
Kinematic Structures in Planet-Forming Disks

Christophe Pinte,1,2 Richard Teague,3,4 Kevin Flaherty,5 Cassandra Hall,6 Stefano Facchini,7,8
and Simon Casassus9

1School of Physics and Astronomy, Monash University, Clayton Vic, Australia
2Univ. Grenoble Alpes, CNRS, IPAG, Grenoble, France

3Department of Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, Massachusetts, USA
4Center for Astrophysics – Harvard & Smithsonian, Cambridge, Massachusetts, USA

5Department of Astronomy and Department of Physics, Williams College, Williamstown, Massachusetts, USA
6Department of Physics and Astronomy and Center for Simulation Physics, The University of Georgia, Athens, Georgia, USA

7European Southern Observatory, Garching bei München, Germany
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The past 5 years have dramatically changed our view of the disks of gas and dust around
young stars. Observations with the Atacama Large Millimeter/submillimeter Array (ALMA)
and extreme adaptive optics systems have revealed that disks are dynamical systems. Most disks
contain resolved structures, both in gas and dust, including rings, gaps, spirals, azimuthal dust
concentrations, shadows cast by misaligned inner disks, as well as deviations from Keplerian
rotation. The origin of these structures and how they relate to the planet formation process
remain poorly understood. Spatially resolved kinematic studies offer a new and necessary
window to understand and quantify the physical processes (turbulence, winds, radial and
meridional flows, stellar multiplicity, instabilities) at play during planet formation and disk
evolution. Recent progress, driven mainly by resolved ALMA observations, includes the
detection and mass determination of embedded planets, the mapping of the gas flow around
the accreting planets, the confirmation of tidal interactions and warped disk geometries,
and stringent limits on the turbulent velocities. In this chapter, we will review our current
understanding of these dynamical processes and highlight how kinematic mapping provides
new ways to observe planet formation in action.

1. INTRODUCTION

Since the discovery of the first exoplanet, 51 Pegasi b
(Mayor & Queloz 1995), the number of confirmed exoplan-
ets has steadily increased, jumping from around 1000 at the
time of Protostars and Planets VI to more than 5000 to-
day. These detections have revealed a stunning diversity in
the properties of exoplanets, with planet masses and orbital
separations spanning more than five orders of magnitudes
(Winn & Fabrycky 2015), a large variety in planet density,
and hence in composition (Kaltenegger 2017), as well as in
planet atmosphere composition (Madhusudhan 2019). This
population demonstrates that the planet formation process
is ubiquitous, efficient and robust. But it also challenges
our understanding of the pathways of planet formation. Part
of this diversity must originate from the initial few million
years of these planets lifetime, during the building phase of
the disk from the molecular cloud, its evolution and interac-
tion with surrounding environment, and finally its dissipa-
tion. The relative role of these phases on the final architec-
ture of the planetary systems is unknown. The detection

and characterization of young planets is critical for con-
straining the mechanisms and timescales of planet forma-
tion and migration, as well as the chemical composition of
the material accreted onto the planets. Young (≲ 10Myr)
planets have remained elusive however, with only about 10
that have been detected to date (NASA exoplanet archive).

The most prolific methods to detect mature planets (tran-
sits and radial velocities; see the chapter by Lissauer et al.
2023 in this volume) are limited by the magnetic activity of
young stars which display photometric and spectroscopic
variability on a multitude of timescales, with amplitudes
that can be orders of magnitude larger than those induced
even by massive planets. Only 3 planets have been found
around young stars from radial velocity searches: CI Tau b
(Johns-Krull et al. 2016; Flagg et al. 2019), V830 Tau b
(Donati et al. 2015, 2016, 2017) and TAP 26 b (Yu et al.
2017), but these detections have been challenged (Damasso
et al. 2020; Donati et al. 2020). For the close to edge-on
configurations required for transit observations, detections
are near impossible due the presence of the optically thick
disk blocking the view. The only transiting planet detected

Protostars and Planets VII, S. Inutsuka, Y. Aikawa, T. Muto, K. Tomida, and M. Tamura, eds.
©2023 Astronomical Society of the Pacific

645
DOI:10.26624/DTUJ8326



646 Pinte, Teague, Flaherty, Hall, Facchini, and Casassus

to date around a star younger than 10 Myr (K2-33 b, David
et al. 2016) is surrounded by an optically thin debris disk.

Near infrared direct imaging surveys have revealed
planet-mass companions at wide separations (few to tens
of Jupiter masses, tens to hundreds of astronomical units
from host stars). For stars younger than 10 Myr, most of
these companions have been found around brown dwarfs,
where the star/planet contrast is more favorable (Chauvin
et al. 2004; Luhman et al. 2006; Lafrenière et al. 2008;
Béjar et al. 2008; Todorov et al. 2010; Fontanive et al.
2020). The characterization of these wide separation can-
didates remains difficult, as extinction (for instance by a
highly inclined disk) can drastically dim the object (Wu &
Sheehan 2017; Christiaens et al. 2021).

The new generation of extreme adaptive optics (AO)
instruments (MagAO, SCEXAO, GPI, VLT/SPHERE),
despite their high contrast and angular resolution, have
demonstrated the difficulty in imaging planets still embed-
ded in their native disk (see chapters by Benisty et al. 2023
and Currie et al. 2023 in this volume). In the near-infrared,
the disk is optically thick, even at hundreds of astronom-
ical units from the star, and extincts any potential planet
(e.g., Sanchis et al. 2020). The disk also scatters stellar
light, and while it is hundreds of times fainter than the
star itself, it can outshine an embedded planet. Detections
have been reported in several disks: HD 100546 (Quanz
et al. 2013a; Brittain et al. 2014; Quanz et al. 2015; Cur-
rie et al. 2015), LkCa 15 (Kraus & Ireland 2012; Sallum
et al. 2015), HD 169142 (Quanz et al. 2013b; Biller et al.
2014; Reggiani et al. 2014), and MWC 758 (Reggiani et al.
2018). Yet, most of the detections to date have been sub-
sequently challenged (e.g., Thalmann et al. 2015, 2016;
Rameau et al. 2017; Ligi et al. 2018; Currie et al. 2019;
Blakely et al. 2022). A remarkable exception is PDS 70
where a system of two planets was imaged in the cavity of
the transition disk (Keppler et al. 2018; Müller et al. 2018;
Wagner et al. 2018; Christiaens et al. 2019; Haffert et al.
2019; Wang et al. 2020, 2021; Zhou et al. 2021), likely
because the central cavity is strongly depleted which alle-
viates the previously mentioned issue of optical depth and
disk/planet brightness contrast. Currie et al. (2022) also
reported evidence of an embedded planet around AB Aur,
which interestingly overlaps with one of the multiple spiral
arms observed in the disk. Zhou et al. (2022) presented the
detection with HST of a Hα point-like source at the same
location, but could not distinguish between planet accretion
and scattered stellar light.

While the direct detection of young exoplanets remains
rare, even after years of survey with dedicated instruments,
near-IR AO systems have revealed a wealth of stunning
images of disks. Together with ALMA they have pushed
the boundaries of our understanding and have transformed
the field of planet formation from mostly theoretical to

observation driven. They revealed that most—if not all—
disks are highly structured (Andrews 2020), with rings/gaps
(e.g., ALMA Partnership et al. 2015; Andrews et al. 2016;
Muro-Arena et al. 2018; Long et al. 2018; Andrews et al.
2018; Huang et al. 2018a; van Terwisga et al. 2018; Aven-
haus et al. 2018; Villenave et al. 2019; Pérez et al. 2020a),
central cavities (e.g., Casassus et al. 2013; van der Plas et al.
2017a,b; Pinilla et al. 2017, 2018a,b; Long et al. 2018; van
der Marel et al. 2018; Kudo et al. 2018; Facchini et al.
2020), spirals (e.g., Hashimoto et al. 2011; Garufi et al.
2013; Pérez et al. 2016; Benisty et al. 2015, 2017; Stolker
et al. 2017; Huang et al. 2018b), or azimuthal asymme-
tries/arcs (e.g., van der Marel et al. 2013; Casassus et al.
2013; Pérez et al. 2014; Kraus et al. 2017; Dong et al.
2018; Pérez et al. 2018a; Cazzoletti et al. 2018b; Isella et al.
2018). Multiple types of structures can co-exist in the same
system, especially when comparing different tracers. The
most spectacular examples are disks showing spirals in scat-
tered light while exhibiting rings at sub-millimeter wave-
lengths, such as MWC 758 (Benisty et al. 2015; Dong et al.
2018) and HD 135344 B (Stolker et al. 2017; Cazzoletti
et al. 2018b). While this could trace multiple processes op-
erating simultaneously in the disk, this is likely indicative
of the varying response to same physical mechanism as a
function of the dust grains sizes and altitude.

The most exciting explanation to these observations is
that disks already host unseen young, nearly formed, plan-
ets (e.g., Zhu et al. 2011; Pinilla et al. 2012; Gonzalez
et al. 2012; Dipierro et al. 2015; Rosotti et al. 2016; Bae
et al. 2017). Alternative mechanisms have been suggested
and have been shown to produce comparable structures
(see chapter by Bae et al. 2023 for a detailed discussion).
For instance, rings and gaps in the dust distribution—the
most commonly detected substructures—can be the result
of condensation fronts (Kretke & Lin 2007; Saito & Sirono
2011; Ros & Johansen 2013; Zhang et al. 2015), dust sin-
tering (Okuzumi et al. 2012), various (magneto-) hydrody-
namical instabilities, such as the magneto-rotational insta-
bility (MRI; Simon & Armitage 2014; Flock et al. 2015;
Béthune et al. 2016; Riols & Lesur 2019; Riols et al. 2020),
zonal flows (Uribe et al. 2011), thermal wave instabilities
(Ueda et al. 2021a), dust instability (Lorén-Aguilar & Bate
2015) and self-induced dust traps (Gonzalez et al. 2017),
baroclinic instabilities (Klahr & Bodenheimer 2003), sec-
ular gravitational instability (Takahashi & Inutsuka 2016),
counter-rotating infall (Vorobyov et al. 2016) or radially
variable magnetic disk winds (Suzuki et al. 2016; Suriano
et al. 2017, 2018, 2019). Additional signatures of planet-
disk interactions are critical to confirm the presence of a
planet.

Molecular line observations of the gaseous component
offer a complementary window to distinguish between these
competing theories. Several disks show substructures in
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Fig. 1.— Schematic view of the expected kinematic signatures in a planet forming disk. Planets generate Lindblad resonances and
buoyancy spirals, and can carve gaps that will be associated with meridional flows. At small scales a circumplanetary disk can form
around the planet. Inner companions on inclined and/or eccentric orbits can tilt an inner disk and generate near free-fall radial flows while
clearing a central cavity. Unstructured turbulent motions can locally broaden the line width. Disks can interact with their environment via
winds that likely remove the disk angular momentum, and late stage infall or flyby tidal interactions that may impact the mass, angular
momentum and chemical history of the disk. High spectral resolution molecular line observations, for instance probing the warm CO
layer, offer a way to map the gas flows associated with these processes.

molecular emission suggestive of surface density perturba-
tions (e.g., Isella et al. 2016; Teague et al. 2017; Huang et al.
2018c; Kim et al. 2020). Distinguishing these features from
chemical effects (Öberg et al. 2015; Bergin et al. 2016; Caz-
zoletti et al. 2018a; Kastner et al. 2018; Öberg et al. 2021;
Law et al. 2021a) remains difficult however, and care must
be taken to disentangle density structures from temperature
effects, for instance due to shadowing, or artifacts due to
continuum subtraction (e.g., Rab et al. 2020; Rosotti et al.
2021).

One of the revolutions of ALMA is its ability to map
molecular emission from disks at high spatial and spectral
resolutions. This offers an exciting possibility to map the
kinematic structures, bypassing the complexities of hav-
ing to account for the molecular excitation and underly-
ing chemical structures. Such studies have led to key re-
sults that are progressively transforming our understanding
of disks and planet formation, including:

• accurate determination of central stellar masses,

• the mapping of tidal interactions between multiple
stars and flybys,

• the role of inner companion in carving the large cav-
ities in some transition disks,

• constraints on the level of turbulent motions and the α
viscosity, a fundamental parameter which determines
how angular momentum transport occurs in a disk,

• the extraction of maps of the temperature structure of
disks,

• the detection of molecular disk winds,

• indications of gravitational instabilities,

• and the kinematic detections of embedded planets.

This field remains in its infancy, and there are only a few
disks that have been observed with high enough integration
time and spectral resolution to conduct these studies. An
important aspect of this chapter is the discussion of these
new advances brought about by ALMA, which are continu-
ally developing.

We first describe the methods to map and reconstruct the
velocity fields in disks and their surrounding environment
in §2. Next we present the progress in mapping the large
scale flows in §3, and discuss the interplay between planet
and star formation in §4 with emphasis on multiple systems,
misalignments and warps. In §5, we summarize our cur-
rent understanding of planet-disk interactions and discuss
the kinematic signatures of embedded planets, and the im-
plication of recent detections. We conclude in section §6 by
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discussing the perspectives that will be offered with future
instruments.

2. KINEMATIC OBSERVATIONS OF DISKS:
METHODS

In most of this chapter, we will focus on line observa-
tions in the sub-millimeter regime, in particular observa-
tions with the ALMA interferometer. The techniques are
applicable to any line data that is both spatially and spec-
trally resolved, for instance with integral field units (IFUs).
The end product of line observations is a data cube, with
three axes (and eventually a polarization axis): two spatial
axes corresponding to the sky coordinate, and a frequency
axis. The frequency can be converted to line-of-sight veloc-
ity via calculation of the Doppler shift of the line from its
rest frequency. Data cubes are composed of channel maps,
showing the spatial emission morphology at a specific fre-
quency (or velocity).

The large collecting area of the ALMA interferome-
ter enables the imaging of protoplanetary disks at high
spectral resolution. The maximal spectral resolution of
30.5 kHz translates into a velocity resolution of 26 m s−1

and 40 m s−1 for the 12CO J=3–2 and J=2–1 lines for in-
stance. This probes a new range of physical processes
that were inaccessible to the previous generation of (sub-
)millimeter instruments. The high spectral resolution re-
quired to image kinematic structures also means that the
available bandwidth is much narrower than for continuum
observations, and line observations require long integration
times, even with ALMA, and preclude the use of the longest
baselines. As such, much of the substructure observed in
disks has been detected in the continuum so far. But rea-
sonable compromises on spatial resolution still allow for a
fine mapping of the disk velocity fields. For instance, in
band 7 at 330 GHz (e.g., 12CO J=3–2), a brightness sen-
sitivity of 5 K and velocity resolution of 26 m s−1 can be
reached in ≈30min and 8 h on source time at a spatial res-
olution of 0.2′′ and 0.1′′, respectively. While the number
of sources where kinematics studies can be performed re-
mains limited, it seems that (not surprisingly), most if not
all of the sources display kinematic substructures on top of
a smooth Keplerian structure when data sets with sufficient
spectral resolution and integration time are available.

2.1. Velocity Fields in Protoplanetary Disks

It is insightful to compare the velocity resolution ALMA
can reach with the expected velocities from key physical
processes happening in disks. Protoplanetary disks are
mostly rotating at Keplerian velocities and in vertical hy-
drostatic equilibrium, meaning that there is no bulk vertical
or radial motions. Assuming the gravity is dominated by the
central star and neglecting pressure gradients, the midplane

Keplerian velocity is given by the balance between the grav-
ity and centrifugal forces:

vϕ,K(r) =

√
GM∗

r
≈ 3.0

√
M∗

M⊙

√
100au

r
km s−1 (1)

The vertical extent of the disk reduces the gravitational
force from the star as well as its radial projection, leading
to an orbital velocity

vϕ(r, z)
2

r
=

GM∗

r2 + z2
× r√

r2 + z2
(2)

For a vertically isothermal disk in hydrostatic equilibrium
with a typical scale height ratio h/r of 0.05, this corre-
sponds to a difference of velocity of ≈5% between the disk
midplane and 4 scale heights, the typical altitude of 12CO
emission. At a distance of 100 au from the star, such differ-
ence amounts to ≈170m s−1.

In addition to the gravity from the star, any extra force
exerted on the gas will affect the orbital velocities. Includ-
ing the pressure gradient, the previous equation becomes

vϕ(r, z)
2

r
=

GM∗r

(r2 + z2)3/2
+

1

ρgas

∂Pgas

∂r
(3)

The pressure gradient term is in general complex and de-
pends on the details of the disk density and thermal struc-
tures (e.g., Rab et al. 2020). But we can get an estimate of
its impact on the orbital velocities under simple assump-
tions on the disk structure. If the pressure is a mono-
tonically decreasing function, ∂Pgas

∂r is negative, and the
gas orbits at sub-Keplerian velocities. Assuming power-
laws for the surface density Σ(r)=Σ0(r/r0)

−p and a ver-
tically isothermal temperature T =T0(r/r0)

−q (and hence
a power P =P0(r/r0)

−s for the midplane pressure, with
s= p+ q/2+3/2), the midplane azimuthal velocities be-
come

vϕ(r) = vϕ,K(r)

√
1− s

(
h

r

)2

(4)

where h the local scale height. With a surface density in-
dex p=1, and a midplane temperature profile index q=0.5,
the typical deviations from Keplerian velocity are of the or-
der of 1 %. While this term is small, it is responsible for
the gas drag on dust grains. As dust grains are not pres-
sure supported, they orbit at Keplerian velocities and feel
a headwind from the gas. They lose angular momentum
and drift inwards. For a smooth disk, such a velocity de-
viation is in practice not detectable, in particular because
the true Keplerian velocity (and central mass star) is only
known to a limited accuracy. If the pressure gradient be-
comes steeper (for instance at the outer disk where the sur-
face density tapers off, or at the edges of a gap in the gas
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Fig. 2.— A comparison of different rotation curves. Panel (a) compares the fractional difference relative to Keplerian rotation when
a non-zero emission height (z=h=0.1r, red), a smooth radial negative pressure gradient with an exponential taper (blue) and disk
self-gravity (where Mdisk =0.1M∗, and Σ(r)∝ r−1, orange) are included. The black line shows the resulting deviation when all
components are considered together. The shaded area represents the current limitations in terms of spatial (0.1′′, assuming 150 pc) and
spectral resolution (50 m s−1). Panel (b) shows the impact of a perturbed pressure profile due to gaps in the gas surface density shown
in panel (c), without considering the contribution of the self-gravity term.

surface density), this pressure term becomes significant and
relative measurements are possible.

Finally, considering the disk self-gravity, the orbital ve-
locities can be expressed as

vϕ(r, z)
2

r
=

GM∗r

(r2 + z2)3/2
+

1

ρgas

∂Pgas

∂r
+

∂ϕgas

∂r
(5)

where ϕgas is the gravitational potential of the disk. The
∂ϕgas

∂r term can be computed numerically and depends on
the details of the disk surface density (e.g., Bertin & Lodato
1999; Veronesi et al. 2021). In the case of an infinitely thin
disk extending to infinity with a surface density Σ(r)∝r−1,
a simple analytical expression can be derived (Mestel 1963;
Lodato 2007):

∂ϕgas

∂r
= 2πGΣ(r) (6)

where G is the gravitational constant. This term is pos-
itive, leading to super-Keplerian rotation, and because it
decreases slower with radius than the stellar gravity, the
relative difference between the orbital and Keplerian ve-
locities will progressively increase with distance. Assum-
ing that the disk mass remains small compared to the cen-
tral mass, the velocities in the outer disk will differ from
the velocities extrapolated from the inner part by a ratio
≈ 1/2×Mdisk/M∗. This means that a massive disk with
Mdisk =0.1M∗ could speed up the gas flow by a few per-
cents. This is potentially measurable if the velocities can be
accurately measured over a wide range of radii in the disk.
Figure 2 illustrates the impact of these various terms on the
gas orbital velocities.

On top on the azimuthal flows, disks also experience a
slow viscous evolution. Assuming that the viscosity can be

described by a viscosity parameter α (Shakura & Sunyaev
1973), the accretion velocities can be written as

|vr,acc| ≈ α

(
h

r

)2

vϕ,K ≲ 10−4 vϕ,K (7)

This term is in general too small to be measured. Under
the assumption that accretion is constant Ṁ = 2πrΣvr,acc,
and vr,acc ∝ 1/Σ, this diffusive velocity can be significantly
increased to measurable levels if the surface density drops,
for instance inside a gap or central cavity (e.g., Rosenfeld
et al. 2014).

Khaibrakhmanov & Dudorov (2022) also showed that
the tensions of a large-scale poloidal magnetic field in the
disk can slow down the gas rotation by ≳1.5%.

The molecular emission is set by the global velocity, but
also by the local linewidth.A key quantity describing the
gas Brownian motions is the sound speed given by

cs =

√
kBTgas

µmh
≈ 300

√
Tgas

25K
ms−1 (8)

where kB is the Boltzmann constant, µ = 2.3 is the mean
molecular weight (for a fully molecular gas of interstellar
composition) in units of the proton mass mh and Tgas the
gas temperature. For rotational transitions of molecules in
the sub-millimeter regime, line broadening is dominated by
the thermal and turbulent motions. The corresponding lo-
cal line profiles are Gaussian, with the line width set by the
root mean square (RMS) of the Maxwellian velocity distri-
butions:

∆v =

√
2kBTgas

mmol
+ δv2turb (9)
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where mmol is the mass of the considered molecule. In
particular, in the absence of turbulence, the thermal RMS
velocities for a molecule like CO is

√
mCO/µmH ≈ 3.4

times smaller than the local sound speed, i.e., of the order
of 120 m s−1 for a gas temperature of 25 K.

The sound speed is also the typical velocity that is ex-
pected for the base of a molecular wind in the outer parts of
the disk, where the gas is weakly gravitationally bound.

Embedded bodies and external companions or flybys can
generate tidal forces which can disturb the Keplerian flow.
No simple estimate of the velocity deviations exist in the
general case as the tidal interactions depend on the mass ra-
tio, orbital parameters, and disk physical structure (in par-
ticular temperature and viscosity). For an embedded planet
on a circular orbit with a mass lower than the thermal mass
mth = (hp/rp)

3M∗, where hp is the local hydrostatic scale
height at the orbital radius of the planet rp, Goodman &
Rafikov (2001) developed a linear theory and showed that
the velocity perturbations scale as mp/mth, where mp is
the planet mass. Semi-analytical calculations (Bollati et al.
2021) showed that a planet of 0.5MJup planet at 100 au
around a 1M⊙ star will generate deviations from Keplerian
rotation of the order of 5% for h/r = 0.1, corresponding to
≈150m s−1.

2.2. The Stratification of the Molecular Emitting
Layer

The most abundant molecule in disks (H2) does not have
a permanent dipole moment, and is transparent in the vast
majority of the disk. To probe the gas structure, measure-
ments rely on the emission of sub-millimeter spectral lines
in the rotational transitions of less abundant molecules.

Protoplanetary disks host steep radial and vertical gra-
dients in density, radiation field and temperature. A re-
markable consequence of this structure is the vertical chem-
ical stratification of disks (e.g., Henning & Semenov 2013;
Dutrey et al. 2014), with a cold midplane where most
molecules are frozen on the dust grains, a hot surface di-
rectly illuminated by the central star, where UV photons
dissociate molecules, and an intermediate warm molecular
layer where most molecules live in abundance (van Zadel-
hoff et al. 2001; Aikawa et al. 2002; Dartois et al. 2003;
Semenov et al. 2008). Emission from each molecule will
predominantly trace regions where the abundance of that
molecule is largest, and, as each molecule requires slightly
different physical conditions to thrive, this enables us to
trace distinct vertical regions within the disk. For abun-
dant molecules (e.g., 12CO), the molecular layer is opti-
cally thick and the actual emission layer probed by sub-
millimeter observations is even narrower as the τ=1 sur-
face is reached quickly, while for less abundance molecules,
the molecular emission will probe the full line-of-sight col-
umn. The altitude of the emitting layers depends on the disk

physical, thermal and chemical structures. With a careful
choice of molecules and/or isotopologues, one can trace a
range of altitudes within the disk. Typical values are 3-4 hy-
drostatic scale heights for 12CO and about one scale height
for 13CO and C18O (e.g., Rosenfeld et al. 2014; Pinte et al.
2018a; Law et al. 2021b; Paneque-Carreño et al. 2023). In-
terestingly, scattered light images in the near-infrared ap-
pear to probe a similar layer, between 2 and 3 scale heights,
(Ginski et al. 2016; Stolker et al. 2016; Avenhaus et al.
2018), and comparison of CO maps with scattered light im-
ages allows to search for the gas counter part of the sub-
structures seen in the small dust phase.

The formation of emission lines from protoplanetary
disks is the combination of the local line excitation condi-
tions and the global Keplerian shear. The local line profile,
and level populations (and hence the emissivities and ab-
sorption) are set by the physical and chemical conditions
at any point in the disk: molecular abundance, gas tempera-
ture, density of collision partners, turbulence level and local
radiation field all set the spectral and angular distribution of
the radiation emerging from each point in the disk. Note
that this is in principle a non-local problem as the radia-
tion field at any point is an integral of the radiation field
from any other point, which in turn depends on the statisti-
cal equilibrium. The gas densities at which the low-J rota-
tional lines are formed (or where they reach an optical depth
≈1) are typically higher than the critical densities, meaning
that collisional coupling will dominate the level population
and the line emission will be at the local thermodynamic
equilibrium (LTE, e.g., Pavlyuchenkov et al. 2007). The
global emission detected by an observer is then the result of
a formal integration of the radiative transfer equation, where
the emissivities and absorptions are defined by the individ-
ual contributions from each point shifted by the appropriate
Doppler shift to account for the orbital motion of the gas.

Local line width and Doppler shift have different effects
on the observed emission (ordered flows shift the line center
while small scale, turbulent like motions broaden the line),
and it is possible to reconstruct both the local conditions and
the velocity field with various methods we detail below. In
practice, we can only observe the line-of-sight projection of
the velocity fields, and the finite spectral and spatial reso-
lution smear out some of the details. Partly optically thin
lines additionally sample a potentially large range of alti-
tudes and radii adding to the complexity of any analysis.

2.3. Channel Maps and Moment Maps

At a given frequency, line emission is concentrated along
an isovelocity curve, i.e., the region where the projected ve-
locity of the emitting surface is constant (and corresponds
to difference between the selected frequency and the rest
frequency of the transition). Because of the Keplerian ro-
tation of the disk, this isovelocity curve follows a typical
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Fig. 3.— Multiple ways to view a molecular data cube, here using the 12CO J=2–1 ALMA observations of HD 163296 (Isella et al.
2016; Andrews et al. 2018). Clockwise from bottom: at a given velocity, a single map can be extracted; local line profiles can be
computed by integrating spatially the flux over a selected region; moment maps are computed by integrating along the velocity axis or
fitting line profiles for each pixel; a global spectrum is computed by integrating spatially over the map.

“butterfly” pattern (Horne & Marsh 1986; Beckwith & Sar-
gent 1993). While pre-ALMA observations showed the Ke-
plerian nature of the rotation field (e.g., Dutrey et al. 2014,
and reference therein), it is only with the first ALMA ob-
servations that sufficient spatial resolution was reached to
separate the emission originating from the upper and lower
surfaces (i.e., above and below the midplane as seen from
the observer), and from the near and far sides of these sur-
faces (Rosenfeld et al. 2013a; de Gregorio-Monsalvo et al.
2013). These ALMA observations revealed details about
the structure of the disks, they confirmed the vertical tem-
perature gradients, the flaring shape of the molecular layer,
and highlighted which limb is approaching and which limb
is receding.

Because channel maps only integrate the received pho-
tons over a narrow bandwidth, they are usually noisy. An
alternative way to look at kinematic data is to compute
“moment maps” by integrating over the spectral axis. The
most commonly used maps are the zeroth M0 =

∑N
i=1 Ii

and first moment M1 =
∑N

i=1 Iivi/M0, where i denote the
index of the velocity channel and N the number of chan-
nels summed over. The zeroth moment shows the inte-
grated intensity and reveals the overall morphology of the

line emission, while the first moment shows the intensity
weighted average velocity (see Fig. 3). These maps are
also affected by the noise in the individual channels and
often require threshold masks such that, in each pixel, a
few channels with signal are not contaminated by a large
number of channels dominated by noise. An additional po-
tential issue of these moment maps is that at high spatial
resolution, the upper and lower surface can be separated for
some lines, such as 12CO (see Fig. 3, left). These two sur-
faces have different fluxes, making their average sometimes
difficult to interpret. Alternative methods, for instance tak-
ing the peak intensity and velocity of the peak have been
proposed to alleviate these issues. Slightly more advanced
methods fitting a Gaussian profile (Casassus & Pérez 2019)
or a quadratic function (Teague & Foreman-Mackey 2018)
around the peak intensity results in more accurate and less
noisy maps. Using double Gaussian line profiles allows to
approximately separate the velocity centroids of the upper
and lower surfaces (Casassus et al. 2021; Izquierdo et al.
2022).

Assuming the gas orbital motions are dominated by Ke-
plerian rotation, it is possible to “invert” the butterfly pat-
tern using simple geometrical arguments, and to reconstruct
the radius and altitude of each point along the isovelocity
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curve when the disk is seen at an intermediate inclination
(Pinte et al. 2018a; Law et al. 2021b; Paneque-Carreño et al.
2023). Using multiple tracers, for instance a combination of
CO isotopologues, such measurements allow for derivation
of the velocities as a function of radius and altitude for an
axially symmetric disk.

For optically thick lines, the observed brightness tem-
perature Tb =Tex(1−e−τ ) is almost equal to the excitation
temperature Tex (as long as the emission fills the beam).
Because low J CO lines are close to LTE, the brightness
temperature is also close to the kinetic temperature, and the
peak intensity then provides an accurate estimate of the gas
temperature at the τ ≈ 1 surface (e.g., Weaver et al. 2018).
In combination with the reconstructed positions, this allows
to build a map of the disk temperature structure without the
need to rely on models (Pinte et al. 2018a; Calahan et al.
2021; Leemker et al. 2022). A similar method was de-
veloped to reconstruct the altitude of the emitting layers
in edge-on disks (Dutrey et al. 2017; Teague et al. 2020;
Ruı́z-Rodrı́guez et al. 2021; Flores et al. 2021). When the
two surfaces are separated, the lower surface can be used
to measure the temperature of the gas just above the verti-
cal snow-line (Pinte et al. 2018a), and the emission between
the upper and lower surfaces can probe the midplane tem-
perature (Dullemond et al. 2020), with the caveat that the
emission can become optically thin and the brightness tem-
perature become lower than the actual gas temperature.

The emission is centered on the iso-velocity curve corre-
sponding to the central velocity of the channel. The spatial
extent of the emission in the direction perpendicular to the
iso-velocity curve is the results of three effects: the spectral
resolution of the interferometer, the local line width, and
the optical depth of the line. If the spectral resolution of
the observations is high enough, it can be subtracted, or at
least accounted for, to recover some information on the lo-
cal emitting region. If the local line (thermal + turbulent)
width is large (compared to the spectral resolution), emis-
sion from a given point in the disk will be received in multi-
ple channels. Conversely, emission in a given channel will
arise from a larger region of the disk than in the case of a
narrow line width. If the line is highly optically thick, the
core of the line will saturate and photons will escape from
the wings of the line, i.e., at high velocity from the core
the line, and the emission will appear more extended in the
direction orthogonal to the iso-velocity contour. This is par-
ticularly true for 12CO emission, when all the projected ve-
locities “align,” for instance near the semi-major axis of the
disk at systemic velocity. Note that, even when the line is
optically thin, or marginally optically thick, some photons
will escape from the wings, but the limited dynamical range
of the interferometer will prevent their detection.

Because the channel maps (and moment 1 or peak veloc-
ity maps) directly reflect the underlying gas velocity, they

can be used to measure almost directly the Keplerian rota-
tion of the disk, as well as deviations from the Keplerian
profile. A perfectly Keplerian disk will result in smooth
iso-velocity contours and velocity maps. Velocity perturba-
tions will change the projected velocity of the emitting gas
and shift the emission into an adjacent channel. In a given
channel, the velocity perturbation will result in “kinks” or
“wiggles” modulating the butterfly pattern characteristic of
Keplerian rotation.

2.4. Rotation Curves

The velocity field of the disk will be dominated by the
(sub-)Keplerian rotation of the gas, as evidenced by the
“butterfly” structure seen in the channel maps or the dipole
morphology seen in the first-moment maps. There are sev-
eral methods that have been adopted to extract the rotation
curve from the data after making several assumptions which
we describe below.

The most straight forward is the modeling of a first-
moment map of an optically thick line, where the projec-
tion of the rotation velocity is given by vϕ, proj(r, ϕ) =
vϕ(r) cos(ϕ) sin(i), with ϕ being the polar angle in the disk
frame of reference and i the inclination of the disk. Under
the assumption of axial symmetry, and with knowledge of
the orientation of the disk, i.e., its inclination, position an-
gle, along with the source center and an independent knowl-
edge of z(r), the height of the emission surface, it is possi-
ble to transform on-sky positions to disk-frame coordinates
(see Rosenfeld et al. 2013a, for example). By then adopting
a model for vϕ, for example a pure Keplerian profile as in
Eq. 1, the free parameters of the model can be optimized to
recover the best-fitting rotation curve. The Python package
eddy (Teague 2019a) provides this functionality. More re-
cently, Izquierdo et al. (2021) presented the discminer
package which performs a similar functionality, however
does this by fitting the emission morphology in each chan-
nel, rather than only the velocity centroid.

Although a rapid approach to extracting the rotation
curve, an analytical vϕ model will be unable to capture
the subtle variations expected in the rotation curve owing
to changes in the emission height, the radial pressure gra-
dient and the additional gravitational potential of the disk
described in Eq. 5. To circumvent this issue, several works
have opted to fit concentric annuli independently in order
to recover a non-parametric model of vϕ(r), for example as
performed by the ConeRot package (Casassus et al. 2019).
The advantage of these approaches is the flexibility that they
offer, however are far more susceptible to noise.

With the more flexible “independent annuli” approach
there are have been two main methods employed to infer
the correct velocity. Casassus et al. (2019, 2021) consider
the line centroids, which results in an extremely fast cal-
culation, however requires some thought about the most
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appropriate way to measure the centroids (see the dis-
cussion in Sec. 2.3). An alternative approach has been
presented by Teague et al. (2018c); Teague & Foreman-
Mackey (2018, and also available with eddy), where the
velocity structure is inferred by searching for the vϕ at a
given radius that best aligns all spectra when they are cor-
rected for the projected component of vϕ. Yen et al. (2018)
applied such a technique to constrain the dynamical mass of
41 young stars in the Lupus region. These approaches are
the inverse of a commonly used technique to extract weak
molecular line signals from observations of protoplanetary
disks where a velocity structure is assumed such that all
emission can be aligned and thus stacked (e.g., Yen et al.
2016; Ilee et al. 2021). A similar method is routinely used
in the detection of molecules in the atmospheres of exoplan-
ets by leveraging the known orbital frequency of the planet
(and thus time-dependence of the Doppler shift; Snellen
et al. 2010).

The fundamental assumption with all these methods is
that the underlying velocity structure of the disk is az-
imuthally symmetric, that is, the only ϕ dependence in
vϕ, proj is from the cos(ϕ) projection term. However, these
azimuthally symmetric background models provide an op-
portunity for localized deviations to be identified, enabling
additional iterations of inference excluding these regions.
Additionally, with ALMA routinely achieving spatial res-
olutions necessary to disentangle the upper and lower sur-
faces of the disk, emission from the lower surface of the
disk may contaminate the top side when the emission is
optically thin (e.g., Teague et al. 2021b). However, both
Casassus et al. (2021) and Izquierdo et al. (2021) demon-
strated that by fitting two Gaussian components the front
and back sides of the disk can be disentangled and thus an-
alyzed separately.

2.5. Limitations

Unlike detecting emission from a source where collaps-
ing of the data cube can be leveraged to improve the signal-
to-noise to improve the detection, extracting the velocity
structure requires characterizing the emission morphology
in the full 3 dimensional position-position-velocity space
native to sub-millimeter interferometers. This presents sev-
eral challenges, both in the collection and analysis of the
data.

From a data collection standpoint, programs need to be
designed to fall in the expensive high angular and spec-
tral resolution regime. While observations of dust contin-
uum can leverage the full long baselines of facilities like
ALMA, they are only able to do so by averaging data over
large bandwidths (≈ 2 GHz). With the necessity of hav-
ing to spectrally resolve line emission, and typical FWHM
of ≈ 200 m s−1, kinematic observations require spectral
resolutions at close to the limit of 31 kHz (≈ 40 m s−1

at 230.538 GHz). Due to the spectral response of the
correlator (Warmels & Remijan 2021), this is particularly
important when looking at the broadening of lines as the
resulting spectra will be artificially broadened, potentially
masking the true level of broadening.

A further complication when working with interferomet-
ric images of molecular line data, particularly when search-
ing for subtle deviations in the emission morphology indica-
tive of localized velocity perturbations, is that the imaging
process (the conversion of the recorded Fourier visibilities
to a 3D image and the subsequent CLEANing of the data to
remove substantial side-lobe features, e.g., Högbom 1974)
can introduce artifacts that may produce false-positive de-
tections. To circumvent these issues, or at least provide
a secondary point of reference, a family of new imaging
techniques broadly referred to as “regularized maximum
likelihood” (RML) techniques are becoming commonplace
(Cornwell & Evans 1985; Narayan & Nityananda 1986;
Event Horizon Telescope Collaboration et al. 2019). Al-
though beyond the scope of this chapter, the importance
of the development of these new techniques (GPUVMEM:
Cárcamo et al. 2018, MPoL: Czekala et al. 2021; Zawadzki
et al. 2022) will substantially benefit future studies of gas
kinematics.

As pointed out by Boehler et al. (2017) and Weaver et al.
(2018), caution is also required when interpreting line emis-
sion in regions where there is continuum emission. Opti-
cally thick dust can absorb the line (depending on the rel-
ative position of their emitting regions), distorting the line
emission and impacting any kinematic analysis. If the line
is optically thick, another effect can affect the analysis. The
line will absorb the dust continuum. Because the continuum
emission is usually estimated by interpolating the emission
between line-free channels, it will be overestimated near the
line center. By subtracting the overestimated continuum,
the line flux will be underestimated. Depending on the re-
spective morphologies of continuum and line emission, this
can create distortions in channel maps that mimic velocity
deviations. Without knowing the relative optical depths of
the continuum and line, it is impossible to correct for these
effects. Imaging with and without continuum subtraction
can help assessing if they are impacting the data.

An additional complication is the impact of spatial reso-
lution on the characterization of the disk velocity structure.
Beam smearing biases velocities when steep line intensity
gradients are present (Keppler et al. 2019; Boehler et al.
2021). Inside a beam, the spectrum, and thus the measured
velocity of the gas, are an average of all the spectra sam-
pled by the beam. If the intensity gradient is steep across
the beam, this will bias the velocity towards the region of
high intensities, rather than the center of the beam. As there
are very large velocity gradients close to the host star, even
observations with moderate beam sizes will smear out the



654 Pinte, Teague, Flaherty, Hall, Facchini, and Casassus

emission leading to highly non-Gaussian line profiles with
long tails. The effect is even more complex if local intensity
gradients are present. In the case of a gap, this leads to ar-
tificial super-Keplerian velocities at its inner edge, and sub-
Keplerian velocities at its outer edge. This effect is oppo-
site to the actual signature expected from the pressure gra-
dient, but the measured deviations from Keplerian rotation
are a combination of the two (see Appendix A.2 in Keppler
et al. 2019). Boehler et al. (2021) further demonstrated that
this beam smearing effect can mimic anti-cyclonic vortices
near azimuthal asymmetries. This effect cannot be prop-
erly accounted for without knowing the underlying inten-
sity profile. Although performing forward modeling in the
uv-plane will aid here, only longer-baseline observations
(resulting in smaller beam sizes) will allow us to probe the
velocity structure of the inner regions of disks, or near steep
line intensity gradients. Combining observations from mul-
tiple lines with different optical depths (and hence different
brightness gradients) can also help to mitigate these effects,
but with the added complexity that the various lines will
sample a range of altitudes.

A final limitation is the optical depth of the selected
lines. All the methods described earlier rely on the assump-
tion that the emission arises from an infinitely thin layer in
the disk. For optically thick molecules, like 12CO, this ap-
proximation is mainly valid, and kinematic structures are
clear. But the high optical depth of 12CO means that there
is often cloud contamination (either foreground extinction
and/or spatial filtering of the interferometer if large scale
emission is present). Disk emission can be decreased over
some channels, in practice hiding part of the disk and dis-
torting the moment maps (see for instance top left panel
in Fig. 9 for HD 142527). If the contamination is not too
strong, it can be corrected for to allow kinematic studies
(e.g., Garg et al. 2021). But in most cases, the contami-
nation is so strong that some channels have no recoverable
emission, which impacts the ability to understand the na-
ture of some structure. For instance, some of 12CO J=2–1
observations in the DSHARP sample are heavily contam-
inated, hiding parts of the disks. As a result, Pinte et al.
(2020) were not able to determine if the tentative kinematic
detections are localized or are present across the whole disk.
One solution to limit this contamination is to move to higher
transitions, like J=3–2 or J=6–5 instead of J=2–1, as the sur-
rounding cloud is mostly cold (≲15 K) and becomes less
optically thick at higher frequencies. Another option is to
move to less abundant molecules, like 13CO or C18O, but
the lower optical depth means that the emission is coming
from a thicker layer in the disk, resulting in projection ef-
fects in both the plane of the disk and the vertical direction,
making the process of reconstructing the velocities far more
complex.

When it comes to interpreting these data, a common ap-

proach is to model the data with some parametric form (e.g.,
Rosenfeld et al. 2013a; Williams & Best 2014). However,
with the quality of current observations it is clear that the
complexity of these systems far exceeds that which is eas-
ily parameterized. Disentangling subtle variations in the
emission morphology therefore requires a suitably flexible,
but simultaneously well-motivated, model. Future observa-
tions that better characterize the physical structure of these
sources will be essential in developing such intuition and
allowing users to tease out even smaller velocity substruc-
tures.

3. LARGE-SCALE GAS MOTIONS IN DISKS

3.1. Dynamical Mass Measurements

Precise measurements of the physical properties of pre-
main sequence stars is fundamental to understand their evo-
lutionary status, build initial stellar mass functions and
set the timescale for disk evolution and planet formation.
Eclipsing binaries have been the most robust method to
test the theoretical predictions of stellar evolution models
(e.g., Stassun et al. 2014). Spatially and spectrally resolved
ALMA data allows for comparison with detailed radiative
transfer disk models and leads to independent measure-
ments of the central star mass, with typical uncertainties
≲ 5% (Rosenfeld et al. 2013b; Czekala et al. 2015, 2016,
2017; Sheehan et al. 2019; Simon et al. 2019; Pegues et al.
2021), i.e., a factor a few lower than in the pre-ALMA area
(e.g., Simon et al. 2000). An intrinsic limitation of any
dynamical estimate is the ambiguity with the inclination.
Casassus et al. (2021) showed that the derived stellar mass
depends on the inclination i as

M∗ ∝ r × v2ϕ ∝ 1

cos i
× 1

sin2 i
. (10)

All the terms discussed in Sec. 2.1 also impact any dynam-
ical mass estimate, and care must be taken when analyzing
the data, especially when the disk is only marginally spa-
tially resolved.

Yen et al. (2018) and Braun et al. (2021) used the tech-
nique of velocity-aligned line stacking to increase signal-to-
noise and infer dynamical masses for fainter objects in the
Lupus and Taurus star forming regions. The comparison of
these dynamical masses with spectroscopic estimates show
that none of the current stellar evolution models can provide
a robust mass estimate over a wide range of masses from
0.1 to 1.4M⊙, confirming the seminal results from Hillen-
brand & White (2004). Magnetic models (Feiden 2016)
provide the best estimates for masses above 0.6M⊙, while
non-magnetic models (Siess et al. 2000; Baraffe et al. 2015;
Feiden 2016) appear more accurate for lower masses.

Using gas kinematics to infer stellar masses can also
clarify the nature of faint objects. For instance, ALMA
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CO observations of the planet candidate FW Tau C, initially
detected via direct imaging (White & Ghez 2001), revealed
that it is unlikely a planet, but rather a low-mass star with a
highly inclined disk (Wu & Sheehan 2017).

Disks in Keplerian rotation are also commonly de-
tected around Class I protostars (e.g., Brinch et al. 2007;
Takakuwa et al. 2012; Lee et al. 2016). In a similar way
as for class II objects, comparison with radiative transfer
models has been the method of choice to measure dynami-
cal masses.

However, disks in young Class 0 protostars have largely
remained elusive up to now, as it is intrinsically difficult
to isolate a disk in envelope-dominated objects (e.g., Andre
et al. 1993). The detection of protostellar outflows indicates
the presence of disks at the earliest stages of the protostar
evolution (Arce et al. 2007). The detection and characteri-
zation of these disks at early stage is central to understand
their formation and the initial conditions for the building of
planets. Recent surveys of Class II disks show that most
disks are smaller than 30 au (e.g., Ansdell et al. 2016, see
chapter by Miotello et al. 2023 in this volume), suggesting
they might be even smaller at earliest stages if they are vis-
cously spreading. MHD simulations of protostellar disk for-
mation also suggest that disks do not extend over more than
about 100 au in size (e.g., Seifried et al. 2012; Joos et al.
2013a,b; Hennebelle et al. 2016, 2020). Only high spatial
resolution (≲ 0.1′′) sub-millimeter observations can shed
led light on the characteristics of protostellar disks (Seifried
et al. 2016). As such, a large effort has been made in re-
cent years to observe the dynamics of disks around Class
0 objects. High spatial resolution sub-millimeter observa-
tions have revealed direct evidence of Keplerian rotation,
but only for a few objects (Tobin et al. 2012; Hara et al.
2013; Murillo et al. 2013; Yen et al. 2013; Sánchez-Monge
et al. 2013; Codella et al. 2014; Lee et al. 2014; Ohashi et al.
2014; Tobin et al. 2016; Aso et al. 2017; Yen et al. 2017;
Reynolds et al. 2021). Other observing programs have led
to non-detection (Maury et al. 2010; Yen et al. 2013, 2015;
Maret et al. 2014). A survey of 16 Class 0 sources by Maret
et al. (2020) found evidence of Keplerian rotation in only
two sources, concluding that Keplerian disks larger than
50 au are rare around Class 0 sources. The non-detection
on smaller scales could be a spatial resolution issue, and
it is still unclear how common Keplerian disks are around
Class 0 protostars (see chapter by Pineda et al. 2023 in this
volume for a more detailed discussion.)

3.2. Constraints on Turbulence and Implications on
Angular Momentum Transport

The main physical ingredient that drives mass accretion
and angular momentum transport or removal in disks re-
mains unknown. Whether it is turbulence or some other
process is critical for a range of planet formation stages, as

it affects the redistribution and growth of dust grains, the
delivery of planet building material to newly formed cores,
and the subsequent migration of embedded protoplanets.
Observational constraints on the turbulence, as well as iden-
tification of the process at play, is essential if we are to de-
cipher the planet formation process.

Resolved molecular line observations provide a direct
measure of the turbulent motion, and ALMA observations
at high spectral and spatial resolution have resulted in a
paradigm shift in our understanding of the accretion pro-
cesses in disks. While pre-ALMA studies (Hughes et al.
2011; Guilloteau et al. 2012) were limited in both spec-
tral resolution and sensitivity, ALMA is able to obtain high
signal-to-noise data even at high spatial resolution. At
the modest turbulent velocities expected in planet-forming
disks, the effect of turbulence is most clearly seen as a
broadening in the channel maps and a change in the peak-
to-trough ratio of the spectrum (Fig. 4, Simon et al. 2015).
This is because the turbulence offsets some of the orbital
velocity due to Keplerian motion, allowing gas emission
to leak in from neighboring channels. Temperature also
contributes to line broadening, but this can be disentan-
gled from turbulence, for instance by using multiple line
transitions to constrain the gas temperature (Teague et al.
2018c), or taking into account of the effect of temperature
on the intensity of optically thick emission (e.g., Flaherty
et al. 2020). The latter effect is most strongly dependent on
the amplitude calibration uncertainty that, at ≈ 10% (Butler
2012), is often the largest source of uncertainty in ALMA
observations. Taking into account these effects has pro-
duced upper limits of 5–10% of the sound speed (at radii
larger than ≈ 30−100 au, Flaherty et al. 2015a; Teague
et al. 2016; Flaherty et al. 2017, 2018; Teague et al. 2018c),
with a detection in DM Tau at 0.25cs to 0.33cs (Flaherty
et al. 2020). As a zeroth-order assumption, these studies
use a single turbulence value for the entire disk, although
turbulence is expected to vary across the disk (see Lesur
et al. 2023 in this volume) and potential evidence for spa-
tially varying non-thermal line-widths has been seen in the
spiral arms around HD 135344 B (≈ 0.22cs, Casassus et al.
2021) and HD 142527 (Garg et al. 2021), and in clumps
around RU Lup (Huang et al. 2020).

In the context of the α-disk model of viscosity (ν=αcsH ,
Shakura & Sunyaev 1973), turbulence can be related to α
via α≈ (δvturb/cs)

2 (see Lesur et al. 2023 in this vol-
ume for a more detailed discussion of α and its relation to
turbulent velocities). The turbulence measurements imply
α≲ a few ×10−3, with α≈ 0.06−0.11 for DM Tau. The
low α values are broadly consistent with measurements
in other systems, which typically find α=10−4 to 10−3,
based on the vertical/radial diffusion of dust grains (Mul-
ders & Dominik 2012; Pinte et al. 2016; Boneberg et al.
2016; Dullemond et al. 2018; Rosotti et al. 2020a; Ohashi
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& Kataoka 2019; Ueda et al. 2021b; Doi & Kataoka 2021),
the size of disks (Najita & Bergin 2018; Trapman et al.
2020), and the relationship between the accretion rate, size
and mass of disks (Ansdell et al. 2018; Ribas et al. 2020).
Despite the similarity in these results, caution must be used
in directly comparing these different observations. Mea-
surements of α based on the dust scale height depend on
the grain size, which may differ between observational di-
agnostics (Ueda et al. 2021b). The dust diffusivity may
vary between the radial and vertical direction leading to
different α values derived from the vertical or radial dust
scale lengths, which can have important implications on the
grain growth process (Pinilla et al. 2021). Constraints on
α from planet-induced gap depths (e.g., Liu et al. 2018)
depend strongly on the assumed planet mass and disk scale
height (e.g., Kanagawa et al. 2015). Comparisons of ob-
servational results also depend on the vertical (and radial)
region being probed. Dust settling and ring radial widths
are most sensitive to turbulence at the midplane (Ciesla
2007), while optically thick CO emission is sensitive to
turbulence in the upper layers of the disk. In the context
of magneto-rotational instability (MRI) and vertical-shear
instability (VSI), the turbulent velocity is expected to de-
crease towards the midplane, leading to smaller α values at
the midplane compared to the upper layers of the disk. For
a given turbulent velocity, VSI is more efficient at lofting
dust grains into the disk atmosphere than MRI (Flock et al.
2017, 2020), affecting the comparison of velocity and dust
scale height measurements.

Despite these limitations, the turbulence velocity con-
straints can be directly compared to predictions from sim-
ulations to better understand angular momentum transport
in disks. In the context of the magneto-rotational instability
with sufficient ionization and magnetic field strength, the
velocities in the high molecular layers where much of the
optically thick emission arises are expected to be 10–100%
cs (Simon et al. 2018). These velocities depend strongly
on the ionization, which has been measured in a handful
of disks (Cleeves et al. 2015b; Seifert et al. 2021) and the
magnetic field strength, which can be measured in our solar
system (Weiss et al. 2021), but only upper limits are as yet
available in other systems (Vlemmings et al. 2019; Harrison
et al. 2021). In the absence of MRI, hydrodynamic instabil-
ities may operate (see review by Lyra & Umurhan 2019).
While gravito-turbulence (Forgan et al. 2012; Shi & Chi-
ang 2014; Shi et al. 2016) predicts velocities comparable to
that of MRI, and is therefore ruled out for most of the ob-
served systems, the VSI (Flock et al. 2017, 2020) predicts
velocities ≈ 0.05cs, closer to the upper limits.

Fig. 4.— Turbulence generates distinct observational fea-
tures, producing substantial broadening in the individual chan-
nels, as well as a change in the line peak-to-trough ratio, as seen
in the HD 163296-like CO(2–1) model disk emission (i=48◦,
M∗=2.3M⊙, Mdisk=0.09M⊙, Flaherty et al. 2015b) shown
above. The effect of turbulence is distinct from that of gas tem-
perature, which more strongly affects the strength of the emission
for these optically thick lines. Note that turbulence still imprints an
observational signature on the data, even though for δvturb<0.4cs
the turbulent motion in the outer disk is below the velocity resolu-
tion of this model (150 ms−1).

3.3. Evidence for Winds as a Main Ingredient for
Angular Momentum Removal

Without strong evidence for MRI-active disks, disk
winds may be the main driver of angular momentum
removal (Bai 2016). Numerical models indicate that disk
winds generate turbulence near the base of the wind (Cui
& Bai 2021), at levels consistent with the upper limits from
molecular line observations. The bulk motions generated by
disk winds produce their own distinct kinematic signatures,
as discussed in Pascucci et al. (2023) in this volume, which
provide a more direct measure of this process (Blandford &
Payne 1982; Koenigl 1991; Pudritz et al. 2007).

Searches for these signatures of disk winds have pri-
marily focused on the inner regions of the disk employing
optical spectroscopic measurements to identify high- and
low-velocity components at small radii (e.g., Banzatti et al.
2019; Pascucci et al. 2020). However, with access to the
kinematics of the outer regions of the disk, signs of outflows
capable of transporting angular momentum are increasingly
common for Class 0/I sources, with CO, CS and SO obser-
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vations tracing winds launched from radii between ≈ 1 and
≈ 40 au (Launhardt et al. 2009; Bjerkeli et al. 2016; Tabone
et al. 2017; Zhang et al. 2018b, 2019; Hirota et al. 2017; de
Valon et al. 2020).

Evidence for winds in Class II sources is much scarcer,
with only two sources displaying evidence for winds: HH-
30 (Louvet et al. 2018) and HD 163296 (Klaassen et al.
2013). For the edge-on HH-30, the outflow is only observed
on one side of the disk and found to be launched from
within 22 au and extending out to over 700 au. Measuring
a wind velocity of 9.3±0.7 km s−1, Louvet et al. (2018)
place a minimum mass flux of 9×10−9 M⊙yr

−1, consis-
tent with the predictions of winds launched through photo-
evaporation or magneto-centrifugal processes. HD 163296
hosts a large scale wind or outflow, originally detected
through 12CO emission associated with several HH-knots.
Klaassen et al. (2013) measure a wind velocity of 18.9±0.5
km s−1, resulting in an estimated mass removal rate of
(6.2±0.7)×10−9 M⊙yr

−1. Intriguingly this outflow rate
results in a mass loss rate almost twice the accretion rate
measured by Garcia Lopez et al. (2006). Teague et al.
(2019a) observed a persistent radial outflow along the 12CO
emission surface in the outer regions of the disk which the
authors argued could be the base of such a wind. More re-
cent observations of the wind by Booth et al. (2021) trace
it in lower energy 12CO transitions and 13CO emission, en-
abling a better constraint on the excitation conditions of the
wind. It was found that the wind was cooler than previously
expected, resulting in a denser wind and thus a large mass
loss rate of 4.8×10−6 M⊙yr

−1, resulting in an ejection-to-
accretion ratio of between 5 and 50.

3.4. Pressure Profile, Velocity Gradients and
Condition for Yydrodynamical Instabilities

By leveraging the information from individual channel
maps at high spectral resolution, Pinte et al. (2018a) de-
veloped a method to locate the CO isotopologue emitting
surfaces, allowing the direct measurements of radial and
vertical temperature and velocity gradients. They showed
that the orbital velocities become sub-Keplerian where the
surface density profile transitions from a power-law to a ta-
pered structure, at ≈300 au, i.e., where the pressure gradient
becomes steeper as expected from equation 3. Dullemond
et al. (2020) found a similar tentative result for HD 163296,
where the shape of the 12CO emission in low-velocity chan-
nels (including emission from the outer parts of the disk)
is better reproduced by a sub-Keplerian disk. The transi-
tion between Keplerian and sub-Keplerian seems to occur
at ≈300 au, i.e., again where the tapered structure started
(e.g., Isella et al. 2018). Interestingly, Dullemond et al.
(2020) found that the surface density in the outer disk needs
to drop faster than the typical exp(−r/rc) profile from vis-
cous evolution (Lynden-Bell & Pringle 1974), i.e., corre-

sponding to a steeper negative pressure gradient to account
for the observed sub-Keplerian flow. For IM Lupi, the ra-
dius at which velocities become sub-Keplerian also corre-
sponds to the outer edge of the dust disk, consistent with the
fact that dust migrates faster when the gas becomes more
sub-Keplerian (as the velocity differential, and hence gas
drag, increase between the dust and gas phases), while for
HD 163296 the dust is much more compact. Fig. 5 presents
an extraction of the velocity curve for the 12CO emission
of HD 163296, confirming the results by Dullemond et al.
(2020).

By reconstructing the azimuthal velocities at different al-
titudes from a combination of CO isotopologues, Pinte et al.
(2018a) also revealed vertical gradients of azimuthal veloc-
ities where the upper layers of the disk, probed by 12CO ro-
tate slower than lower layers, for instance probed by 13CO
and C18O. The differences between the 12CO and 13CO lay-
ers are consistent with the vertical dependence of the stellar
gravity (Eq. 2). The variation of orbital velocities with alti-
tude also provide some additional information on the ther-
mal structure. In particular, this confirms that the disk has a
baroclinic structure, as the vertical gradient of velocity vi-
olates the Poincaré-Wavre theorem (Wavre 1929, see also
Tassoul 2000, Section 3.2.1 and Stahler & Palla 2004, Sec-
tion 9.2.1 for discussions of this theorem on stellar interior
and molecular clouds respectively). This vertical gradient
of the azimuthal flow is equivalent to one driven by the
baroclinic structure in a planet atmosphere also known as
the (somehow misnamed) “thermal wind.” These vertical
velocity and pressure gradients also provide observational
evidence that the required conditions for hydrodynamical
instabilities (such as the VSI, Nelson et al. 2013; McNally
& Pessah 2015) are met in protoplanetary disks. As men-
tioned in the previous section, these hydrodynamic instabil-
ities likely contribute to some additional angular momen-
tum transport.

Teague et al. (2018a,c) and Yu et al. (2021) used high an-
gular resolution observations of HD 163296, AS 209, and
HD 169142 to radially resolve variations in vϕ to infer the
presence of localized variations in the radial gas pressure
structure. Using forward models to match the data, they
were able to show that these variations were likely caused
by depletions—gaps—in the gas surface density profile, re-
sulting in a characteristic hastening and slowing of vϕ along
the inner and outer edge of the gap, respectively (e.g., Kana-
gawa et al. 2015). A substantial hurdle in such an analysis
is removing an accurate model of the Keplerian component
of the rotation, i.e., the first term on the right hand side
of Eq. 3, requiring a robust measurement of the emission
height and the dynamical stellar mass (e.g., Teague et al.
2019a).

With a measurement of the radial pressure gradient now
accessible, it is possible to test the grain-trapping scenario
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panel (b) which shows the Keplerian-subtracted vϕ value.

proposed by Whipple (1972) as a solution to the rapid ra-
dial drift of large grains. Dullemond et al. (2018) showed
that as rings in the sub-millimeter continuum could now
be spatially resolved, it was possible to place broad con-
straints on the trapping efficiency depending on the grain
size distribution. Building on this, Rosotti et al. (2020a)
used the DSHARP 12CO emission to measure vϕ across the
rings studied in Dullemond et al. (2018) to infer the pro-
file of the pressure profile. Confirming that the pressure
maxima were broader than the continuum rings demon-
strated that these were indeed pressure traps, with the ratio
of widths suggesting a strong level of coupling between the
gas and dust.

The high sensitivity offered by ALMA offers an addi-
tional promising avenue. Because it enables to map emis-
sion not only in the core of a line, but also far in its wings,
ALMA can shed light on non-thermal line broadening pro-
cesses. Yoshida et al. (2022) for instance discovered broad-
ened line wings (up to 10 km s−1 from the systemic veloc-
ity) in the 12CO (3–2) emission of TW Hydra, which they
interpret as pressure broadening. Together with constraints
on the line optical depth, this allows for a direct measure-
ment of the midplane gas density of ≈103 g cm−3 at 5 au.

3.5. Large Scale Spirals and Gravitational Instability

Large-scale spiral structure has been observed in proto-
planetary disks at both micron (Benisty et al. 2015; Stolker
et al. 2016) and mm wavelengths (Pérez et al. 2016; Dong
et al. 2018; Huang et al. 2018b), suggesting that it is present
at both large scale heights and the disk midplane. Unlike
ring morphology, which the field is now generally reach-
ing a consensus is due to planets, the origin of these spiral

features has remained unclear.
One possibility is that they may be due to gravita-

tional instability (GI). The degree to which a disk is self-
gravitating is largely governed by the Toomre Q parameter
(Toomre 1964), given by:

Q =
csκ

πGΣ
(11)

where cs is sound speed, κ is epicyclic frequency, G is the
gravitational constant and Σ is the disk surface density. Es-
sentially, pressure (cs) and rotation (κ) act against gravity
(Σ), so that for Q ≳ 2 the disk is stable to GI (Durisen et al.
2007).

Historically, the difficulty in determining the origin of
spirals has come from the morphological similarity between
the various scenarii. For example, in the MWC 758 system,
planets (Dong et al. 2015b) and GI (Dong et al. 2015a) are
both a viable explanation for the large-scale spiral struc-
ture observed. On the other hand, GI spirals are expected
to take a logarithmic form with constant pitch angles of
10◦ ≲ϕpitch ≲ 15◦ (Cossins et al. 2009; Hall et al. 2016;
Forgan et al. 2018b,c) while planet induced spirals are better
fit by a radially varying pitch angle (Goodman & Rafikov
2001; Rafikov 2002; Muto et al. 2012; Zhu et al. 2015a).
Discerning between these scenarios requires high spatial
resolution, and may be complicated by uncertainties intro-
duced by deprojection effects, the region of parameter space
under consideration, and low contrast ratios between arm
and inter-arm regions (Meru et al. 2017; Hall et al. 2018,
2019).

It has recently been demonstrated that kinematics may
hold the key to conclusively determining the presence of
GI. Hall et al. (2020) demonstrated that a disk undergoing
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GI should have two kinematic features. The first is the pres-
ence of the “GI Wiggle”—a distinctive zig-zag shape ob-
served in line emission (rightmost panel of Figure 6), that is
present across the azimuth of the disk and robust to viewing
angle. Unlike spirals caused by embedded planets, where
the velocity deviation from the azimuthal background is ul-
timately sheared out by the disk viscosity, GI spirals glob-
ally and continually perturb the disk velocity. Inside the
spiral arms, velocity relative to the average background ve-
locity is increased. This results in emission being pushed
into the adjacent channel corresponding to a faster velocity
along the line of sight to the observer. The inter-arm re-
gions, on the other hand, have the the opposite effect. This
results in the second kinematic feature of GI, which is the
“interlocking finger” structure shown in the leftmost panel
of Figure 6.

The GI-Wiggle, being a wave-like feature, is character-
ized by both wavelength and amplitude. Terry et al. (2022b)
demonstrate that under the assumption of similar cooling
properties between disks, it will be possible to constrain
disk mass through characterization of the GI wiggle in ob-
servations due to a positive relationship between wiggle
amplitude and disk mass. A full analytical description of
the GI Wiggle is given in Longarini et al. (2021), who find
that the shape of the wiggle depends disk mass, cooling,
spiral pitch angle and the number of spiral arms.

The most promising system for the conclusive detection
of active GI is Elias 2-27 (Pérez et al. 2016). Indeed, recent
observations and analysis by Paneque-Carreño et al. (2021)
have shown kinematic evidence for GI in the form of the
GI Wiggle as described in Hall et al. (2020), in addition
to evidence of localized dust trapping consistent with GI
spirals (Rice et al. 2004; Gibbons et al. 2012, 2014; Cadman
et al. 2020a).

The wiggles in Elias 2-27 are co-located with the spiral
features, are stronger than typical of planetary-mass per-
turbers and are also present across a wide range of velocity
channels. However, the spatial resolution at ≈ 0.2 arcsec
and the spectral resolution at 0.1 km/s was a factor of 2
and 3 respectively lower than the values used in Hall et al.
(2020), so higher spectral and spatial resolution observa-
tions are required to definitively confirm the presence of the
GI Wiggle in the Elias 2-27 system. Terry et al. (2022b)
demonstrated that given sufficient spatial and spectral reso-
lution, this is possible for a variety of disk masses. Interest-
ingly, the presence of a planet can suppress GI by driving
an increase in the Toomre parameter (Rowther et al. 2020a).
If higher spectral and spatial resolution observations of GI
reveal GI Wiggles with smaller amplitude than expected for
the disk mass of Elias 2-27, then a planet in the prominent
central gap (Pérez et al. 2016; Andrews et al. 2018) may be
to blame.

Another promising avenue for determining the presence

of GI is the dynamical measurement of disk mass from ro-
tation curves. GI is typically active for disk-to-star mass
ratios, q, of ≈ 0.1 or greater (Kratter & Lodato 2016). Con-
straining the disk mass therefore also places constraints on
the likelihood of GI to currently be active.

The effect of self-gravity on the disk rotation curve is a
promising avenue for measuring disk mass. Veronesi et al.
(2021) fit the Elias 2-27 rotation curves obtained from the
13CO and C18O data from Paneque-Carreño et al. (2021)
with two analytical models. The first was purely Keplerian,
and the second included the contribution from the pressure
and the gravitational potential, as in equation 5. Likeli-
hood ratios demonstrated that the data is consistent with a
disk-to-star mass ratio of 0.15≲ q≲ 0.22 which is above
the threshold for GI to be active. This result, coupled with
the detected GI Wiggle in Paneque-Carreño et al. (2021),
is encouraging evidence in favor of GI in the Elias 2-27
system. Similarly, Lodato et al. (2023) found a disk-star
mass ratio of 0.1 for IM Lupi and 0.35 for GM Aur, but the
complex kinematics and interaction with the infalling cloud
make this value tentative for GM Aur.

While the Elias 2-27 system displays spiral structure in
both the continuum and line emission, several systems have
different morphologies when viewed in the dust continuum
vs the gas. For example, the RU Lup system appears com-
pact in the continuum, with the majority of the emission
contained within ≈100 au and also showing prominently
ringed substructure. However, 12CO observations (Huang
et al. 2020, see also Fig. 8) specifically aimed at probing
the large scale structure of RU Lup revealed five blueshifted
spiral arms out to 1000 au. As indicated by the brightness of
the continuum emission, RU Lup is one of the most massive
disks in Lupus and it is therefore possible that these spiral
arms are due to GI. Two pieces of evidence support this
argument: first, RU Lup is observed to have the largest ac-
cretion rate of all surveyed Class II and transitional systems
in Lupus (Alcalá et al. 2017), which is consistent with GI-
active disks having large accretion rates (Dong et al. 2015a).
Second, RU Lup has long been known to display large pho-
tometric variations (see, eg, Gahm et al. 1974 and Giovan-
nelli et al. 1991). RU Lup also has 11 “clumps” present
at distances of around ≈1500 au from the central star. It is
possible that these clumps are consistent with fragmentation
caused by GI (discussed below) and the episodic brightness
variability in RU Lup is caused by the infall of these clumps
(Vorobyov & Basu 2005).

A possible outcome of GI is fragmentation, which is
largely driven by cooling. Essentially, a disk that is exhibit-
ing GI spirals is in an approximate balance between cooling
and collisional heating, such that the cooling timescale ≳
the dynamical timescale. Cooling will drive a disk that is
initially stable to GI to become unstable as the Toomre pa-
rameter drops, and if it does so sufficiently rapidly the disk
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will fragment to form gravitationally bound objects (Gam-
mie 2001; Rice et al. 2003), with the ultimate fate of these
objects largely driven by disk properties (Baruteau & Mas-
set 2008; Forgan & Rice 2013; Forgan et al. 2015; Hall et al.
2017; Forgan et al. 2018a; Rowther et al. 2020b). Gen-
erally speaking, fragmentation is favored in disks around
higher mass stars (Cadman et al. 2020b) since disks tend
to be more stable around lower mass stars (Haworth et al.
2020).

L1448 IRS 3B (Tobin et al. 2016) is a triple protostel-
lar system in the earliest phase of the star formation pro-
cess, which increases the probability of detectable GI with
an instrument such as ALMA (Hall et al. 2019). Rather
than being in a self-regulating state of self-gravity, as is
likely the case with the Elias 2-27 system, L1448 IRS
3B has undergone disk fragmentation into three protostel-
lar objects objects (Tobin et al. 2016). Interestingly, re-
cent observations using the molecular lines 12CO, SiO,
H13CO+, H13CN/SO2 and C17O did not show any kine-
matic perturbations caused by the embedded companions
(Reynolds et al. 2021). This may be because the spatial and
spectral resolution was below that required to detect kine-
matic features such as velocity kinks and the GI Wiggle,
but it is also possible that the presence of the companions
suppresses kinematic evidence of GI as in Rowther et al.
(2020a). If there are multiple origins of velocity pertur-
bations within one source, careful analysis and modeling
will be required to disentangle the relative velocity contri-
butions. As demonstrated in Wölfer et al. (2021), subtract-

ing an azimuthally symmetric model can reveal hidden sub-
structure in the form of large-scale spirals that is otherwise
masked.

4. Multiple Systems and Environment as Traced by
Kinematics

Hydrodynamic simulations have shown that star forma-
tion is a chaotic process (e.g., Bate et al. 2010). They pre-
dict a variety of protostellar disks with misaligned disks
in multiple systems, successive accretion events and re-
orientations, frequent dynamical encounters between pro-
tostars, erosion and tidal streams between disks, and a few
disk fragmentations (Bate 2018; Kuznetsova et al. 2019).
Much of this is driven by the cluster environment; roughly
1 in 3 solar type stars in OB associations are expected to
experience a close (100–1000 au) stellar flyby (Pfalzner
2013), and external photoevaporation, leading to truncation
of the outer disk, which can occur near massive OB stars
(e.g., Hollenbach et al. 1994; Johnstone et al. 1998; Adams
et al. 2004; Facchini et al. 2016; Winter et al. 2018). It
is interesting to notice that both of these mechanisms may
have influenced the formation of the Solar System (e.g.,
Adams 2010; Pfalzner et al. 2018). In addition to envi-
ronmental factors, internal perturbations can affect the disk
structure; almost half of all main-sequence solar-type stars
are found in binary or higher-order multiple systems (e.g.,
Duchêne & Kraus 2013) and it is thought that the frac-
tion of multiple systems is even higher among pre-main se-
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quence stars (e.g., Duchêne et al. 1999; Kraus et al. 2011;
Reipurth et al. 2014). Stellar mass companions can have
a destructive effect of protoplanetary disks (Artymowicz
& Lubow 1994; Harris et al. 2012) but multiple systems
display planets and brown dwarf distributions similar to sin-
gle stars (e.g., Bonavita et al. 2016; Asensio-Torres et al.
2018; Dupuy et al. 2016; Matson et al. 2018), which im-
plies that planet formation is a robust process and is indeed
happening in multiple systems, including in circumbinary
disks (see chapter by Offner et al. 2023).

Observational evidence of perturbations to disks, both
external (e.g., accretion along filaments, stellar flybys)
and internal (binaries/planets, gravitational fragmentations)
have been mounting. de Juan Ovelar et al. (2012); Mann
et al. (2014); Eisner et al. (2018); Ansdell et al. (2017)
found evidence that protoplanetary disks in high stellar den-
sity environments have smaller, less-massive disks (with
some exceptions, see chapter by Manara et al. 2023 in this
book). The importance of environmental factors appears
to be most prominent for cluster densities ≳104 pc−3 (de
Juan Ovelar et al. 2012; Rosotti et al. 2014; Winter et al.
2018), roughly corresponding to the central stellar den-
sity in the ONC (Hillenbrand & Hartmann 1998) and other
nearby star-forming regions (Kuhn et al. 2015; Pokhrel et al.
2020). Individual sources show evidence of tidal interac-
tions in nearby star forming regions, suggesting that tidal
interactions are important even in low mass star forming
regions (Pfalzner & Govind 2021). Often a single observed
feature (e.g., a thin stream of gas stretching away from the
disk) can have multiple potential explanations (e.g., a jet
being launched by the star, late-stage accretion onto the
disk, flyby from a stellar/cloudlet interloper), but kinemat-
ics provide a valuable diagnostic for distinguishing these
origins. We will review these observations and discuss how
disk dynamics, and potential for planet formation, is af-
fected, and how in turn disk kinematics can be used to trace
these processes.

4.1. Streamers, Stellar Fly-Bys and Tidal Interactions

Observational imprints of the chaotic star formation
process can be seen in the structures surrounding young
protostars (see chapter by Pineda et al. 2023 and review by
Cuello et al. 2023 for detailed discussions). Tails of molec-
ular line emission, stretching ≈ 100−10000 au, have been
detected around the protostars HL Tau (Yen et al. 2019),
Per-emb-2 (Pineda et al. 2020), [BHB2007] 1 (Alves et al.
2020), and IRAS 16293-2422 A (Murillo et al. 2022), thus
showing that infall of material along narrow filaments on
early disks does occur. Accretion shocks from infalling ma-
terial have also been observed using SO and SO2 emission
around DG Tau and HL Tau (Garufi et al. 2022). Interest-
ingly, the class II SU Aur system exhibits a ≈1000 au tail
that is seen in scattered light (de Leon et al. 2015; Akiyama
et al. 2019) and CO (Ginski et al. 2021). The molecular line
observations find velocities of ≈ 1−2 km s−1 for the tails,
with little to no velocity gradient, indicating that they are
not jet features being launched by the central star.

The combination of the gas kinematic data and the scat-
tered light observations in the IR allowed Ginski et al.
(2021) to conclude that the large scale tail is streaming to-
wards the disk, rather than being ejected by a ballistic en-
counter with an undetected companion. This indicates that
late stage infall can occur also in Class II sources (e.g.,
Kuffmeier et al. 2017). The case of SU Aur could be sim-
ilar to AB Aur, where the large spirals detected in scat-
tered light within the disk (Fukagawa et al. 2004; Boccaletti
et al. 2020) may indicate the inflow of low angular momen-
tum material accreted via infall from the surrounding low
density gas (e.g., Hennebelle et al. 2017; Kuffmeier et al.
2020). The possibility of successive accretions of molecu-
lar “cloudlets” has also recently been explored (Dullemond
et al. 2019; Kuffmeier et al. 2020). They may also lead
to the formation of misaligned second-generation disks that
can survive for more than 100 kyr (Kuffmeier et al. 2021,
see also Section 4.3). Other systems show very faint large
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scale spirals in the outer disk that are reminiscent of low
density material being slowly accreted at the outer edge of
these objects (e.g., Grady et al. 1999; Fukagawa et al. 2004;
Ardila et al. 2007; Huang et al. 2020, 2021).

In the case of Per-emb-2 the gas tail extends to approxi-
mately 10,000 au and is massive enough (0.1–1M⊙, com-
pared to ≈ 3M⊙ for the core itself) to substantially influ-
ence the mass and angular momentum of the disk. Fila-
ments can increase the accretion timescale for protostellar
cores, given that the free-fall time increases with radius, and
with sufficient mass could change the angular momentum
of the disk itself (Kuffmeier et al. 2017). It is intriguing
that SU Aur exhibits evidence of a misaligned inner disk
through a sharp double-sided shadow (see Section 4.3), sug-
gesting that the outer disk is being misaligned by accreting
material with a different angular momentum direction from
the infall (Ginski et al. 2021), similarly to what is observed
in [BHB2007] 1 (Alves et al. 2020).

Infall is not the only possible cause of extended tails, as
in the case of RW Aur where the observations of its ≈600 au
one-armed spiral (Cabrit et al. 2006; Rodriguez et al. 2018)
and the 50 years relative astrometry of the binary system
can be reproduced by a fly-by between the two components
of the system (Dai et al. 2015). A large fraction of the disk
around the primary star is ejected along a spiral trailing the
disk. A study of the gas kinematics shows that the projected
velocities of the spiral are well above the escape velocity
limit (Cabrit et al. 2006), thus showing the disruptive nature

of close encounters, in line with hydrodynamic simulations
(Clarke & Pringle 1993; Muñoz et al. 2015; Dai et al. 2015;
Cuello et al. 2019, 2020).

Additional multiple systems show signs of stellar inter-
actions, such as tidal streams: FU Ori (Takami et al. 2018;
Pérez et al. 2020b), UX Tau (Ménard et al. 2020; Zapata
et al. 2020) and Z CMa (Liu et al. 2016; Dong et al. 2022);
disk-disk interactions: AS 205 (Kurtovic et al. 2018), HV &
DO Tau (Winter et al. 2018); externally excited spirals: HD
100453 (van der Plas et al. 2019; Rosotti et al. 2020b). Sev-
eral multiple systems show evidence for misalignment be-
tween different components (e.g., Jensen & Akeson 2014;
Tobin et al. 2018; Czekala et al. 2019; Manara et al. 2019).
Tidal structures are also detected at earlier phases (class I,
Tobin et al. 2016; Alves et al. 2019). The observed fea-
tures are consistent with numerical predictions (Dai et al.
2015; Bate 2018; Cuello et al. 2019; Vorobyov et al. 2020)
and offer laboratories to better understand the disk dynam-
ics by quantifying their response to gravitational torques.
In particular, the synergy of gas dynamics in spirals, and
the distribution of small and large dust grains as traced by
IR scattered light images and mm thermal emission, can
lead to constraints on the coupling between gas and dust in
disks, and on the thermal structure of the disk itself (Juhász
& Rosotti 2018; Rosotti et al. 2020b). All these interactions
can affect the accretion on the central star (e.g., Tofflemire
et al. 2017).

It is difficult to determine the frequency of late-infalls
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and star-disk encounters in class II disks, in particular due
to the lack of uniform and deep large scale observations
of molecular gas at typical scales of ≈1000 au. Nonethe-
less, serendipitous detections show that both tidal interac-
tions and late infalls seem to be much more common than
previously considered in low density star forming regions
(Winter et al. 2018; Pfalzner & Govind 2021). This may be
due to higher densities in low-mass clusters than previously
used in N -body simulations of low stellar clusters (Pfalzner
& Govind 2021), or to a chaotic star formation phase with
relic gas affecting disk evolution for long timescales. What-
ever the cause, their effects could play a crucial role in
determining the planet formation outcome of several sys-
tems, affecting the mass and angular momentum evolution
of disks during their planet formation phase.

4.2. FU Ori Mechanism

FUor outbursts are characterized by a sudden increase
in brightness, often at optical and infrared wavelengths, of
over an order of magnitude followed by a slow decay over
decades (see Audard et al. 2014 for a review). These bursts
in luminosity are attributed to increases in the accretion rate,
although the exact mechanism by which the accretion rate
increases by orders of magnitude over the course of a few
months is unknown. Theories include internal mechanisms,
such as the combination of magneto-rotational instabilities
and gravitational instabilities (e.g., Armitage et al. 2001;
Zhu et al. 2009; Bae et al. 2014), the fragmentation and
infall of gravitational instabilities (Vorobyov & Basu 2010,
2015; Machida et al. 2011; Meyer et al. 2017), or planet-
driven thermal instabilities (e.g., Lodato & Clarke 2004),
as well as external mechanisms such as binary interactions
(Reipurth & Aspin 2004), and star-disk flybys (Pfalzner
et al. 2008; Pfalzner 2008; Cuello et al. 2019; Borchert et al.
2022a; Dong et al. 2022). The wide variety of observed
FUOr outburst light curves makes it difficult to isolate a
single driving mechanism.

Vorobyov et al. (2021) explore the possibility of using
disk kinematics to constrain the burst mechanism. They
find that MRI+GI drives deviations in the orbital and ra-
dial motion that are a few percent of the Keplerian veloc-
ity, while the infall of a gravitational clump creates distur-
bances of tens of percent of the Keplerian velocity. A stellar
intruder not only drives more powerful outbursts, it also cre-
ates deviations in orbital and radial motion that are compa-
rable to, if not larger than, the Keplerian velocity. Borchert
et al. (2022a) showed that a stellar flyby can indeed trig-
ger a long lasting (≈ 100 yr) FU Ori like outburst with a
fast rise time (≈ 1 yr) as long as the secondary penetrates
the circum-primary disk. In that case, the outburst occurs
on the secondary, and the short rise time is a consequence
of circum-primary disk material falling directly on the sec-
ondary star, due to angular momentum cancellation. When

both stars host a disk, outbursts can occur in both stars and
last 2 to 5 times longer than for a star-disk flyby (Borchert
et al. 2022b).

ALMA observations of FUor objects have mainly
focused on the continuum, finding massive compact disks
(Zurlo et al. 2017; Cieza et al. 2018; Kóspál et al. 2020),
although observations have begun to explore the kinemat-
ics. Disk-like kinematics have been detected around V346
Nor (Kóspál et al. 2017), V883 Ori (Ruı́z-Rodrı́guez et al.
2017), and both components of the FU Ori binary (Pérez
et al. 2020b), although not at the spatial and spectral reso-
lution needed to discern deviations from Keplerian motion.
FU Ori does show arc-like and extended features in CO
that may be signs of binary interaction, albeit among com-
plicated outflow/envelope emission and foreground cloud
absorption (Hales et al. 2015). V2775 Ori displays blue
and re-shifted rings, that have been interpreted as conical
flows (Zurlo et al. 2017), but may also be the signatures
of dynamical interactions with a flyby (Cuello et al. 2020;
Borchert et al. 2022a). Dong et al. (2022) showed that a
flyby can explain the 2000 au streamer detected in scattered
light and CO emission in the Z CMa system.

4.3. Misaligned Inner Disks, Radial Flows and
Kinematics of Transition Disks

Disk warps, or variable disk orientation with stellocen-
tric radius, have often been proposed in the context of young
circumstellar disks, generally in the form of tilted inner
disks that are misaligned relative to the outer regions. Nu-
merical simulations have suggested that a misaligned com-
panion or planet could warp or even break the disk in two or
multiple precessing rings (Nixon et al. 2013; Facchini et al.
2013; Teyssandier et al. 2013; Lodato & Facchini 2013;
Nealon et al. 2018; Facchini et al. 2018; Zhu 2019). In-
fall events occurring after the initial collapse can also result
in misaligned outer disks (Kuffmeier et al. 2021). Late type
stars are also known to possess a strong magnetic dipole
moment, due to their convective nature. When the mag-
netic field axis is misaligned with respect to the disk in-
clination, the ionized inner disk can also become warped
and slowly precess (e.g., Foucart & Lai 2011; Romanova
et al. 2021). Radiative transfer models of the hydrodynam-
ical simulations showed that disk warping, or breaking, can
be probed by the shadowing cast by the inner disk onto the
outer regions of the disk itself, as traced by scattered light or
thermal emission (e.g., Marino et al. 2015; Min et al. 2017;
Juhász & Facchini 2017; Facchini et al. 2018; Nealon et al.
2020b).

Post processing of the gas component of the hydrody-
namical simulations shows that disk warping or breaking
can also be traced by disk kinematics, which can be used
to trace a gradient in the inclination and position angle of a
rotating disk (see Section 2.4).
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Fig. 9.— Examples of non-Keplerian motions in 12CO J=2–1 emission of the circumbinary disks of HD 142527 (Casassus et al. 2013;
Christiaens et al. 2014; Garg et al. 2021) and GG Tau (Phuong et al. 2020). Moments 0 (left) and 1 (center), and selected channel maps
(right). Note that the dark V-shape is the integrated intensity map of HD 142527 is an artifact due to foreground cloud extinction over
part of the line. Both objects display a central cavity carved by the multiple systems, as as large scale spirals. The spirals are also
detected in the outer parts of the moment 1 maps, while the central parts show “twisted” kinematics indicative or fast radial flows and/or
tilted inner disks. The same kinematic structures manifest as multiple distortions over the whole disk and at all velocities.

The case of misaligned planets (or low mass stellar com-
panions) is particularly interesting. In particular, a detailed
comparison of observations and hydrodynamical simula-
tions can help inferring the inclination angle and radial
location of a purported perturbing body in disks that would
be otherwise unnoticed (e.g., Lodato & Facchini 2013;
Price et al. 2018; Nealon et al. 2019, 2020a; Ragusa et al.
2021; Ballabio et al. 2021). Among others, the interesting
prediction of an inner disk that is tilted by the secular per-
turbation of a misaligned companion is that the inner disk
would be precessing. If the precession timescale is short
enough, the movements of the shadows cast by this inner
disk onto the outer regions can be observed within a human
lifetime, with a peculiar pattern that depends on the geome-
try of the system (Facchini et al. 2018; Pinilla et al. 2018a;
Nealon et al. 2020b). Such evolution can also be used to
infer the mass and orbital radius of an unseen companion.

Strong evidence for such warps was provided thanks
to advances in high-contrast and polarimetric imaging in
the near-IR, which revealed that the detailed shape of the
intensity decrements along the ring of HD 142527 (Fuk-
agawa et al. 2006; Casassus et al. 2012; Avenhaus et al.
2014) matched that of the two-sided shadow cast by a in-
ner disk tilted at a dramatic angle of ≈70 deg (Marino et al.
2015). The case of disks with large central cavities, such
as HD 142527, is particularly useful to pick up and char-
acterize pronounced inner disk tilts since their rings are di-
rectly exposed to stellar light and are very bright in reflected
light, except for the regions that are shadowed by the inner
disk. The shape of such shadows results from the projec-

tion of the flared inner disk surface onto that of the outer
edge of the cavity, and extends into the outer disk. Geo-
metrical arguments can connect the position of the shad-
ows along the rings with the orientation of the inner disk
(Min et al. 2017). Further examples of such sharp, narrow
and two-sided shadows have been observed in the disks of
HD 100453 (Casassus 2016; Benisty et al. 2017), J1604-
2130 (Mayama et al. 2018; Pinilla et al. 2018a), DoAr 44
(Casassus et al. 2018), HD 135344 B (Stolker et al. 2016,
2017) and GG Tau (Keppler et al. 2020).

Shallower inner disk tilts have also been invoked to ex-
plain large scale scattered-light modulations in azimuth, as
for instance in the low amplitude modulation in HST im-
ages of TW Hya (Debes et al. 2017), or in the SPHERE po-
larimetric images of HD 143006 (Benisty et al. 2018). The
case of the wide shadow in HD 139614 is particularly inter-
esting, as it requires at least three disk planes or large gra-
dients in the position angle of an inner warp (Muro-Arena
et al. 2020).

Inner disk tilts have also be inferred from continuum
images of thermal radiation. This is usually performed by
comparing the outer disk orientation with that of optical-IR
interferometric observations of the inner disks. For in-
stance, Bouvier et al. (2020) confirm the inner disk orienta-
tion inferred from the scattered-light shadows in DoAr 44.
High-resolution sub-millimeter continuum observations
with ALMA have beautifully exposed a large-scale warp
in GW Ori (Kraus et al. 2020; Bi et al. 2020), whose triple
ring system is seen as a projected ellipses with different
inclinations. Gravity Collaboration et al. (2021) detected
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clear misalignments between both disks for 4 objects out
of 9 transition disks, while Bohn et al. (2022) detected
additional misalignments in 6 targets out of sample of 20
transition disks. For 3 of those targets the orientation of
the inner disk is consistent with the shadows detected in
scattered light in the outer disks. Slight misalignments are
not ruled out for the remaining objects.

An intriguing feature of protoplanetary disk warps is
the apparent dichotomy in the thermal response of the
shadowed regions. Some optical-IR shadows correspond
to (shallow) drops in sub-millimeter continuum emission,
such as HD 142527 (Casassus et al. 2015a), J1604-2130
(Mayama et al. 2018) or DoAr 44 (Casassus et al. 2018),
while most do not. The depth of the continuum decrements
traces a corresponding drop in the dust temperature, which
may be too shallow to detect if the shadow crossing time
is too short compared to the cooling timescale of the shad-
owed regions. In addition, the thermal radiation from the
disk itself can also heat the shadowed regions and smooth
out any temperature decrements, especially for optically
thin regions (such as in lower mass outer disks). Simple
models for the thermal response of the shadowed regions
are proposed in Casassus et al. (2019).

At the time of writing the frequency of warps in proto-
planetary disks is not yet fully understood. However, the
light-curve variability of the so-called “dipper stars,” i.e.,
the AA Tau-like classical T-Tauri stars, offers some insight,
since such stars are thought to be viewed edge-on. As
shown by Ansdell et al. (2020), the statistics of the outer
disks orientation in dipper stars, inferred from ALMA con-
tinuum observations, appear to be uncorrelated with that of
the inner regions. Protoplanetary disk warps would there-
fore be quite common, with a probably uniform distribution
of inner disk tilt angles.

When available, the molecular line kinematics traced in
the rotational lines of 12CO are consistent with the warp ge-
ometries inferred from scattered-light imaging, as long as
the tilted inner regions can be resolved, such as is possible
with ALMA observations. The case-study of HD 142527
is an extreme, with fast accretion through the sharp warp
(Casassus et al. 2015b) reaching free-fall values before
braking near the inner disk, and then accelerating away
from the outer disk plane and into the plane of the inner
disk, with vertical velocities that are also comparable to Ke-
plerian. The fast intra-cavity flows in HD 142527 are prob-
ably driven by HD 142527B (Biller et al. 2012), as demon-
strated hydrodynamical simulations of an inclined inner bi-
nary explain most of the observed features of the disk (Price
et al. 2018). Warped kinematics are also observed near the
inner disk in J1604 (Mayama et al. 2018) and in HD 143006
(Pérez et al. 2018a), GG Tau (Phuong et al. 2020), and
SY Cha (Orihara et al. 2023). Gas kinematics can also re-
veal so far unseen companions in the cavity of transition

disks (Calcino et al. 2019; Poblete et al. 2020; Calcino et al.
2020; Kuo et al. 2022). While current estimates suggest that
binaries can explain ≈ 40% of the transition disks (Ruı́z-
Rodrı́guez et al. 2016), kinematic studies at high spatial
resolution might be used to refine these estimates and better
understand the flows of gas between outer and inner disks,
as well as the high accretion observed in the brightest tran-
sition disks. By analyzing archival CO isotopologues emis-
sion of 36 transition disks, Wölfer et al. (2023) found sig-
nificant temperature and kinematic structures in 8 sources,
and tentative structures in an additional 10 sources. About
half of the sample does not show any substructure that are
indicative of planet/companion-disk interactions, but this
does not exclude the presence of planets as the current data
is only sensitive to relatively massive planets (≳ 3MJup).

One of the theories for the formation of the azimuthal
dust concentrations seen in sub-millimeter continuum emis-
sion invokes anticyclonic vortices (Barge & Sommeria
1995; Lyra et al. 2009; Meheut et al. 2010, 2012; Lyra &
Lin 2013; Baruteau & Zhu 2016; Sierra et al. 2017a). They
can form at low viscosity (α ≲ 10−4) via the Rossby wave
instability (e.g., Lovelace et al. 1999; Li et al. 2000) when
steep gradients in density (Sierra et al. 2017b; Zhu & Stone
2014) or in viscosity (Varnière & Tagger 2006; Regály et al.
2012) are present. The edge of a disk cavity of transition
disks is a favorable site for vortex formation. In the context
of transition disks with large cavities, Huang et al. (2018d),
Pérez et al. (2018b) and Robert et al. (2020) showed that the
counter-rotation of a vortex with respect to the disk is faint
but detectable with a careful choice of spatial and spectral
resolutions. A detailed analysis by Boehler et al. (2021)
showed that the non-Keplerian motions detected near the
dust concentration in HD 142527 might be consistent with
the kinematic signatures of a vortex. However, at the cur-
rent resolution, they remain indistinguishable from artificial
velocity deviations generated by beam smearing.

5. THE KINEMATICS OF PLANET-DISK
INTERACTIONS

The search for young, forming, planets has been fo-
cused on detecting emission associated with the planet it-
self, either via their direct emission, thermal emission as-
sociated, or signatures of accretion. The spectacular case
of the PDS 70 system should not occult how challenging
such detections have proven to be. Young planets are em-
bedded inside their parent circumstellar disk, and as dis-
cussed earlier, in most cases this leads to significant opti-
cal depth towards the observer, basically hiding the planets.
The ubiquitous dust sub-structures seem in disks, at both
near-infrared and sub-millimeter wavelengths, suggests that
young planets are numerous in disks by the time we ob-
serve them, but multiple mechanisms can explain the ob-
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served sub-structures (see chapters by Bae et al. 2023 and
Paardekooper et al. 2023 in this volume).

With the capability of ALMA to image molecular emis-
sion at both high spatial and high spectral resolution, an
alternative and complementary approach has emerged,
searching for kinematic signatures of embedded planet
(Disk Dynamics Collaboration et al. 2020). In this section,
we will review the theoretical expected kinematic signa-
tures of embedded planets, and present the current state of
the art in terms of detecting planets through their gravita-
tional influence on the dynamical structure of their parental
disk. With multiple tracers, we are starting to be able to
trace the dynamical structure of the gas at a range of heights
in the disk, offering new ways to distinguish between po-
tential mechanisms which are driving the substructures in
the dust. We provide a set of criteria which can be used to
claim a detection of an embedded planet.

5.1. Expected Kinematic Signatures of Embedded
Planets

5.1.1. Spiral Wakes

Embedded planets exert a gravitational perturbation on
the surrounding disk, which can lead to an exchange of en-
ergy and angular momentum. Planets launch spiral den-
sity waves at Lindblad resonances both inside and outside
their orbits (Goldreich & Tremaine 1979, 1980; Papaloizou
& Lin 1984). The superposition of the waves form a one-
arm spiral density wave, called the planet wake (Ogilvie &
Lubow 2002). The wave propagates away from the planet,
eventually becoming non-linear and steepening into shocks
(Goodman & Rafikov 2001; Rafikov 2002). The planetary
wake disturb the local density structure of the disk, but also
velocity field. Goodman & Rafikov (2001) and Rafikov
(2002) presented a semi-analytical description of the struc-
ture of the density perturbation for a disk with an adiabatic
equation of state. This work was extended by Bollati et al.
(2021) to describe the associated velocity field. The gravi-
tational pull of the planet will induce deviation from Keple-
rian rotation of up to a few×10%, with the inner wake being
sub-Keplerian and the outer wake being super-Keplerian. In
addition to changes to the azimuthal velocities, the spiral
wakes also result in radial motions of comparable ampli-
tudes (e.g., Pinte et al. 2019). Deviations are mainly az-
imuthal near the planet, while radial motions dominate far
away along the the wake (Rafikov 2002). Vertical motions
in the form of meridional eddies are also associated with the
wake (Fung & Chiang 2016). The exact shape and ampli-
tude of the velocity deviation depends on the planet mass,
and disk structure, in particular its thermal structure, i.e., its
aspect ratio. Both semi-analytical (Bollati et al. 2021) and
numerical (Rabago & Zhu 2021) calculations indicate that
the velocity deviations depend linearly on the planet mass

in the vicinity the planet, and they scale with the square root
of the planet mass further away. Both also show that there is
little dependence of the amplitude of the velocity deviations
on the disk viscosity.

The disturbed velocity pattern is detectable with high
spectral and high spatial resolution ALMA molecular line
observations. This possibility was first envisaged by theo-
retical work that predicted the observable features associ-
ated with embedded planets (e.g., Perez et al. 2015; Pérez
et al. 2018b). In a given channel map, the emission is con-
centrated along the iso-velocity curve, i.e., the region of the
disk where the projected velocity is constant. In the pres-
ence of a planet, the gas flow is perturbed and an additional
Doppler shift in the molecular emission is induced. As a
result, the iso-velocity region is distorted and the emission
displays a distinctive “kink.”

On top of Lindblad’s spirals, planets can also excite
buoyancy spirals if some thermal conditions are met in the
disk (Zhu et al. 2012, 2015b; Lubow & Zhu 2014; McNally
et al. 2020). Because of the vertical temperature gradient in
disks, a spatial perturbation of a gas parcel leads to a vertical
oscillation around its equilibrium position if the adiabatic
index is larger than 1. For this perturbation to develop into
a buoyancy resonance, the timescale for the gas to respond
to thermal perturbations needs be longer than the timescale
associated with the buoyancy. Bae et al. (2021) argue that
the slow thermal relaxation in the disk surface due to infre-
quent gas/dust collision provides favorable conditions for
buoyancy resonances to develop. Interestingly, buoyancy
spirals are tightly wound compared with Lindblad spirals,
in particular in the vicinity of the planet. They also produce
predominantly vertical motions, leading to different kine-
matics signatures from Lindblad’s resonance spirals.

Muley & Dong (2021) showed that the shock generated
by the spiral wake can additionally led to a temperature in-
crease in the spiral if the cooling timescale exceeds the dy-
namical timescale. When the cooling is slow, the tempera-
ture perturbations from buoyancy spirals can be similar to
those from Lindblad spirals. Such an increase in gas tem-
perature can be expected to be detected both in term of line
flux and line width.

5.1.2. Gaps

The spiral wakes generated by the planet will exert a
torque on the disk (positive for the inner wake and negative
for the outer wake). If this torque is larger than the viscous
torque, the planet will carve an annular gap along its orbit
(Lin & Papaloizou 1986). The steep pressure gradients at
the edge of the gaps will modulate the azimuthal velocities,
leading to a super-Keplerian flow at the gap outer edge and a
sub-Keplerian flow at the inner edge (Kanagawa et al. 2015;
Perez et al. 2015; Yun et al. 2019, see also Fig. 2). Small
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Fig. 10.— Numerical simulations of planet-disk interactions for a multi-planet system based on HD 163296 hosting 3 Jupiter-mass
planets. (a) shows the gas surface density; planets open gaps in addition to exciting spiral arms. (b) and (c) show the deviation in rotation
velocity caused by the planets, with a zoom-in to the outer planet. The most notable features tracing the gap edges and spiral wakes.
(d) shows the simulated emission morphology with a characteristic “kink” induced by the velocity perturbation caused by the orbiting
planet. Here the disk and planet orbit are oriented as observed for HD 163296. The dotted line shows the orbit along the midplane, while
the dashed line shows the orbit along the CO emission surface.

mass planets can open a gap in the dust structure while only
mildly impacting the gas profile (Dipierro et al. 2016; see
also the chapter by Lesur et al. 2023 in this volume), and the
presence of a gap in the sub-millimeter continuum emission
does not imply that they will be associated with deviations
from Keplerian rotation.

The reduced opacity associated with gaps (in particular
dust gaps) can also lead to sharp variations of temperature
as the stellar radiation can penetrate the disk deeper inside
the gap. This can impact the pressure gradient, and in the
case of deep dust gap, the temperature gradient can domi-
nate, potentially hiding any gas density gradient or gap (Rab
et al. 2020).

5.1.3. Meridional Flows

The gap profile is an equilibrium between the planet
torque and the viscous and pressure torques. Because of
the vertical extent of the gas disk near the planet, the asym-
metry in the torque drives significant motions, in particular
“meridional flows” (Kley et al. 2001; Tanigawa et al. 2012;
Szulágyi et al. 2014; Morbidelli et al. 2014). As the planet
opens the gap, gas viscously spreads towards the gap cen-
ter and towards the midplane, creating eddies in the gas at
the edges of gap. It remains unclear how extended those
flows are around the planet, but most simulations indicate
that they are the strongest near the planet. Note that these
meridional flows should appear for any gap in the gas sur-
face density, independently of the physical process creating
the gap, and the azimuthal variation of such flows might
provide insight on the underlying physical process causing
the gap.

5.1.4. Turbulent Motions in the Gap

On top of those ordered flows, an embedded planet can
drive transonic to mildly supersonic vertical motions (Dong
et al. 2019), which should result in a local enhancement of
the line width. Interestingly, these turbulent motions appear
at all azimuth in the gap, and can potentially help to distin-
guish between a planet and other mechanisms as the origin
of the gap. They are likely challenging to detect however as
the gap needs to be spatially resolved, and the observations
deep enough to extract a robust line width, as well as to de-
termine accurately the gas temperature in order to measure
non-thermal motions.

5.1.5. Circumplanetary Disks

At much smaller scales—about 1/3 of the Hill radius—
the accretion of material onto the planet is regulated by
the formation of a circumplanetary disk (CPD, Kley 1999;
Lubow et al. 1999). The exact nature of the accretion pro-
cess onto the planet remains poorly known, and models
predicts a range of size and temperature for the CPD de-
pending on the local equation of state and adopted opaci-
ties (Bate et al. 2003; D’Angelo et al. 2003; Szulágyi et al.
2014, 2017). These simulations suggest that a CPD will
form for planet more massive than a Saturn mass. Even
with a 10 MJup planet, detecting the CPD requires deep
observations at high resolution (Szulágyi et al. 2018; Zhu
et al. 2018). The recent detections of the CPDs around
PDS 70 b in the near-infrared (Christiaens et al. 2019) and
around PDS 70 c in the sub-millimeter (Isella et al. 2019;
Benisty et al. 2021) have confirmed their existence.
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The nature of gas flow in the vicinity of the CPD also
varies depending on the underlying assumptions made in
the model. But, in any case this accretion onto the planet
will add a large velocity component to the gas. Perez et al.
(2015) showed that the velocities of these flows are large
enough for the CPD emission to decouple from the back-
ground disk emission, resulting in a spot detached from the
expected iso-velocity curve of the circumstellar disk. Be-
cause the CPD itself is not resolved, its emission is also
associated with a local increase in velocity dispersion. Re-
cently, Martin et al. (2020) investigated the conditions un-
der which a CPD can detach from the disk and its tilt can
grow, arguing that a rapid growth is typically favored. This
may favor detectability of the CPDs depending on the re-
spective orientations of the circumstellar and circumplane-
tary disks relative to the line of sight.

5.1.6. Anticyclonic Vortices

Similar to the edge of a cavity in a transition disk, the
edge of a ring carved by a planet is a favorable site for
the development of vortices (e.g., Baruteau et al. 2019). It
remains unclear whether a smaller vortex generated by a
planet might be detectable in kinematics, in particular as
the same artifact due to beam smearing as in the case of
transition disk will apply (Boehler et al. 2021).

5.2. Kinematic Detections of Embedded Planets

Excitingly, the possibility of kinematically detecting
planets has become reality. Detections of embedded plan-
ets have already been claimed from distortion of the iso-
velocity curves in individual channel maps in HD 163296
(Pinte et al. 2018b, see Fig. 11), and in HD 97048 (Pinte
et al. 2019). In both cases, the kinks are localized in ve-
locity and space, excluding any large structure in the the
disk, and suggesting a local origin. The excellent agree-
ment with predictions from simple hydrodynamical models
of a giant planet in a disk (Fig. 12) led to the rapid adoption
of embedded planets as the explanation for the kinks ob-
served in high resolution ALMA images. Synthetic channel
maps show that the kinematic signature strongly depends on
the planet mass (e.g., Perez et al. 2015). By comparing a
range a models exploring the planet mass, while keeping
the disk parameter fixed, it is possible to obtain constraints
on the mass of the embedded planets. For HD 163296
and HD 97048, Pinte et al. (2018b) and Pinte et al. (2019)
showed that in both cases the planets are around 2 to 3
Jupiter masses. For HD 163296, the planet is located at
260 au from the central star, inside a gap detected with
HST/STIS (Grady et al. 2000; Rich et al. 2020), which also
corresponds to a dip in the integrated 12CO emission (Isella
et al. 2016, also visible in the top right panel of Fig. 3).
Teague et al. (2021b), Izquierdo et al. (2022) and Calcino
et al. (2022) showed that the velocity kink is associated with

a spiral structure that spans most of the disk. In particular,
Calcino et al. (2022) demonstrated that the spiral struc-
ture is the outer planetary wake generated by the planet.
Teague et al. (2021b) and Izquierdo et al. (2022) detected
kinematic structures at ≈ 145 au suggesting a potential ad-
ditional planet. In the case of HD 97048, the planet is
located inside the dust gap detected in sub-millimeter con-
tinuum emission at 130 au, demonstrating that embedded
protoplanets are responsible for at least some of the gaps
observed in disks.

Similarly, tentative detections were presented by Pinte
et al. (2020) in 8 out of 18 DSHARP sources (Andrews
et al. 2018), as well as tentative detections in CI Tau by
Rosotti et al. (2021) and MP Pus (PDS 66) by Ribas et al.
(2023). In most cases, the deviations from Keplerian rota-
tion are localized and coincide with a gap, pointing towards
potential embedded planets, but the limited signal-to-noise
of the data and foreground 12CO prevents a definite answer
in those objects. Speedie & Dong (2022) searched for con-
tinuum spirals associated with the velocity kinks, but only
detected some in IM Lupi, Elias 2-27 and GW Lup. They
found that they do not align with the proposed planet loca-
tions infered from kinematics, which might have been bi-
ased by cloud contamination.

By subtracting the Keplerian rotation, the additional ve-
locity component from the spiral wake created by the pres-
ence of a planet can manifest as a “Doppler-flip” (Pérez
et al. 2018b), i.e., a sign-reversal in the non-Keplerian com-
ponent of the gas velocities. The Doppler-flip in the ro-
tation maps and kink in individual channel maps are two
equivalent signatures of the same underlying velocity struc-
ture. Depending on the signal-to-noise, spectral and spatial
resolution, as well as the geometry of the system (orienta-
tion of the disk and azimuth of the planet), the signature
of an embedded planet might be easier to detect in one or
the other representation of the data cube (Pinte et al. 2020).
Casassus & Pérez (2019) and Pérez et al. (2020c) reported
the detection of such a feature in the disk of HD 100546, a
“transition” disk with a bright dust ring at ≈ 20 au. The am-
plitude of the velocity deviations in HD 100546 (detected
over 7 km/s and 90◦ in azimuth) suggests the responsible
body might be more massive than a planet. The Doppler-flip
coincides with complex structures in the ring, and seems
to align with intricate grooves in the dust continuum emis-
sion, hinting at a complex dynamical scenario. Casassus
et al. (2022) propose that the blue shifted side of Doppler-
flip may be tracing a disk eruption driven by an outflow
from an embedded ≈ 10 M⊕ planet, while Norfolk et al.
(2022) argue that the Doppler-flip is the kinematic counter-
part of a large spiral arm seen in scattered light and gen-
erated by an inner companion inside the disk cavity. Non-
axially-symmetric velocity structures are also present inside
the cavity, but at lower amplitude than the Doppler-flip. The
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Fig. 11.— Kinematic asymmetry in the 12CO J=2–1 line emission of HD 163296 (left, Pinte et al. 2018b). Comparison with the
channel on the opposite side of the disk (right) shows no corresponding feature, indicating the disturbance to the flow is localized in both
radius and azimuth. The inferred planet location is marked, as well as its orbit and its projection at the height traced by 12CO.

faintness 12CO emission prevents testing for the presence of
a tilted inner disk as in HD 142527.

Teague et al. (2021b) revealed a highly structured disk
around MWC 480 with concentric radial variations in
temperature, as well as low pitch angle spiral perturbations.
These structures appear broadly consistent with the predic-
tions from buoyancy spirals, and may indicate the presence
of planet located at ≈ 245 au.

Verrios et al. (2022) found evidence for a planet in the
IM Lupi disk from non-Keplerian motions tracing the wake
and matching the observed spiral structure in both scattered
light and mm-continuum emission.

Bae et al. (2022) reported the discovery of a circum-
planetary disk candidate at ≈ 200 au in the disk around
AS 209. The CPD is detected as a 13CO point-like source,
which is detached from the isovelocity curve, as predicted
by Perez et al. (2015). It coincides with an annular gap
seen in scattered light and 12CO emission and is collo-
cated with a velocity kink seen in 12CO emission. This
suggests an embedded planet as the origin of these vari-
ous structures. The derived CPD temperature (≳ 35K) is
higher than the surrounding circumstellar disk (22 K) indi-
cating a localized heating source, while the non-detection
in millimeter continuum emission suggests a low dust-to-
gas ratio (≳ 9×10−4). By comparing with the results of
semi-analytic models, Fedele et al. (2023) argue that the ob-
served 12CO kinks are not consistent with a planet at 200 au,
but could instead be reproduced with a 3-5 MJup planet at
100 au.

Pinte et al. (2023) detected a bright 12CO emission spot
in Elias 2-24, which is also detached from the isovelocity
curve. Excitingly, the CO spot is co-located with the di-
rectly imaged planet candidate by Jorquera et al. (2021),
which would make it the first protoplanet detected with both

kinematics and direct imaging. The high cloud contamina-
tion hides the channel that would correspond to the velocity
kink and prevents an accurate planet mass estimate, but the
locally enhanced CO emission indicates the presence of a
warm, embedded giant planet. Comparison with hydrody-
namical and radiative transfer models show this could either
be a ≳ 5MJup, or a lower mass ( ≳ 2MJup) but accreting
protoplanet.

For more face-on sources, the projection of the veloci-
ties along the line-of-sight velocities result in different com-
ponents of the velocity perturbations being traced, with a
strong weighting to the vertical motions. Using 12CO (3–2)
observations of TW Hya, Teague et al. (2019b) revealed a
large, localized velocity deviation with projected deviations
of ≈ 40 m s−1 associated with tightly wound spirals traced
by variations peak intensity. The coincidence of this devi-
ation with the large, gas- and dust-depleted gap at ≈ 90 au
(van Boekel et al. 2017; Teague et al. 2017) strongly sug-
gested that the cause of the velocity perturbations was likely
responsible for opening the gap. Bae et al. (2021) demon-
strated that tightly wound and highly localized velocity de-
viations could be buoyancy resonances and that a small,
< 0.5MJup planet could be responsible for such deviations.
By subtracting an azimuthally symmetric background from
high spectral CO (2–1) and CS (5–4) observations, Teague
et al. (2022) revealed a Doppler flip structure coincident
with the gap at 90 au. Comparison with analytical models
of planet wake suggests a Saturn-mass planet. The tightly
wound previously detected in CO (3–2) is also seen in CO
(2–1), but not in CS emission, suggesting a strong verti-
cal dependence of the velocity deviations, consistent with
buoyancy spirals.

Using a similar approach, Garg et al. (2022) discovered a
localized kinematic excess (a super-Keplerian structure or a
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vertical flow) with a magnitude of ≈ 75 m s−1 in the 12CO
(2–1) map of HD 169142. This excess cannot be explained
only by the pressure gradient at the edge of the gap, and may
indicate the presence of a planet at ≈ 40 au. Stadler et al.
(2023) found a coherent, localized non-Keplerian feature
at ≈ 40 au within the continuum ring of RXJ1604-2130,
which they interpret as the kinematic perturbation as created
by a palnet of 1.6 to 2.9 MJup.

Alarcón et al. (2022) reported of kinematic deviation in
the C I 3P1-3P0 line emission of HD 163296, with no coun-
terpart in molecular emission, hinting at a local source of
UV radiation. The kinematic structure is located at ≈ 50 au
from the central star, in a dust gap. The feature could asso-
ciated with a putative protoplanet, or a disk wind.

5.3. Mapping the 3D Gas Flow in the Vicinity the
Planet

As discussed in Section 5.1, planets are expected to drive
a range of kinematic features both in their immediate vicin-
ity and across large regions of the disk. In order to differen-
tiate these features the projected line-of-sight velocity must
be decomposed into its disk-frame cylindrical components:
vϕ, vr and vz . The projection of these components along
the line-of-sight is given by

vϕ, proj = vϕ cos(ϕ) sin(|i|), (12)
vr, proj = vr sin(ϕ) sin(i), (13)
vz, proj = −vz cos(i), (14)

where ϕ is the polar angle in the disk frame (such that
ϕ=0◦ corresponds to the red-shifted major axis) and i is
the inclination of the disk. In this formalism we allow
i ∈ (−90◦, +90◦) to account for the fact that the disk is
three dimensional, but we only trace one surface. Here pos-
itive i represent a disk that is rotating in a counter-clockwise
direction, while negative i described a clockwise rotating
disk. Therefore, if the geometry of the disk can be con-
strained then any velocities can be deprojected into their
disk-frame components.

While most works have focused on exploring vϕ, as dis-
cussed in Section 2.4, it is possible to extract information
on vr and vz if a few assumptions are made. The largest
of these is azimuthal symmetry, at least over the azimuthal
region of the disk that is being investigated. Following the
same procedure as described in Section 2.4, a more com-
plex model including all three velocity components can be
used,

v0 = vϕ, proj + vr, proj + vz, proj + vLSR. (15)

By shifting the spectrum in each pixel by the projected
disk rotation, accurate measurements of rotation curves can
be performed (down to ≈ 10m s−1, i.e., a fraction of the

spectral resolution of ALMA: Teague et al. 2018a,b; Casas-
sus & Pérez 2019). These methods revealed radial pressure
gradients, likely driven by gaps carved in the gas surface
density by Jupiter-mass planets in the disk of HD 163296
(Teague et al. 2018a, 2019a). Likewise, a radial veloc-
ity component corresponding to stellocentric accretion has
been identified in the central cavity of HD 135344B (Casas-
sus et al. 2021), amounting to 4±0.5% Keplerian, and the
3D velocity field in the gap separating the two rings fol-
lows similar radial profiles as the meridional flows seen in
HD 163296.

5.4. Disambiguation with Other Physical Mechanisms

As discussed in the introduction, many mechanisms have
been proposed to explain the observed dust structures seen
in thermal continuum emission and scattered light. Most of
these processes impact the gas as well as the dust, and will
have corresponding signatures in kinematics. Kinematic
predictions have only been made for a few types of models,
but recent work highlights whether and how we can expect
to disentangle the signatures of planets from other physical
processes in the next few years.

Figure 13 illustrates the expected signatures in selected
channel maps for a family of models, highlighting how
the emission morphology differs: a central binary gener-
ates large kinks inside the cavity where the gas falls at near
free-fall velocities and large scale spirals outside the cavity,
gravitational instabilities produce the large scale “wiggles”
discussed in section 3.5, while the vertical shear instability
leads to “spurs” of the order of 50 m s−1, that are visible
at all azimuths in the disk if the inclination is low enough
(Barraza-Alfaro et al. 2021). In contrast, planets produce
strong deviations near the planet, or equivalently sign re-
versals in the rotation maps. Note that at high signal-to-
noise, the planet wake can be detected across most of the
disk (e.g., Bollati et al. 2021; Calcino et al. 2022). The am-
plitude of the velocity deviations decreases with distance
from the planet, but care must be taken when interpreting
line observations as projection effects can impact the visi-
bility of the kinematic signatures and part of the wake can
be hidden. These synthetic observations also demonstrate
that for dedicated observations, with long integration times
(≳ 10 h), a visual inspection of the channel maps readily
enables the detection of a 1 MJup planet.

While the various models display different kinematic
signatures, they also do share a lot a features in common.
Pinpointing the physical origin of a given kinematic struc-
ture in the data, especially at the low level needed to try
to detect a planet of one Jupiter mass or less, will require
a deep understanding of all the processes at play. For in-
stance, while the planet wake is the most easily detectable
near the planet, it extends over the whole disk, generat-
ing multiple low amplitude distortions in the channel maps
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(Bollati et al. 2021). Theoretically, tracing the full spiral
wake will help to validate the planet scenario (Calcino et al.
2022). Note that the visibility of the kink or sign reversal as-
sociated with the planet wake depends strongly on azimuth.
The full wake might only appear intermittently as a func-
tion of the azimuth in deep data sets. Rabago & Zhu (2021)
showed that the deviations from Keplerian velocity of the
azimuthally averaged velocities are due to the gap profile
itself, and not the planet. They suggest to combine both
azimuthally averaged rotation maps, and localized velocity
deviations to detect young planets in disks.

Most of these processes, and the resulting kinematic sig-
natures, strongly depend on the underlying physical struc-
ture (temperature and density) of the disk. Additional con-
straints on these key parameters are critically required to
test further the different models. Using multiple tracers
sampling the vertical extent of the disk would be particu-
larly useful to refine those constraints. This will also en-
able the mapping the gas flow in 3D, offering more diag-
nostic to disentangle between the various hypothesis. Most
kinematic observations have focused on the brightest up-
per layer of the disk. With deeper observations, the signal-
to-noise on the lower surface may become large enough to

search for kinematic signatures on that surface, offering to
a way test whether the structures are symmetric about the
midplane.

5.5. Caveats on the Disk Kinematics as a Planet
Detection Method

While the current kinematic detections are well matched
by models of embedded planets, there are several issues
with the current studies that need to be addressed, or at
least examined, in order to be more widely adopted as a
new method to hunt for young planets.

The precise origin of the kink has not been studied in
full detail yet, but it likely arises from the wake launched
by the planet at the Lindblad resonances. This is confirmed
by the semi-analytical work of Bollati et al. (2021) which
can produce a kink by only including the planet wake, i.e.,
without the presence of a gap (and hence pressure gradi-
ent), Hill sphere and horseshoe orbits. It remains unknown
whether these extra components play a role in the observed
kinematic signatures, in particular when observations with
multiple lines probing a range of optical depths will become
available.

As the flow of gas around a planet is mostly set by the
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planet mass, kinematic detections of embedded planets po-
tentially allow for accurate estimates of the mass of planets
still embedded in their parental disk. So far this has re-
lied on matching a suite of hydrodynamical models with
fixed parameter and a vertically isothermal structure (e.g.,
Pinte et al. 2018b, 2019; Teague et al. 2018a). It not well
understood how the estimated planet mass depends on the
adopted disk models however. The work by Bollati et al.
(2021) provides the first answers. First, because it poten-
tially allows for a much faster exploration of the parame-
ter space. And second, because analytical derivations re-
veal the meaningful parameters. As Bollati et al. (2021)
showed that the kink is mostly created by the planet wake,
it means that the relevant unit for the planet mass is the ther-
mal mass mth =(hp/rp)

3M∗. To convert this constraint
to an actual planet mass, an accurate estimate of hp, and
hence of the thermal disk structure, is critical. As discussed
in Sec. 2.3, observations of multiple molecular line provide
a way to at least partially map the disk temperature struc-
ture. Progress in numerical methods and computing power
now also offer the possibility to validate the adopted ther-
mal structure by comparing the results from the vertically

isothermal models to radiative-equilibrium hydrodynamics
simulations (e.g., Pinte et al. 2019), but this in turn de-
pends on the adopted opacities. Clearly more theoretical
work is required to fully validate these methods. Cimerman
& Rafikov (2021) showed that the semi-analytical formula-
tion by Bollati et al. (2021) may underestimate the velocity
deviations in the planet wake and could benefit from a cali-
bration based on numerical simulations in the linear region,
near the planet. An exciting observational avenue to refine
current planet mass estimate is to map a larger fraction of
the spiral wake with deeper ALMA observations. As the
velocity deviations near the planet scale on Mp/(hp/rp)

3,
and the opening angle of the wake only depends on h/r, it
should possible to disentangle between Mp and h/r if the
wake is observed over a wider range of radii (e.g., Calcino
et al. 2022).

Semi-analytical formulations are also limited to planet
masses below the thermal mass, i.e., non-gap opening plan-
ets, for which the linear and non-linear regimes of the wake
propagation can be separated. The currently detected plan-
ets in HD 163296 and HD 97048 appears to slightly larger
than the thermal masses, and more work is required to
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properly understand the propagation of the wakes in this
regime. Analytical developments have also only been de-
veloped in 2D so far, ignoring vertical temperature gradi-
ents, which can for instance lead to additional buoyancy
spirals discussed in Sec. 5.1.1. The generalisation of ra-
diation hydrodynamics simulations, with realistic thermal
structures, will be essential to establish more robust con-
straints on planet masses.

One final difficulty is to assess the statistical signifi-
cance of the detections in individual channel maps. The
detections to date have been performed by eye (Pinte et al.
2018b, 2019). A more quantitative and robust procedure
is needed, in particular to extend these detections to lower
planet masses. Many parameters affect the kinematic sig-
natures of an embedded planet: the disk thermal structure
as discussed above, but also the orientation of the system
and azimuth of the planet in the disk, as well as the ob-
servational setup (choice of lines, spectral resolution, inte-
gration time, uv coverage and imaging algorithm). Addi-
tionally, observational biases, such as continuum subtrac-
tion and steep spatial gradients in line emission need also to
be considered (Sec. 2.5). Izquierdo et al. (2021) proposed
a statistical framework (discminer) to detect and quan-
tify the kinematic perturbations driven by a planet, and to
distinguish them from the signatures of a gap. Their al-
gorithm successfully recovered a 0.3MJup planet at all az-
imuths from synthetic observations. This is a factor ∼ 10
lower in mass compared to the current detections. While
this work only addresses part of the effects that may affect
the kinematic signature of planet, it certainly offers an ex-
citing strategy for detecting embedded planets in the next
few years. Application of this framework on the disk sur-
rounding HD 163296 recovered the velocity kink initially
detected by Pinte et al. (2018b), as well as a new planet can-
didate at 94 au, i.e., within a gap in dust continuum emis-
sion (Izquierdo et al. 2022). Terry et al. (2022a) showed that
Machine-learning methods can also identify the presence of
hidden planets and constrain their location. Applying this
method, Terry et al. (2023) found non-Keplerian motions in
HD 14266 and concluded that a 5 MJup planet at 75 au can
reproduce the observed kinematics.

5.6. Criteria for a Planet Kinematic Detection

Given these limitations and caveats in both the data anal-
ysis tools, and predictions from numerical models, Pinte
et al. (2020) proposed a set of criteria to be able to claim
an embedded planet detection. These criteria were then ex-
tended and refined by Disk Dynamics Collaboration et al.
(2020). We update them here in light of recent results:

1. the detection of a localized velocity disturbance (ei-
ther in channel maps or in the rotation map), with po-
tential additional kinematic signatures along the spi-

ral wake;

2. the main velocity disturbance needs be to co-located
with a gap, ideally detected in multiple tracers
(sub-millimeter continuum, molecular emission or
scattered light);

3. the detection of this velocity disturbance in multiple
lines, ideally sampling the vertical structure of the
disk;

4. the detection of the velocity disturbance needs to be
resolved in velocity (e.g., detected in multiple inde-
pendent channels); and

5. a localized enhancement of the line broadening (ide-
ally collocated with the velocity disturbance, but at
least at the same orbital radius).

The planet at 260 au in the disk surrounding HD 163296
is currently the only detection that satisfy all these crite-
ria (Pinte et al. 2018b; Teague et al. 2018a, 2019a; Pinte
et al. 2020; Teague et al. 2021b; Izquierdo et al. 2022; Cal-
cino et al. 2022). We note that HD 97048 b (Pinte et al.
2019) has been added to the NASA’s Exoplanet Database1,
although it currently only satisfy criteria #1, 2 and 4, while
the European exoplanet database2 considers the two kine-
matic detections at 94 au (Izquierdo et al. 2022) and 260 au
in HD 163296 as confirmed, and lists HD 97048 b as a can-
didate.

5.7. Constraints on Planet Formation

Kinematic observations allow for the detection of planets
embedded in their natal disk, which had so far escaped de-
tection with more classical techniques (Fig. 14). This offers
an unique opportunity to observe planet formation in ac-
tion. Knowing where planets are and how massive they are
is critical to connect the disk physical and chemical proper-
ties to the planet formation process.

The origin of the currently detected planets, a few Jupiter
mass planets at hundred of astronomical units from their
central star, remains unclear (see chapter by Dra̧żkowska
et al. 2023). The location of giant planets in the outer re-
gions of disks is broadly consistent with gravitational insta-
bility (Boss 1997; Kratter & Lodato 2016), but the typical
planets formed via gravitational instabilities are expected
to be ≈ 10MJup (Forgan & Rice 2011, 2013; Forgan et al.
2018b; Hall et al. 2017). On the other hand, the original
core accretion framework (Pollack et al. 1996) appears too
slow to form planet embryos at hundred of astronomical
units in less than a few million years, in particular because

1https://exoplanets.nasa.gov/exoplanet-catalog/
7503/hd-97048-b/

2https://exoplanet.eu/

https://exoplanets.nasa.gov/exoplanet-catalog/7503/hd-97048-b/
https://exoplanets.nasa.gov/exoplanet-catalog/7503/hd-97048-b/
https://exoplanet.eu/
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of the radial-drift barrier (pebble migrates rapidly inwards
due to gas drag, e.g., Weidenschilling 1977) and fragmen-
tation barrier (large particle shatter as their collision veloc-
ities increase with size, e.g., Benz 2000). Major theoretical
efforts have been dedicated to solve this acute dust growth
timescale problem. The formation of a flat dust sub-disk,
now observed with ALMA (e.g., Pinte et al. 2016; Louvet
et al. 2018; Villenave et al. 2020), provides the necessary
conditions for the streaming instability to develop (Youdin
& Goodman 2005). If the density in the dust layer be-
come high enough, this may lead to clumping of pebbles
(Johansen & Youdin 2007), and subsequent formation of
planetesimals (Johansen et al. 2007). The growth of this
planetesimal inside the pebble layer is then significantly
faster, as the gas drag will increase the gravitational focus-
ing of the pebbles, leading to “pebble accretion” (Ormel
& Klahr 2010; Lambrechts & Johansen 2012). Thanks
to these mechanisms, pebble accretion appears as a viable
mechanisms to form planets at large separation on a mil-
lion year timescale (Johansen & Lambrechts 2017). Kine-
matic detections of planets at shorter separations will pro-
vide tighter constraints on the respective roles of gravita-
tional instabilities and pebble accretion.

The collocation of the kinematic signatures with the dust
gaps (even if most detections to date are tentative) suggests
that a significant fraction of the gaps are carved by planets.
This would imply that planet formation is already largely
advanced by the time we observed the disks. Planet and star
formation may be simultaneous, as also suggested by the
spectacular examples of [BHB2007] 1 (Alves et al. 2020),
and the dust gaps detected in the disks of Class I protostars
(Sheehan 2020; Segura-Cox et al. 2020). If this is the case,
planet formation might operate on an even shorter timescale
(≲ 1Myr) than the 3–5 Myr of the disk lifetime, and the
initial conditions for planet synthesis models will need to
be updated. If formed early, the planets detected to date
may also have already undergone some outward migration,
depending upon the initial profile of the disk, complicating
even more the discussion of their origin. Comparison with
signatures of migration in the dust (e.g., Pérez et al. 2019)
may help identify planet migration.

Planet properties can also be discerned via their influ-
ence on the underlying dust and gas substructure (see chap-
ters by Bae et al. 2023 and Lesur et al. 2023). Most of
the constraints are available from high resolution contin-
uum observations. As such, large efforts have been in-
vested in understanding the physics of dust gap opening
(Paardekooper & Mellema 2004; Fouchet et al. 2007, 2010;
Dipierro et al. 2015, 2016; Rosotti et al. 2016; Dipierro
& Laibe 2017; Dong & Fung 2017; Zhang et al. 2018a),
in particular with the distinction of two regimes depend-
ing on whether the planet is massive enough to open a gas
gap (Dipierro et al. 2016). A key parameter is the Stokes

number (ratio of the dust stopping time to the orbital time),
which requires knowledge of the dust properties and back-
ground gas density profile. The assumed thermodynam-
ics is also critical to estimate the gap profile (Miranda &
Rafikov 2020). All these quantities remain unfortunately
poorly constrained, even though tremendous progress has
been made in recent years (see for instance the discussion
by Andrews 2020, and chapter by Miotello et al. 2023).
Kinematic observations can provide essential pieces of the
puzzle, thus refining our models of planet-disk interactions
and their impact on the dust distribution. As discussed in
Sec. 5.5, the kinematics of the gas flows around the the
planet mainly depend on the planet mass and thermal struc-
ture of the disk. If reasonable estimates for the temperature
can be obtained, kinematic detections provide a direct han-
dle on the planet mass. The associated dust structures in
turn provides constraints on the Stokes number of the dust
grains emitting the most at the considered wavelength. Us-
ing this method, Pinte et al. (2019) showed that the dust
grains emission at 885µm in HD 97048 have a Stokes num-
ber of ≈ 10−2, suggesting that they might be porous aggre-
gates (or that the gas density is severely underestimated).
Additional studies on a sample of disks are critically needed
to assess if this result is representative. This is critical to
calibrate the dust gap/planet mass relations and push fur-
ther comparisons between young planets as derived from
dust gap with the population of mature exoplanets. The so
far detected young planets occupy a distinct region from the
bulk of the know exoplanets, in particular in terms of orbital
parameters (Fig. 14). This mostly reflects the respective bi-
ases in the various planet detection methods. With current
observations, it remains impossible to establish whether the
populations of young and mature exoplanets are distinct
(Zhang et al. 2018a; Lodato et al. 2019), and to assess the
role of planet migration in a statistical way (see chapter by
Paardekooper et al. 2023 in this volume for a more detailed
discussion).

6. CONCLUSIONS AND FUTURE PROSPECTS

ALMA and extreme adaptive optics system have trans-
formed our view of disks and planet formation. Disks are
highly structured, at a multitude of scales, and in three di-
mensions. The ubiquity of gaps, rings, azimuthal asym-
metries and spirals in sub-millimeter continuum and near-
infrared observations strongly suggests that planet-disk in-
teractions play a significant role in shaping the disks. How-
ever, none of the alternative explanations, in particular
(magneto)hydrodynamical instabilities, can be excluded.
The origin of the sub-structures is a burning open question.
Are we seeing “protoplanetary” disks, in which the sub-
structures are signposts of the planet formation process?
or are we observing “planet-hosting” disk, where young,
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Fig. 14.— Current state of exoplanet demographics. Gray points show mature planets detected through typical means, while blue
points highlight exoplanets, both confirmed and candidates, detected through sub-millimeter observations. Circles with dots represent
planets detected through continuum substructures, while stars show planets inferred through kinematic means. Larger symbols denote
the confirmed exoplanets: PDS 70b and PDS 70c, HD 97048b and HD 163296b.

nearly formed planets are shaping the disks and creating
sub-structure? The direct imaging of young giant planets
in PDS 70 spectacularly demonstrated this hypothesis in
one case. Could both mechanisms operate simultaneously,
eventually leading to multiple generations of planets?

Although molecular line observations cannot achieve the
same spatial resolution as continuum observations, they of-
fer the ability to map the gas flow associated with the dust
sub-structures, opening a new unique window to probe the
driving physical processes. The velocity dimension also of-
fers a way to detected embedded planets, that would remain
otherwise undetectable. Disk kinematics is an emerging
field. Results are still scarce, and are only showing the tip
of the iceberg of discoveries ahead of us. Several avenues
will certainly need to be explored in the next decade.

Deep, high spectral and spatial resolutions line obser-
vations are critically needed. Not only they are required to
detect the smallest deviations from Keplerian rotations, they
are also essential to establish quantitative constraint on the
disk density and temperature structures. Moving to longer
integration times with ALMA will also allow us to push to
smaller angular resolutions, allowing us to detect shorter
period and smaller mass planets.

Perez et al. (2015) predicted that the main kinematic sig-
nature of an embedded planet would be the CPD, as it hosts
the strongest deviation from the background Keplerian ro-
tation. Such signatures have not been detected to date. The
detection of a CPD around PDS 70c in the sub-millimeter
continuum (Benisty et al. 2021) further motivates the search
for the associated gas flows via deep high resolution line ob-
servations. Longer observations will also open the prospect
for mapping the full extend of the planet wake, allowing us

to break the degeneracy between planet mass and the ther-
mal structure of the disk, which will lead to more accurate
determinations of the planet masses.

Characterizing the 3D flow of matter onto a planet will
require combining multiple tracers that will probe the ver-
tical extent of the disk. Such observations will provide crit-
ical information to understand the building of planet atmo-
sphere, and on their composition. The C/O ratio is of partic-
ular importance as it can be measured in the atmospheres of
exoplanets (Madhusudhan 2019). Recent progress has been
made on mapping the C/O ratio in disk (Bergin et al. 2016;
Cleeves et al. 2018; Miotello et al. 2019; Le Gal et al. 2019).
Finally, deep observations of multiple molecules might al-
low to trace the chemical signatures of planets (Cleeves
et al. 2015a).

Fundamental work on the theoretical side is required to
aid the interpretation of observations. While there is a con-
sensus on the global pattern of the flows generated by a
planet in a disk, there is still much work to be done on un-
derstanding how they are affected by different assumptions,
in particular on the disk thermodynamics. A better under-
standing of the kinematic signatures from a variety of non-
planet related instabilities will help in understanding the re-
spective roles of the mechanisms at play. Better knowledge
of planet signatures will allow us to detect smaller mass
planets (more subtle deviations) with current data.

Statistically meaningful comparisons between the pop-
ulations of young planets embedded in disks and mature
exoplanets will require the search for planets in the inner
10 au of the disks, which will remain beyond the reach of
ALMA in molecular lines. The extremely large telescopes
(ELTs), will allow us to probe the warm gas through ro-
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vibrational molecular transitions, as well as recombination
lines such as Brγ (for instance with the HARMONI integral
field unit on the ESO/ELT). In conjunction, the extended
missions of TESS and GAIA will grow more sensitive to
longer period planets, starting to bridge the gap (e.g., Per-
ryman et al. 2014).

Finally, JWST and the ELTs will offer unique oppor-
tunities to directly image the protoplanets responsible for
the velocity deviations probed by ALMA. The first simulta-
neous, though tentative, detection with direct imaging and
kinematics in Elias 2-24 (Pinte et al. 2023) makes us hope-
ful that such detections will be common with the next gener-
ation of instruments and telescopes. A simultaneous detec-
tion of a velocity deviation (providing a mass estimate) and
a direct image (giving a luminosity estimate) of the corre-
sponding planet and/or associated circumplanetary disk can
help decide between the two major hypotheses for planet
formation, as well as calibrate the planet formation mod-
els. Whether planets are born in a “cold” (core accretion) or
“hot start” (GI), or most likely with an intermediate “warm
start” is a key constraint on planet formation models, and on
the nature of the accretion onto forming planets. Embedded
planets might remain undetectable by direct imaging in the
near-infrared due to obscuration by the disk. The combi-
nation of ALMA and JWST, which opens high resolution
imaging in the mid-infrared regime (where dust opacities
are reduced compared to near-infrared wavelengths), will
offer a unique opportunity to pave the way for comprehen-
sive characterization of the youngest exoplanets.
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Dullemond, C. P., Küffmeier, M., Goicovic, F., et al. 2019, A&A,

628, A20
Dullemond, C. P., Birnstiel, T., Huang, J., et al. 2018, ApJL, 869,

L46
Dupuy, T. J., Kratter, K. M., Kraus, A. L., et al. 2016, ApJ, 817,

80
Durisen, R. H., Boss, A. P., Mayer, L., et al. 2007, in Proto-

stars and Planets V, ed. B. Reipurth, D. Jewitt, & K. Keil, 607.
arXiv:astro-ph/0603179

Dutrey, A., Semenov, D., Chapillon, E., et al. 2014, in Protostars
and Planets VI, ed. H. Beuther, R. S. Klessen, C. P. Dullemond,
& T. Henning, 317

Dutrey, A., Guilloteau, S., Piétu, V., et al. 2017, A&A, 607, A130
Eisner, J. A., Arce, H. G., Ballering, N. P., et al. 2018, ApJ, 860,

77
Event Horizon Telescope Collaboration, Akiyama, K., Alberdi,

A., et al. 2019, ApJL, 875, L4
Facchini, S., Juhász, A., & Lodato, G. 2018, MNRAS, 473, 4459
Facchini, S., Lodato, G., & Price, D. J. 2013, MNRAS, 433, 2142
Facchini, S., Manara, C. F., Schneider, P. C., et al. 2016, A&A,

596, A38
Facchini, S., Benisty, M., Bae, J., et al. 2020, A&A, 639, A121
Fedele, D., Bollati, F., & Lodato, G. 2023, A&A, 672, A125
Feiden, G. A. 2016, A&A, 593, A99
Flagg, L., Johns-Krull, C. M., Nofi, L., et al. 2019, ApJL, 878,

L37
Flaherty, K., Hughes, A. M., Simon, J. B., et al. 2020, ApJ, 895,

109
Flaherty, K. M., Hughes, A. M., Rosenfeld, K. A., et al. 2015a,

ApJ, 813, 99
—. 2015b, ApJ, 813, 99
Flaherty, K. M., Hughes, A. M., Teague, R., et al. 2018, ApJ, 856,

117
Flaherty, K. M., Hughes, A. M., Rose, S. C., et al. 2017, ApJ, 843,

150
Flock, M., Nelson, R. P., Turner, N. J., et al. 2017, ApJ, 850, 131
Flock, M., Ruge, J. P., Dzyurkevich, N., et al. 2015, A&A, 574,

A68
Flock, M., Turner, N. J., Nelson, R. P., et al. 2020, ApJ, 897, 155
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Kóspál, Á., Ábrahám, P., Carmona, A., et al. 2020, ApJL, 895,

L48
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Le Gal, R., Brady, M. T., Öberg, K. I., et al. 2019, ApJ, 886, 86
Lee, C.-F., Hirano, N., Zhang, Q., et al. 2014, ApJ, 786, 114
Lee, C.-F., Hwang, H.-C., & Li, Z.-Y. 2016, ApJ, 826, 213
Leemker, M., Booth, A. S., van Dishoeck, E. F., et al. 2022, A&A,

663, A23
Lesur, G., Flock, M., Ercolano, B., et al. 2023, in ASP Conference

Series, Vol. 534, Protostars and Planets VII, ed. S. Inutsuka,
Y. Aikawa, T. Muto, K. Tomida, & T. Motohide, 465

Li, H., Finn, J. M., Lovelace, R. V. E., et al. 2000, ApJ, 533, 1023
Ligi, R., Vigan, A., Gratton, R., et al. 2018, MNRAS, 473, 1774
Lin, D. N. C., & Papaloizou, J. 1986, ApJ, 307, 395
Lissauer, J. J., Batalha, N. M., & Borucki, W. J. 2023, in ASP

Conference Series, Vol. 534, Protostars and Planets VII, ed.

http://doi.org/10.1088/2041-8205/729/2/L17
https://ui.adsabs.harvard.edu/abs/2011ApJ...729L..17H
http://doi.org/10.1093/mnras/staa883
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494.4130H
http://doi.org/10.3847/2041-8205/830/1/L8
https://ui.adsabs.harvard.edu/abs/2016ApJ...830L...8H
http://doi.org/10.1051/0004-6361/201936714
https://ui.adsabs.harvard.edu/abs/2020A&A...635A..67H
http://doi.org/10.1051/0004-6361/201629779
https://ui.adsabs.harvard.edu/abs/2017A&A...599A..86H
http://doi.org/10.1021/cr400128p
https://ui.adsabs.harvard.edu/abs/2013ChRv..113.9016H
http://doi.org/10.21105/joss.04863
http://doi.org/10.21105/joss.04863
http://doi.org/10.1086/305076
https://ui.adsabs.harvard.edu/abs/1998ApJ...492..540H
http://doi.org/10.1086/382021
https://ui.adsabs.harvard.edu/abs/2004ApJ...604..741H
http://doi.org/10.1038/s41550-017-0146
http://doi.org/10.1038/s41550-017-0146
https://ui.adsabs.harvard.edu/abs/2017NatAs...1E.146H
https://ui.adsabs.harvard.edu/abs/1974A&AS...15..417H
http://doi.org/10.1086/174276
https://ui.adsabs.harvard.edu/abs/1994ApJ...428..654H
http://doi.org/10.1093/mnras/218.4.761
https://ui.adsabs.harvard.edu/abs/1986MNRAS.218..761H
http://doi.org/10.3847/2041-8213/aaf740
https://ui.adsabs.harvard.edu/abs/2018ApJ...869L..42H
http://doi.org/10.3847/2041-8213/aaf7a0
https://ui.adsabs.harvard.edu/abs/2018ApJ...869L..43H
http://doi.org/10.3847/1538-4357/aaa1e7
https://ui.adsabs.harvard.edu/abs/2018ApJ...852..122H
http://doi.org/10.3847/1538-4357/aba1e1
https://ui.adsabs.harvard.edu/abs/2020ApJ...898..140H
http://doi.org/10.3847/1538-4365/ac143e
https://ui.adsabs.harvard.edu/abs/2021ApJS..257...19H
http://doi.org/10.3847/1538-4357/aae317
https://ui.adsabs.harvard.edu/abs/2018ApJ...867....3H
http://doi.org/10.1088/0004-637X/727/2/85
https://ui.adsabs.harvard.edu/abs/2011ApJ...727...85H
http://doi.org/10.1109/MCSE.2007.55
http://doi.org/10.3847/1538-4365/ac1441
https://ui.adsabs.harvard.edu/abs/2021ApJS..257....9I
http://doi.org/10.3847/2041-8213/ab2a12
https://ui.adsabs.harvard.edu/abs/2019ApJ...879L..25I
http://doi.org/10.1103/PhysRevLett.117.251101
http://adsabs.harvard.edu/abs/2016PhRvL.117y1101I
http://doi.org/10.3847/2041-8213/aaf747
https://ui.adsabs.harvard.edu/abs/2018ApJ...869L..49I
http://doi.org/10.3847/1538-4357/ac474d
https://ui.adsabs.harvard.edu/abs/2022ApJ...928....2I
http://doi.org/10.1051/0004-6361/202140779
https://ui.adsabs.harvard.edu/abs/2021A&A...650A.179I
http://doi.org/10.1038/nature13521
https://ui.adsabs.harvard.edu/abs/2014Natur.511..567J
http://doi.org/10.1146/annurev-earth-063016-020226
http://doi.org/10.1146/annurev-earth-063016-020226
https://ui.adsabs.harvard.edu/abs/2017AREPS..45..359J
http://doi.org/10.1038/nature06086
https://ui.adsabs.harvard.edu/abs/2007Natur.448.1022J
http://doi.org/10.1086/516730
https://ui.adsabs.harvard.edu/abs/2007ApJ...662..627J
http://doi.org/10.3847/0004-637X/826/2/206
https://ui.adsabs.harvard.edu/abs/2016ApJ...826..206J
http://doi.org/10.1086/305658
https://ui.adsabs.harvard.edu/abs/1998ApJ...499..758J
http://doi.org/10.1051/0004-6361/201220649
https://ui.adsabs.harvard.edu/abs/2013A&A...554A..17J
http://doi.org/10.1051/0004-6361/201220649
https://ui.adsabs.harvard.edu/abs/2013A&A...554A..17J
http://doi.org/10.3847/1538-3881/abd40d
https://ui.adsabs.harvard.edu/abs/2021AJ....161..146J
http://doi.org/10.1093/mnras/stw3389
https://ui.adsabs.harvard.edu/abs/2017MNRAS.466.4053J
http://doi.org/10.1093/mnrasl/slx182
https://ui.adsabs.harvard.edu/abs/2018MNRAS.474L..32J
http://doi.org/10.1146/annurev-astro-082214-122238
https://ui.adsabs.harvard.edu/abs/2017ARA&A..55..433K
http://doi.org/10.1093/mnras/stv025
https://ui.adsabs.harvard.edu/abs/2015MNRAS.448..994K
http://doi.org/10.3847/1538-4357/aacff7
https://ui.adsabs.harvard.edu/abs/2018ApJ...863..106K
http://doi.org/10.1051/0004-6361/201832957
https://ui.adsabs.harvard.edu/abs/2018A&A...617A..44K
http://doi.org/10.1051/0004-6361/201935034
https://ui.adsabs.harvard.edu/abs/2019A&A...625A.118K
http://doi.org/10.1051/0004-6361/202038032
https://ui.adsabs.harvard.edu/abs/2020A&A...639A..62K
http://doi.org/10.1134/S1063772922100079
http://doi.org/10.1134/S1063772922100079
https://ui.adsabs.harvard.edu/abs/2022ARep...66..872K
http://doi.org/10.3847/1538-4357/ab5d2b
https://ui.adsabs.harvard.edu/abs/2020ApJ...888...72K
http://doi.org/10.1051/0004-6361/201321129
https://ui.adsabs.harvard.edu/abs/2013A&A...555A..73K
http://doi.org/10.1086/344743
https://ui.adsabs.harvard.edu/abs/2003ApJ...582..869K
http://doi.org/10.1046/j.1365-8711.1999.02198.x
https://ui.adsabs.harvard.edu/abs/1999MNRAS.303..696K
http://doi.org/10.1086/318345
https://ui.adsabs.harvard.edu/abs/2001ApJ...547..457K
http://adsabs.harvard.edu/cgi-bin/nph-bib_query?bibcode=1991ApJ...370L..39K&db_key=AST
http://doi.org/10.3847/2041-8213/ab93d4
https://ui.adsabs.harvard.edu/abs/2020ApJ...895L..48K
http://doi.org/10.3847/1538-4357/aa7683
https://ui.adsabs.harvard.edu/abs/2017ApJ...843...45K
http://doi.org/10.1146/annurev-astro-081915-023307
https://ui.adsabs.harvard.edu/abs/2016ARA&A..54..271K
http://doi.org/10.1088/0004-637X/745/1/5
http://adsabs.harvard.edu/abs/2012ApJ...745....5K
http://doi.org/10.1088/0004-637X/731/1/8
https://ui.adsabs.harvard.edu/abs/2011ApJ...731....8K
http://doi.org/10.3847/2041-8213/aa8edc
https://ui.adsabs.harvard.edu/abs/2017ApJ...848L..11K
http://doi.org/10.1126/science.aba4633
https://ui.adsabs.harvard.edu/abs/2020Sci...369.1233K
http://doi.org/10.1086/520718
https://ui.adsabs.harvard.edu/abs/2007ApJ...664L..55K
http://doi.org/10.3847/2041-8213/aaeb1c
https://ui.adsabs.harvard.edu/abs/2018ApJ...868L...5K
http://doi.org/10.1051/0004-6361/202039614
https://ui.adsabs.harvard.edu/abs/2021A&A...656A.161K
http://doi.org/10.1051/0004-6361/201936820
https://ui.adsabs.harvard.edu/abs/2020A&A...633A...3K
http://doi.org/10.3847/1538-4357/aa7c64
https://ui.adsabs.harvard.edu/abs/2017ApJ...846....7K
http://doi.org/10.1088/0004-637X/802/1/60
https://ui.adsabs.harvard.edu/abs/2015ApJ...802...60K
http://doi.org/10.3847/1538-4357/ac9228
https://ui.adsabs.harvard.edu/abs/2022ApJ...938...50K
http://doi.org/10.3847/2041-8213/aaf746
https://ui.adsabs.harvard.edu/abs/2018ApJ...869L..44K
http://doi.org/10.3847/1538-4357/ab12ce
https://ui.adsabs.harvard.edu/abs/2019ApJ...876...33K
http://doi.org/10.1086/595870
https://ui.adsabs.harvard.edu/abs/2008ApJ...689L.153L
http://doi.org/10.1051/0004-6361/201219127
http://adsabs.harvard.edu/abs/2012A%26A...544A..32L
http://doi.org/10.1051/0004-6361:200810835
https://ui.adsabs.harvard.edu/abs/2009A&A...494..147L
http://doi.org/10.3847/1538-4365/ac1434
https://ui.adsabs.harvard.edu/abs/2021ApJS..257....3L
http://doi.org/10.3847/1538-4365/ac1439
https://ui.adsabs.harvard.edu/abs/2021ApJS..257....4L
http://doi.org/10.3847/1538-4357/ab4ad9
https://ui.adsabs.harvard.edu/abs/2019ApJ...886...86L
http://doi.org/10.1088/0004-637X/786/2/114
https://ui.adsabs.harvard.edu/abs/2014ApJ...786..114L
http://doi.org/10.3847/0004-637X/826/2/213
https://ui.adsabs.harvard.edu/abs/2016ApJ...826..213L
http://doi.org/10.1051/0004-6361/202243229
https://ui.adsabs.harvard.edu/abs/2022A&A...663A..23L
http://doi.org/10.1086/308693
https://ui.adsabs.harvard.edu/abs/2000ApJ...533.1023L
http://doi.org/10.1093/mnras/stx2318
http://adsabs.harvard.edu/abs/2018MNRAS.473.1774L
http://doi.org/10.1086/164426
https://ui.adsabs.harvard.edu/abs/1986ApJ...307..395L


Kinematic Structures in Planet-Forming Disks 681

S. Inutsuka, Y. Aikawa, T. Muto, K. Tomida, & T. Motohide,
839

Liu, H. B., Takami, M., Kudo, T., et al. 2016, Science Advances,
2, e1500875

Liu, S.-F., Jin, S., Li, S., et al. 2018, ApJ, 857, 87
Lodato, G. 2007, Nuovo Cimento Rivista Serie, 30, 293
Lodato, G., & Clarke, C. J. 2004, MNRAS, 353, 841
Lodato, G., & Facchini, S. 2013, MNRAS, 433, 2157
Lodato, G., Dipierro, G., Ragusa, E., et al. 2019, MNRAS, 486,

453
Lodato, G., Rampinelli, L., Viscardi, E., et al. 2023, MNRAS,

518, 4481
Long, F., Pinilla, P., Herczeg, G. J., et al. 2018, ApJ, 869, 17
Longarini, C., Lodato, G., Toci, C., et al. 2021, ApJL, 920, L41
Lorén-Aguilar, P., & Bate, M. R. 2015, MNRAS, 453, L78
Louvet, F., Dougados, C., Cabrit, S., et al. 2018, A&A, 618, A120
Lovelace, R. V. E., Li, H., Colgate, S. A., et al. 1999, ApJ, 513,

805
Lubow, S. H., Seibert, M., & Artymowicz, P. 1999, ApJ, 526,

1001
Lubow, S. H., & Zhu, Z. 2014, ApJ, 785, 32
Luhman, K. L., Wilson, J. C., Brandner, W., et al. 2006, ApJ, 649,

894
Lynden-Bell, D., & Pringle, J. E. 1974, MNRAS, 168, 603
Lyra, W., Johansen, A., Klahr, H., et al. 2009, A&A, 493, 1125
Lyra, W., & Lin, M.-K. 2013, ApJ, 775, 17
Lyra, W., & Umurhan, O. M. 2019, PASP, 131, 072001
Machida, M. N., Inutsuka, S.-i., & Matsumoto, T. 2011, ApJ, 729,

42
Madhusudhan, N. 2019, ARA&A, 57, 617
Manara, C. F., Ansdell, M., Rosotti, G. P., et al. 2023, in ASP

Conference Series, Vol. 534, Protostars and Planets VII, ed.
S. Inutsuka, Y. Aikawa, T. Muto, K. Tomida, & T. Motohide,
539

Manara, C. F., Tazzari, M., Long, F., et al. 2019, A&A, 628, A95
Mann, R. K., Di Francesco, J., Johnstone, D., et al. 2014, ApJ,

784, 82
Maret, S., Belloche, A., Maury, A. J., et al. 2014, A&A, 563, L1
Maret, S., Maury, A. J., Belloche, A., et al. 2020, A&A, 635, A15
Marino, S., Perez, S., & Casassus, S. 2015, ApJL, 798, L44
Martin, R. G., Zhu, Z., & Armitage, P. J. 2020, ApJL, 898, L26
Matson, R. A., Howell, S. B., Horch, E. P., et al. 2018, AJ, 156,

31
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Morbidelli, A., Szulágyi, J., Crida, A., et al. 2014, Icarus, 232,

266
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Pérez, L. M., Isella, A., Carpenter, J. M., et al. 2014, ApJL, 783,

L13
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Pérez, S., Hales, A., Liu, H. B., et al. 2020b, ApJ, 889, 59
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