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Abstract

Planets form in disks of gas and dust around young stars. The disk molecular
reservoirs and their chemical evolution affect all aspects of planet formation,
from the coagulation of dust grains into pebbles to the elemental and molec-
ular compositions of the mature planet. Disk chemistry also enables unique
probes of disk structures and dynamics, including those directly linked to
ongoing planet formation. We review the protoplanetary disk chemistry of
the volatile elements H, O, C, N, S, and P; the associated observational
and theoretical methods; and the links between disk and planet chemical
compositions. Three takeaways from this review are:

m The disk chemical composition, including the organic reservoirs, is set
by both inheritance and in situ chemistry.

m Disk gas and solid O/C/IN/H elemental ratios often deviate from stel-
lar values due to a combination of condensation of molecular carriers,
chemistry, and dynamics.

m Chemical, physical, and dynamical processes in disks are closely linked,
which complicates disk chemistry modeling, but these links also present
an opportunity to develop chemical probes of different aspects of disk
evolution and planet formation.
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1. INTRODUCTION

1.1. Motivation and Scope of Review

Protoplanetary disks are planet-forming, potentially planet-containing, dust- and gas-rich disks
around young stars. Disk chemical compositions determine the elemental and molecular makeup
of forming planets and influence many other disk properties relevant to planet formation. Disk
chemistry also provides some of our best tools to characterize disk structures and dynamics, in-
cluding the presence of protoplanets. Developing a predictive theory of planet formation therefore
requires a deep understanding of the chemistry of protoplanetary disks. This is true for all kinds
of planets but is perhaps especially salient when considering how often temperate planets in our
Galaxy may be chemically hospitable to life (i.e., have access to water and a suitable combination
of organic and inorganic material).

The aims of this review are to introduce the study of disk chemistry; to present our cur-
rent state of knowledge emerging from the past two decades of observational, theoretical, and
experimental research; and to propose some possible paths forward. We limit the scope of the
review in two important aspects. First, we treat only protoplanetary disks (i.e., circumstellar disks
around 1-10 Myr old stars), around which the natal envelope has been cleared; therefore, we do
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not include the chemistry of younger protostellar disks or the debris disks found around older
stars. Second, we focus on the volatile elements and molecules and therefore largely ignore the
physics and chemistry of refractory elements bound up in dust particles. For the purpose of this
review, a volatile element or molecule is any species that is present as a liquid or gas under typical
terrestrial conditions, which includes most small and midsized hydrogen (H), oxygen (O), carbon
(C), nitrogen (N), sulfur (S), and phosphorus (P) molecules. The scope of this review, then, is the
distributions and chemistry of volatiles in protoplanetary disks.

1.2. Context: Protoplanetary Disk Formation and Evolution

Protoplanetary disks emerge within the context of star formation, when infalling interstellar cloud
material becomes distributed in disk-like structures to preserve angular momentum (Shu et al.
1987). The chemical composition of the resulting disk likely depends on both disk chemical pro-
cesses and chemical inheritance from the preceding interstellar and protostellar phases (e.g., Visser
et al. 2009). The links between interstellar, protostellar, and disk compositions were recently re-
viewed by Oberg & Bergin (2021), Bergin et al. (2023), and van Dishoeck & Bergin (2021), and
protostellar organic chemistry by Jergensen et al. (2020). Here, we simply summarize a few aspects
of interstellar and protostellar chemistry that are especially relevant for protoplanetary disks and
planet formation.

In the diffuse interstellar medium (ISM), a substantial fraction of O and half of the C are incor-
porated into refractory grains. The remaining C and O, as well as most N and H, become bound
up in stable molecules such as H,, CO, CO,, N,, NHj, and H,O at the interstellar cloud stage.
Many of these carriers survive disk formation. Their chemical reactivities (or lack thereof) and
different volatilities affect the distribution of major volatile elements in disks. Molecular clouds
also produce the first generation of organic molecules, including carbon chains, CH4, CH;OH,
and more complex organics. At the onset of star and planet formation in molecular clouds, most
of these molecules are found in icy grain mantles. In the subsequent protostellar phase, addi-
tional complex organics form. These interstellar volatiles and simple and complex organics can all
become incorporated into disks, setting the initial conditions for disk chemistry.

The second context for this review is the local environment within which a disk is situated—the
environment surrounding the disk sets the external radiation field, and may dynamically shape the
disk structure and continue to feed the disk with gas and dust (Walsh et al. 2014, Andrews 2015,
Huang et al. 2021)—as well as the disk’s evolving structure and dynamical processes (Figure 1).
Protoplanetary disks were recently reviewed by Andrews (2020), while Aikawa et al. (2022) provide
an introduction to many disk structures and processes relevant for disk chemistry.

The disk surface density is set by a combination of infall of material from the natal cloud
and protostellar envelope, inward gas accretion, outward gas spreading, accretion onto the star,
disk winds, ongoing planet formation, and other gap-opening mechanisms (e.g., Lynden-Bell &
Pringle 1974, Bai & Stone 2013, Andrews et al. 2018). Within disks, gas and dust are transported
both vertically and radially. Vertical gas transport happens through large-scale turbulence, diffu-
sion, and meridional flows into disk gaps (e.g., Meijerink et al. 2009, Semenov & Wiebe 2011,
Teague et al. 2019), while solids are preferentially moved toward the midplane as a result of grain
growth and settling. Radially, gas and small entrained grains are transported through advection,
turbulent diffusion, and disk winds, while larger dust grains partially decouple from the gas and
drift toward pressure maxima, which in the absence of substructure entails inward transport of
solids (e.g., Ciesla & Cuzzi 2006, D’Alessio et al. 2006). Therefore, we should expect transport
of gas and solids both between the outer low-density and inner high-density disk regions and
between the disk midplane and elevated layers.
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Figure 1

A nonexhaustive overview of the many processes in disks that directly influence the chemistry and the distribution of molecules, depend
on the disk molecular composition, are traced by molecular lines, and/or directly involve the destruction or formation of molecules or
molecular phases. The processes labeled in black are stellar and disk dynamical processes that act on disk gas and dust regardless of
their particular chemical makeup. Processes labeled in red are either chemical processes or processes that depend directly on the
chemical composition. On the left, bare silicate grains are shown in gray; water ice—dominated grains in blue; and grains with a large
reservoir of hypervolatiles, including CO, in pink.

Disks are heated by stellar radiation, radiation from accretion shocks onto the star, and viscous
dissipation (e.g., D’Alessio et al. 1999), all of which decrease over time as a result of stellar con-
traction and a decreasing accretion rate. The decrease is not monotonic, however, and luminosity
bursts may temporarily change the disk temperature structure (e.g., Armitage et al. 2001). The disk
temperature further depends on the distribution of solids and molecules in the disk atmosphere,
which control cooling and heating in the disk (Woitke et al. 2009). At disk radii dominated by
radiative heating, the disk temperature increases with disk height. Disks are also irradiated by UV,
X-rays, and cosmic rays from both the central star and external sources (e.g., Kastner et al. 1997,
Cleeves et al. 2015b, Rab et al. 2018). The radiative transport of these high-energy particles and
radiation is complex, especially in the presence of dust evolution and substructure, but generally
the fluxes are high in the disk atmosphere and increasingly depleted toward the disk midplane.

1.3. An Introduction to Inner and Outer Disk Chemistry

When surveying the chemical processes that govern the distributions and evolution of volatiles
in disks, it is useful to consider the disk region interior to the water condensation front or snow-
line (the inner disk where terrestrial planets form) separately from the rest of the disk (the outer
disk where gas and ice giants as well as comets originate). Depending on the stellar luminos-
ity, this boundary between inner and outer disk falls between a fraction of an astronomical unit
and ~10 au. In the inner disk, high densities and temperatures result in complete sublimation of
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volatiles and short chemical timescales in the gas phase that reset the chemistry (e.g., Glassgold
et al. 2009, Pontoppidan et al. 2014, and references therein). In contrast to most phases of star
and planet formation, three-body reactions, endothermic reactions, and reactions with substantial
energy barriers may all be possible. The inner disk may be considered to have an inner boundary
at the silicate condensation line (Kress et al. 2010), and in between this and the water snowline,
it should host a soot line, where large C molecules and small C grains volatilize. Despite its high
densities and temperatures, the inner disk chemistry may not be at equilibrium because of strong
irradiation fields impinging on the disk atmosphere (e.g., Addmkovics et al. 2014) and continuous
transport of material from the outer disk.

Outer disk chemistry has been reviewed by Henning & Semenov (2013), Dutrey et al. 2014),
and Aikawa et al. (2022). In the outer disk, inheritance cannot be ignored, especially in the disk
midplane, where interstellar and protostellar chemical products may be preserved (Visser et al.
2009). As a result, the outer disk likely begins with much of its O tied up in H,O- and CO;-rich
ices and therefore taken out of circulation from the gas phase. Outer disks are chemically stratified
both radially and vertically due to 2D condensation fronts, which are referred to as snowlines in
the disk midplane, and the dependence of chemical reactions on density, temperature, ionization,
and dissociative radiation (Aikawa et al. 2002). The disk midplane may be chemically inert, simply
preserving inherited reservoirs, or quite chemically active, depending on its access to ionizing irra-
diation (Cleeves et al. 2015b). In somewhat elevated disk layers, neutral-neutral and ion-molecule
gas-phase reactions operate together with grain surface chemistry to produce a so-called molec-
ular layer, where the chemistry is neither completely reset nor completely inherited. Finally, the
outer disk atmosphere is characterized by relatively low densities, moderately high temperatures,
and high irradiation fields, which drive a rapid radical- and ion-based chemistry that is qualita-
tively similar to that of a classical photon-dominated region (PDR). These different layers may
all be dynamically and therefore chemically connected, however, blurring some of the described
differences.

2. DISK CHEMISTRY MODELING

Disk chemistry models are used to provide interpretative frameworks for observations, to expand
the kinds of species that can be characterized in disks beyond what is directly observable, and
to connect different evolutionary phases up until and sometimes including planet formation. In
this section, we introduce astrochemical modeling, starting with how to set up the “physical” disk
structure (Section 2.1), followed by different treatments of chemistry within such a framework
(Section 2.2) and interactions between chemistry and dynamics (Section 2.3).

2.1. Establishing the Disk Physical Structure

Chemical reactivity depends on the local gas and dust grain densities, dust grain optical and ma-
terial properties, gas and dust grain temperatures, energetic radiation fields, and ionization rates.
Establishing these can be done relatively self-consistently by taking into account the interdepen-
dence of gas and dust densities and temperatures, radiation fields, and chemistry, but parametric
structures are also frequently used to simplify the modeling process, or some aspect of it. The
choice of approach depends ultimately on the scientific question at hand, and especially on the ac-
ceptable computational expense of each model run. Figure 2 illustrates some common approaches
that are described below.

The establishment of the disk physical parameters begins with choosing an initial gas and dust
density 2D structure using, for example, the steady-state solution for a protoplanetary disk under-
going viscous evolution (Lynden-Bell & Pringle 1974, Hartmann et al. 1998) or parameterizations
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Figure 2 (Figure appears on preceding page)

The steps involved in a typical disk chemistry modeling framework. (Top to bottomn) (Initial) gas and dust density structures are combined
with stellar parameters and the local irradiation environment to calculate the disk temperature, radiation, and ionization structures
using radiative transfer. If a self-consistent model is desired, these are then updated iteratively, taking into account the effect of chemical
abundances on cooling and heating in a thermochemical modeling step. The final chemical abundances are determined once the disk
physical structure has converged, and the observable molecular line properties are calculated using radiative transfer. Abbreviations:
CR, cosmic ray; FUV, far ultraviolet; ISRE, interstellar radiation field.

based on the minimum-mass Solar Nebula or on observations of disks (e.g., Chiang & Youdin
2010, K. Zhang et al. 2021). The vertical density distribution depends on the disk temperature,
which can be accounted for by iteratively computing the gas temperature and vertical density dis-
tribution (e.g., Nomura et al. 2007, Woitke et al. 2009, Bruderer et al. 2012). The dust density
structure commonly involves one or two dust populations, each described by a grain size distri-
bution, set of opacities, and radial and vertical distribution; small dust grains (up to micrometer
sizes) are assumed to couple to the gas, while larger grains are not (e.g., D’Alessio et al. 2006). The
precise choice of dust properties can have a big impact on the model because dust affects ioniza-
tion, heating, cooling, and chemistry (e.g., Gavino et al. 2021). While smoothly varying disks have
been the norm in models, (sub)millimeter observations have motivated the investigation of more
complex cases like transition disks and disks with gaps opened by forming planets (e.g., Facchini
et al. 2018b, Alarcén et al. 2020).

The disk gas and dust temperature, UV and X-ray radiation fields, and ionization fractions can
be initially estimated through radiative transfer calculations using the abovementioned density
structures (e.g., van Zadelhoff et al. 2003, Nomura et al. 2007, Bethell & Bergin 2011, Rab et al.
2018) (Figure 2). The temperature calculations also need to take into account viscous heating in
the dense inner disk midplane and the decoupling of gas and dust temperatures in the disk atmo-
sphere (Glassgold et al. 2004). The latter effect can be solved explicitly by taking into account dust
and gas heating and cooling processes (Kamp & Dullemond 2004). These processes depend on the
gas chemical composition; therefore, self-consistent determination of the temperature structure
can only be done using thermochemical models that iteratively calculate the disk gas temperature
and chemical abundances (Woitke et al. 2009, Bruderer et al. 2012, Du & Bergin 2014). Finally,
cosmic rays permeate through the entire disk and are typically incorporated at or below the H ion-
ization rate in dense interstellar clouds (e.g., Cleeves et al. 2015b). Additional sources of ionization
include radioactive decay and stellar energetic particles (Cleeves et al. 2014, Rab et al. 2017).

All of the above disk characteristics can also be approximated parametrically. The dust and
gas density structures can be calculated by first adopting a surface density profile and a radial
temperature profile and then calculating vertical densities by assuming hydrostatic equilibrium
(Chiang & Goldreich 1997) or prescribing a Gaussian profile with a scale height (e.g., Bruderer
2013). The vertical temperature structure is frequently estimated using the prescription of Dartois
etal. (2003). Gas and dust thermal decoupling can also be approximated with a parametric function
(Pinte et al. 2006, Cleeves et al. 2015b). The energetic radiation fields and ionization rates can be
parameterized as a function of H column density and a chosen dust-to-gas ratio (e.g., Wakelam
et al. 2016, Le Gal et al. 2019b). In practice, most models combine parametric elements with
self-consistent calculations that take into account some aspects of the interdependencies between
chemistry, temperatures, dust and gas vertical density structures, and/or UV and X-ray radiation.

2.2. Treatments of Chemistry

Early theoretical research on chemistry in protoplanetary disks relied largely on thermochemical
equilibrium calculations (see Prinn 1993). While potentially appropriate for the inner disk
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midplane, inner disk atmospheres and all layers in the outer disk require a nonequilibrium
treatment. Building on interstellar chemistry codes (van Dishoeck et al. 1993, Bergin et al. 1995),
Aikawa etal. (1996) developed one of the first time-dependent, rate equation-based disk chemistry
models where abundances are calculated numerically on the basis of formation and destruction
rates, which depend on rate coefficients and abundances supplied from the previous time step. This
kind of model then requires initial chemical abundances and an appropriate reaction network, in
addition to pre- or cocalculated disk density, temperature, and radiation structures (Figure 2).

There are two common choices of initial disk chemical abundances: inheritance of protostel-
lar abundances, where the abundances are supplied by interstellar or protostellar observations or
models (e.g., Nomura et al. 2009, Walsh et al. 2015), and “reset” compositions that use high-
temperature thermal equilibrium products (Aikawa & Herbst 1999) or assume a fully atomic
composition (except for H,) (e.g., Walsh et al. 2010, Ballering et al. 2021). Based on chemical
timescales, the reset approach is a reasonable approximation for models that focus on the chemistry
of the inner disk or disk atmosphere, while molecular inheritance becomes increasingly important
toward the cold and dense outer midplane (Visser et al. 2009, Drozdovskaya et al. 2016, Eistrup
etal. 2016). An additional aspect of the initial conditions concerns the elemental abundance ratios,
which are often assumed to be nonsolar (e.g., Najita et al. 2011, Cleeves et al. 2018) on the basis
of observational evidence (e.g., Du et al. 2015, Miotello et al. 2019).

The complexity of the model chemical reaction kinetic rate network can range from consider-
ing only phase changes of major volatile species (e.g., Piso et al. 2015) to incorporating large and
comprehensive kinetic rate networks of chemical reactions (Henning & Semenov 2013 and refer-
ences therein). The simpler chemical models have been used to establish qualitative interpretative
frameworks and to couple disk dynamics and time-dependent chemistry. “Full” chemical reaction
networks always include various forms of two-body chemical reactions; UV-, X-ray-, and cosmic-
ray-driven chemistry; adsorption and desorption of gas molecules on grain surfaces; and simple
surface chemistry, such as the formation of H, (e.g., McElroy et al. 2013). Reaction data are avail-
able in databases like the UMIST Database for Astrochemistry (McElroy et al. 2013) and KIDA
(Wakelam et al. 2012), from which appropriate chemical reaction networks can be developed (e.g.,
Semenov et al. 2004, Kamp et al. 2017). Additional reactions are then added, depending on the
particular science question. Models developed to treat the formation of organic molecules and/or
the chemical evolution of icy grain mantles add surface chemistry reactions (Walsh et al. 2015,
Ruaud & Gorti 2019, Furuya et al. 2022), often inspired by protostellar chemistry models
(Jorgensen etal. 2020 and references therein). Models focused on the inner disk often expand their
networks to include high-temperature gas-phase chemistry, three-body reactions, and/or warm
surface chemistry (Agindez etal. 2008, Thi et al. 2020, Anderson etal. 2021). Isotope fractionation
is included in models where the precise distributions of minor isotopologues are important (e.g.,
Aikawa & Herbst 1999, Lyons & Young 2005, Willacy & Woods 2009, Miotello et al. 2014, Visser
et al. 2018). To compare the calculated chemical structures (densities and column densities) with
observations, one can input the disk gas and dust density and temperature structures, the chemical
abundance of the emitting species, and molecular line excitation data into a radiative transfer code
(e.g., Brinch & Hogerheijde 2010) and then an observational simulator (the final step in Figure 2).

2.3. Modeling Chemistry in a Dynamical Disk Environment

There is a growing list of observations that are difficult to explain with static models, and a
frontier in disk chemistry modeling is the comodeling of chemistry and dynamical processes that
occur on timescales similar to those of chemical reactions. Simulating the combined effects of
all major physical, chemical, and dynamical processes throughout the entire disk is currently too
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computationally expensive, however, and models therefore need to choose which physical and
chemical processes to include and exclude. Several models incorporate aspects of vertical mixing
(e.g., Semenov & Wiebe 2011, Furuya & Aikawa 2014), radial gas diffusion (e.g., Aikawa & Herbst
1999, Ilgner et al. 2004, Nomura et al. 2009, Bosman et al. 2018, Price et al. 2020), and dust evo-
lution (e.g., Vasyunin et al. 2011, Akimkin et al. 2013, Krijt et al. 2018, Booth & Ilee 2019, Eistrup
& Henning 2022, Van Clepper et al. 2022), but many of them consider a simplified chemistry
(i.e., they are not necessarily more complete than static models with larger chemical networks).

In addition to local mass transport processes, some models consider how global environmental
changes affect the chemistry. The effects of stellar evolution have been explored by solving for
chemical abundances while altering the disk environment at specified time steps (Price et al. 2020).
The impact of short-lived accretion outbursts from the young star on disk compositions has also
been investigated (Cleeves et al. 2017, Rab et al. 2017). The outbursts generate chemical changes
that persist beyond the duration of the event (Molyarova et al. 2018), but the potential for long-
term chemical changes or alteration of planetary compositions by such phenomena has yet to be
determined.

3. DISK CHEMISTRY OBSERVATIONS

Disk chemistry is observationally characterized through a range of techniques, which we review
in Section 3.1. These observations directly produce molecular line emission fluxes or absorption
depths, from which molecular column densities, abundance structures, or higher-level constraints
on the disk chemistry and its environment can be retrieved (Section 3.2). In Section 3.3 we present
the molecules detected to date, and in Section 3.4 we provide an overview of how molecular in-
ventories, column densities, and abundances vary between disks. Finally, in Sections 3.5 and 3.6
we review observations of radial and vertical structures in disks.

3.1. Observational Techniques

An observational chemical characterization of protoplanetary disks can be achieved by spectro-
scopic studies at a wide range of frequencies and energy scales probing electronic, vibrational,
and rotational transitions of atoms, molecules, and ions. Each wavelength and technique probes a
unique aspect of the disk chemistry, and a comprehensive disk chemical characterization requires
observations across the electromagnetic spectrum.

Starting at the high-energy end of the spectrum, X-ray and UV transitions are used to probe
the elemental abundances of gas and dust that are being accreted onto the stellar surface, provid-
ing access to the composition of inner disk refractories (e.g., Drake et al. 2005, Ardila et al. 2013,
Kama et al. 2016, Giinther et al. 2018). UV observations of fluorescent H, and CO transitions
are also used to probe hot gas in the innermost disk region, including its C/O/H ratio (France
etal. 2012, Arulanantham et al. 2021). Optical spectroscopy can be used to constrain the elemen-
tal composition of the innermost disk regions (e.g., Facchini et al. 2016) and to characterize the
compositions and dynamics of disk winds from the upper layers of the inner disk regions (Pascucci
et al. 2022 and references therein).

The near- to mid-infrared (NIR-MIR) regime enables observations of rovibrational and highly
excited rotational lines of simple molecules in the upper layers of the inner few astronomical units
of disks, where temperatures and densities are high enough to collisionally excite these transitions
(Pontoppidan et al. 2014 and references therein). From space, the Spitzer mission was instrumental
in surveying numerous disks in MIR emission lines (e.g., Carr & Najita 2008, Salyk et al. 2011b),
but at fairly low spectral resolution (/AL < 700). These observations have been complemented
with high-resolution spectroscopy from the ground, which avoids line blending and enables
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spectrotomographic characterizations of the radial origin of the emission lines (e.g., Brittain et al.
2007, Pontoppidan et al. 2010, Najita et al. 2018, Salyk et al. 2019, Banzatd et al. 2022). Line
absorption observations are possible in disks with favorable inclinations and are used to provide
complementary constraints on the gas inventory (e.g., Gibb et al. 2007, Najita et al. 2021). The
NIR-MIR regime also enables observations of polycyclic aromatic hydrocarbons (PAHs) (Tielens
2008 and references therein) and disk solid-state features, including ice compositions, through
(@) absorption spectroscopy against an IR bright source, usually performed on edge-on disks
(Thi et al. 2002, Pontoppidan et al. 2005, Aikawa et al. 2012, Terada & Tokunaga 2017), and
(¥) scattered light observations of water ice across the 3 um range (Honda et al. 2009). Observations
at these wavelengths are set to be transformed by the Fames Webb Space Telescope (JWST).

In the far infrared (FIR), most spectroscopic surveys have been performed with the Herschel
mission because of the prohibitive atmospheric transmission at these wavelengths. FIR wave-
lengths provide access to ground-state transitions of small hydrides, including HD and H,O
(Bergin et al. 2013, Salinas et al. 2016, van Dishoeck et al. 2021); [O1], [C1], and [Ci1]; and highly
excited CO rotational transitions (Bruderer et al. 2012, Meeus et al. 2013, van der Wiel et al. 2014,
Fedele et al. 2016). The FIR can also be used to probe water ice thermal emission features (van
den Ancker et al. 2000, Min et al. 2016).

Finally, submillimeter and millimeter observations enable the spectroscopic characterization of
cold gas, which includes most of the disk gas reservoir. Many small and abundant molecules present
rotational transitions at these wavelengths, with typical upper energy levels of 5-500 K. Depending
on line and dust optical depths, these observations can probe all the way to the disk midplane, but
more often access the outer disk upper layers. Millimeter lines were originally surveyed in disks
using single-dish telescopes (Dutrey et al. 1996; Thi et al. 2004; Guilloteau et al. 2013,2016). The
development of (sub)millimeter interferometers enabled the first spatially resolved disk chemistry
studies at high spectral resolution (A/AX < 107) (e.g., Sargent & Beckwith 1987, Qi et al. 2003,
Dutrey et al. 2007). In 2011-2014, (sub)millimeter observations of disks were transformed by the
arrival of the Atacama Large Millimeter and Submillimeter Array (ALMA), whose collecting area
and long baselines enable the detection of rarer molecules and the study of disk chemistry at higher
spatial resolution down to scales of 10 au (Oberg et al. 2015b, Huang et al. 2018a). So far, disk
chemistry has not been accessible at longer wavelengths, but in the future a more sensitive radio
array may provide access to NHj and large organic molecules in the disk midplane.

3.2. Retrieval of Molecular Column Densities and Abundances

Molecular line emission strengths depend on molecular column densities and excitation, and on
whether both are homogeneous within the beam. Deriving molecular column densities, abun-
dances, and/or information about the disk structure from molecular line observations is therefore
not trivial, and full forward modeling (Figure 2) is the only way to fully account for these com-
plexities when retrieving disk chemical properties. Forward modeling has been used to derive disk
chemical properties of individual sources using highly tuned models (e.g., Cleeves et al. 2018,
Calahan et al. 2021a), as well as the generation of large grids of models that can then be compared
with observed disks with a range of properties (Miotello et al. 2016, Woitke et al. 2019). For many
applications, however, the computational cost of full forward modeling is prohibitive [but see re-
cent initiatives to reduce computational cost using machine learning (Smirnov-Pinchukov et al.
2022)] or impractical due to poor constraints on the disk structure. In these cases, useful retrievals
can still be made under some simplifying assumptions.

The simplest retrievals assume that the molecule excitation is well described by local ther-
modynamic equilibrium (UTE), optically thin lines, an optically thin continuum, and a simple
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emission geometry that results in the emission either completely filling the beam or filling some
fraction of the beam in a well-defined way. In this scenario, the molecular column density can be
calculated either through the adoption of an excitation temperature or through rotation diagram
analysis using multiple lines (e.g., Goldsmith & Langer 1999, Najita et al. 2003). The calculations
can be done using disk-averaged fluxes to derive a disk-averaged column density, or spatially re-
solved fluxes to derive a column density profile. A modified method can be used when the lines
are marginally optically thick (Najita et al. 2003, Loomis et al. 2018b). Column densities can also
be derived by fitting disk spectra assuming LTE and adopting some intrinsic linewidth, including
the fitting of hyperfine lines in high-resolution spectra (Kastner et al. 2014, Bergner et al. 2019,
Hily-Blant et al. 2019, Teague & Loomis 2020). For many lines detected in the (sub)millimeter
regime, this LT'E retrieval approach is valid as long as the molecular column densities vary slowly
with radius and the lines originate below the disk atmosphere, where the gas density exceeds the
line critical density.

In cases where LTE cannot be assumed, a limited forward modeling approach is needed to
predict line excitation using the local disk density and temperature as well as molecular collisional
excitation coefficients. Cases where lines are likely in non-LTE include millimeter observations of
the disk atmosphere and rovibrational lines. A common approach in these cases is to use an LVG
(Large Velocity Gradient) approximation (Piétu et al. 2007, van der Tak et al. 2007) or Monte
Carlo-based radiative transfer codes (Brinch & Hogerheijde 2010, Hogerheijde & van der Tak
2000) coupled with an observation simulator to extract molecular abundances. The disk abundance
structure can be parametric (e.g., Qi et al. 2011) or the product of a disk chemistry code (Bruderer
et al. 2012, Du et al. 2015, Cleeves et al. 2018), but in either case the retrieval is achieved by
quantifying the goodness of fit of the different abundance structures to the observations. For IR
lines, fast line ray tracers can also be coupled to thermochemical codes to predict the rich line
emission from disk regions with large velocity gradients (Pontoppidan et al. 2009, Bosman et al.
2017, Woitke et al. 2018). In addition to molecular abundances, these kinds of retrieval methods
are also used to constrain disk environmental parameters such as gas mass, thermal structure, CO
depletion, elemental ratios, and ionization (Piétu et al. 2007, Kamp et al. 2010, Dutrey et al. 2014,
Cleeves et al. 2015b, Anderson et al. 2019, Miotello et al. 2019, Woitke et al. 2019).

Finally, we note that, in all these cases, retrievals rely on detailed spectroscopic data for the
observed molecular lines, which are provided in databases such as HITRAN (Gordon et al. 2022),
the Cologne Database for Molecular Spectroscopy (Miiller et al. 2001, 2005; Endres et al. 2016),
the Jet Propulsion Laboratory spectral line catalog (Pickett et al. 1998), and the Leiden Atomic
and Molecular Database (Schoier et al. 2005). These, in turn, rely on laboratory experiments and
computations.

3.3. Disk Molecular Inventories

There are 31 detected molecules in disks (not counting isotopologues), most (26) of which are pre-
sented by McGuire (2022, and references therein), with recent additions from Booth et al. (2021a),
Canta et al. (2021), Phuong et al. (2021), and Brunken et al. (2022). Most (24) of these molecules
were detected at millimeter wavelengths, followed by IR (10) and FIR (6). Figure 3 shows these
molecules and their observed isotopologues [also presented by McGuire (2022), except for *CO;
(Grant et al. 2022) and HC'®O™ (Furuya et al. 2022)], organized into seven chemical “families”:
inorganic neutrals (excluding CO and S molecules), CO isotopologues, molecular ions, nitriles
and isonitriles, hydrocarbons, O-containing organics, and S molecules.

IR observations have resulted in large disk samples with detections of gas-phase inorganic
neutrals (H,, OH, H,O, CO, B¥CO, C'®0, C'70, NHj3, and CO,), the small organics HCN and
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C,H;, and H,S (e.g., Lahuis et al. 2007, Carr & Najita 2011, Mandell et al. 2012, Najita et al.
2021). Together, they can be used to constrain the inner disk chemistry. In addition to narrow gas
emission and absorption lines, IR spectra toward some disks contain features of PAHs (Acke et al.
2004, Geers et al. 2006) and of ice-phase H, O, CO;, and CO (Pontoppidan et al. 2005, Aikawa
et al. 2012). We expect both the gas and ice IR inventory to grow rapidly in the coming years
through JWST observations, and early JWST science has already presented one new inner disk
molecule detection: *CO, (Grant et al. 2022).

At FIR wavelengths, the only molecule detected toward more than a handful of objects is
CO (Meeus et al. 2013). The few existing HD, OH, H,O, and NH; detections provide unique
constraints on disk physics and chemistry, however, and they have been the subject of numerous
studies (e.g., Bergin et al. 2013, Fedele et al. 2013, Riviere-Marichalar et al. 2015, Salinas et al.
2016, van Dishoeck et al. 2021). This group of hydrides is important because they currently
present the only constraints we have on cold water and ammonia in disks, and they provide a
unique handle on the disk gas mass (HD).

Millimeter and submillimeter disk observations have resulted in a relatively large sample of CO
isotopologue, HCO*, HCN, and C,H detections as well as 210 detections of N;H", DCN, CN,
H,CO, and CS (see Section 3.4). The remaining 28 molecules and isotopologues have been either
rarely targeted (e.g., HNC) or rarely detected. A notable aspect of Figure 3 is the prominence of
the nitrile and isonitrile family, especially in comparison to O-bearing organics. This pattern can
be compared with IR observations, where the detection rate of O-bearing molecules, nitriles, and
hydrocarbons appears more balanced, indicating very different chemical environments in inner
and outer disk regions.
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3.4. Molecular Demographics

Molecular line detection rates and intensities across disk samples have provided the first measure
of the diversity of chemical environments during planet formation, even though any interpretation
is complicated by possible differences in line excitation. At FIR wavelengths, the detection rate has
been too small to establish clear demographic patterns, although, for example, the low detection
rate of water in T Tauri disks is in itself informative. This section therefore focuses on IR and
(sub)millimeter constraints.

The inner disk molecular demographics probed by IR observations were reviewed by
Pontoppidan et al. (2014) and have not been substantially revised since. Lines from water and
small organics are common (30-50% detection rates with Spitzer) in disks around solar-type stars,
and we speculate that these rates will increase to close to 100% with JWST. The detection rate is
much lower for more massive stars and somewhat lower for cooler stars. In the latter case, there is
evidence for a different disk chemistry based on distinct HCN/C,Hj; ratios compared with more
luminous stars (Pascucci et al. 2009, 2013). There is also evidence of a lower detection rate to-
ward so-called transition disks, disks with a large central cavity, though the sample is small. These
differences in line detections and intensities across different disk families may be due to different
inner disk chemistry because of different levels of stellar irradiation, differences in line excita-
tion, different levels of influx of icy pebbles, or a combination of all three (e.g., Salyk et al. 2011b,
Pascucci et al. 2013, Antonellini et al. 2016, Najita et al. 2018, Banzatti et al. 2020). Distinguishing
between these different explanations is currently complicated by the low spectral resolution and
limited sensitivity of Spitzer, as well as by small observing windows of higher-resolution ground-
based observations. Medium-resolution observations with JWST should directly address these
difficulties, and a new demographic understanding of inner disk chemistry is likely forthcoming.

Millimeter line surveys of disks are not yet mature enough to enable determinations of de-
tection rates and how they vary across populations. Instead, Figure 44 shows the distributions of
reported disk-integrated fluxes normalized to 150 pc for a subset of commonly observed molecules
using their brightest 1 mm transition (e.g., CO 2-1)!. These observations are from numerous
publications (e.g., Oberg et al. 2010, 2011c, 2021b; Ansdell et al. 2016; Barenfeld et al. 2016;
Guilloteau et al. 2016; Huang et al. 2017; Long et al. 2017; Miotello et al. 2019; Bergner et al.
2020; Pegues etal. 2021; Anderson et al. 2022). When interpreting these distributions, it is impor-
tant to note that the line flux floor for each species is set by the survey sensitivity and hence is not
very informative. The maximum fluxes for each species are informative, however, and show that
the CO line is approximately an order of magnitude brighter than 1*CO, HCO*, HCN, and CN,
followed by C'*O, C,H, and CS. N,H*, H,CO, and DCN present the weakest emission among
these commonly observed molecules. Many of the flux distributions are bimodal because of a focus
in the literature on either small samples of large and bright disks (e.g., Dutrey et al. 2007, Bergner
et al. 2020) or larger samples that are dominated by the more common smaller-sized and less
bright disks (Ansdell et al. 2016, van Terwisga et al. 2019). Therefore, the range of observed line
fluxes for a single species must be interpreted with caution, but it is still interesting to note that it
frequently spans two orders of magnitude, indicating substantially different molecular reservoirs
among planet-forming disks.

A similar source-to-source variation is observed among the small number of disks that
have well-constrained column density radial profiles in multiple species. Figure 4b uses
data from Qi et al. (2011, 2013, 2019), S. Zhang et al. (2018), Bergner et al. (2019,

"When a different line flux (e.g., CO 1-0 or 3-2) was reported, the 1 mm line flux was estimated under the
assumption of optically thick emission for “bright” lines and optically thin emission for “weak” lines, and an
excitation temperature of 20 K.
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(@) Disk-integrated fluxes from 1 mm transitions, corresponding to ALMA B6, normalized to a distance of
150 pc. (b) Outer disk column densities extracted from spatially resolved ALMA observations. In these violin
plots, the width of the distribution denotes the number of disks that fall within a certain flux or column
density range, and each horizontal line signifies an individual measurement. Abbreviation: ALMA, Atacama
Large Millimieter/submillimeter Array.

2021), K. Zhang et al. (2019, 2021), Cataldi et al. (2021), Facchini et al. (2021), Guzmin et al.
(2021), Oberg et al. (2021a), Phuong et al. (2021), and Terwisscha van Scheltinga et al. (2021)
to show the range in column densities at ~100 au?. Even within this small and highly biased
sample, there are orders-of-magnitude differences in column densities. Possible causes of this
chemical diversity include differences in temperature structures, levels of CO freeze-out, high-
energy radiation fluxes, disk ages, and initial chemical conditions across the disk sample. To obtain
more detailed demographics, we need surveys that address the current sample biases and have the
sensitivity to detect a range of molecular abundances.

3.5. Molecular Substructures

Within both the inner and outer disk regions we expect chemical substructure due to gradi-
ents in radiation flux, ionization, and temperature, as well as dust and gas surface density gaps
and rings (Section 1.2). Analogous to dust substructures, which can be identified both through

2For two disks where 100 au data were not available, we use reported column densities at 70 and 240 au.
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a HD 163296

b AS 209
HCN 3-2

CH3-2

Figure 5

Examples of chemical substructures toward disks showing (#) the four rings in HCN emission toward HD 163296; (4) a single broad
ring in C;H emission toward AS 209; (¢) a ring and a central peak in HCO™ emission toward PDS 70; and (d) a ring, a plateau, and a
central peak in CN emission toward TW Hya. The scale bar at the bottom right of each panel signifies 20 au; the oval at the bottom
left represents the synthesized beam. Panels # and & adapted from Oberg et al. (2021b). Panel ¢ adapted from Facchini et al. (2021).
Panel 4 adapted with permission from Nomura et al. (2021); copyright 2021 AAS.

resolved images and through modeling of spectral energy distributions (Andrews 2020), molecular
substructures can be observed through chemical imaging (Figure 5) and line excitation analysis.
Furthermore, in a Keplerian disk, the spectral line shape can be used for spectroastrometry
and to map different spectral line regions to different disk radii, providing additional tools to
characterize chemical disk structures at smaller scales than are accessible with imaging alone.

Spectroastrometry, line excitation modeling, and spectral profile analysis of spectrally resolved
lines have been especially important in accessing substructure in the inner disk (e.g., Pontoppidan
etal. 2008, Najita et al. 2010, Fedele et al. 2013, Thi et al. 2014). Three examples of how line exci-
tation and line spectral profiles can reveal chemical substructure are (#) the finding by Salyk et al.
(2011b) that OH, C,H,, HCN, CO,, and H, O have different excitation temperatures, suggesting
a radially progressive inner disk composition; () an observed trend between CO-emitting radii
and stellar luminosity based on CO spectral profiles (Pontoppidan et al. 2011, Salyk et al. 2011a);
and (¢) the discovery of a radially varying H, O/CO ratio based on a combination of excitation and
spectral profile analysis (Banzatti et al. 2022). Spectral line profile analysis has also been applied
to millimeter line observations to map out the molecular emission structure in disks (e.g., Dutrey
et al. 2008, Rosenfeld et al. 2012, Bosman et al. 2021c¢). Such analyses have revealed gas and/or
CO chemistry substructure on scales of a few astronomical units, spanning the radial gap between
typical IR and millimeter substructure constraints.

Most millimeter-wavelength evidence for chemical substructure comes from spatially resolved
observations using millimeter interferometers. Early examples include the discoveries of an H, CO
ring toward DM Tau (Aikawa et al. 2003),a DCO™ ring toward TW Hya (Qi et al. 2008) and C,H
rings toward several disks (Henning et al. 2010). Higher-resolution images emerged with the ar-
rival of ALMA, and ~10 disks have been chemically characterized at scales of 0”.1-0".2. Among
these disks, chemical substructure is ubiquitous. The ALMA Large Program MAPS alone, which
surveyed five disks, identified ~250 rings, gaps, and shoulders (Law et al. 2021a). Figure 5 illus-
trates the diversity of chemical substructures that have been observed, ranging from single rings
to four-ringed systems, with ring and gap widths ranging from unresolved (<20 au) to hundreds
of astronomical units.

There are multiple possible origins of the observed inner and outer disk chemical disk struc-
tures. The (gas-phase) formation and destruction of some species are temperature sensitive, which
should result in peak abundances at certain disk radii. This temperature dependence may explain

www.annualreviews.org o Protoplanetary Disk Chemistry 301



Annu. Rev. Astron. Astrophys. 2023.61:287-328. Downloaded from www.annualreviews.org

Access provided by 93.36.176.106 on 08/29/23. See copyright for approved use.

10'

Line flux (mJy km s + offset)

10

Figure 6

10%E

103

102

104

103

102k

some of the inner disk chemical differentiation as well as broader chemical rings in the outer disk.
Similarly, molecules that depend on photochemistry for formation or destruction should vary
across the disk because of a decreasing UV flux with disk radius, which may also cause observable
chemical substructure (e.g., Cazzoletti et al. 2018, Bergner et al. 2021). Another potential cause
of substructure is snowlines (see Section 4.1), though they have been excluded as explanations for
most of the currently observed dust and molecular substructures (Huang et al. 2018b, Long et al.
2018, Law et al. 2021a). Finally, gaps in dust and gas may produce chemical substructure as a re-
sult of enhanced photochemistry in dust gaps (Bosman et al. 2021a), different thermal structures
in dust gaps and rings (Facchini et al. 2018b, Alarcén et al. 2020), decreased grain surface chem-
istry in dust gaps, and lower molecular gas column densities in (H,) gas gaps (Teague et al. 2017).
Observational tests of these proposed relationships are somewhat ambiguous. There is no one-
to-one correspondence between dust and chemical structures (Jiang et al. 2022), but, as shown
in Figure 6, there are some coincidences between dust and chemical substructures, suggesting
that specific dust gap and ring properties may be needed to shape the chemical structures of disks.
Conversely, it may be possible to use molecular emission substructure as a probe of disk gap and
ring properties, including whether a gap is formed by a planet (Bergner et al. 2019). In addition,
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Comparisons of dust substructure (background) and molecular emission radial profiles (/ines) toward six disks (Facchini et al. 2021, Law
etal. 2021a, Nomura et al. 2021). The beam size of the dust and lines has been homogenized and is between 10 and 25 au toward the

different disks.
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these observations suggest that the local chemical environment within which a planet assembles
could be quite distinct from the chemistry at nearby disk radii.

3.6. Vertical Chemical Gradients and Substructure

As discussed in Section 1.3, the disk chemistry is vertically highly structured. In the disk
atmosphere, molecular abundances are regulated by photodissociation, which results in molecule-
specific and, for CO and N, isotopologue-specific photodissociation fronts (e.g., Visser etal. 2009,
Miotello et al. 2014). Toward the disk midplane, molecular abundances are bounded by vertical
condensation fronts or snow surfaces, though a combination of turbulence and nonthermal de-
sorption may also maintain a small amount of volatiles in the coldest part of the disk midplane (e.g.,
Hersant et al. 2009). As a result, most molecules should be present in distinct vertical layers, which
together constitute the disk “molecular layer” (Aikawa et al. 2002). Characterizing the resulting
vertical chemical stratification is key to benchmarking disk chemistry models and constraining the
overall disk chemistry evolution.

At (sub)millimeter wavelengths, interferometers provide high enough angular resolution
to spatially resolve vertical gradients in bright molecular line emission, and by exploiting the
position and velocity information, one can reconstruct the full 3D tomography of the line
intensity (Dutrey et al. 2017, Teague et al. 2020). Figure 7 shows a textbook case of CO and
CS emitting from different layers in the edge-on disk named the Flying Saucer (Dutrey et al.
2017), where the lack of CO emission in the disk midplane is explained by CO freeze-out. The
emission of CS 5—4 originates from a z/7 ~ 0.1 layer, close to the disk midplane, demonstrating
that the molecular layer can extend deep into the disk. Emission surfaces can also be extracted for
disks at other inclinations by exploiting the Keplerian rotation pattern and disk geometry (Pinte
et al. 2018a). This methodology requires high angular resolution and a high signal-to-noise ratio;
therefore, it has been applied only to particularly bright, optically thick molecular lines. As a
consequence, disk (front-side) emission heights exist for ?CO toward a fairly large sample, for
rare CO isotopologues toward a handful of sources, and for other molecules toward even fewer
disks (Huang et al. 2020; Law et al. 2021b, 2022; Paneque-Carrefio et al. 2022). In these sources,
CO (isotopologue) emission becomes optically thick at a range of z/7, indicating that the extent of
the warm molecular layer and the CO abundance vary substantially between disks. The molecular

a €021

7.50
T (K) T (K)

Figure 7

Tomographically reconstructed distribution of () 1?CO and (b) CS in the Flying Saucer. Figure adapted with
permission from Dutrey et al. (2017, figure 6); copyright 2017 ESO.
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emission height derived from the disk backside should trace the snow surface, but that has only
been achieved for CO toward three disks so far, though this technique is under active development
(Pinte et al. 2018b, Casassus et al. 2021, Izquierdo et al. 2022). Of the other molecules that have
been characterized, CN is present at high elevations in the disk atmosphere, which is consistent
with CN formation through reactions between UV-pumped H, and atomic N (Cazzoletti et al.
2018). Other small organics, especially HCN, reside closer to the planet-forming midplane.

For cases where direct imaging of vertical chemical structures is impractical or impossible—
which include inner disk line observations as well as weaker (sub)millimeter lines emitting in the
outer disk—line excitation analysis offers an alternative approach to characterize the disk vertical
chemical structure as long as the disk temperature structure is constrained. So far, this approach
has not been extensively used in the inner disk because of large uncertainties in the vertical tem-
perature gradient, but this may soon change as medium-resolution JWST disk spectra analysis
techniques are developed. The chemistry of the warm and highly irradiated disk atmosphere of
the outer disk has been probed by high-7 CO lines and by the atomic O line at 63 pm (Bruderer
etal. 2012, Kamp et al. 2013). The excitation temperatures of other small and midsized molecules
have been retrieved from medium and high spatial resolution data, and at 15-40 K they are con-
sistent with models of the disk midplane and molecular layer (Loomis et al. 2018a, Bergner et al.
2019, Cataldi et al. 2021, Facchini et al. 2021, Guzmin et al. 2021, Ilee et al. 2021, Pegues et al.
2021). Interestingly, the excitation temperatures of several complex organic molecules (COMs),
including CH;CN, place them close to the midplane at z/7 ~ 0-0.2 (Loomis et al. 2018a, Ilee
et al. 2021), suggesting that they may contribute to the organic budget of forming planets. In-
terpretation of such data is complicated, however, by the possibility of non-LTE excitation; for
example, for CN there is a range of derived excitation temperatures and inferred emission heights
(Chapillon et al. 2012, Hily-Blant et al. 2017, Teague et al. 2020).

4. THE DISTRIBUTIONS AND CHEMISTRY OF DISK VOLATILES

The distributions of volatiles in disks, including volatile organics, provide the initial conditions for
planetvolatile compositions and chemistry. Perhaps the mostimportant concept used in predicting
these distributions is the condensation front, or snowline, which is introduced in Section 4.1.
Section 4.2 reviews the existing observational evidence for how the major volatile elements O, C,
N, S, and P are distributed across the disk. Section 4.3 focuses on the volatile organics in disks
and on the importance of inheritance and in situ UV chemistry for disk organic reservoirs. Stable
isotope ratios are an important tool used to trace the origins and evolution of volatiles in disks;
Section 4.4 presents observed disk isotopologue ratios and the associated constraints on isotope
fractionation chemistry.

4.1. Snowlines

Volatile condensation fronts are briefly discussed in Sections 3.5 and 3.6 as causes of chemical
substructure and vertical chemical gradients. In this section, we focus on the radial dimension
(i.e., on snowlines) and review the theory and observations that have been developed to predict
and constrain snowline locations. These locations matter for several reasons. First, freeze-out of
major volatiles changes both the gas and grain surface chemical trajectories. For example, freeze-
out of CO enables the formation of O-rich organics in the ice and may promote a C-rich gas-
phase organic chemistry (e.g., Walsh et al. 2015, Schwarz et al. 2018). Second, in planet formation
models, snowlines of major carriers of O, C, and N determine the volatile compositions of primary
atmospheres and planetary envelopes, and they have emerged as a major explanatory framework
for observed exoplanet atmospheric compositions (Oberg et al. 2011a, Cridland et al. 2020). Third,

Oberg o Facchini o Anderson



Annu. Rev. Astron. Astrophys. 2023.61:287-328. Downloaded from www.annualreviews.org
Access provided by 93.36.176.106 on 08/29/23. See copyright for approved use.

<
L

Gas abundance (ny)
=

Disk radius (au) A0'ra A0'gp

Figure 8

(@) Expected gas-phase abundances of five major CNO carriers in the disk midplane, assuming a simple T Tauri disk temperature model
and inheritance of interstellar volatiles. The sharp abundance overturns mark the respective snowlines. (5) Observations of C'%0 and
N, H*, with ALMA toward TW Hya. Both the outer edge of C!®0 and the inner edge of the N2 H* should trace the CO snowline.
Data are from Qi et al. (2013) and Calahan et al. (2021b). Abbreviation: ALMA, Atacama Large Millimeter/submillimeter Array.

snowlines, especially the water snowline, are also expected to affect dust grain evolution (e.g.,
Gundlach & Blum 2015, Okuzumi & Tazaki 2019) and may regulate when and where planet cores
assemble and, hence, the formation locations of terrestrial planets versus Neptune-like planets and
gas giants (Drazkowska et al. 2022).

Figure 84 illustrates the five major snowline locations in a generic disk model for a solar-type
star, using the disk framework, binding energies, and abundances from Oberg & Wordsworth
(2019) and Oberg & Bergin (2021), except that we adopt a midplane temperature profile with
T1a = 150 K and a power of —0.47. This simple parametric model provides a useful starting
point for discussing snowline locations, but it is important to keep in mind that it presumes a spe-
cific temperature profile that is not generally applicable and that, in reality, snowline models are
complicated by a range of dynamical and chemical effects. To begin, the disk temperature struc-
ture changes over time, sometimes abruptly due to an accretion burst. Such accretion bursts move
snowlines outward, while stellar evolution results in an inward migration of snowline locations
over time (Ciesla & Cuzzi 2006, Banzatti et al. 2015, Cieza et al. 2016, Price et al. 2021). Further-
more, inward drift of pebbles often occurs on timescales similar to those of desorption, which can
readily move the effective snowline inward by a factor of two (Piso et al. 2016). Snowline locations
also depend on the chemical compositions of icy grains, since volatile binding energies depend on
the grain surface material (e.g., Collings et al. 2003, Fayolle et al. 2016, Kamp et al. 2017, Potapov
et al. 2018). In addition, H,O and CO; ices can entrap hypervolatiles, effectively producing two
snowlines: one at the expected location and one at the location where the ice matrix desorbs or
crystallizes (Bar-Nun et al. 1985, Lunine & Stevenson 1985, Collings et al. 2004, Simon et al.
2019). The impact of snowlines on gas and solid abundances is also more complex than shown
in Figure 84, which considers only a balance between desorption and adsorption. If the disk is
somewhat turbulent, then gas diffusion should result in the depletion of vapor inside the snowline
and a buildup of ice outside the snowline (e.g., Cuzzi & Zahnle 2004, Ros & Johansen 2013, Krijt
et al. 2016). Finally, the inherited volatiles may chemically evolve over the disk lifetime (Eistrup
et al. 2016, Schwarz et al. 2018), which will change the abundances of volatiles and therefore the
relative importance of different snowlines.

Snowline locations have been observationally constrained through at least six different tech-
niques: (#) images of major volatiles with important snowlines, (b) images of gas-phase chemical
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tracers (Figure 8), () tomography using spectrally resolved lines (Carr et al. 2018, Salyk et al.
2019), (d) line excitation studies (K. Zhang et al. 2013, Blevins et al. 2016), (¢) changes in dust spec-
troscopic properties at a snowline (Cieza et al. 2016), and (f) association of disk dust substructures
with snowlines (K. Zhang et al. 2015). Each of these techniques has advantages and disadvantages.
Direct imaging of snowlines is currently possible only for CO by use of rare isotopologues, and
even for CO it is often unclear whether the observed drop-off in CO vapor corresponds to the
CO snowline, a decrease in C and O elemental abundances, or an overall decrease in gas surface
density. There are plausible gas-phase chemical probes of H,O, CO, and N, snowlines that can be
used to extract snowline locations (Qi et al. 2013, 2019; Bjerkeli et al. 2016; Leemker et al. 2021),
but these probes are not always unique to depletion of the targeted volatile at its snowline and
therefore require careful interpretation (van 't Hoff et al. 2017). Spectral tomography (the estima-
tion of the spatial distribution from spectral information, taking advantage of Keplerian rotation)
of snowlines is limited by the possible presence of non-Keplerian motion. Furthermore, the water
IR spectral lines that are accessible from the ground, and hence at high spectral resolution, are not
well matched to snowline excitation conditions. Snowline constraints from line excitation depend
on the assumed disk temperature structure, which is often uncertain. The fifth approach, observ-
ing changes in dust spectroscopic properties across snowlines, depend on models of, for example,
increased fragmentation at major snowlines; therefore, they are quite indirect. Finally, a proposed
association between disk dust substructure and snowlines has not yet been demonstrated. As a
result, this approach remains highly speculative (Huang et al. 2018b, Long et al. 2018). Given the
inherent uncertainties in all these techniques, a snowline location should ideally be observed using
at least two different methods in order to be considered secure.

4.2. Elemental O, C, N, S, and P Disk Abundances

The elemental abundances of O, C, N, S, and P across disks regulate the volatile compositions
of forming planets and planetesimals. At least four factors influence the O, C, N, S, and P abun-
dance patterns: the nature of the O, C, N, S, and P carriers inherited from the interstellar and
protostellar phases, chemical transformations in the disks, locations of condensation fronts,
and transport processes. In this section, we review existing constraints on elemental O, C, N, S,
and P disk abundances, organized by disk location (outer versus inner disk) and phase (solid versus
gas). We proceed from the expected least-processed (outer disk solids) to most-processed volatiles
(inner disk gas), but we note that efficient radial and vertical transport may blur the distinctions
between processed and pristine volatile reservoirs in disks.

In the outer disk, O, C, N, S, and P are present in both refractory and icy solids. O is a
major component of silicates, which are observed to be abundant in disks. On the basis of comet
observations (Altwegg et al. 2019), refractory C is also abundant and may be inherited from the
ISM, a product of disk organic chemistry, or a combination of both. Some evidence from observed
high gas-phase C/O ratios suggests that a portion of this refractory C reservoir is transformed
into C gas during the disk lifetime (Bosman et al. 2021b). N is often assumed not to have a
significant refractory phase, but recent cometary measurements, as well as previous interstellar
ice spectroscopy, suggest that ammonium salts may be an important carrier of N (Boogert et al.
2015, Altwegg et al. 2020).

The outer disk ice reservoir is constrained by interstellar ice observations (setting the initial
conditions), a small set of disk ice observations (e.g., Pontoppidan et al. 2005, Aikawa et al. 2012),
comet compositions (Mumma & Charnley 2011, Altwegg et al. 2019), and disk gas-phase observa-
tions of sublimated ice. Such disk gas-phase observations are possible following a stellar luminosity
burst and in sources where the outer disk is exposed to high levels of stellar radiation due to the
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combination of a higher-mass star and a large inner cavity (Banzatti et al. 2012, 2015; Cieza et al.
2016; Lee et al. 2019; Booth et al. 2021b; van der Marel et al. 2021). Disk and comet observations
indicate that, similar to the ISM, disk icy grains consist mainly of H,O, CO,, CO, NHj3, and O-
rich organics. On the basis of theory, we also expect N; to be present in the coldest disk regions.
H,O ice is probably inherited largely from the ISM, as suggested by models (e.g., Visser et al.
2009) and Solar System H,O D/H ratios (Cleeves et al. 2014), while the contribution of inheri-
tance versus in situ chemistry to the other major O, C, and N carriers is less well constrained. The
outer disk ices also appear to contain substantial amounts of S (Altwegg et al. 2019, Booth et al.
2021a) as well as some P (Altwegg et al. 2019), though most S and P are expected to be present in
refractory carriers (see the paragraph below on inner disk S and P).

Some aspects of the outer disk gas OCNSP composition can be directly constrained through
observations of CO, H,0, and NHj, the three expected major carriers that are observable at
FIR and millimeter wavelengths. CO chemical gas often appears to be depleted in disks (see
Section 5.1), reducing the C and O gas abundances. This may be explained by a combination
of CO processing into less volatile species and dynamics (Schwarz et al. 2018, Krijt et al. 2020).
H, O vapor has been detected in only one T Tauri disk and a handful of Herbig Ae disks, provid-
ing independent evidence that the outer upper disk layers are generally dry and therefore O-poor
(Hogerheijde etal. 2011, Meeus et al. 2012, Du & Bergin 2014, van Dishoeck et al. 2021, Pirovano
et al. 2022), though the inferred H,O depletion level does depend on the assumed disk structure
and water excitation (Kamp et al. 2013). Finally, NH; has been observed in only one disk (Salinas
et al. 2016), and its contribution to the outer disk N reservoir remains rather unclear. There have
been no observations of P-bearing species in disks, and observations of gas-phase S molecules,
such as CS and H,S, indicate that less than 1% of S is in the gas phase (Phuong et al. 2018, Le
Gal etal. 2021, Riviere-Marichalar et al. 2022) and, hence, that 99% is present in refractory grains
and ices. Additional, more indirect constraints on the outer gas composition originate from ob-
servations of chemical probes of gas-phase elemental C/O ratios, such as C;H/CO and CS/SO
abundance ratios (Cleeves et al. 2018, Miotello et al. 2019, Fedele & Favre 2020, Le Gal et al.
2021). These studies confirm that the outer disk gas is depleted in O, resulting in enhanced C/O
ratios that can exceed unity (Bosman et al. 2021b). Disks may also be somewhat depleted in C,
while there has been no indication of N depletion, implying supersolar N/O and N/C ratios in
the outer disk gas (Cleeves et al. 2018).

In the inner disk, the solid composition is constrained by disk IR spectroscopy of silicates,
gas-phase abundances inside of refractory dust sublimation fronts, and Solar System abundance
patterns. According to IR spectroscopic observations, silicate grains are an important O carrier in
the inner disk (van Boekel et al. 2004, Natta et al. 2007, Bouwman et al. 2008), while the abundance
of refractory C is less clear. The Solar System record suggests that the inner Solar Nebula solids
were C-poor, and observations of low C/O ratios on white dwarfs polluted by infalling planet
debris indicate that C-poor solids in inner disk regions are a general phenomenon (Lodders 2003,
Wilson et al. 2016). The N content of inner Solar System solids also appears to have been low.
By contrast, meteoritic measurements suggest that almost all P and approximately half of S are
present in refractory grains in inner disks (Lodders 2003). The abundance of refractory S in inner
disks has also been estimated through observations of S elemental abundances in accretion flows
onto Herbig Ae stars, confirming that it is present mainly in refractory grains in disks (Kama et al.
2019).

In the inner disk, all O, C, and N not bound up in refractory grains are expected to be present
in the gas phase. The major O and C carriers, H;O, CO, and CO;, are directly accessible in
the inner disk atmosphere through IR observations, while the major N carrier, N3, is not, and
NHj; is present at low abundances (Pontoppidan et al. 2019, Najita et al. 2021). The inferred gas
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composition around solar-like stars is generally dominated by CO and H,O (Pontoppidan et al.
2014), but the gas-phase C/O ratio is currently not well constrained and may vary substantially
between disks due to different levels of icy pebble flux and sequestration of water in the outer disk
(Najita et al. 2011, Banzatti et al. 2020). To date, S and P carriers have not been detected in the
inner disk gas. Finally, note that the link between the observed disk atmospheric abundances and
midplane reservoirs is not obvious.

Combining the above constraints, the inner disk refractory solids appear C- and N-poor and
O-, S-, and P-rich. The inner disk gas composition varies between disks and likely depends on a
combination of local processes and the influx (or lack thereof) of icy grains from the outer disk.
As a result, it may present a range of C/N/O ratios. In the outer disk, the icy solids are initially
O-dominated, but they become more and more enriched in C and N toward the outermost disk
regions, where the most volatile C and N carriers (CO, small hydrocarbons, and N,) freeze out.
Conversely, the gas is generally O-poor, but it also appears somewhat depleted in C, probably due
to CO depletion through a combination of freeze-out, grain dynamics, and chemical conversions.
Only in the outermost disk would we expect the gas to also be depleted in N, because of the
presence of N, snowlines (Qi et al. 2019).

4.3. Organic Disk Chemistry

Access to organic feedstock molecules constitutes a key aspect of chemical habitability. Disk or-
ganic molecules can be delivered to terrestrial planets through impacts of planetesimals that origi-
nate in both the inner and outer disk regions, as well as through accretion of a primary atmosphere
from the local disk gas, which motivates explorations of organic chemistry across all disk radii.
Protoplanetary disks serve both as conduits of the inherited interstellar and protostellar organic
chemistry to planets and planetesimals and as active producers of new organic molecules using
the disk inorganic and organic C reservoirs. This combination of inheritance and local organic
chemistry results in a distribution of organics in disks that is complicated and evolves over time.
Carbon enters the disk in the form of volatile inorganic and organic gas and ice (e.g., CO and
CH;OH) and more refractory large aromatic and aliphatic hydrocarbons, PAHs, and C grains. In
the chemically active layers of the disk, some of the inherited refractory C may be vaporized and
feed a C-rich top-down gas-phase organic chemistry (Siebenmorgen & Heymann 2012, Bosman
etal. 2021b). What remains provides disks with a unique organic reservoir that is characterized by
aromatic groups and relatively low levels of O, especially in comparison to inherited organic ices.
Interstellar and protostellar ices often contain high abundances of simple organics in the forms
of CH4, CH;0H, and perhaps HCOOH (Oberg et al. 2011a, Boogert et al. 2015). These can
be energetically and nonenergetically processed to form COMs (Bernstein et al. 2002, Mufioz
Caro et al. 2002, Oberg et al. 2015a, Chuang et al. 2017, Jorgensen et al. 2020, Toppolo et al.
2021). Importantly, this complex organic chemistry takes place in an O-rich environment (i.e.,
the H,O-, CO-, and CO;-dominated ice mantle) and therefore tends to favor the production of
O-rich organics such as alcohols, organic acids, aldehydes, ethers, and ketones. Early evidence for
the inheritance of interstellar and protostellar ices came from Solar System observations of comet
organics, which have an O-rich contingent (Mumma & Charnley 2011); this evidence is supported
by more recent comparisons between comet and protostellar inventories (e.g., Drozdovskaya et al.
2019). O-bearing organics that likely originate from interstellar or protostellar ice sublimation
have also been observed in young disks (van ’t Hoff et al. 2018a, Lee et al. 2019, Podio et al.
2020). The strongest evidence to date for substantial inheritance of interstellar and protostellar
ice chemistry has come from recent observations of gas-phase CH;OH and COMs in disks that
are too warm to sustain CH; OH production from CO ice (Booth et al. 2021a, van der Marel et al.
2021, Brunken et al. 2022), the major CH;OH production channel in the ISM (Tielens & Hagen
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1982, Hidaka et al. 2004, Fuchs et al. 2009). Therefore, the observed COMs in these disks are
inferred to have originated from sublimation of inherited organic ices. Such ices can be further
processed in disks when icy grains are lofted up from the relatively chemically inert midplane into
the disk upper layers (Ciesla & Sandford 2012, Bergner & Ciesla 2021). In either case, icy planet
building blocks should generally contain substantial amounts of O-rich complex organics.

Most current inner and outer disk observations probed the gas compositions of disk layers
with relatively short chemical timescales (e.g., Henning et al. 2010), where detected organics are
products of disk in situ organic chemistry. This chemistry is powered by high temperatures and
high-energy radiation in the inner disk and by high-energy radiation (UV and X-rays) alone in
the outer disk (e.g., Agtindez et al. 2008, Semenov & Wiebe 2011, Walsh et al. 2015, Bergner
etal. 2019, Bosman et al. 2021b). As reviewed in greater detail by Henning & Semenov (2013), the
presence of the small organics C,H,, HCN, and CHy in the inner disk is generally consistent with
a high-temperature gas chemistry (e.g., Willacy & Millar 1998, Ilgner etal. 2004, Walsh et al. 2015,
Najita & Adamkovies 2017). Efforts to explore the roles of irradiation fields, detailed radiative
transfer, nonsolar elemental ratios, transport, and grain—gas interactions on inner disk organic
abundances are underway (e.g., Bruderer et al. 2015, Najita & Addmkovics 2017, Woitke et al.
2018, Wei et al. 2019, Price et al. 2020, Anderson et al. 2021, Duval et al. 2022). It is already clear,
however, that this inner disk chemistry produces a gas-phase organic reservoir in the terrestrial
planet-forming zone that is completely different from those in the outer disk and the ISM.

In the outer disk, C;H, HCN, and H, CO have been widely detected in sources across a range
of stellar masses and ages (Bergner et al. 2019, Pegues et al. 2020, Guzmain et al. 2021). Larger
organics, such as HC;N, ¢-C;H,, and CH;CN, are also commonly detected (Chapillon et al.
2012, Oberg et al. 2015a, Bergner et al. 2018, Ilee et al. 2021). High spatial resolution, multiline
observations have located these larger nitriles and hydrocarbons in the disk molecular layer (Ilee
et al. 2021, Oberg et al. 2021b). By contrast, larger O-containing organics are relatively rare,
with only one detection of CH;OH in a disk not obviously experiencing extensive ice desorption
(Walsh et al. 2015). Outer disk in situ gas chemistry is then characterized by an O-poor and N-
rich organic chemistry, consistent with other evidence of O-poor gas in outer disk layers (see
Section 4.2). There is increasing evidence that this chemistry is qualitatively similar to that of
classical PDRs (Jonkheid et al. 2004, Kamp & Dullemond 2004, Chapillon et al. 2012, Agindez
et al. 2018, Le Gal et al. 2019a). The organic products of this PDR-like and O-poor disk gas
chemistry, including the prebiotically interesting nitriles, may become incorporated into planet
atmospheres in the outer disk and also freeze out onto comet-forming pebbles. The latter scenario
would provide planetesimals with a second reservoir of organics that is distinct from the inherited
protostellar one, which may at a later stage be delivered to terrestrial planets through impacts.
The importance of this reservoir would depend on a combination of the disk lifetime production
of nitriles and the efficiency of downward transport of disk atmosphere chemistry products.

4.4. Isotope Fractionation Chemistry

Isotopic fractionation occurs at low temperatures due to small differences in zero-point energies
between heavier and lighter molecules, as well as in the PDR-like disk regions due to isotopologue-
specific photodissociation (e.g., Aikawa & Herbst 2001, Willacy 2007, Visser et al. 2009, Miotello
etal. 2014). Isotopic fractionation patterns in molecules in disks are generally used either to assess
the current thermal or irradiation environment or to link together different evolutionary phases
(Ceccarelli et al. 2014). The first use case assumes fast chemical timescales such that observed
D/H and other isotopic ratios reflect disk environmental conditions. This assumption is generally
valid for gas-phase molecules in the disk atmosphere and intermediate vertical layers. The sec-
ond use case makes the opposite assumption, such that the observed isotopologue ratio reflects
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the environmental conditions of an earlier stage and can be used to infer inheritance. In disks,
this assumption might hold for ices in the midplane, depending on the degree of vertical and ra-
dial mixing. This hypothesis could be tested through isotopic gas observations in disks where ice
sublimation controls the gas abundances (Booth et al. 2021a), and perhaps also through ice obser-
vations of deuterated water with JWST. In the meantime, all our isotopic measurements in disks
originate from the chemically active disk atmosphere and intermediate layers.

Five molecules, namely HCO*, HCN, N,H*, HNC, and C,H, have been detected in both
deuterated and nondeuterated forms (Qi et al. 2008, Huang & Oberg 2015, Loomis et al. 2020).
The last two have single detections, however, and are not further considered here. For HCO™*
and HCN, the disk-integrated D/H ratios are elevated above the cosmic D/H ratio by several
orders of magnitude. This observation implies an active deuterium chemistry in the outer disk—
deuterium fractionation of these and related species can occur through the cold H,D* channel or
the somewhat warmer CH, D" channel, and both appear to be active in disks (e.g., Willacy 2007,
Huang et al. 2017, Salinas et al. 2017, Aikawa et al. 2018, Cataldi et al. 2021). The D/H ratios in
HCN and HCO™ are quite similar, indicating a shared formation environment, while N,H™ is
substantially more deuterated (Figure 9). The latter is expected if most N,H™ originates close to
the cold disk midplane between the CO and N, snowlines (Aikawa et al. 2018). There is no clear
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Figure 9

(@) Disk-integrated D/H ratios for HCN, HCO*, and N, H™. (i) Disk-averaged values. (i7) Ranges extracted from spatially resolved
observations. (i) "¥N/N ratios for HCN toward a sample of protoplanetary disks. The shaded region depicts D/H values in comet
volatiles and the range of *N/*N in cometary HCN (Bockelée-Morvan et al. 2015, Altwegg et al. 2019). (5) Radially resolved
DCN/HCN and HCN/HCY N ratios. Data in panel # are from Fuente et al. (2010), Teague et al. (2015), Guzmadn et al. (2017),
Hily-Blant et al. (2017, 2019), Huang et al. (2017), Salinas et al. (2017), Bergner et al. (2020), Cataldi et al. (2021), and Pegues et al.
(2021). Data in panel 4 are from Hily-Blant et al. (2017, 2019) and Cataldi et al. (2021).
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pattern in the degree of deuteration with stellar mass and luminosity, as might be expected from
a cold-chemistry tracer. However, this lack of a pattern may be an effect of the present small and
biased sample, which includes only hotter stars with large disks and, hence, substantial cool disk
regions. Within individual disks, the D/H ratio in all three molecules generally increases with disk
radius and hence with a decreasing disk temperature (Qi et al. 2008, Cataldi et al. 2021) (Figure 9),
but the sample is still very small.

There are theoretical reasons to expect nonsolar C and O isotopologue ratios in disks (e.g.,
Miotello et al. 2016). Observations of *C isotopologues in disks exist for CO, HCO*, HCN, CN,
and CS, as do observations of '#O and 7O isotopologues for CO and observations of HC!8O*
(see McGuire 2022 and references therein). In theory, fractionation in C and O could be extracted.
In practice, doing so has proven difficult because of high or unknown optical depths of the main
isotopologue lines. Instead, minor isotopologues are often used to constrain the optical depth of
the major isotopologue, assuming local ISM isotopic ratios (e.g., Williams & Best 2014, Booth
et al. 2019, K. Zhang et al. 2021). Two exceptions are studies by Smith et al. (2015), who used IR
absorption line observations to derive a nonsolar *C/!?C in CO in inner disks, and by Yoshida
et al. (2022), who used optically thin line wings of CO 2-1 transitions to measure a low ®C/!2C
ratio in CO in the outer disk of TW Hya. " N/"*N ratios have been extracted for HCN toward
a handful of disks, and HCN is always enriched in *N. In the two disks with spatially resolved
HCN fractionation observations, the HCN/HC" N ratio increases with radius; in other words,
the disk gas is the most fractionated in >N close to the star (Hily-Blant et al. 2017, 2019; Guzmin
et al. 2018). This behavior is the opposite of deuterium enrichment in HCN, and it strongly
indicates that HCN enrichment in N is due to isotopologue selective photodissociation (Heays
et al. 2014), rather than cold isotope fractionation. In one disk, TW Hya, both CN and HCN
fractionation in *N have been measured, and CN is much less enriched than HCN (Hily-Blant
et al. 2017), indicating the presence of two different N reservoirs.

Isotopologue ratios could be used to assess disk chemistry contributions to comet inventories.
In the case of HCN, the disk-averaged *N/**N ratio is consistent with comet values, and for disks
with radially resolved emission, disk values agree with comets in the inner tens of astronomical
units of the disk (Figure 9), which is where most comets formed in the Solar System (Mumma
& Charnley 2011). If disk fractionation chemistry is important for cometary isotopic ratios, the
lower fractionation observed at larger disk radii should imprint on planetesimals assembling in
the outskirts of disks, which could be tested by measuring P N/'*N in Solar System bodies that
formed beyond 40 au. In the case of HCN D/H ratios, disk-averaged values are orders of magni-
tude higher than comet ratios, but radially resolved data have shown cometary D/H values in the
inner 30 au in some disks (Cataldi et al. 2021). In summary, isotopologue ratios in disks and comets
appear consistent, but that is not sufficient to ascribe a causal link between the two. More detailed
data on the fate of disk gas-phase fractionation products, as well as disk chemistry models that take
into account both dynamics and isotopic fractionation in ices, are needed to address this question
(Faure et al. 2015). In addition, if disk H,O and CH3;OH D/H values become available, a com-
parison between these and comet values would provide constraints on the relative contributions
of inheritance and in situ disk chemistry for volatiles and small O-rich organics.

5. CHEMICAL PROBES OF DISKS AND PLANET FORMATION

Molecular observations often provide the best and sometimes the only path to constraining phys-
ical disk properties important for disk evolution and planet formation. Here we review chemical
probes of disk gas mass and surface density (Section 5.1), ionization (Section 5.2), temperature
(Section 5.3), and dynamics, including planet formation (Section 5.4). In each case, we provide
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a brief overview of how disk chemistry and molecular emission are linked to the disk property
or process in question, review the deployed chemical probe(s), and discuss key results that have
emerged or are expected in the near future.

5.1. Disk Gas Mass and Surface Density

The total disk mass and surface density set the planet formation potential of protoplanetary disks.
Most of the disk mass and surface density consists of H,, which cannot be directly observed;
instead, a range of proxies have been developed, of which millimeter flux densities and CO iso-
topologue line fluxes are the most common (Andrews 2020, Miotello et al. 2022, and references
therein). The utility of CO as a gas mass probe depends on how well known the CO abundance
is in disks, which is fundamentally a chemical problem. The disk CO abundance structure has
been modeled with different levels of sophistication, including CO freeze-out and photodissocia-
tion (e.g., Williams & Best 2014), self-shielding and isotope-selective photodissociation (Miotello
et al. 2014), C and O isotopic fractionation chemistry (Miotello et al. 2016), and source-specific
thermochemical models (van der Marel etal. 2015, 2016; Woitke etal. 2019; K. Zhang etal. 2021).
When the CO model grids are compared with resolved or disk-integrated CO isotopologue fluxes
and retrieved dust masses, the extracted gas-to-dust ratio is frequently one to two orders of mag-
nitude below the typical ISM ratio of 100 (Miotello et al. 2017). A possible explanation is that
models generally overestimate the CO abundance. This is supported by a small number of disk
HD observations toward T Tauri disks, which reveal substantial CO depletion compared with
the ISM (Bergin et al. 2013, McClure et al. 2016). Similar evidence for CO depletion is not ob-
served for Herbig Ae disks, indicating that the depletion mechanism is sensitive to the specific
disk conditions (Kama et al. 2020).

The observational evidence for CO depletion from the gas phase in T Tauri disks has trig-
gered extensive modeling to understand its physicochemical cause(s). Some of the most commonly
proposed scenarios (illustrated in Figure 10) include the following:
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Figure 10

(@) Major physicochemical processes that reduce CO gas abundances in protoplanetary disks, including vertical mixing and
sequestration of CO ice in the midplane, gas-phase chemistry and freeze-out, and grain surface chemistry. (5) C'80 (red) and N, H*
(green) abundances (more intense color reflects higher abundance) for depleted and interstellar medium-like CO gas abundances.
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1. Gas and dust vertical mixing, driven by large-scale motions or turbulence, can remove
gaseous CO from the disk upper layers by freezing it onto large dust grains in the disk
midplane (Kama et al. 2016, Powell et al. 2022). The same mechanism has been invoked to
explain the low water abundance in the disk upper layers (Meijerink et al. 2009, Hogerheijde
etal. 2011).

2. Gas-phase reactions can convert CO into less volatile species, such as CO; and small hydro-
carbons (Aikawa & Herbst 1999, Yu et al. 2017), which subsequently freeze out onto dust
grains.

3. Frozen-out CO may be transformed into molecules with higher binding energy, such as
CO; or CH;0H ice, through grain surface chemistry (Bosman et al. 2018, Schwarz et al.
2018).

Scenarios 1 and 3 should operate mainly outside the CO snowline, though radial diffusion may
extend scenario 1 somewhat inward. The evidence that CO depletion is less severe in warm
Herbig Ae disks where the CO snowline is further out supports these scenarios, and recent
models by Krijt et al. (2020) and Van Clepper et al. (2022) show that both processes are needed
to reproduce the derived low CO abundances of some T Tauri disks. These models also indicate
that if dust radial drift is very effective, the CO abundance should be enhanced interior to the CO
snowline, which has been observed toward some disks (e.g., K. Zhang et al. 2019). The precise
CO depletion and enhancement levels for any given disk are, however, challenging to predict in
this chemodynamical framework.

In light of the limitations of CO as a gas mass tracer, the community has explored comple-
mentary observational mass diagnostics, and N, H* has emerged as a promising candidate. N, H*
should correlate with CO depletion (Figure 10), as a result of competition between N; and CO
molecules for H, and N,H* destruction by gas-phase CO. The combination of N,H* and CO
isotopologues should therefore probe both CO-rich and CO-poor gas and provide better mass
estimates than CO-based ones (Anderson et al. 2022, Trapman et al. 2022). Figure 11 shows that
these chemical mass estimates are generally in good agreement with constraints from HD mea-
surements when available. However, N, H* fluxes also depend on ionizing radiation fluxes and the
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Figure 11

Comparison of total H, gas mass estimates using different molecular tracers: CO (black), HD (red), and
N, H* combined with CO (blue) (Thi et al. 2010; Miotello et al. 2016, 2017; Anderson et al. 2019, 2022; K.
Zhang et al. 2019, 2021; Trapman et al. 2022).
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cosmic-ray ionization rate, and an additional independent proxy of disk ionization (e.g., HCO™)
may be needed to consistently obtain accurate disk gas masses with this approach (van ’t Hoff
etal. 2017, Anderson et al. 2022). Other, complementary molecule-based methods to estimate gas
masses are under development; these include the derivation of H, densities from excitation analy-
ses of molecules not in LTE at a range of disk heights and radii (Teague & Loomis 2020). Finally,
locations of snowlines may also be used to derive disk masses as a result of their dependence on
pebble drift (Powell et al. 2019).

5.2. Disk Ionization

The ionization fraction of protoplanetary disks affects their dynamical and chemical evolution
(see also discussion in Bergin et al. 2007). It regulates the coupling of the disk gas to magnetic
field lines and, therefore, the efficacy of the magnetorotational instability in driving turbulence
and disk evolution as well as in creating nonturbulent “dead zones” that are potentially favorable
for planet formation (Gressel et al. 2012). Ionization also sets many chemical timescales. Ion—
molecular reaction rates depend directly on ion abundances, and most grain surface and neutral-
neutral gas-phase chemistry includes an ion recombination reaction to form the reactants. An
example of the latter is the production of H atoms needed to form water on grain surfaces (Cleeves
etal. 2014, Oberg & Bergin 2021).

Disk ionization studies typically have two goals: to determine the ionization fraction and to
constrain the main source(s) of ionization (see Section 2.1). The ionization fraction is set by a
balance between the ionization and recombination rates, both of which depend on the chemical
composition of the disk (Semenov et al. 2004, Xu et al. 2019) as well as on the radiative transfer
of the ionizing radiation. Due to the chemical stratification of protoplanetary disks, the main
positive charge carrier varies between different disk regions (Figure 12), and the use of atomic
and molecular ions as probes of ionization therefore depends on detailed models and observations
of disk chemistry. Theoretically, atomic ions dominate near the directly irradiated, PDR-like disk
surface, while molecular ions produced via protonation of abundant volatile species (H,O, CO,
N,,NH;) by HY dominate in the deeper layers. As shown in Figure 12, the thickness of the atomic
ion layer and the region in which molecular ion is the major charge are both highly sensitive to
the overall chemical state of a disk: In a disk depleted in C/H and O/H (see Section 4.2), the
C* region is reduced in favor of H* and He*, and the HCO" and H; O regions are reduced in
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Dominant ion species across a T Tauri disk for models with (#) interstellar abundances of C and O and (/) initial C and O abundances
depleted by 100-fold. Other minor species not listed in the legend are shown in gray. The models (Anderson et al. 2021, 2022) assume a
stellar UV spectrum from a low-mass T Tauri star, a total X-ray luminosity of 10°? erg s~!, and a cosmic-ray ionization rate of

10-18 g1 per H at the disk surface.
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favor of the N-bearing molecular ions N,H* and NH . Molecular ion abundances also depend
on other elemental abundances, which act as electron donors (Ilgner & Nelson 2006). In addition
to atomic and molecular ions, PAHs and grains can be significant charge carriers in the disk (e.g.,
Thi et al. 2019) (not shown in Figure 12).

Because of the complexity of the atomic and molecular ion structure of disks and the small
number of studies focused on characterizing disk ionization, there is no consensus on the typical
ionization level. On the basis of a combined analysis of HCO* and N,H" emission in TW Hya,
Cleeves et al. (2015b) found a low ionization level, which constrains the cosmic-ray ionization
rate to be <$0.01 times the interstellar value. By contrast, Aikawa et al. (2021) found relatively
high ionization rates in both the warm molecular layer and the midplane of other disks, consistent
with standard assumptions about X-ray ionization and relatively high cosmic-ray ionization rates.
Finally, Seifert et al. (2021) found a gradient in the cosmic-ray ionization rate across the IM Lup
disk. If this is a general feature, it may help explain some of the diverging results.

The relative importance of different sources of ionization should vary across disks (Cleeves
et al. 2015b, Rab et al. 2018), between disks around different stars (Walsh et al. 2015), and in dif-
ferent radiation environments (Walsh etal. 2013). In theory, the contributions of different ionizing
sources could be deduced from observations of ions in disks because different ionizing sources af-
fect disk ion abundances in different disk regions. For example, Cleeves et al. (2015b) extracted
a relatively limited contribution from cosmic-ray ionization and a larger-than-expected contri-
bution from X-rays in one disk, suggesting a flaring X-ray stage. X-ray flares may also have a
time-resolved impact on ionization, as observed by Cleeves et al. (2017). The full potential of ion-
ization probes has yet to be realized, however, mainly because of a lack of comprehensive, spatially
resolved molecular ion data sets on samples of disks.

5.3. Disk Temperature

Detailed disk temperature structures are necessary to correctly interpret molecular line ob-
servations, to model planet formation, and to predict the chemical evolution of disks (see also
Sections 4.1 and 4.2). Molecular and atomic line observations constitute our best tools to con-
strain individual disk temperature structures as well as to benchmark disk models (e.g., Dartois
etal. 2003, Piétu et al. 2007, Kamp et al. 2010, Calahan et al. 2021a). For spectrally well-resolved,
optically thick lines, the peak brightness temperature (73,) is a direct tracer of the local kinetic
temperature, and spatially unresolved lines (including the CO ladder in the FIR) can be used to
constrain disk gas temperatures by comparing observational data with radiative transfer models
(e.g., Bruderer et al. 2012, van der Wiel et al. 2014). High spatial resolution observations of opti-
cally thick lines provide more direct constraints on the temperature profiles of the emitting layers
(Dartois et al. 2003, K. Zhang et al. 2017, Pinte et al. 2018a). By combining optically thick lines
emitting from different disk heights, which can be constrained observationally in mid-inclined
disks (Section 3.6), one can reconstruct a 2D (R—z) map of the disk temperature. So far, this has
mostly been done using CO isotopologues because of the high signal-to-noise ratios required by
this method (Law et al. 2021b). However, future studies are also expected to make use of other
molecules that emit from a larger range of disk layers because of either different chemistry or line
excitation, which would enable a more complete temperature reconstruction (e.g., Huang et al.
2020).

For optically thin (or marginally optically thick) lines, single transitions cannot break the
degeneracy between column density and excitation temperature. Instead, rotational excitation
temperatures can be derived with molecular population diagrams using two or more transitions
with well-characterized energy levels and transition probabilities. The high quality of ALMA data
enables the construction of molecular population diagrams of numerous molecules, in several cases
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also with spatially resolved data. Excitation temperatures have been derived for molecules such as
HCN, H,CO, CH;0H, CH;CN, CN, and ¢-C;H; (e.g., Teague et al. 2015, Loomis et al. 2018a,
Peguesetal. 2020, Teague & Loomis 2020, Facchini etal. 2021, Ilee et al. 2021, van der Marel et al.
2021). For marginally optically thick lines, it is possible to account for the line intensity saturation
and correct for it (Goldsmith & Langer 1999). The critical density of most rotational transitions is
less than 108 cm~, below the H/H, density where the lines originate and an LTE approximation
is valid. Therefore, the excitation temperature directly traces the gas kinetic temperature and can
be used as a gas thermometer when the emission location is known. Conversely, whenever the
temperature structure is known through other means, the excitation temperature of molecules
can be used to locate the vertical layer where the lines originate, anchoring disk chemistry models
(Tlee et al. 2021).

In cases where molecular excitation temperatures are challenging to extract, including in the
disk midplane, chemical structures can be used to constrain gas and dust temperatures. The most
prominent examples are snowlines and snow surfaces (see Sections 4.1 and 3.6). Identification of
snow surfaces via chemical markers (such as N, H* for CO or H? CO™ for H,0) uniquely asso-
ciates a specific region of a disk with the range of sublimation temperatures obtained by laboratory
experiments for that particular molecule (Fayolle et al. 2016, Qi et al. 2019, K. Zhang et al. 2021).
Intensity ratios of some molecules have also been associated with specific gas temperatures and
can be deployed as thermometers. The HNC/HCN ratio is an example of such a chemical ther-
mometer, which works because of the temperature-dependent destruction of HNC (Graninger
etal. 2015, Hacar et al. 2020, Long et al. 2021).

The deployment of these different temperature probes has confirmed general expectations
for temperature structures (e.g., Dartois et al. 2003, Law et al. 2021b). Other observations have
demonstrated the importance of gas heating in low-density disk environments (e.g., Fedele et al.
2016) and revealed unexpected thermal substructure, such as temperature inversions in outer disk
regions, resulting in secondary snowlines of CO (Oberg et al. 2015a, Cleeves 2016, Dutrey et al.
2017, Facchini et al. 2017). An analogous thermal inversion can occur in the disk upper layers,
where the dust and gas can sometimes thermally decouple at heights lower than those foreseen
by thermochemical models that do not account for settling (e.g., Facchini et al. 2017). An open
question in disk thermal structure modeling concerns the gas temperature in dust gaps and, hence,
the chemical evolution in the vicinity of the planets that produce them. A higher penetration of
energetic photons should increase both the gas and the dust temperatures (van der Marel et al.
2018, Alarcén et al. 2020, Rab et al. 2020), but efficient gas cooling may counteract this effect in
severely dust-depleted gaps (Facchini et al. 2018b). Observational constraints on the gas temper-
ature of dust gaps are inconclusive, but in at least two transition disk cavities the gas temperature
is enhanced (Leemker et al. 2022).

5.4. Disk Dynamics and Planet Formation

Planet-forming disks are highly dynamical environments (Section 1.2; for recent reviews, see
Armitage et al. 2020, Pinte et al. 2022), and many of these dynamical timescales are of the same
order as (or shorter than) typical chemical timescales (e.g., Semenov & Wiebe 2011), complicat-
ing disk chemical modeling (Section 2.3). At the same time, chemistry can affect gas dynamics in
disks through its impact on disk ionization and temperature (Sections 5.2 and 5.3), and a complete
chemodynamical disk model would need to take this chemical feedback into account. The com-
plex interplay between chemistry and dynamics is one of the major challenges for disk chemistry
studies going forward. It is also a potential advantage, however, since it implies that chemical disk
structures could be used as probes of disk dynamics and ongoing planet formation.

Oberg o Facchini o Anderson



Annu. Rev. Astron. Astrophys. 2023.61:287-328. Downloaded from www.annualreviews.org

Access provided by 93.36.176.106 on 08/29/23. See copyright for approved use.

A set of proposed chemical probes of dynamics exploits the impact of radial advection of
volatiles in the gas and/or ice form on inner disk molecular abundances (Section 1.2). Efficient
inward radial drift of icy pebbles should increase the H,O vapor in the inner disk and produce a
substellar C/O ratio. This effect has been tentatively observed by Banzatti et al. (2020), who found
an anticorrelation between inner disk H,O line flux and pebble disk size, where a larger disk size
implies less pebble drift (probably due to dust substructure). If, instead, water is sequestrated in
the outer disk due to the efficient transformation of pebbles into boulders, the inner disk should
be water poor and the C/O ratio superstellar. Najita et al. (2013) suggest that this process would
explain an observed trend between the HCN/H, O water ratio in the inner disk and disk mass. Up-
coming JWST data may be able to distinguish between the two scenarios. Another possible probe
of drift is the relative C/H ratios in the inner and outer disk regions (McClure 2019, Sturm et al.
2022). Disk models that include inward accretion flows have also noted large effects on the inner
disk organic chemistry (Semenov & Wiebe 2011, Price et al. 2020), but these predicted effects
have not yet been converted into an observational probe of inward gas transport.

Chemical disk structures can also be used to trace time-dependent changes in disk tempera-
ture and radiation structures. In an FU Ori outburst, a sudden increase in stellar luminosity and
accretion rate moves the ice lines of molecules as H, O and CH; OH to large radii. The outwardly
shifted snowlines remain for some time after the outburst and can therefore be used to infer an
energetic past. This phenomenon has been observed in younger disks but not yet in mature proto-
planetary disks (van ’t Hoff et al. 2018b, Lee et al. 2019). Time-dependent changes in temperature
and radiation can also be caused by disk warps. In warped disks, a misaligned inner disk can cast
shadows onto the outer regions (Facchini et al. 2018a), and the resulting azimuthal gradient in the
illumination pattern is expected to cause large-scale asymmetries in the intensity of molecular lines
that are particularly sensitive to photochemistry (Young et al. 2021). Finally, theoretical models
predict that heating from massive planets and UV excess caused by high accretion rates during the
runaway phase could imprint the thermal and chemical structure of close-by gas as warm hot spots
detectable with long ALMA integrations (Cleeves et al. 2015a). Such features have not yet been
detected in the proximity of kinematically inferred planets (Pinte et al. 2018a, Casassus & Pérez
2019, Izquierdo et al. 2022) or directly detected planets (Facchini et al. 2021), but they constitute
a potential unique probe of planet formation.

In addition to chemical probes, observations of molecular lines at high angular and spatial
resolution can be used to directly constrain the gas dynamics of planet-forming disks. To date,
almost all studies have made use of the brightest molecular lines, namely CO 2-1 and 3-2, without
much regard for chemistry (e.g., Casassus & Pérez 2019, Teague et al. 2019, Izquierdo et al. 2021).
However, there is real potential to further develop such probes in order to extract density and
abundance gradients for different molecular species by mapping the velocity fields across the disk
radial and vertical extent. In the meantime, such studies have revealed several kinematic structures
relevant to the chemistry of planet formation. In particular, there are large-scale convective flows
colocated with annular substructures in dust continuum (Teague et al. 2019, Yu et al. 2021). These
meridional flows show that chemical abundances probed in disk molecular layers can access the
planet-forming disk midplane and deliver chemically evolved gas to the proximity of growing
protoplanets (Cridland et al. 2020).

6. LINKING DISK CHEMISTRY AND PLANET COMPOSITIONS

This review is largely motivated by a close connection between disk chemical structures and pro-
cesses on the one hand and the outcome of planet formation on the other. In this final section, we
review the links between disk chemistry and planet formation and discuss possible directions for
future development.
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"To begin, snowline locations (Section 4.1) may affect the architectures of planetary systems.
Snowlines of different volatiles are predicted to affect the grain coagulation rate, resulting in
higher (or lower) rates of planet formation in the vicinity of snowline locations. In the Solar Sys-
tem, the presence of Jupiter at 5 au has long been associated with gas giant formation just outside
the water snowline in the Solar Nebula (e.g., Stevenson & Lunine 1988). There is also evidence for
a pileup of gas giant exoplanets around 2 au (Fernandes et al. 2019), which may coincide with the
location of the water snowline during the relevant disk evolutionary stage. Better exoplanet statis-
tics, as well as observations of snowline locations in samples of disks, are needed to establish such
links between planet formation and snowline locations with confidence. Currently, CO and N,
snowlines have been observed toward only a handful of disks, while H, O snowline constraints are
more indirect (and fewer), and no constraints exist for other major snowlines. This small number
statistic is made worse by a clear bias toward atypical large and bright disks; therefore, it is diffi-
cult to extrapolate from existing disk snowline data to snowline locations in typical planet-forming
disks. High-resolution ALMA data toward larger and less biased disk samples would resolve cur-
rent uncertainties regarding CO and N, snowline locations, while the path forward for other
snowline determinations is less clear and may require a combination of method development and
new facilities.

Snowlines, or rather planet formation locations with respect to snowlines, should also affect
planet compositions (Section 4.2). This idea has been used to constrain where in the Solar Neb-
ula Jupiter and other planets formed on the basis of their compositions (e.g., Owen et al. 1999,
Lodders 2004, Morbidelli et al. 2016, Bosman et al. 2019, Oberg & Wordsworth 2019), as well
as to provide an interpretive framework for exoplanet compositions (Madhusudhan 2019) with
a focus on atmospheric C/O ratios (Oberg et al. 2011b). Indeed, atmospheric elemental ratios
have great potential to trace exoplanet histories, and while C/O ratios cannot be used on their
own to assign an unambiguous planet formation location, C/O combined with C/N, C/H, and
C/S should yield more informative constraints for gas giants (Oberg et al. 2011b, Piso et al. 2016,
Hobbs et al. 2022), and other elemental ratios may be developed to trace the formation of smaller
planets. The success of this method will require a more precise understanding of the distribution
of elements in disks than is currently available, which will entail better models of the interactions
between disk dynamics and molecule condensation and sublimation, as well as laboratory data on
ice sublimation in different disk contexts (e.g., Fayolle et al. 2011, Potapov et al. 2018, Simon et al.
2019, Kruczkiewicz et al. 2021). In addition, if in situ chemistry is important for determining the
major elemental carriers, then additional chemodynamical model development will be needed,
along with laboratory experiments on the relevant chemical transformations.

Most research linking disk and planet composition has focused on the formation of giant plan-
ets and the elemental composition of their atmospheres, but in the near future the study of Earth
analog atmospheres will become feasible. The atmospheres and hydrospheres of rocky planets are
shaped by a range of processes, including outgassing of magma, the length of a magma ocean phase,
plate tectonics (e.g., Lichtenberg et al. 2022 and references therein), and impacts of meteorites
and comets. The last two connect the disk molecular inventories with rocky planet compositions;
therefore, comprehensive data sets on the distribution of key organics in asteroid and comet-
forming disk environments are needed to predict the prebiotic chemistry on young rocky planets.
These will include both innovative observational constraints on disk icy reservoirs, such as those
provided by Booth et al. (2021a), and models and laboratory data on the formation and transfor-
mation of organic molecules in disks. In the meantime, comparisons of organics in Solar System
comets and a handful of protostellar and protoplanetary disks indicate that exoplanets assemble,
at least sometimes, in a chemical environment similar to that of the Solar Nebula (Oberg et al.
2015b,2021b; Drozdovskaya et al. 2019). In addition, constraining the distribution of life-enabling
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elements like C, N, O, and P across disk solids will be crucial for determining their availability to
terrestrial exoplanets (Bergin et al. 2015). For Earth analogs, it is also important to explore the
links between refractory compositions of both inner disk solids and planet cores and mantles. The
planet core composition is difficult to observe in regular planets, but it can be probed using data
from extrasolar planetary bodies that have polluted white dwarf atmospheres (Jura & Young 2014).

Finally, isotopic ratios in gas and solids provide a tool to map the origins of cometary and plan-
etary volatiles. So far, these ratios have been applied almost exclusively to the Solar System to
constrain the origin of water on Earth and other planets, as well as in comets and asteroids (for
reviews, see Ceccarelli et al. 2014, Altwegg et al. 2019). The first isotopic ratio in an exoplanet at-
mosphere was recently reported, potentially unlocking isotopic ratios as a complementary tool to
elementary ratios when extracting a planet’s formation history (Y. Zhang et al. 2021). The deploy-
ment of this method, however, requires a detailed understanding of the isotopic composition and
fractionation chemistry of disks, which is currently incomplete. Additional observations, modeling,
and experiments are needed to establish a comprehensive interpretative framework for planetary
volatile isotopic compositions.

1. Observations across the electromagnetic spectrum, from UV to radio wavelengths, are
needed to characterize disk solid and gas compositions at all radii relevant to planet
formation.

2. Disk chemical models, anchored in astrochemical computations and laboratory experi-
ments, are essential to estimate the complete chemical compositions of disks and how
they evolve over time.

3. Disk gas and solid elemental compositions often deviate from those of their host stars,
which has a direct impact both on the disk organic chemistry and on the elemental and
chemical makeup of planets.

4. The disk chemical structure and evolution are set by an interplay between chemical
inheritance and a rich in situ chemistry. Accounting for both is especially important
when considering the major carriers of the volatile elements and the organic inventory
at different disk radii.

5. Multiple lines of evidence support substantial volatile transport and mixing in disks,
which chemically connect inner and outer disks as well as disk midplanes and
atmospheres.

6. Disk chemistry is closely intertwined with disk temperature and radiation structures,
as well as with disk dynamics, illustrating the great potential of molecules as probes of
nonchemical disk processes.

1. During the past decade, ALMA disk chemistry observations have focused mostly on a
small and highly biased sample of disks. Statistical samples of outer disk chemical com-
positions are needed to constrain the chemistry of “typical” planet formation and to link
disk and exoplanet compositions.
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2. Icy grains constitute the major reservoir of O, C, S, and P in disks. IR observations,
informed by laboratory experiments, offer a great opportunity to characterize their com-
positions and determine whether they are inherited intact from the ISM or reformed in

the disk.

3. Establishing clear chemodynamical links between different disk regions will require both
the realization of new observational probes and further development of 2D (and even-
tually 3D) models that combine comprehensive chemical networks with a range of gas
and dust dynamics and grain evolution.

4. The gas and solid compositions that are most relevant for terrestrial planet formation are
currently not well constrained outside the Solar System. This limitation should be ad-
dressed by spectroscopic observations at the relevant scales and with models that connect
the compositions of observable disk layers with the planet-forming midplane.

5. Several outstanding questions in disk chemistry studies, including the locations of key
snowlines, the distribution of water, and the organic inventory across most of the planet-
forming disk, may only be fully addressed by new observatories that provide access to
the FIR as well as higher sensitivity at (sub)millimeter and radio wavelengths.
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