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Disks of gas and dust orbiting young stars are the arenas and material reservoirs
for planet formation. Over the past decade, multiwavelength observations, from
infrared to radio, have resolved the spatial distribution of hundreds of protoplane-
tary disks in nearby star-forming regions, revealing a diverse zoo of substructures.
These substructures are morphological features such as rings, gaps, spirals, vor-
tices, asymmetries, warps, or clumps that trace variations in density, temperature,
or composition relative to an otherwise smooth distribution of gas and dust. Many
unknowns persist as to the origin of these substructures, their role in planet as-
sembly, and their true properties. SKA-Mid Band 5b continuum observations,
offering angular resolutions of �0.0500 (�0.1500) with AA4 (AA*) at 12.5 GHz /
2.4 cm, will enable new progress at this frontier. In this chapter, we outline the
open questions in the field of disk substructure that SKA-Mid is uniquely poised
to address, with a lens on dust thermal emission.
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1 Introduction

Until a few decades ago, the idea of detecting planets beyond our own Solar System seemed nearly
unthinkable. Today, thanks to remarkable advances in instrumentation and analysis techniques,
thousands of exoplanets have been discovered, unveiling a striking diversity of planetary systems
across the Galaxy. As a result, understanding the origins of these worlds has become a central
objective of contemporary astrophysics.

The formation of planets is a complex, multi-stage evolutionary process. Stars are born in clustered
regions within massive, dense regions of molecular hydrogen known as giant molecular clouds (Lada
and Lada, 2003). The combination of gravity and large-scale turbulent motion in these clouds leads
to localized collapses under self-gravity (Larson, 1981; Mac Low and Klessen, 2004). As material
condenses, the clouds fragment into smaller and denser regions (Hoyle, 1953). Protostars grow as
material from the surrounding cloud or `envelope' accretes through an infalling �ow. The initially
high stellar multiplicity fraction drops with time as unstable multiples decay into stable hierarchical
systems (e.g. Bate et al., 2003).

During the formation of protostars, not all of the surrounding envelope material accretes directly
onto the central object(s). Due to angular momentum conservation (Pringle, 1981), a portion of
the infalling gas and dust settles into a �attened, rotating structure surrounding the young star, the
so-called protoplanetary disk (PPD), which is the cradle of planets. The disk may form once, or
even be destroyed and re-form multiple times due to ongoing infall events, ram pressure stripping,
and tidal interaction with other protostars (e.g. Bate, 2018).

In this chapter, we primarily focus on disks around Class II sources, which correspond to the
evolutionary stage where the protostellar envelope has mostly dissipated and the disk is visible in
the infrared. Most substructure observations to date have been conducted in this stage. These
disks not only regulate the subsequent accretion onto the star but also play a pivotal role in the
redistribution of mass and angular momentum within the system (e.g., Armitage, 2010). Composed
primarily of cold gas and �ne dust grains, Class II disks typically span from tens to several hundreds
of astronomical units in radius. They are now widely recognised as the birthplaces of planets (e.g.,
see review by Manara et al., 2023). Within these disks, dust grains undergo collisional growth
and aggregate into pebbles, which under favourable conditions can eventually form planetesimals
and even fully formed planets (reviewed in Dr¡»kowska et al., 2023; Birnstiel, 2024). Therefore,
understanding the formation and evolution of PPDs is key to uncovering the common origin of stars
and planets (McCrea, 1960).

Although PPDs were �rst predicted through theoretical studies (Lynden-Bell and Pringle, 1974;
Cassen and Moosman, 1981; Ruden and Lin, 1986; Kenyon and Hartmann, 1987), their properties
have only been con�rmed and explored in detail through observations. As an observation-driven
�eld today, the most e�ective way to study PPDs is through direct imaging with telescopes.
Fortunately, the rapid development of astronomical facilities over the past decade, particularly the
emergence of powerful radio interferometers such as the Atacama Large Millimeter/submillimeter
Array (ALMA) and the Karl G. Jansky Very Large Array (VLA), has allowed us to resolve these
disks with unprecedented clarity. Arguably, the most transformative discovery in this �eld over the
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past decade, dating back to the unveiling of the HL Tau image in 2014 � the same year as the
last Square Kilometre Array (SKA) science book (Braun et al., 2015; Hoare et al., 2015) � is the
detection of substructures in PPDs (ALMA Partnership et al., 2015).

Direct imaging observations have revealed that PPDs exhibit remarkable diversity in their structures
(see review by Bae et al., 2023), chemical compositions (reviewed in Öberg et al., 2023), and
evolutionary stages (see review by Williams and Cieza, 2011). In this chapter, we focus on how
the upcoming SKA can be utilised to observe substructures within PPDs, highlighting the unique
advantages, capabilities, and indispensable role of SKA in this context. Other key aspects closely
related to planet formation will be addressed in di�erent chapters of this updated edition of the SKA
Science Book. Large surveys of PPDs, and the emerging prospects for studying their properties in
a statistical framework with the Square Kilometre Array Observatory (SKAO), will be discussed
in detail in the "Demographics of planet-forming disks with the SKAO" chapter (Garu� et al.,
2026). Complementarily, the opportunities and challenges of observing disks at centimeter (cm)
wavelengths, where free-free emission tends to dominate in the innermost regions, are addressed in
the "Ionized gas emission in protoplanetary disks with the SKAO" chapter (Guidi et al., 2026), with
a focus on the caveats and diagnostic potential of long-wavelength observations. In addition, for
the rapidly growing �eld of chemistry in PPDs, "Unveiling complex chemistry in planet-forming
disks with the SKAO" chapter (Podio et al., 2026) demonstrated how observations of emission lines
from heavier molecules by SKA, including carbon chains and rings, as well as prebiotic molecules
whose peak emission falls in the centimeter regime, can open up new avenues of research.

2 What Are Substructures?

Planet formation and its intricate relationship with PPDs have remained at the forefront of astro-
physical research for decades. More precisely, what do substructures represent in the context of
observations of disks? Substructures refer to morphological features discernible in resolved images
of disks. These can currently be obtained in two main wavelengths regimes, in the millimeter
(mm) and submillimeter (sub-mm) range, using facilities such as ALMA, NOEMA, and VLA (e.g.,
Andrews, 2020), and at optical to infrared wavelengths with space- and ground-based telescopes
(e.g., Benisty et al., 2023), including the Hubble Space Telescope (HST), James Webb Space Tele-
scope (JWST), Very Large Telescope (VLT), Gemini (North and South), and Subaru Telescope. As
illustrated in Fig. 1, these substructures include spiral arms, cavities, warps, crescents, and other
azimuthal asymmetries, but most commonly, rings and gaps.

The termsubstructureemerged to describe localized featureswithin the broader structure of a
protoplanetary disk. Before the advent of high-resolution facilities disks were generally modeled
as smooth, axisymmetric structures. Although some disks were already known to deviate from
this simple picture; most notably the so-called transitional disks (e.g., Espaillat et al., 2014),
characterized by large inner cavities, and the lopsided or horseshoe-shaped disks revealed in ALMA
Early Science results (e.g., van der Marel et al., 2013; Casassus et al., 2013), these were still
regarded as single, global structures rather than systems containing smaller-scale features. As
higher-resolution imaging became available, observations began to reveal intricate �ne patterns
embedded within disks. The pre�x� sub� thus highlights the emergence of these �ner-scale,
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internal features within the overall disk structure.

It should be pointed out currently that most substructure studies have focused on Class II disks.
Class 0 and Class I protostars represent the embedded phases of star formation, during which the
central object is still deeply enshrouded in a collapsing envelope and the surrounding disk is often
obscured at optical, near-infrared and even potentially millimetre wavelengths. However, recent
high-resolution observations have begun to reveal disk substructures at earlier evolutionary stages
(Sheehan and Eisner, 2018; Segura-Cox et al., 2020; Maureira et al., 2024, 2025). In particular,
surveys targeting these early-stage systems such as the ALMA large program Early Planet Formation
in Embedded Disks (eDisk), have identi�ed a few disks that already show ring-like features, spiral
arms, or non-axisymmetric dust distributions (Ohashi et al., 2023). Unfortunately, such detections
remain relatively rare, and many early disks appear compact or only marginally resolved even with
ALMA � s longest baselines (Ohashi et al., 2023).

However, these results may re�ect not the absence of substructures but the e�ect of high optical
depths at (sub-)millimetre wavelengths that can obscure underlying features, as suggested by systems
exhibiting only low-contrast substructures, e.g., IRS 63 (Segura-Cox et al., 2020). Observations
at longer wavelengths, where the dust emission becomes more optically thin, therefore provide a
promising avenue to uncover such hidden structures. In this respect, the SKA will play a key role by
enabling sensitive, high-resolution imaging of embedded disks in a regime less a�ected by optical
depth e�ects. These �ndings suggest that substructure formation may either require time to develop
or become more detectable as envelopes dissipate and the disk evolves into the Class II phase (e.g.
Hsieh et al., 2025; Maureira et al., 2026).

2.1 Theoretical Framework

Here, we consider a range of mechanisms that can generate substructures in protoplanetary disks.
Changes in dust properties near snowlines (Zhang et al., 2015; Okuzumi et al., 2016), intrinsic
magnetohydrodynamic (MHD) instabilities (Bai and Stone, 2014; Flock et al., 2015; Wu et al.,
2023; Wu, 2024; Su and Bai, 2024), and gravitational instability (Dong et al., 2016; Speedie et al.,
2024) have been proposed as possible origins. By contrast, in many cases, substructures are thought
to result from the interaction between embedded companions and their disks.

Planets can carve dust-only or dust and gas gaps inside their parental disks (Dipierro et al., 2016),
with properties such as gap depth, gap separation, ring width, and ring thickness dependent on
the mass ratio between the planet and the star (Dong and Fung, 2017; Dipierro and Laibe, 2017;
Kanagawa et al., 2018; Dong et al., 2018; Bi et al., 2021, 2023), as well as excite spirals and
asymmetries (Fung and Dong, 2015; Zhu et al., 2015; Dong et al., 2015a). Also, the presence of
companion stars can induce prominent features such as spirals and asymmetries (e.g., see reviews
by Zagaria et al., 2023; Cuello et al., 2025), and close massive companions can lead to e�cient
truncation of the disk, producing large inner cavities or compact disks (Artymowicz and Lubow,
1994; Zurlo et al., 2023). These e�ects are best characterized by the mass ratio between the central
star and its companion, which o�ers a dynamically meaningful criterion in distinguishing between
stellar and planetary perturbers (e.g., D'Orazio et al., 2016).

All these mechanisms are not mutually exclusive and may operate simultaneously in di�erent
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regions of the same disk. Among the various mechanisms proposed, planet� disk interactions are
particularly compelling due to their ability to produce sharply de�ned substructures (Kley and
Nelson, 2012) capable of slowing down dust radial drift. A massive planet embedded in the disk
can gravitationally perturb the surrounding gas, carving a gap along its orbit (Lin and Papaloizou,
1980; Paardekooper et al., 2023). In the dust component, this results in the accumulation of grains
on either side of the gap, forming prominent ring-like features (Ayli�e et al., 2012; Pinilla et al.,
2012a).

These features are often interpreted as dust traps. In such regions, grains are concentrated at
pressure maxima in a size-dependent manner. Larger particles tend to be trapped more e�ciently
than smaller ones (e.g., Dr¡»kowska et al., 2023; Birnstiel, 2024, also see the Disk Demographics
chapter by Guidi et al. (2026)), leading to narrower and more sharply de�ned rings when observed
at longer wavelengths (Speedie et al., 2022; Shi et al., 2024; Yang et al., 2025). This behavior
is a distinctive prediction of dust trapping and is not expected from alternative processes such
as snowline-induced opacity variations. Multi-wavelength continuum observations provide strong
support for this interpretation. In several systems, longer-wavelength data consistently reveal more
compact ring structures that trace larger grains (Carrasco-González et al., 2019; Macías et al., 2019;
Guidi et al., 2022; Doi and Kataoka, 2023; Liu et al., 2024; Sierra et al., 2024).

In recent years, observational evidence supporting the planet� disk interaction hypothesis has grown
signi�cantly. Direct detections of forming planets have been reported inside disk cavities, most
notably in the cavity of the PDS 70 disk (Keppler et al., 2018; Close et al., 2025a) and within the gap
of the WISPIT 2 disk (Close et al., 2025b; van Capelleveen et al., 2025), and candidates of spiral
arm driving planets have also been found (e.g., Wagner et al., 2023). Indirect evidence has also
emerged from deviations in molecular gas kinematics from Keplerian rotation (Perez et al., 2015;
Pinte et al., 2018; Pérez et al., 2018; Casassus and Pérez, 2019; Pinte et al., 2019, 2020, 2025), which
have been interpreted as signatures of gravitational perturbations by unseen planetary companions
(e.g., Pinte et al., 2023), as well as spiral pattern speed measurements indicating companion origin
(e.g., Ren et al., 2018). However, so far there have only been a small number of systems in which
complementary spiral features have been found in mm continuum images, despite expectations
that they should be detectable (e.g., Speedie et al., 2022; Speedie and Dong, 2022). A plausible
explanation is that high optical depths at mm wavelengths may hide the signal. Some examples
supporting this idea are Elias 24 (Carvalho et al., 2024) and PDS 66 (Ribas et al., 2025), which
show signi�cantly more structure at 3mm than 1.3 mm.

2.2 Observational Framework

Here we brie�y introduce the observational framework to contextualize the signatures detected
in disk images, followed by a discussion of how radio interferometry at longer wavelengths can
uniquely constrain the nature, origin, and evolution of disk substructures. For a more comprehensive
treatment of this topic, the reader is referred to the observational primer by Andrews (2020).

Resolving nearby protoplanetary disks in star-forming regions requires remarkably high sensitivity
at sub-arcsecond angular resolution. To detect and characterize the �ner substructures within these
disks, angular resolutions on the order of tens of milliarcseconds (roughly 1-5 AU at 100 pc) are

6



Substructures in planet-forming disks Yinhao Wu and Jessica Speedie et al.

Figure 1: Schematic illustrations of the dust substructures observed in protoplanetary disks in mm continuum
emission. The substructures are qualitatively organized in order of increasing asymmetry (to the right),
and increasing extent of central emission (going downward). Within each disk illustration, yellow colour
highlights the substructure that is labelled at the top of each column. Each illustration is based on a real disk,
and blanks in the grid indicate no known examples. First row, left to right: J1604 (231 GHz, Stadler et al.,
2023); LkCa 15, HD 34282, and HD 135344B (332 GHz, Curone et al., 2025). Second row: DM Tau (230
GHz, Hashimoto et al., 2021); HD 169142 (232 GHz, Pérez et al., 2019); AB Aur (230 GHz, Tang et al.,
2017); HD 143006 (240 GHz, Andrews et al., 2018); HD100453 (343 GHz, Rosotti et al., 2020). Third row:
GW Lup (240 GHz, Andrews et al., 2018); HL Tau (300 GHz, ALMA Partnership et al., 2015); blank; HD
163296 (240 GHz, Andrews et al., 2018); Elias 27 (240 GHz, Huang et al., 2018).

necessary. Such resolution can be achieved with 8-meter class telescopes operating in the optical
and infrared, and with interferometers in the radio.

In terms of sensitivity, however, the challenge becomes more nuanced. Arguably, the most successful
instruments in probing disk substructures to date have been ALMA and VLT/SPHERE, both of
which have systematically delivered the sharpest and most detailed views.

The current observational landscape reveals that di�erent regions of PPDs are best probed at
di�erent wavelengths and through distinct tracers. Scattered and polarized light in the near-
infrared is particularly sensitive to small dust grains in the disk surface layers (VLT), while thermal
continuum emission in the sub-mm (ALMA) and mm (VLA) regimes trace dust grains closer to
the midplane. This has been a theoretical prediction for a very long time (Weidenschilling, 1977)
but is now con�rmed with observations. This is easiest to do with edge-on disks (e.g., Villenave
et al., 2020, 2022; Tazaki et al., 2025), also many other works are starting to constrain settling at
mm wavelengths on moderately inclined disks (Pinte et al., 2016; Doi and Kataoka, 2021; Pizzati
et al., 2023).

The most abundant molecule after H2 is CO, and most of the advancements in characterizing
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Figure 2: An overview of continuum observations, obtained in the last decade, spatially resolving the
distribution of dust in the disk around HL Tau at (sub-)mm wavelengths. SKA-Mid will extend our view
to sub-cm wavelengths that are presently unexplored, providing sensitivity to larger grains and optically
thinner emission. This chapter focuses on continuum observations with Band 5b (8•3 � 15•4 GHz observing
frequency range with2� 2•5 GHz available bandwidth). See Figures 4 & 5 for our predicted SKA-Mid views
of HL Tau. First row: ALMA Band 9 (0•45 mm, Guerra-Alvarado et al., 2024); Band 7 (0•87 mm, ALMA
Partnership et al., 2015); Band 6 (1•3 mm, ALMA Partnership et al., 2015). Second row: ALMA Band 4
(2•1 mm, Ueda et al., 2025); Band 3 (3•1 mm, Ueda et al., 2025); VLA Ka+Q (7•9 mm, Carrasco-González
et al., 2016, 2019).

substructures in the gas phase have been achieved through spectral line observations of CO iso-
topologues, particularly tracing the upper layers of the disk. Here, kinematic studies have been
provided extremely helpful at recovering the velocity gradients revealing the underlying physics in
planet-forming disks.

2.3 Advances in Disk Observations

Prior to the publication ofScience with the SKAbook (Braun et al., 2015), sub-arcsecond ob-
servations had already uncovered key signatures of large-scale structures in protoplanetary disks,
particularly around Herbig Ae/Be stars. Among the most striking early results were the discoveries
of prominent crescent-shaped dust concentrations near the edges of wide cavities in Oph IRS 48
(van der Marel et al., 2013) and HD 142527 (Casassus et al., 2013). These features, often referred to
as dust traps, were interpreted as the result of gas pressure maxima concentrating mm-sized grains,
o�ering some of the earliest indirect evidence of disk-planet or circumbinary interactions. Con-
currently, the characterization of large inner cavities�typical of so-called transitional disks�was
recognized as a hallmark of a critical evolutionary phase, potentially linked to planet formation.
Additionally, gas observations of HD 142527 revealed non-Keplerian kinematics (Rosenfeld et al.,
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2014; Casassus et al., 2015), and when compared with shadows seen in scattered light imaging
from the VLT, provided striking evidence that protoplanetary disks need not be con�ned to a single
plane (Marino et al., 2015). Instead, strong misalignments between inner and outer disk regions
are not only permitted by the physics, but are now known to be common in nature (Ansdell et al.,
2020; Bohn et al., 2022; Villenave et al., 2024). While these early �ndings laid the foundation
for subsequent surveys and modeling e�orts, the precise origin and long-term stability of such
asymmetric structures remain topics of active investigation (van der Marel et al., 2021).

Then came the HL Tau image in November 2014, a �agship result that demonstrated the trans-
formative potential of ALMA's long-baseline capabilities. The image astonished the community
and catalyzed a revolution in the theory and modeling of protoplanetary disks. Achieving a spatial
resolution of approximately 4 au, the HL Tau disk revealed up to seven bright rings and seven dark
gaps (the right one of �rst row in Fig. 2, ALMA Partnership et al., 2015), tantalizing evidence
that planet formation may already be underway in a disk less than a million years old (Dong et al.,
2015b; Dipierro et al., 2015; Jin et al., 2016).

Out of a sample of just over 100 PPDs observed at su�ciently high angular resolution, which
typically means angular resolutions better than 0.05 to 0.1 arcseconds at sub-mm wavelengths,
more than 50% exhibit clear substructures such as rings, gaps, or asymmetries (Long et al., 2018;
van der Marel et al., 2019). The remainder typically appears compact or featureless at current
resolution limits. However, as observational capabilities continue to improve, particularly in terms
of spatial resolution and sensitivity, some of the previously unresolved disks increasingly reveal
substructures as well. Others, especially the compact disks, may remain smooth at mm wavelengths
due to high optical depths (Chung et al., 2024). Observations at cm-wavelengths, where the optical
depths are much lower, are essential to understanding the nature of the discs that appear smooth.

Although a wealth of observational evidence supports the idea that planets induce substructures
in PPDs, a signi�cant challenge remains in bridging the gap between mm-sized dust grains and
kilometer (km)-scale planetesimals. Collisions between mm-sized particles frequently lead to
fragmentation or bouncing, rather than the cohesive growth needed for planetesimal formation (see
review by Blum and Wurm, 2008). Moreover, solid particles in the disk experience aerodynamic
drag from the surrounding gas, which drains their angular momentum and drives them inward
toward the central star on rapid timescales (Weidenschilling, 1977). While mechanisms such as
the streaming instability (e.g., Youdin and Goodman, 2005; Johansen et al., 2007; Li et al., 2019;
Wu et al., 2024a) and pebble accretion (e.g., Ormel and Klahr, 2010; Lambrechts and Johansen,
2012; Johansen and Lambrechts, 2017) have been proposed to accelerate this growth process, the
transition from mm-sized grains to cm-sized pebbles remains poorly understood and is critical to
advancing our understanding of planet formation.

At mm wavelengths, dust opacity is primarily governed by mm-sized particles (Draine and Lee,
1984; Semenov et al., 2003; Draine, 2006), making ALMA, which operates in the 0.3� 3 mm
range, highly e�ective at tracing this dust population. However, ALMA's sensitivity signi�cantly
diminishes for larger, cm-sized grains, limiting its ability to probe this crucial size regime. Figure
3 presents a theoretical estimate of the maximum dust size attainable in protoplanetary disks.
The dust size in the disk is thought to be regulated either by radial drift (0drift) or by collisional
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Figure 3: Maximum dust sizes regulated by radial drift (yellow solid line) and collisional fragmentation
(green solid lines) in protoplanetary disks (Birnstiel, 2024), overlaid with the typical dust sizes probed by
ALMA, VLA, and SKA. The maximum sizes for drift and fragmentation are computed assuming a turbulence
strength ofU = 3� 10� 4 and a gas surface density pro�le of� g = 1000¹A•auº� 1 exp¹� A•50 auº g cm� 2 with
including a gap structure expected for a Neptune-mass planet at 30 AU (Kanagawa et al., 2017).

fragmentation (0frag). The maximum size determined by fragmentation strongly depends on the
critical fragmentation velocity (Ef ; typically expected to be on the order of 1�10 m s� 1), above
which colliding dust aggregates break into smaller pieces. Dust grains can grow beyond the
millimeter regime probed by ALMA, and this observational challenge becomes more signi�cant
toward the inner regions of the disk. The SKA will be able to directly trace cm-sized dust grains,
providing a powerful observational handle on the largest solids and substantially alleviating the
current limitations in testing dust evolution models.

Recent ALMA large programs, such as The Disk Substructures at High Angular Resolution Project
(DSHARP; Andrews et al., 2018), Molecules with ALMA at Planet-forming Scales (MAPS; Öberg
et al., 2021), exoALMA (Teague et al., 2025), and The ALMA Survey of Gas Evolution of PRO-
toplanetary Disks (AGE-PRO; Zhang et al., 2025), have revealed that gas disks with CO emissions
and dust disks traced at sub-mm/mm wavelengths can di�er substantially in both spatial extent and
morphological features. CO observations from the MAPS program, for example, show that gas
disks often extend well beyond the continuum-emitting dust disk, with radii sometimes exceeding a
few times than the sub-mm dust disk. Similarly, as mentioned inx 2.1, multi-wavelength observa-
tions (e.g., Doi and Kataoka, 2023; Doi et al., 2024) have highlighted variations in radial structure
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between dust grains of di�erent sizes, with large grains typically being more radially con�ned due to
radial drift. These di�erences suggest that the disk morphology inferred from sub-mm observations
alone may not fully capture the distribution of larger, mm- to cm-sized grains, which are more
sensitive to local pressure structures and dynamical evolution. This di�erence becomes even more
pronounced in edge-on systems (Doi and Kataoka, 2023; Duchêne et al., 2024; Tazaki et al., 2025).

At present, however, VLA is the only operational facility capable of achieving su�cient sensitivity
and angular resolution at cm wavelengths. A small number of disks have been successfully imaged
with the VLA, including LkCa15 (Isella et al., 2014), HL Tau (Carrasco-González et al., 2016,
2019), HD 169142 (Macías et al., 2017), GM Aur (Macías et al., 2018), HD 163296 (Guidi et al.,
2022), DM Tau (Liu et al., 2024), and MWC 480 (Shi et al., 2026), revealing substructures such
as rings, gaps, and asymmetries at long wavelengths. These studies have provided important
insights into dust growth and disk evolution, but typically require long integration times to reach
the necessary sensitivity and resolution. As a result, its observational reach remains restricted to
only the brightest handful of disks, limiting our ability to generalise �ndings across the broader
disk population. This underscores the indispensable role of the SKA in the coming decade, as
it will provide the capability to perform high-resolution imaging of PPDs at longer wavelengths.
Compared to the VLA, the SKA will o�er signi�cantly improved sensitivity, broader frequency
coverage, and a larger survey e�ciency, which will enable observations of much fainter and more
typical disks across di�erent star-forming environments.

At present, however, VLA is the only operational facility capable of achieving su�cient sensitivity
and angular resolution at cm wavelengths (Garu� et al., 2025). Yet, its observational reach is
restricted to only the brightest handful of disks, limiting our ability to generalise �ndings across the
broader disk population. This underscores the indispensable role of the SKA in the coming decade,
as it will provide the capability to perform high-resolution imaging of PPDs at longer wavelengths.
Compared to the VLA, the SKA will o�er signi�cantly improved sensitivity, broader frequency
coverage, and a larger survey e�ciency, which will enable observations of much fainter and more
typical disks across di�erent star-forming environments.

2.4 Frontiers in Theory and Modeling

Since the publication ofScience with the SKAbook (Braun et al., 2015) and the commissioning
of ALMA, theoretical studies of planet formation and disk physics have seen substantial advances,
driven in large part by the need to interpret increasingly detailed observations. Although the focus
of this chapter is on substructures, we have also reviewed here several key theoretical developments
over the past decade that are directly or indirectly related to them, and we hope that the next decade
with the SKA will bring even more insights. One major development has been the re�nement
of dust evolution models that track the growth, fragmentation, radial drift, and vertical settling of
grains over a wide size distribution (e.g., Birnstiel et al., 2016; Stammler et al., 2019). These models
now routinely couple dust dynamics with gas disk evolution, enabling more realistic predictions
of observable dust structures and their connection to underlying physical processes (see review in
Birnstiel, 2024).

Simultaneously, hydrodynamical simulations incorporating embedded planets have achieved higher
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spatial and temporal resolution, allowing for robust modelling of planet-disk interactions across
a range of disk viscosities, aspect ratios, and thermodynamic conditions (e.g., Dong et al., 2017;
Bae et al., 2017; Zhang et al., 2018; Harter et al., 2020; Muley et al., 2021; Zhang et al., 2024).
These e�orts have demonstrated that even low-mass planets can produce prominent rings, gaps, and
vortices under the right conditions, particularly in low-viscosity environments. This has narrowed
the gap between observed substructures and their theoretical counterparts, providing a framework
for using disk features as indirect probes of young planets.

Historically, theoretical consensus regarding angular momentum transport and accretion in PPDs
has been built around turbulence-driven accretion, i.e. the classicalU-model (Shakura and Sunyaev,
1973). However, the advent of ALMA has begun to challenge this paradigm. As discussed inx 2.2
andx 2.3, high-resolution and multi-wavelength observations now enable unprecedented probes of
disk kinematics. Techniques such as line broadening analysis, spatially resolved gas kinematics, and
statistical studies of disk evolution across large samples have been used to characterize turbulence
levels (see review by Rosotti, 2023). These studies increasingly suggest that many PPD systems,
especially in their planet-forming regions, which exhibit turbulence levels signi�cantly lower than
previously expected. While the speci�c methodologies vary, and some gas tracers probe the upper
disk layers rather than the midplane, the most recent constraints place the turbulentU parameter
in the range of10� 4 � 10� 3 (Flaherty et al., 2017, 2020). If disks are indeed weakly turbulent or
nearly inviscid, then a viable alternative mechanism must exist to account for how PPDs accrete
and evolve over time. This carries profound implications, not only challenging the ubiquity of
turbulence-driven accretion but also motivating the development of alternative models for disk
evolution and stellar feeding.

Recent theoretical work has proposed that magnetically driven disk winds, or MHD disk winds
(Armitage et al., 2013; Bai and Stone, 2013; Bai, 2013; Suzuki et al., 2016; Bai et al., 2016; Lesur,
2021; Cui and Bai, 2021, 2022; Tabone et al., 2025), may play a dominant role in removing angular
momentum from the gas, enabling accretion at rates higher than those driven by disk turbulence.
Moreover, the latest 2D hydro or 3D MHD numerical simulations suggest that the presence of
MHD winds can signi�cantly alter the emergence and morphology of disk substructures compared
to purely laminar disks (Elbakyan et al., 2022; Aoyama and Bai, 2023; Wu et al., 2023; Wa�ard-
Fernandez and Lesur, 2023; Wu, 2024; Hu et al., 2025). This raises the intriguing possibility
that substructure morphology may o�er a straightforward observational diagnostic for identifying
wind-active systems.

Recent years have also seen an expansion of planet formation theory to include the role of disk
substructures themselves. Pressure bumps, zonal �ows, and vortices, which once considered
consequences of planet formation, are now being studied as potential precursors that facilitate
pebble concentration and gravitational collapse into planetesimals (Surville et al., 2016; Taki et al.,
2021). In particular, the concept of "planet formation in dust traps" has gained traction, linking the
spatial distribution of solids to the e�ciency of core accretion and pebble accretion (Bitsch et al.,
2018; Jiang and Ormel, 2023; Lau et al., 2022). These studies highlight how early disk conditions
and substructure formation can regulate both the timing and location of planet formation.

In parallel, planet formation studies have highlighted the role of planetesimals in shaping the dust
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features in PPDs (see also the Disk Demographics chapter by Garu� et al., 2026). In disks whose
dust and gas are e�ciently converted into planetesimals, as argued for the Solar System based
on meteoritic data (Scott, 2007; Lichtenberg et al., 2023; Sirono and Turrini, 2025) � forming
planets will excite their surrounding planetesimal disk on eccentric and inclined orbits and trigger
a chain of dust-producing collisions (Turrini et al., 2012, 2019; Bernabò et al., 2022; Sirono and
Turrini, 2025) akin to those responsible for the formation of debris disks at later stages in the life of
planetary disks. These dynamical and collisional processes of the planetesimal disk imprint on the
spatial distribution of cm-sized particles, injecting new dust and pebbles in disk regions that would
otherwise be dust-depleted by the e�ects of dust traps, and creating dust sub-structures and rings in
systems where multiple planets are forming (Turrini et al., 2019; Bernabò et al., 2022).

Another emerging frontier is the coupling of chemical and dynamical evolution in disk models.
Time-dependent thermo-chemical codes now track how disk chemistry responds to evolving dust
and gas distributions, which is crucial for interpreting molecular line emission and planet-forming
environments (Eistrup et al., 2016, 2018; Booth and Ilee, 2019; Pacetti et al., 2022, 2025, see
also "Disk Chemistry" chapter by Podio et al. (2026)). Such models are increasingly important
for connecting observable tracers (e.g., C/H ratios, CO emissions) with hidden processes like core
accretion or atmospheric recycling.

Finally, the integration of machine learning and surrogate modeling techniques has opened new
possibilities for forward modeling and statistical inference. Emulators trained on large grids of
hydrodynamic or radiative transfer simulations can rapidly explore parameter spaces and constrain
disk or planet properties from observed features (Auddy et al., 2022; Mao et al., 2023, 2024, 2025;
Ruzza et al., 2025). These developments promise to transform the interpretation of high-resolution
observations in the coming decade.

In sum, the post-2014 era has marked a transition from idealized, static disk models to dynamic,
multi-physics frameworks that closely mirror the complexity revealed by modern observations. The
next generation of theoretical work, especially when paired with the long-wavelength capabilities of
the SKA, will be critical for connecting the observed diversity of disk structures to the underlying
physics of planet formation.

3 Simulated Observations & Predictions for SKA-Mid Band 5b

We can directly demonstrate the capabilities of SKA Mid for imaging known disk substructures
at centimetre wavelengths. Here we can be guided by models that have been well benchmarked
against high sensitivity and high angular resolution millimetre wavelength observations.1

In this section, we demonstrate the science outcomes enabled by the SKA-Mid design baseline,
Array Assembly 4 (AA4). The AA4 design baseline will consist of 133 15-m SKA dishes together
with 64 13.5-m MeerKAT dishes, for a combined total of 197 dishes observing simultaneously. The
SKA dishes form AA4's longest baselines along three spiral arms (achieving a maximum baseline
length of 159.6 km), while the MeerKAT dishes sit at the heart of AA4. Note that, in order to carry
out observations with the full integrated assembly of 197 dishes in Band 5b, speci�cally, the 64

1The models and data used in this chapter are publicly available: https://doi.org/10.7910/DVN/CNBLEH.
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MeerKAT dishes will need to be retro�tted with receivers capable of operating in Band 5b. Here we
consider the AA4 design baseline to be comprised of the 133 15-m SKA dishes alone. If or when
MeerKAT is equipped with Band 5b receivers, we expect that AA4 will operate with a sensitivity
roughly1•4� better than our predictions in this chapter represent.2

A secondary goal of this section is to document the extent to which scienti�c outcomes might be
achieved by the end of staged delivery (AA*), chronologically sooner than AA4. The AA* array
assembly is comprised of 80 15-m SKA dishes, all equipped with Band 5b receivers. The location
of one particular dish, named SKA008, contributes the longest baselines to AA*, but introduces
complexities for our image-plane method (see below) for predicting AA* imaging capabilities. For
details, we refer the reader to Appendixx5. In order to avoid these complexities, we consider AA*
operatingwithoutdish SKA008. Hereafter, all references to AA* should be understood to refer to
the remaining 79 15-m dishes, with a maximum baseline of 36.0 km. As above, if the 64 MeerKAT
dishes with Band 5b receivers are additionally included in AA*, we expect a sensitivity boost by a
factor of approximately1•7� compared to the estimates adopted in this chapter.1

The very large number of dishes in AA4 �and, to a lesser but notable extent, in AA*� will deliver
exceptionally denseDEcoverage, marking a genuine step change relative to existing interferometric
facilities. Here, we exploit this dense sampling of theDEplane to construct SKA-Mid continuum
images using an image-plane approach. We �rst generate model images of the expected 12.5 GHz
continuum emission for a selection of known protoplanetary disks that are bright, spatially extended
and structured. Our modelling of their 12.5 GHz emission is informed by their observed emission
at ALMA and/or VLA frequencies. These model images are then convolved with a Gaussian kernel
representing the synthesized beam, whose dimensions are found by �tting the point-spread function
of DE-coverage simulated with the SKAO Observing Support Toolska_ost_array_config (x3.1)
or directly taken from the SKAO Sensitivity Calculator version 2.1.1 (x3.2). Correlated noise is
added with an rms provided by the SKAO Sensitivity Calculator. As this procedure implicitly
assumes a fully sampledDEplane, it does not capture e�ects associated with incomplete interfero-
metric sampling or spatial �ltering. We veri�ed that, when integration times are su�ciently long,
this image-plane method produces results comparable to full visibility-to-image simulations (e.g.,
Ilee et al., 2020).

The remainder of this section is structured as follows. Inx3.1, we consider the HL Tau system
for observations with AA* and AA4. Considering the revolutionary impact on the �eld made
by ALMA Science Veri�cation observations of the HL Tau disk (x2.3), this system may be a
conspicuous choice for early observations with SKA-Mid. Using this system as a comparison
testbed, we demonstrate the improved capabilities AA4 will provide over AA*. Inx3.2, we focus
on the AA4 design baseline, and present simulated SKA-Mid images of a larger sample of structured
disks, working with integration times up to a 1000-hour Key Science Project (KSP). Finally, inx3.3
we describe the bene�ts of visibility-based analyses and advocate for the delivery of visibility data
by SKAO.

2Approximating the collecting area of the 64 13.5 m MeerKAT dishes as equivalent to that of 52 15 m dishes, and
considering sensitivity scales as

p
# ¹# � 1º, we obtain a sensitivity boost by a factor of� 1•39 for AA4, or by a factor

of � 1•65 for AA*.
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3.1 HL Tau: A Benchmark T Tauri Star

As discussed inx2.3, the HL Tau system represents a landmark in protoplanetary disk science.
ALMA's �rst long-baseline images of this young T Tauri star revealed a striking system of con-
centric dust rings and gaps (ALMA Partnership et al., 2015), suggesting that planet formation may
begin much earlier than previously anticipated, and prompting a new generation of high-angular
resolution surveys that established substructure as common. Consequently, HL Tau now anchors
both theoretical and observational work on planet formation, and boasts one of the most extensive,
high-resolution, multi-wavelength data sets available for any protoplanetary disk (c.f. Figure 2).

Recently, Ueda et al. (2025) presented a comprehensive analysis of HL Tau's dust disk by modelling
its intensity pro�le observed at high angular resolution (0•0500or � 7 au) across six wavelengths
(0.45� 7.9 mm) with ALMA and the VLA. With this six-wavelength dataset (shown in Figure 2) and
a Markov Chain Monte Carlo (MCMC) method, they constrained six key properties of the dust grain
distribution, including temperature, surface density, maximum grain size, composition, �lling factor,
and size distribution. Their analysis could not, however, distinguish between amorphous-carbon-
rich or organics-rich dust composition (a fraction captured in their model by a5AC parameter),
emphasizing the need for future observations at longer wavelengths where the dust is optically thin.

Here, we employ the modeling results from Ueda et al. (2025) to generate a prediction for the radial
intensity pro�le of the HL Tau disk at an observing wavelength of 2.4 cm, or 12.5 GHz (SKA-
Mid Band 5b). Followingx5.5 of Ueda et al. (2025), this model intensity pro�le is derived from
the MCMC posterior probability distributions of the six constrained dust properties at each radial
position within the disk. We optimistically assumed a dust composition rich in amorphous carbon,
with 5AC = 0•75-0.85. This choice has a signi�cant impact on the predicted long-wavelength
emission: if an organics-rich composition is adopted instead, the resulting centimeter intensity can
be lower by a factor of� 2�3. While the current data do not allow us to distinguish robustly between
these compositions, previous disk population synthesis studies and a detailed disk modeling have
suggested that an amorphous carbon-rich composition may be plausible (Delussu et al., 2024;
Zagaria et al., 2025), which motivated our �ducial assumption. From the posterior probability
distributions, we estimated the 68% con�dence interval of the intensity at 12.5 GHz, and adopted
the maximum values within this interval as the model intensity pro�le. We veri�ed that this choice
has only a modest e�ect compared with the adopted dust composition: using the minimum values
within the same 68% interval changes the predicted intensity by only� 15%. This model radial
intensity pro�le has a native resolution of0•0500 inherent to the observations from which it was
derived, and forms the basis for the simulated SKA-Mid observations of HL Tau presented in the
remainder of this subsection.

As a �rst assessment of how the angular scale of the HL Tau disk's radial substructure compares to
the beam sizes accessible with SKA-Mid, and of how the predicted �ux compares to the achievable
sensitivity, Figure 4 shows the model radial intensity pro�le of the HL Tau disk at 12.5 GHz
convolved to the angular resolution of AA* (79 15-m antennas) and AA4 (133 15-m antennas). The
underlying model pro�le (in` Jy arcsec� 2) is scaled and spatially convolved to` Jy beam� 1. The
beam solid angle is taken as the minor axis of a 2D Gaussian �t to the point-spread function (PSF)
of the simulatedDE-coverage, weighted with a Briggs robust parameter of� 1. For comparison
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Figure 4: Predicted radial intensity pro�les of the HL Tau disk at12•5 GHz (SKA-Mid Band 5b) with AA*
(left panel) and AA4 (right panel). In each panel, the underlying model pro�le in` Jy arcsec� 2 is scaled
and spatially convolved tòJy beam� 1, where the beam is a Gaussian �t to the PSF cross section that is
shown in the top right corner. The PSFs are generated fromDE-coverage simulations, and weighted with a
Briggs robust parameter of� 1. Dish SKA008 is excluded from AA*. Horizontal lines show the rms noise
or 1f sensitivity achieved in 30 hours (blue), 100 hours (green), 300 hours (orange) and 1000 hours (red) of
integration time. Synthetic images for the 1000 hour cases are shown in Figure 5.

with the intensity pro�les, we overlay horizontal lines at the1f continuum sensitivity estimated
by the SKAO Sensitivity Calculator for increasing integration times. Our selection of integration
times is meant to represent a range between a small program and Key Science Project. We �nd
that detecting HL Tau's dust thermal emission with AA* requires modest integration times, while
resolving its rings with AA4 requires deeper integrations.

In Figure 5, we present simulated continuum images of the HL Tau disk with AA* (79 15-m
antennas) and AA4 (133 15-m antennas), using the longest integration time shown in Figure 4. The
underlying sky model (presented in the left panel Fig 5) is generated by azimuthally sweeping the
model radial intensity pro�le and projecting it onto the sky with an inclination of46•7� and position
angle of138•0� at a distance of 147 pc (Carrasco-González et al., 2019). The sky model is convolved
with a 2D Gaussian kernel representing the synthesized beam and correlated noise is added with
an rms provided by the Sensitivity Calculator. We measure a �ux density of approximately85 ` Jy
within a0•900� 0•600elliptical aperture in both images.

3.2 The SKA-Mid View of Other Structured Disks

Moving beyond a single benchmark object, we extend our SKA-Mid predictions to a broader sample
of structured disk systems �J1608, DL Tau, V1094 Sco, PDS 70, HD 163296, and HD 142666�
that exhibit a range of transition and ring/gap morphologies, and some systems believed have
evidence on host directly imaged accreting protoplanets, like PDS 70 (Keppler et al., 2018; Wagner
et al., 2018; Ha�ert et al., 2019) and WISPIT 2 (Close et al., 2025b). Here again our models
can be anchored by high sensitivity, high angular resolution millimetre wavelength observations

16



Substructures in planet-forming disks Yinhao Wu and Jessica Speedie et al.

Figure 5: HL Tau through the eyes of SKA-Mid: Predicted continuum images of the HL Tau disk at12•5GHz
(Band 5b) with AA* (middle panel) and AA4 (rightmost panel). The synthesized beams shown in the bottom
left corners are generated fromDE-coverage simulations, and weighted with a Briggs robust parameter of� 1.
Dish SKA008 is excluded from AA*. The achieved sensitivity is0•115 ` Jy beam� 1 and0•049 ` Jy beam� 1

by AA* and AA4, respectively. The leftmost panel shows the underlying model in` Jy arcsec� 2.

with ALMA. Villenave et al. (2025) conducted a comprehensive study to reproduce millimetre
observations of structured disks with ALMA using the Monte Carlo radiative transfer codemcfost
(Pinte et al., 2006, 2009). The models consider axisymmetric disks with a single dust grain size
distribution, e.g.=¹0º / 0� 3•5, with dust grain sizes0•005` m Ÿ 0 Ÿ 3 mm(Mathis et al., 1977).
A gas-to-dust ratio of 100 is assumed to be constant across the disk, with the dust mass set to
reproduce the total �ux of the ALMA images. A Gaussian vertical density pro�le is assumed for
the gas, with di�erential vertical dust settling set by the turbulentU parameter following Fromang
and Nelson (2009). An iterative procedure was used to change the radial surface density of the
model until this correctly reproduced the major axis brightness pro�le of the ALMA observations
at either 0.8 or 1.3 mm (see also Pinte et al., 2016; Pizzati et al., 2023).

We have extended these radiative transfer calculations to predict the appearance of six of these
disks at observing frequencies appropriate for SKA Mid's Band 5b. We produce model images at
a frequency of 12.5 GHz (or wavelength of 2.4 cm) using the model set-up described above. In all
cases, we assume that the dust is vertically settled corresponding toU = 2 � 10� 3 but that the large
and small grains are radially co-spatial. This implies no substantial radial migration of large grains
has taken place, which is an appropriate assumption for highly structured disks (see, e.g., Pinilla
et al., 2012b).

We then simulate the observed appearance of the models under a variety of observing conditions
based on information provided by the SKAO Sensitivity Calculator (version 2.1.1). The radiative
transfer models are �rst convolved with a Gaussian kernel of size and orientation corresponding to
the synthesised beam for the requested observing conditions (assumed to lie at local zenith). This is
then added to a noise �eld sampled from a normal distribution (convolved with the same synthesised
beam) and scaled to produce an image with an rms matching the weighted continuum sensitivity
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