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lonized gas emission Guidi et al.

Protoplanetary disks represent a crucial stage in the evolution of Young Stellar
Objects towards the formation of fully formed planetary systems. While sub-
stantial progress has been made in the last decades in the characterization of the
dust and molecular gas in these systems, the ionized component remains poorly
understood. lonized gas traces important processes such as photoevaporation,
accretion, disk winds, and jets, and therefore is key to studying disk dynam-
ics, evolution, and ultimately planet formation. In this paper, we investigate the
capabilities of the forthcoming SKA telescope to probe this component in proto-
planetary disks within nearby star forming regions. We present state-of-the-art
simulations of photoevaporative, magneto-thermal, and magnetohydrodynamic
winds, and generate theoretical predictions and synthetic SKAO observations to
assess its potential in detecting and characterizing free—free emission and Hy-
drogen recombination lines. Finally, we discuss synergies with complementary
facilities and how they will provide a comprehensive, multi-scale view of disk
winds and offer critical insights on the mechanisms driving disk evolution and the
onset of planet formation.
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1 Introduction

Protoplanetary disks of gas and dust are formed as an outcome of angular momentum conservation
during the collapse of molecular cloud cores, and regulate the accretion of material onto the forming
star (Stahler and Palla, 2004; Zhao et al., 2020). A number of complex physical and chemical
processes shape the evolution and lifetime of disks, with direct consequences on the timescales
and initial conditions for planet formation (Lesur et al., 2023). Understanding the mechanisms
regulating disk dispersal, mass loss, and angular momentum transport is crucial for connecting the
physical properties of protoplanetary disks to the formation and architecture of planetary systems.

While significant advances have been made in characterizing the dust and molecular gas components
of disks — particularly thanks to facilities such as ALMA (Atacama Large Millimeter/submillimeter
Array) and VLT (Very Large Telescope) — the ionized component remains comparatively less ex-
plored. This is typically observed via atomic lines in the optical and infrared range, hydrogen
recombination lines and free—free continuum emission, although these tracers are often faint and
difficult to isolate, limiting our ability to fully constrain the properties and origin of the ionized gas.
Ionized gas is associated with a range of key physical processes, including accretion, photoevapora-
tion, disk winds, and jets (see Figure 1 for a schematic illustration). These processes play a critical
role in regulating the lifetime and structure of the disk, as well as in determining the mass available
for planet formation. Observing and interpreting the emission from ionized gas provides insight
into the energy input from the central star, the mechanisms of disk dispersal, and the interface
between disks and stellar magnetospheres.

Observational evidence indicates that disk lifetimes are of the order of a few million years, with disk
dispersal and decay of stellar accretion rate occurring on similar timescales (Mamajek, 2009; Fedele
et al., 2010). While the exact mechanisms responsible for the loss of disk material are still under
debate, the current paradigm identifies photoevaporative winds and MHD (Magnetohydrodynamics)
winds as the main drivers of disk dispersal (Ercolano and Pascucci, 2017). The latest observational
evidence suggests MHD winds as dominant at the early stages and photoevaporative winds taking
over during the final phases of disk clearing (Pascucci et al., 2023). Slow molecular outflows have
been detected in a large number of sources, across different evolutionary stages. At the Class II
stage, the typical tracers of disk winds are forbidden lines such as Hj, [OI] and [SII], associated with
a low velocity component (typically fil0 km/s). Thanks to ALMA, such slow winds are detected
also in molecular CO (Giidel et al., 2018). The ejection rates estimated for these outflows are
comparable to the stellar accretion rate, and - when measurements of both components are available
- Mwind is approximately 50 lﬂjet (see Pascucci et al., 2023, and references therein). Although
current statistics remain limited, this finding suggests that disk winds may constitute the primary
source of mass loss, dominating over jets.

The Square Kilometre Array (SKA), with its unprecedented sensitivity at centimeter wavelengths,
will open an additional window to detect this ionized component in such a crucial stage of evolution.
In particular, free—free emission detected at high spatial resolution and the capability to observe
radio recombination lines offers a new and powerful tool to investigate disk dissipation mechanisms
and processes in the inner regions.
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Photoevaporative wind

Figure 1: Schematic representation of a protoplanetary disk highlighting accretion and ejection processes.
The spatial scales at the bottom are indicative only and serve to illustrate the approximate emitting regions
of the different components.

In this paper we investigate the capabilities of SKA AA4 (Braun et al., 2019) in unveiling ionized
gas tracers in disks. We outline the key science questions that can be addressed and highlight
the most promising observational signatures by generating simulated observations from theoretical
predictions of MHD and photoevaporative winds.

2 Disk wind theory

Disk winds are widely recognised as a fundamental agent of protoplanetary disk evolution, regulat-
ing the redistribution and eventual dispersal of disk material, and thereby shaping the environment
for planet formation. Two broad classes of winds have been identified: those driven primarily by
magnetic stresses (MHD winds), and those launched thermally by high-energy irradiation from
the central star (photoevaporative winds). While both processes may operate simultaneously, their
physical origins, mass fluxes, and evolutionary signatures differ in ways that remain the subject
of active debate. A closely related phenomenon is that of jets, consisting of highly collimated
outflows of material launched from regions very close to the protostar (see Pudritz et al., 2007,
and references therein). They are found to be more prominent in early—stage YSOs, but they are
observed throughout all evolutionary phases and across the full range of protostellar masses (e.g.,
Anglada et al. 2018). Although the exact origin and acceleration mechanisms of jets are not fully
established, their strong collimation suggests a magnetic origin and a direct connection to the same
magnetohydrodynamic processes generating magnetically driven disk winds, discussed in this sec-
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tion. For a comprehensive discussion of jets and their observational prospects with the SKAO, we
refer to the chapter by Sabatini et al. (2026).

MHD winds arise when magnetic elds threading the disk extract angular momentum and energy,
enabling mass to be centrifugally ung away along open eld lines (Blandford and Payne, 1982;
Pudritz and Norman, 1983; Bai and Stone, 2013). The e ciency of this mechanism depends
sensitively on the ionisation state and magnetic di usivities within the weakly ionised disk surface
layers, with non-ideal MHD e ects such as the Hall term playing a decisive role in recent global
simulations (e.g. Sara dou et al., 2024). MHD-driven mass loss is predicted to reach rates of
108 10 7" yr Yin typical T Tauri disks, and importantly, it simultaneously drives disk

accretion by transporting angular momentum vertically, rather than radially, through the disk (Bai
etal., 2016; Lesur, 2021).

Photoevaporative winds, by contrast, are powered by heating of the upper disk atmosphere by stellar
extreme ultraviolet (EUV), far-ultraviolet (FUV), and X-ray photons (Hollenbach, 1994; Alexander

et al., 2006; Ercolano et al., 2018). Once the gas is heated above the local escape temperature, a
hydrodynamic out ow is launched (Owen et al., 2010). Early models found characteristic mass-loss
rates of orden0 1°© 10 8" yr 1, depending on the irradiation spectrum. More recent work

has demonstrated the importance of improved radiative transfer and thermal-chemical coupling:
for example, Picogna et al. (2019, 2021); Ercolano et al. (2021, 2022) re ned the initial models,
including dependencies on stellar mass and irradiating spectrum. Most recently, Sellek et al.
(2024) showed that enhanced cooling e ciencies in the out owing gas can signi cantly reduce
X-ray-driven mass-loss rates relative to earlier estimates, bringing them more in agreement with
observations. The interplay between photoevaporation and disk substructures, including dead zones
and planet-induced gaps, further modulates the wind properties and observable signatures (Garate
et al., 2021; Weber et al., 2024).

The relative contributions of MHD and photoevaporative winds remain uncertain and are likely
time-dependent. MHD winds may dominate early, when strong magnetic ux is retained, while
photoevaporation is expected to play a crucial role in the nal dispersal of the disk (Ercolano and
Pascucci, 2017; Pascucci et al., 2023). Importantly, both processes have direct implications for
planetesimal and planet formation. Disk winds remove gas mass and angular momentum, altering
the pressure gradients that regulate dust evolution and pebble drift. This can accelerate planetesimal
formation via streaming instabilities, while at the same time reducing the gas reservoir available for
giant planet formation. The redistribution of gas by winds may also in uence planetary migration
pathways (Monsch et al., 2023; Wu and Chen, 2025). Thus, disk winds are not only a dispersal
mechanism but also an active participant in sculpting planetary system architectures.

In summary, the theory of disk winds has advanced considerably over the past decade, aided by
multi-physics simulations and improved stellar irradiation models (Mori et al., 2025). Some of the
most recent studies consider planet-disk interaction with 3D non-ideal MHD disk winds (Aoyama
and Bai, 2023; Wa ard-Fernandez and Lesur, 2023, 2025), multi- uid simulations with MHD
disk winds (Elbakyan et al., 2022; Wu et al., 2023; Wu, 2024), and MHD disk winds with dust
growth (Kawasaki and Machida, 2025). Yet, signi cant open questions remain: how MHD and
thermal winds coexist and compete, how their mass uxes scale with stellar properties, and how
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these winds ultimately dictate the transition from gas-rich disks to planetary systems. Tracing the
ionised component of these winds might o er some valuable insights into these questions. Recent
results from optical/near-infrared observations of Ol/Ne in PPDs (Protoplanetary Disks) with HST
and JWST (e.g. Fang et al., 2018; Campbell-White et al., 2023; Bajaj et al., 2024) are addressing
the issue of probing the presence of disk winds (see also Section 6.3), although the results so far
remain inconclusive.

To illustrate how SKAO future observations of ionized gas emission could help in this direction,
we present in Section 4 a set of simulations of photoevaporative and MHD winds along with the
corresponding predictions and detection limits for SKAO.

3 Radio emission from protoplanetary disks

The radio window provides access to a variety of emission processes in the surroundings of
protoplanetary disks: at these long wavelengths the emission from the material surrounding the
protostar dominates the SED (Spectral Energy Distribution) of Young Stellar Objects. Line emission
is detected from rotational transitions from the disk molecular layers (see chapter by Podio et al.,
2026), and the continuum traces both the solid and the ionized gas component. In particular, dust
grains are the primary source of continuum emission from the infrared range (where stellar radiation
scattered by grains in the disk surface prevails) to the millimeter/centimeter regime (where thermal
emission from re-processed radiation is produced by larger grains). At centimeter wavelengths,
additional mechanisms become increasingly important in the total ux, most notably free free
emission from ionized gas in the star surroundings, i.e. from collimated jets or out ows, accretion
shocks near the forming star, and disk winds. Another signi cant contributor can be non-thermal
gyrosynchrotron emission from magnetically active stars. Anomalous Microwave Emission (AME)
is another potential mechanism that may contribute to the centimeter-wavelength continuum from
protoplanetary disks. De ned as an excess in Galactic radiation between 10 and 60 GHz, AME
is most commonly attributed to rapidly rotating nanometer-sized dust grains (see Dickinson et al.,
2018, for a review). This mechanism has been suggested to explain the SED in a few disks (Greaves
etal.,2018; Liuetal., 2024), but separating its contribution from other emission components remains
challenging. Further details on this component and its detectability with SKAO are provided in the
chapter by Vidal et al. (2026).

A common method used to distinguish between the di erent processes is to measure the cm spectral
slope. Free free emission coming from disk atmospheres is expected to have a spectrd) index
between -0.1 and 2 for the optically thin and optically thick case respectively (Ubach et al., 2017).
Gyrosynchrotron emission from corona ares are predicted to have slopes around 2 in the optically
thick side and steeply negative slopes, up to -15, in the optically thin side (Gudel, 2002; Golay et al.,
2023). Surveys of nearby star-forming regions have shown a trend of decreasing spectral index
of the cm-emission with evolutionary stage: this has been interpreted as free free emission being
the dominant mechanism in early-type YSOs (Class 0 to Class Il, becoming increasingly optically
thin by the Class Il stage), and gyrosynchrotron prevailing in more evolved Class Ill sources (Dzib
et al., 2013; Liu et al., 2014; Coutens et al., 2019). While there is evidence of magnetic activity in
classical T Tauri stars, gyrosychrotron emission can be absorbed by the circumstellar winds at the
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stages where they are dominant, preventing its detection at radio wavelengths (Gudel, 2002).

Multiple studies of nearby star-forming regions have shown that excess emission beyond the thermal
dust continuum becomes signi cant, and in a few cases even dominant, already at millimeter
wavelengths. Rodmann et al. (2006) reported that approximately 20% of the 7 mm ux arises from
free free emission, with the remaining 80% attributed to dust, in line with more recent ndings
by Garu et al. (2025). A broader range of non-dust contributions was observed by Ubach et al.
(2017) in T Tauri stars within the Chamaeleon and Lupus regions, where the fraction of non-dust
emission at 7 mm varies from just a few percent up to 80%. Coutens et al. (2019) also found that
less than 30% of the detected continuum emission at 10 GHz (3 cm) can be attributed to dust, and
hence the remaining 70% is due to either free free or to synchrotron emission. This wide spread
suggests a mix of underlying mechanisms, potentially including non-thermal processes from some
sources displaying rapid variability on timescales of minutes.

Estimates of this excess emission have often relied on extrapolating the non-dust contribution from
power-law ts to the cm-wavelength integrated uxes, or vice versa, estimating the dust component
from the mm-integrated uxes. However, this approach has limitations due to the fact that in either
cases the SED can deviate from a simple power-law (e.g. Guidi et al., 2022). Recently, Painter et al.
(2025) addressed the non-power-law nature of the SED by adopting multi-component, empirical
model prescriptions to disentangle the dust and other emission mechanisms of eight young systems
in the Taurus region. Their inferred dust disk spectra all show signi cant curvature making single
power-law modelling uncertain. While they found no evidence for synchrotron or spinning dust
grain emission, all of their targets exhibited free free emission contributing 5-50% of the 43 GHz
uxes. Spatial resolution can help directly disentangling dust thermal emission from other types of
contributions: for instance, Macias et al. (2016) distinguished two components of the 3 cm free free
emission in GM Aur: one arising from an ionized radio jet perpendicular to the disk, and another
consistent with a photoevaporative wind driven by EUV radiation. Guidi et al. (2022) partially
resolved the 3.6 cm emission in HD 163296, nding a more compact non-dust emission coming
within a radius of approximately 5 au and with a fraction contribution of 40% of the total ux.

In this case the derived spectral index at centimeter wavelengths, around 0.1, was consistent with
optically thin free free emission produced by a disk wind.

3.1 Line observations

At millimeter wavelengths, high-resolution observations of protostellar objects1@®yr old)
conducted with ALMA have revealed the presence of relatively slow molecular emission, charac-
terized by velocities on the order of approximately 10 krh, ®riginating from an extended region

of the protoplanetary disk, and reaching radial distances of about 40 to 50 au. These detections,
reported in studies by Tabone et al. (2017, 2020), Lee et al. (2018), Nazari et al. (2024), and De Si-
mone et al. (2024), were made possible through the identi cation of emission lines from molecules
such as sulfur monoxide (SO), sulfur dioxide (30Omethanol (CHOH), and silicon monoxide
(Si0). Collectively, these ndings provide compelling and increasingly robust evidence that the
observed disk winds are chemically strati ed and transition from an ionized phase to a molecular
phase that is rich in a wide variety of molecules. This phenomenon is intimately linked to a gas
phase that is chemically enriched, suggesting active chemical processing and potentially signi cant
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implications for disk evolution and planet formation.

3.2 Diagnostic tracers and current limitations

We summarize here the main diagnostic tracers than can be employed to disentangle between the
di erent mechanisms generating continuum emission at radio wavelengths.

Spectral indexthe ux spectral index at cm-wavelengths is one of the primary and most accessible
diagnostic for disentangling between dust emission j2), free free emission (-0.1 U 2,
depending on optical depth), non-thermal synchrotron (typically from jets) or gyrosynchrotron
(from stellar magnetosphere) emission, generally exhibiting a negative spectral index. Observations
at cm-wavelength of protoplanetary disks are often sparse, and do not allow for a detailed spectral
characterization. More recent studies sampling broad frequency ranges are highlighting a more
complex shape of the SED than a single power-law, suggesting that multiple mechanisms and/or
physical regimes are at play (e.g. Hashimoto et al., 2025; Chung et al., 2025). This highlights the
need for high sensitivity broadband observations, to accurately model the various mechanisms at
work.

Morphology spatially resolving the cm-continuum is an extremely powerful tool to locate the
emitting regions of the di erent components (see schematic picture in Figure 1). While dust
emission can extend to tens of au, ionized gas emission originates closer to the star and can have
distinctive emission regions. For the case of disk winds, we show in Section 4, free free and radio
recombination lines (RRLs) emission present di erent spatial extent and morphologies depending
on the wind model.

Time variability: Time variability has been detected in mm and cm emission: for example, Ubach
et al. (2017) found that most of the target T Tauri stars in Chamaeleon and Lupus star-forming
regions displayed a variability at 7mm from about 30% up to a factor of 3 across timescales from
months to years. Several disks show spectral indices consistent with grain growth to cm-size
pebbles . Interestingly, the most radio-active sources (largest excess/variability) tend to have less
evidence for large grains, suggesting that strong free free/non-thermal emission can coincide with
limited grain growth signatures. Similarly, Hashimoto et al. (2025) observed a variable spectral
index at cm wavelengths (with timescales of the order of days) in the Class | source WL 17, and
t the observations using two independent free free components that they associate with di erent
knots of ionized gas, likely coming from a jet. Non thermal processes such as chromospheric or
magnetospheric emission from the central star typically present a variability on shorter timescales,
ranging from minutes to days, and larger ux variations by factors of a few.

Polarization: At (sub-)millimetre wavelengths, disk emission can show |®t-@%) linear po-
larization produced by dust self-scattering or grain alignment to the disk radiation eld (Kataoka
et al., 2016; Tazaki et al., 2017; Yang et al., 2016; Bacciotti et al., 2018), or to the disk magnetic
eld (Ohashi et al., 2025). At longer wavelengths (few centimetres), polarization measurements
can instead become sensitive to the presence of jets. While free free emission is essentially unpo-
larized, non-thermal synchrotron radiation can exhibit strong linear polarizatidi80%) tracing
magnetic elds (Carrasco-Gonzélez et al., 2010; Rodriguez-Kamenetzky et al., 2017). Circular
polarization generated by Gyrosynchrotron emission from accelerated electrons can display an in-
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termediate degree of circular polarization (Gudel, 2002), while coherent processes such as plasma
emission or cyclotron masers can give rise to a very high degree of circular polarization (e.g. T
Tau, Loinard et al., 2007). Although rare, both circular and linear polarization has been observed
at cm emission from TTauri stars (Phillips et al., 1996) and connected to stellar magnetic ares.
Polarimetric observations across the mm-cm regime are therefore a powerful tool for distinguishing
between thermal and non-thermal contributions to the continuum emission.

4 Theoretical predictions from simulations of MHD and photoevaporative winds

Considerable e orts have been made to estimate the signatures of disk winds on continuum and
line tracers, from optical to radio wavelengths (e.g. Ercolano and Owen, 2010; Weber et al., 2020;
Ricci et al., 2021; Nakatani et al., 2025). In the cm range, a major advantage is that the continuum
emission from electrons in the ionized winds dominates over the dust continuum (see previous
Section 3 and the chapter by Garu et al., 2026). For RRLs such as the Hydrogen alpha transitions
(i.e. transitions to a contiguous principal quantum number), the intensity decreases with increasing
wavelength but the line/continuum contrast improves, making the cm-range a favorable regime
with ratios of 1-10% (see Pascucci et al., 2012, for line emissions in photoevaporative winds).
A characterization of such recombination lines is often considered a key diagnostic to probe the
presence of disk winds. Speci cally, line pro les and velocities can unveil the unbound nature of
the gas emission, pointing to material decoupled from the disk rotation. Furthermore, the shape
and width of the line are expected to be quite di erent in photoevaporative winds and MHD-driven
winds, with the latter being faster (40 km/s, see e.g. Fang et al., 2018, and this work, Section 4).

In this Section we present predictions of free free and hydrogen recombination lines emission
arising from both photoevaporative and magnetically-driven disk winds. Our goal is to demonstrate
the detection capabilities of SKA-Mid AA4 array and assess the potential to disentangle the origin
of the ionized gas using both line and continuum tracers.

4.1 Model description and results

We use existing simulations from various disk wind models, including pure photo-evaporative (PE,
e.g. Picogna et al. 2019; Weber et al. 2020, PLUTO &pdeagneto-thermal (MT, Sara dou et al.
2024; Weber et al. 2025, NIRVANA codp and isothermal magneto-hydro-dynamics wind models
(MHD, Lesur 2021, semi-analyti. These models are used to produce synthetic observables for
the free free emission and for the Hydrogen recombination lindd)(H

For the free free emission, we post-process the (magneto)-hydro-dynamic models with the radiative
transfer and X-ray enabled ionisation com@cassin (Ercolano et al., 2003, 2005, 2008). The
radiation thermochemical cofoDiMo (PROtoplanetary DIsk MOd&|\Woitke et al. 2009; Kamp

etal. 2011; Thi et al. 2011) is used for th&JHWe follow an already well-tested approach used for
other wind-tracing observables such>&¥6300A, [Nell] 12.81" m, and the 0-KH2.12" m lines

1PLUTO: https://plutocode.ph.unito.it/

2NIRVANA: https://gitlab.aip.de/ziegler/NIRVANA

3see alsattps://github.com/glesur/PPDwind

4ProDiMo git-rev: 2e42470chttps://prodimo.iwf.oeaw.ac.at/
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(e.g. Weber et al., 2020; Rab et al., 2023; Weber et al., 2025). In the following, we only describe
speci cs relevant to the SKA observables and some relevant di erences in the models. We refer
the reader to the above-mentioned papers for additional details concerning the modelling approach.

4.1.1 Modelling approach

In all the presented models the central star is representative of a classical T Tauri starwith. ,

" =1M ,!x 2 10%°ergs?, and a primordial disk (i.e. no substructure or gaps). However,
mainly due to computational limitations, not all models have the exact same underlying disk
structure.

The computational domain for the disk of the MT models is limitedto0*5 15 ay Abeing the
distance from the central star. The disk in the PE and MHD models extends\fro@e3 60 au
Furthermore, the MHD models have a shallower radial surface density pro le compared to the other
models; this is a consequence of how the semi-analytic models of Lesur (2021) are constructed.
These di erences somewhat limit a direct comparison of the models; however, they still give a
general picture of what impact the di erent wind-driving mechanisms and modelling approaches
have on observables relevant for SKAO.

Furthermore, parameters such as the magnetic eld strength are not relevant for PE models, and on
the other hand, the MHD disk-wind model of Lesur (2021) assumes an isothermal disk; hence, the
wind solution is independent of the stellar properties. For the post-processing, we place the disk
at a distance 0140 p¢ and test disk inclinations &= »0 —20 40 -60 -80 ¥degrees. For the
spectral lines, we use an intrinsic spectral resolutioXBf 025 knrs, which is well above the
achievable spectral resolution of SKA-Mid at Band 5, correspondingt6 m/s.

Free free emission: The prediction of free free emission employs the improved photon packet
statistics introduced by Ricci et al. (2021) to minimize Monte Carlo noise. For both the PE and
MT models, we adopt the same illuminating spectrum composed of two components: a soft X-ray
component calculated by Ercolano et al. (2009) with a luminosigy di0*°erg s *, and a blackbody
component with a temperature of 12000 K and a bolometric luminosity,gf = 26 10 2L .

The latter represents emission associated with accretion.

Hydrogen Recombination lines: The excitation model for Hydrogen iRroDiMo is based on

data from the NIST database (Kramida, 2010; Kramida et al., 2024) and so far only considered
energy levels up te = 25 (i.e. near/mid infrared lines). The details of this implementation and

an application to Hydrogen emission lines from disks around massive stars can be found in Backs
etal. (2023). For the purpose of this paper, we extended this modekup &00, including in total
19-900transitions. For the missing data (e.g. Einstein-A coe cients) we applied the RADZ1 code
from Storey and Hummer (1991). We note that for the line-predictions we also include models with
di erent L 5¢¢;, @s the UV luminosity is most relevant for the chemistry and line emission.

4.1.2 Model results

For the free free emission, we present the proper SKA simulations in Sec. 4.2. Foluheed
discuss here the theoretical model results in more detail. In contrast to the free free emission, the

10
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Figure 2: Two-dimensional density structure (total hydrogen number density), wind velocity eld, and main
line emitting regions (boxes), with the neutral hydrogen number density in the background. The dashed white
lines in the left panels mark the contour levels indicated in the colourbar. The white solid lines in the middle
and right panels indicate a visual extinction of unity. The top row shows the MT_HD wind model (i.e., no
magnetic elds), the bottom row shows the MT_B4 magneto-thermal wind model. For easier comparison,
we use the samégr 03L in both models here. The MT_B4 model has a faster and denser wind
compared to the MT_HD model. As a consequence, the radial optical depths are higher, which results in
slightly more compact H and»0I¥6300A emission, but in a higher and more prominentétnission layer

(i.e., the wind is molecular).

HU will also provide information on the velocity structure of the wind, with the limitations that
SKA might not be sensitive enough to (always) detect those lines.

At rst, we discuss theoretical results from the models regarding the velocity structure and the
density of the wind. The MT models are, physically speaking, the most self-consistent ones, as
they include both the thermal and magnetically driven launching mechanisms, which may be the
most realistic scenario (see e.g. Bai et al., 2016). In Fig. 2, we show the disk structure, the wind
velocity eld, and the main line-emitting regions. We consider here three lines, thatH4.7

GHz, the 0-H2.12° m, and the commonly used wind traced|¥6300A. We note that within a
model, all HJlines in the 5b band of SKA-Mid considered here are very similar in their properties,

in particular, the line-width and general shape of the line pro le.

We show one model with magnetic elds and thermal-to-magnetic pressure ratie a0* (model
MT_B4), and one without magnetic elds (thermally driven, MT_HD) but still using the same
underlying modelling approach. The MT_B4 model shows a denser and faster wind, which results
in mostly compact line-emitting regions for theJHwhich sits just above theDI1¥6300A emitting

region. The picture is similar in the MT_HD model, but the line-emitting regions are vertically
more extended. The comparison of the 812" m emission in the two models nicely shows the
impact of the higher wind density. In a denser wind, the far-UV radiation cannot penetrate as deep
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Figure 3: Same as Fig. 2 but for the PE (top row) and the MHD_B4 model. These two models show nicely
the potentially drastic di erences between the two wind-launching mechanisms. The MHD model predicts
a very dense and fast wind, especially in the innermost disk region and a strong radial gradient in the wind
velocities. Whereas, the PE model predicts low (close to zero) velocity wind in the inner region with a
roughly constant wind velocity further out.

into the wind/disk, hence molecular hydrogen also survives higher up in the wind, and traces higher
velocities compared to the 0,12.12™ m in the MT_HD model (see also Rab et al., 2022; Sellek
etal., 2024; Weber et al., 2025). As a result, the extent of the pure atomic gas will be more compact,
also resulting in more compact line emission.

In Fig. 3, we show the same plots as in Fig. 2 for the two other model types, PE and MHD. As
already noted, the computational domain is more extended in those models, compared to the MT
models, and hence we do not directly compare them. The smaller radial extent of the MT models
is likely not an issue, as the emitting regions of the lines are restricted to the inner 10 au in all our
models. However, the larger inner radius in the MT models might have an impact on the line pro les
and uxes. In particular for magnetically-driven winds, this inner region might be the origin of a
high-density and high-velocity ow.

In general, the di erences between a pure thermally-driven wind and a (thermo-)magnetically-
driven wind are similar to what was discussed already for the MT models. However, the di erences
are much more pronounced. Interestingly, the PE model now shows a radially more extended H
emitting region, which is likely a result of the slightly lower wind density, compared to the MT_HD
model. For the model MHD_B4, which also usés= 10%, we now see very compact emission
regions for all three lines. This is a result of the high density in the wind, and hence the outer
disk is well shielded from any radiation. For such a case, all three lines considered only trace the
innermost, high-velocity part of the disk wind, as most of the wind is molecular, and hence only
the walls of the out ow cavity are visible in line emission.

Before we continue with detailing simulations speci cally for SKAO (Sect. 4.2), we brie y discuss

12






	Introduction
	Disk wind theory
	Radio emission from protoplanetary disks
	Line observations
	Diagnostic tracers and current limitations

	Theoretical predictions from simulations of MHD and photoevaporative winds
	Model description and results
	Modelling approach
	Model results

	SKA simulated observations

	Prospects for SKA surveys
	Synergies with other facilities
	Synergies with radio facilities at millimeter-centimeter wavelengths
	Synergies with GRAVITY+
	Synergies with JWST

	Summary

