. Recent advances in numerical simulations -
both in terms of dynamics (e.g., wind and jet launching, radiation processes; see Grudi¢ et al. 2021)
and chemistry/microphysics (e.g., complex molecules, isomers, isotopologues; see Bovino et al.
2020; Lupi et al. 2021) - have made it possible to generate highly detailed synthetic observations.
When combined with data acquired with the SKA telescopes, this wealth of simulated information
will provide crucial constraints on the evolution of chemical complexity and the role of dust physics
(see Sect. 6) during the earliest stages of star and planet formation.
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Figure 6: (Left) The protostellar shock L1157-B1 along the southern lobe of the out ow driven by L1157-
mm. (Middle/right): Zoom-in around L1157-B1, where the abundance of several molecules is mapped:;
Metal-bearing molecules (e.g. SiO and Sisigdlé probe grain core sputteringiight) HC3N is released

from the grain mantles. Adapted from Podio et al. (2017) and Benedettini et al. (2013).

5.1 Cyanopolyynes as probes of out ow shocks

As detailed in Sect. 1.1.2, the abundance of typical out ow tracer species is enhanced by dust
sputtering and shattering in shocks. These processes cause the release of the molecules from grain
mantles and cores and activate the warm gas-phase chemistry. As rst noted by Bachiller and
Pérez Gutiérrez (1997) also CyanoacetyleneqNM)ds a powerful probe of shocked gas, with an
increase of its abundance ofL0O0 in the prototypical protostellar shock L1157-B1 (see Fig. 6).
Follow-up observations by Mendoza et al. (2018) show emission of sever i$0topologues,

as well as H@N in L1157-B1. Moreover, recent surveys at mm wavelengths have shown that
HC3N is an optimal tracer of out owing gas also in high-mass star forming regions (HMSFRs;
e.g., Taniguchi et al., 2018; Lu et al., 2021; Wang et al., 2022), with the detection of blue- and
red-shifted out owing gas in about 1/3 of the massive star-forming regions surveyed by the ATOMS
programmes (Hoque et al., 2025). Longer cyanopolyynes, such & al@el HGN, have also been
detected in HMSFRs (e.g., Taniguchi et al., 2018; Wang et al., 2022). The typical column density
(#) of HC3N is a few10' cm 2 (at) =20 50K) in the shock driven by the low-mass protostar
L1157-mm (Benedettini et al., 2013; Mendoza et al., 2018), WhilEIC3N) ranges from a few

10" cm 2 to 10 cm 2 towards the out ows driven by massive YSOs and observetP%t 200
resolution. These mm-observations demonstrated thgiNHEnission is strongly correlated with

SiO, thus suggesting that HN is a reliable out ow/shock tracer. On the other hand, the emission
peak of heavier cyanopolyynes (KCiN, with = j 2) in the cold out ow cavities 20 K)

is found at cm wavelengths. In this context, SKA-Mid Band 5a and 5b (4-15 GHz) observations
open a new window to characterise complex carbon chain chemistry in shocks at high angular
resolution and sensitivity. Figure 7 shows the detectability of cyanopolyynes along protostellar
out ows with SKA-Mid Band 5b receivers. Adopting the high-mass case as reference, we assumed
# (HC3N) =10 cm 2, and scaled the column densities of longer cyanopolyynes from Bianchi et al.
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Figure 7: Predicted (LTE) line in-
tensities of cyanopolyynes in high-
mass protostellar out ows, obtained
for) = 20 K, FWHM = 4 kms %,
and a lling factor of 1. We as-
sumed# (HCsN)=3 10'° cn? (Hoque
et al. 2025; HGN/HCsN = 3), fol-
lowing Bianchi et al. (2023b) for the
other cyanopolyynes. The horizontal
dashed lines indicate thef 3predic-
tions of the SKAO sensitivity calcu-
lator at 12.5 GHz with the SKA-Mid
AA4 (including MeerKAT antennas;
see text).

(2023a) and Giani et al. (2025). The SKA-Mid sensitivities reported in Fig.7 were derived using
the following parameters: a central frequencyagf= 12 GHz (with a 5 GHz total bandwidth),

a spectral resolution of 1.5 km s and Briggs weighting with robust=0, optimised to achieve an
angular resolution of 2 . Based on these sensitivities, the detection of cyanopolyynes up §dlHC
will be possible in®10 h in AA4 con guration (including MeerKAT antennas). This makes the
observations related to such a science case feasible even during the SKAO Science Veri cation
with AA con guration to detect lighter cyanopolyynes (i.e. HC;N). The detection of heavier
species (e.g. HGN) will require longer integrations, potentially hundreds of hours with the AA4
con guration. The expected (HC3N) in low-mass star-forming regions may drop remarkably
compared to the high-mass regime (frof0*¢ to a few 132 cm 2), and similar results may require

an integration time 10 to 50 times larger using SKA-Mid AA4 con guration.

5.2 Astromineralogy as probe of dust-refractory cores

Astromineralogy investigates minerals in space, providing insights into the constituents of planetary
cores. The properties of dust grains are largely unknown, as the composition of solid-phase dust
often eludes direct observation, and the typical IR bands are di cult to identify unambiguously
(e.g. Kimura and Nuth 2005). The volatile compounds on the dust mantles evaporate at relatively
low temperatures® 100 K) and can be observed through line emission at mm wavelengths.
On the other hand, the refractory cores of dust grains (Hensley and Draine, 2021), containing
silicon and aluminium, pose signi cant challenges for observation due to their high sublimation
temperatures (thousands of Kelvin). As reported in Sect. 1.1.2, shocks along protostellar jets
are perfect laboratories to reveal the chemical enrichment of the gas phase due to the atoms and
molecules lifting o the refractory component. Observing refractory species in protostellar shocks
may be easier due to the fact that shocked areas have sizes of hundreds to thousands of au, which
can be more easily resolved than the inner circumstellar region where the dust is sublimated.

The refractory cores are expected to contain Si-, and Al- molecular species, as well as salts such as
e.g. NaCland KCI. These species have been observed in the atmospheres of asymptotic giant branch
(AGB) and post-AGB stars (e.g. Cernicharo and Guelin, 1987; Sanchez Contreras et al., 2022, and
references therein), and recently in the sublimation region of disks around massive protostellar
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sources, such as Orion Srcl (Ginsburg et al., 2019, 2023).
Onthe other hand, Si-bearing species have been routinely detected in shocked regions along out ows
driven by low- and high-mass protostars in the form of SiO (e.g. Podio et al., 2021, and references
therein). The chemical rich protostellar shock L1557-B1 has been also detected in SiS (Podio et al.,
2017), as well as of the Cl-bearing molecule HCI (Codella et al., 2012). The SKA-Mid Band 5b
frequency range (8 15 GHz), covers the fundamental rotational transitiond (O, E= 0) of NaCl,
KCI, MgCl, AICI, and CaS, as well as the fundamental transitions of the vibrationally excited states
of NaCl (E=1, 2, 3, 4), and KCIE= 1). As shocks are characterised by a strati cation of density and
temperature conditions, down ta20 K (CO, Le och et al., 2012), the extremely low-excitation,(

1K) ofthe =10, E=0lines are expected to probe the low-temperature regirhe K), while
the =10, E=1, 2, 3, 4 transitions of NaCl and KCI, with upper energy levelg£€ 300 2000
K) are expected to trace regions with temperatures exceeding 100 K. Astrochemical models of the
formation of metal-bearing elements subsequent to the release of the grains cores in shocks are
not available, therefore we lack estimates of the expected column densities of NaCl, KCI, MgCl,
AICI, and CaS in shocked regions. In this context, the SKAO may open a new window for the
detection of metal-bearing molecules in protostellar out ows, and hence for the comprehension of
the composition of dust cores and their reprocessing in shocks.
Finally, metal-sul des have recently been detected toward the Giant Molecular Cloud G+0.693-
0.027 located in the Galactic Centre (Rey-Montejo et al., 2024; Jiménez-Serra et al., 2025), whose
chemistry is characterised by a large-scale shock, similar to those found in molecular out ows. The
chemistry of refractory materials in out ows can then be compared to those found in molecular
clouds of the Galactic Centre, which has also been proposed to be observed with the SKA-Mid (see
Chapter by Tra cante et al. 2026 and Schoedel et al. 2026). These observations will provide key
information about the universality of the refractory content of dust grains across di erent metallicity
regimes in the Galaxy.

6 Dust growth and transport along molecular out ows

As evidence grows that planets may form during the earliest phases of star formation (e.g., Tychoniec
etal., 2020; Ohashi et al., 2023; Maureira et al., 2024, 2025), it becomes crucial to determine when
and how rapidly dust evolves into planetesimals. While the Chapter by Garu et al. (2026) dis-
cusses dust growth in protoplanetary discs, here we focus on earlier stages, when dense protostellar
envelopes funnel material onto forming discs and possibly interact dynamically with protostellar
out ows. These envelopes, with visual extinctions from tens to hundreds, act as bridges transferring
dust and angular momentum from parent cores to discs. Whether dust grows during collapse, and
what properties characterise the dust delivered to the youngest discs, remains debated.
Multi-wavelength observations constrain the dust opacity spectral ingewhich depends on the

grain size (Testi et al. 2014; Ysard et al. 2019). In the ISM, 1+7 corresponds to sub-micron
grains, whileV ® 1 in protoplanetary discs signals millimeter-sized grains (Tazzari et al. 2021;
Garu et al. 2025). Envelopes, however, are di cult to study due to the challenges in separating
disc and envelope emission. EaBubmillimeter ArraySMA), Combined Array for Research in
Millimeter-wave AstronomfCARMA) and ATCA studies (Kwon et al. 2009; Miotello et al. 2014)
hinted at dust growth but su ered from large uncertainties. Later works such as Bracco et al. (2017)
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Figure 8: (Left) The L1551 IRS5 Class | binary system from Sabatini et al. (2025). colour map: Thermal
dust continuum emission at 3 mm (from the FAUST ALMA-LP) mapping the circumbinary disc and the dusty
cavity walls structure. White contours mark the [3, 6, 10, 1QG§ith f = 008 mJy beam?. Transparent
red and blue areas: The red- and blue-shifted CO (2-1) out ow emission. (Right) Sketch illustrating how
dust grains could be lifted from the young discs into the surrounding envelope by the out ow activity.

found Vranging from 0 in Class Il discs to 1.7 in Class 0 protostars, though others found no de-
viation from the ISM value (Agurto-Gangas et al. 2019). Recent observational campaigns, such as
the CALYPSO (IRAM-PdBI) and the Fifty AU STudy of the chemistry in the disk/envelope system

of Solar-like protostars (ALMA-FAUST, ID: 2018.1.01205.L, PI: S. Yamamoto; see Codella et al.,
2021) Large Programmes, measukéih 20 protostars (Galametz et al. 2019; Cacciapuoti et al.
2025). About 50% show evidence for largel00 ° m) grains, leaving open whether dust growth

is intrinsic or observationally biased. Simulations struggle to reproduce such rapid growth (e.g.
Ormel etal., 2009; Bate, 2022), suggesting that grains may instead form in discs and be entrained by
out ows (Tsukamoto et al. 2021; Bhandare et al. 2024; Uchimura et al. 2025). Observations indeed
show correlations between loWvalues and stronger out ows (Cacciapuoti et al. 2024), polarised
emission along cavity walls (Hull et al. 2020; Le Gouellec et al. 2023), andMiwout ow cavities
(Sabatini et al. 2024, 2025; see Fig. 8), all hinting at grain transport. Such recycling could a ect
growth timescales, out ow heating, and compositional mixing, similarly to Solar System evidence
for inward-formed calcium-aluminium-rich inclusions (CAls) found in outer asteroid families (Mor-
bidelli et al. 2024).

However,V-measurements are prone to contamination from free-free, gyrosynchrotron, and anoma-
lous microwave emission (Dickinson et al. 2018). At 3 mm, for example, up to 20% of ux can
arise from free-free processes (Galametz et al. 2019; Hull et al. 2016). These components vary over
time, requiring multi-epoch, low-frequency (90 GHz) data to disentangle them properly. The
SKA-Mid, together with multi-band ALMA observations, will provide the resolution, sensitivity,
and frequency coverage needed to build high S/N, resolved SEDs from sub-mm to cm wavelengths,
allowing robust dust evolution studies from envelopes to discs. Taking the example reported inFig. 8
for the L1551 IRS5 Class | binary system, we can estimate the sensitivity required for observing the
dusty cavity wall with SKA-Mid Band-5b. In this system, an average dust opacity spectral index
V 0.5was measured along the entire (<2000 au) extent of the dusty cavity wall detected with ALMA
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