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Astronomical observations of gas, dust, and rocky material in
the disks from which planets emerge help refine theoretical
ideas about how they form.

t is striking to recognize that we have been aware of planets
orbiting other stars for only the past quarter century. More than
4300 of those exoplanets have been cataloged by astronomers in
that time. Statistical extrapolations from that population suggest
that more than one planet orbits each star, on average.' The big
questions in astrophysics research have always been concerned with
origins. The abundance of new worlds allows us to establish the
context for our solar system and to refine ideas about the creation,
evolution, and biological potential of planets. Of the many exciting
discoveries made about exoplanets, perhaps the most profound is
their diversity. No one knows how common a planetary configuration
like our solar system may be, but it’s clear that a much broader range
of planetary properties exists than we can find among our immediate
neighbors. Much of that variety is thought to be imprinted at the

epoch of planet formation.

Planetary systems are assembled in the disks of gas and solid
particles that orbit young stars. Those disks are byproducts of
angular-momentum conservation during star formation, and
they are created when a rotating condensation in a giant cloud
collapses under its own gravity. The properties and evolution
of the disk material determine where planets form, how they
grow, what they are made of, and how their orbital configura-
tions can change. In turn, feedback from that early development
of a planetary system influences the behavior of the disk. The
epoch of planet formation is brief: Observational signatures of
disks disappear in less than 10 million years. But even the rel-
atively short burst of mutual interactions with their disk birth
sites profoundly influences the properties of the exoplanets
and solar-system bodies measured today, billions of years later.

It is difficult to learn more about
how those processes work when as-
trophysicists use only direct measure-
ments of young planets. The common
techniques for finding planets are less
effective when the planets are in their
youth, primarily because the enhanced
magnetic activity of their stellar hosts
can hide planetary signals. Instead,
much of the effort and progress relies
on astronomical observations of disks
and in situ measurements of planets
and other bodies in the solar system.
The central goal of that work is to
quantify the spatial distributions of
the physical and chemical conditions
in disks, particularly to hunt for the
telltale signatures of dynamical inter-
actions between the planets and disk
material. Measurements of the disk
properties for different evolutionary states and environments
are essential for refining the theoretical ideas that link young
planets in their formation epoch with their descendants—the
populations of mature exoplanets and the planets in the solar
system.

A PLANET-FORMATION PRIMER

Even early observers of the solar system had an implicit under-
standing that planet formation occurs in a rotating disk, be-
cause they recognized that the planets orbit the Sun in the same
direction and confined to a narrow ecliptic plane. The devel-
opment of a modern planet formation theory began in the
1960s and advanced along parallel tracks in the planetary sci-
ence and astronomy communities. By the 1990s, those efforts
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had converged into the “core-accretion” paradigm. That model
considers the evolution of a trace (approximately 1% by mass)
population of planetesimals—solid building blocks, roughly
comparable to large asteroids —embedded in a massive gas disk.

In the original theory, the swarm of planetesimals grows
slowly, over roughly a million years, by constructive collisions
into a population of rocky planetary cores. If the growth is effi-
cient enough to reach a critical mass (a few times Earth’s mass),
then each core can rapidly acquire an atmosphere with tens to
hundreds of times Earth’s mass and form a giant planet like
Saturn or Jupiter. The masses, initial orbits, compositions, and
subsequent evolution of such planets are primarily controlled
by the spatial distributions of density and temperature in their
progenitor material: the disk.

One of the major challenges for the core-accretion model is
associated with initial conditions: How does a disk produce
planetesimals in the first place? The solids that a disk inherits
from the interstellar medium are small—perhaps a few mi-
crons across. The model’s viability hinges on the ability of those
small particles to grow in size by at least 10 orders of magni-
tude within a million years. Numerical simulations of the par-
ticle growth, grounded in results from microgravity collision
experiments, indicate that millimeter- to centimeter-sized peb-
bles are produced easily.” Subsequent growth is problematic,
though. Classical models assume a smooth disk structure, in
which gas densities and temperatures decrease monotonically
with distance from the host star. That would be expected from
gravitational-collapse models, in which the primary heating
mechanism is stellar irradiation.

In that case, the dynamical contribution of pressure support
means the gas orbits slightly below the Keplerian velocity. As
solids in a particular size range decouple from the gas, the sub-
Keplerian flow imparts a drag force that saps the solids” angu-
lar momentum and sends them spiraling in toward the global
pressure maximum near the star. That process is especially ef-
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fective for pebbles: They migrate faster than they can collide
and grow in the planet-forming zones of most disks.?

One family of possible solutions to the planetesimal growth
problem invokes two modifications to the simple picture of
growth by binary collisions. First, and most importantly, the
solutions assume that the gas distributions in disks must not
be smooth. Local pressure maxima perturb the gas flow, and
thereby the aerodynamics of the solids. Even relatively low-
amplitude pressure deviations can slow or stop migrating peb-
bles.* Second, the solutions presume that the concentrations of
solids near such pressure traps can become high enough to
trigger a growth instability or direct gravitational collapse that
rapidly converts pebbles into much larger solids.® The key uni-
fying hypothesis is that the production of planetesimals—and
therefore the viability of the core-accretion model of planet
formation—requires that localized perturbations, known as
substructures, in the physical conditions are robust and funda-
mental aspects of protoplanetary disks.

Astrophysicists have proposed many different physical ori-
gins for the hypothesized disk substructures. Most fall into two
broad categories. In one class, perturbations are associated
with various fluid-dynamics processes in the gas disk—from
turbulence, to hydrodynamic instabilities, to coherent magne-
tohydrodynamical structures, and beyond. The basicidea is that
the gas disk naturally generates its own substructures, which
then act as pressure traps to concentrate migrating solids and fa-
cilitate planetesimal formation. Another class of proposals con-
siders that disk substructures are generated by interactions
with already-forming young planets. Once a planet is suffi-
ciently massive, it can clear a gap in the material around its
orbit, drive spiral arms that shock the gas well away from its
location, seed hydrodynamic instabilities (vortices, for in-
stance), and potentially perturb more of the disk through its
own migration. The important distinction between the two cat-
egories is that the first is a cause of planet formation, whereas



the second is an effect of it. They are not mutually exclusive,
but the latter implicitly presumes that an earlier generation
of disk substructures was created by the former.

THE ALMA REVOLUTION

Measurements of the prevalence, locations, morphologies,
sizes, and amplitudes of disk substructures are essential for
assessing the roles of those mechanisms. Put simply, a deeper
understanding of planet formation requires observations that
find and characterize substructures. Pebbles are the optimal
probes. They should show the highest-amplitude perturbations
in their spatial distributions, given their concentrations near gas
pressure maxima. Pebbles absorb and re-emit starlight as ther-
mal continuum radiation, with a peak efficiency at the mil-
limeter wavelengths detectable by radio telescopes. Although
contrast is highest for the millimeter-wavelength intensity
variations from substructures, resolution is a challenge. Sta-
ble perturbations to the gas disk have a characteristic size com-
parable to the pressure-scale height H (the ratio of the local
sound speed and the Keplerian angular velocity). For typical
disk properties, H is 5-10% of the roughly 10-100 AU sepa-
ration from the host star. That size implies that most sub-
structures span only a few astronomical units. (An AU, the
mean Earth-Sun distance, spans roughly 1.5 x 10" m.)

Given the distances to the nearest disks, those expected
sizes suggest an angular-resolution requirement of 0.03 arcsec.
That’s equivalent to resolving an airplane on the Moon. At a
wavelength of 1 mm, that resolution corresponds to the dif-
fraction limit for a telescope with a diameter of 10 km. Because
a single aperture that size is an engineering impossibility, the
solution is to link together many smaller apertures and form
an interferometer. The necessary combination of sensitivity
and resolution only recently came together with the commis-
sioning of the revolutionary Atacama Large Millimeter/
Submillimeter Array (ALMA), shown in figure 1. Constructed
by an international partnership of 22 countries, ALMA is the
largest ground-based astronomical observatory in the world.
Located in the Atacama Desert in Chile, it is designed to mea-
sure continuum and spectral line emission at wavelengths of
0.3-7 mm with exquisite sensitivity. The 66 antennas can be
arranged to probe spatial scales comparable to a telescope with
a 16 km diameter.

Even before the highest-resolution configurations of the
ALMA antennas were commissioned, hints of disk substruc-
tures were emerging in images that probed scales down to 10—
20 AU. They included observations of “transition” disks, a sub-
group representing about 10% of the population of all disks
and defined by the depletion of continuum emission in a large
inner zone, tens of astronomical units from the host star. But
notably, annular variations of the continuum emission were
being serendipitously uncovered in a few disks that did not fall
into that category.

In the fall of 2014, the ALMA staff first experimented with
the most extended antenna configurations to achieve very high
resolution. One of their targets was the disk around the very
young star HL Tauri, previously argued to have a smooth emis-
sion distribution on 15 AU scales. The new ALMA measure-
ments at 4 AU resolution showed a stunning morphology rid-
dled with substructures—narrow, concentric, dark gaps and
bright rings distributed to about 100 AU from the star (see the

ALMA 2 mm

FIGURE 2. THE DISK around the young star SAO 206462, viewed in
(a) the thermal continuum emission at a wavelength of 2 mm, from
the Atacama Large Millimeter/Submillimeter Array (ALMA), and (b) the
scattered starlight at a wavelength of 1.2 pm, from the 8.2-m-diameter
Very Large Telescope (VLT). The strikingly different morphologies
indicate the decoupled behaviors of the large particle in the midplane
(panel a) and small solid particles in the atmosphere layers (panel b)
of the disk. The narrow shadows (marked by arrows) in the scattered-
light image suggest vertical perturbations at smaller separations from
the central host star, not seen here. (Panel a adapted from ref. 16; panel
b adapted from ref. 17.)

first disk® above the one in the bottom left in the gallery on
page 36). In the next available observing season that year, I
worked with a team that used a similar ALMA antenna config-
uration to measure another ring and gap morphology in the
disk around TW Hydrae (see the bottom left image” on page 36).
As a few more cases followed, it became clear that the goals of
finding and characterizing disk substructures were readily
achievable with ALMA.

Over the past few years, high-resolution ALMA observa-
tions have continued to uncover examples.® Substructures are
ubiquitous—they are found in all disks that have been ex-
plored with sufficient resolution to identify features at sizes
comparable to the local scale height. The most common mor-
phology is a set of narrow, concentric, and symmetric rings and
gaps; a subset of cases shows more complex spirals or arc fea-
tures. In the arc morphologies, rings and gaps are often also
present. Substructures do not appear to have any preferential
locations: They are found at any separation from the host star,
from the inner resolution limit of a few astronomical units to
the outer reaches where the millimeter continuum can be de-
tected, more than 200 AU in some cases.

COMPLEMENTARY INSIGHTS

Although researchers have learned much about disk substruc-
tures in a short time, the samples available to study are still rel-
atively few and biased. The focus so far has been on the
brighter, larger disks that are preferentially found around stars
with masses comparable to the Sun or larger. Although the
samples of millimeter continuum measurements help probe
systems more representative of the general disk population,
the immediate focus in the field has shifted to more-detailed
explorations of substructure properties in individual case stud-
ies. An important aspect of that work involves a joint analysis
with complementary tracers of disk material, particularly those
that are more directly sensitive to substructures in the gas phase.

One such tracer relies on the optical and IR starlight re-
flected by micron-sized dust particles suspended in the disk
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FIGURE 3. KINEMATIC SUBSTRUCTURES reveal themselves in subtle deviations from a smooth, Keplerian rotation model in spatially and
spectrally resolved maps of molecular spectral line emission. These panels show the carbon monoxide emission maps for (a) a smooth model,
(b) the same model perturbed by a planet twice as massive as Jupiter orbiting at 260 AU, and (c) real Atacama Large Millimeter/Submillimeter
Array (ALMA) observations of the disk around a young star. The kinks in the white boxes of panels b and c are indicative of a kinematic
perturbation to the gas flow. Note that the panels plot only a portion of the spectral line and don’t resemble the usual morphology of a disk.
(Models in panels a and b courtesy of Jaehan Bae; data in panel c adapted from ref. 14.)

atmosphere—the gas that extends vertically above the dense
disk midplane.” With the Hubble Space Telescope or large
ground-based observatories with adaptive optics systems to
correct for the blurring effects of Earth’s atmosphere, the scat-
tered light can be measured at a resolution comparable to
ALMA’s. In many cases, the observed morphology is quite dif-
ferent from the millimeter continuum emission. Figure 2 shows
a striking example. Various factors contribute to those contrast-
ing appearances but the key insights are that each tracer probes
a different vertical location in the disk and a different phase of
the disk material (either the small dust grains that are coupled
with the gas or the pebbles that are not). A combined analysis
of those complementary tracers can be used to study the three-
dimensional behavior of substructures and the associated gas—
solid interactions, both of which are crucial for discriminating
between models of substructure origins.

Another interesting aspect of scattered-light images is their
sensitivity to vertical substructures in the inner disk, even well
below the resolution limit. Vertical perturbations at small disk
radii can block starlight from illuminating the material at much
larger distances. The intensity variations induced by those
shadows are common, and sometimes their motions can even
be tracked over time. That behavior is often attributed to a
warped geometry, an orbiting perturber, or stochastic upwelling
of material near the inner disk edge. In any case, the shadows
suggest again that substructures are 3D and persist even on
very small scales.

A complementary option for tracing substructures is to di-
rectly probe the gas reservoir. Most of the disk mass is cool mo-
lecular hydrogen gas, but because of its lack of a permanent di-
pole moment and typical disk conditions, that reservoir of
material is effectively dark. ALMA, however, can observe the
spectral line emission from pure rotational transitions of other
simple molecules, such as carbon monoxide, to probe the gas
distribution.”” Those measurements can be made simultane-
ously with the millimeter continuum and therefore achieve
comparable resolution. The emission from different spectral
lines probes the gas in different vertical layers. Combined
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measurements of the lines allow researchers to reconstruct the
3D behavior of substructures based on the variations in their
line intensities and ratios. Moreover, comparing the behavior
of various gas species can help disentangle any compositional
changes associated with those substructures. That mapping of
spectral-line-intensity variations to reveal more about sub-
structures is really just getting started. Even so, early results
are promising.

Alternatively, the same spectral line data can be used to
probe substructures through their kinematic perturbations of
the gas velocities." ALMA observations provide spatially re-
solved maps of the spectral line emission at resolutions of 100 m/s
or better in projected velocity. That’s sufficient to measure de-
viations as small as a few percent from a smooth Keplerian
flow. The larger-amplitude deviations can be seen directly in
spectral line images, as demonstrated in figure 3. Observations
of those deviations in multiple spectral lines could be used to
reconstruct the 3D behavior of the gas flows near substructures
and thereby determine the associated pressure gradients
around the local maximum. Linking the dynamical informa-
tion with the complementary, intensity-based constraints from
spectral lines, the millimeter continuum, and scattered light
promises to provide detailed quantitative constraints on the
substructure properties. That information, coupled with hy-
drodynamics simulations, will be essential for determining the
mechanisms responsible for generating the foundational per-
turbations in disks.

CURRENT LANDSCAPE, NEW DIRECTIONS

Planet formation research has experienced a profound shift in
the past few years, as observations have forced astronomers to
appreciate that small-scale substructures are an essential as-
pect of the disks around young stars. As I've mentioned, those
perturbations to the conditions of a disk appear to be ubiqui-
tous and are usually symmetric and small, with sizes compa-
rable to the local pressure-scale height. The available samples
show that they do not seem to have a preferential location in
the disk or any association with their host stars. Concentric
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FIGURE 4. ESTIMATED MASSES and orbital locations for hypothesized
planets (blue) that would clear the gaps in young disks observed with the
Atacama Large Millimeter/Submillimeter Array,'>'® compared with the
known population of exoplanets (squares) and planets (diamonds) in our
solar system. The exoplanet data are colored according to how they were
detected: light blue for transits across a star, orange for radial velocity
variations, red for gravitational microlensing, and green for direct imaging.
(Data collated from the NASA Exoplanet Archive.) The masses and orbital
locations inferred from disk substructures mostly occupy a swath of
parameter space that has not yet been well searched for mature exoplanets.
New facilities, however, will provide access to the older exoplanets with
those masses and orbital locations and thereby enable tests of planetary
systems’ evolutionary pathways.

would traditionally expect. An important test of that idea is
to search for substructures in even younger disks, still em-
bedded in their star-forming envelopes.

Ultimately, the final assessment of the viability of the
planet—disk interactions hypothesis will come through di-
rect imaging searches for young planets in the gaps in
those disks. Some of that work is already underway and
takes advantage of the fact that those systems shine sub-
stantially brighter than just their photospheres, because of
their own compact circumplanetary dust disks and asso-
ciated accretion flows. But the near future promises a con-
siderable improvement in the sensitivity to lower-mass
planets at smaller separations from their host stars. That
improvement will come from the James Webb Space Tele-
scope, planned to launch this autumn, and a new suite of
large, 30-m-diameter ground-based observatories planned
to be constructed over the next decade. Eventually, statis-
tical comparisons of the distributions in mass and orbital
semimajor axes for the young planets and the older exo-
planet populations will provide a definitive constraint on
planetary migration histories.

Studying disk substructures in increasing detail is also
exciting. Astronomers are looking forward to improvements
in existing facilities, such as ALMA, and to the development
of new observatories that will push the resolution frontier.
For example, the National Radio Astronomy Observa-
tory's proposed next-generation Very Large Array, a radio
interferometer that will specialize in longer, centimeter-
scale wavelengths, will be able to resolve substructures at
sub-astronomical-unit scales in the innermost parts of
nearby protoplanetary disks. The combined access to such
features from new and existing facilities promises that pro-

rings and gaps seem to be the most common morphology. Al-
though researchers have learned much about substructures,
they are still in the early stages of interpreting high-resolution
data to determine the substructures’ properties.

In general, the mechanisms that form those substructures re-
main unclear. Researchers do not yet know whether they are
sites of planetesimal formation or signs that planetary systems
already exist and are interacting with material in their birth
sites. For some of the most striking examples, supportis growing
for the latter possibility. Much of the confidence in that hypoth-
esis comes from hydrodynamic simulations of planet-disk in-
teractions, which predict the gaps and rings observed in the mil-
limeter continuum emission, and from the few cases that show
pronounced and spatially localized perturbations in the spec-
tral line emission.'> Moreover, at least one case exists—the re-
markable PDS 70 system —in which young giant planets still ac-
creting their own circumplanetary material have been directly
imaged and are clearly associated with disk substructures.’®

If support for that possibility firms up and can be generalized,
the simulations suggest that giant planet formation is well un-
derway at 10-100 AU separations at ages less than a million years
old. That’s much faster than would naively be expected in the
classical core-accretion model. Figure 4 shows the best estimates
of young planet masses and orbits inferred from disk substruc-
tures, relative to the known planet population. The efficiency im-
plied by those inferred planetary properties suggests that the
epochs of planet and star formation overlap. Planetesimal and
planetary core formation are therefore more robust than one

toplanetary disk observations will continue to help refine our
understanding of planet formation in the years to come.

I thank David Wilner and Rich Teague for their comments and sug-
gestions, and Jaehan Bae, Myriam Benisty, and John Carpenter for
kindly sharing their results to help with the figures.
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