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Abstract. Connecting the observed composition of exoplanets to their formation sites often
involves comparing the atmospheric C/O ratio to a disk midplane model with a fixed chemical
composition. In this scenario chemistry during the planet formation era is not considered. How-
ever, kinetic chemical evolution during the lifetime of the gaseous disk can change the relative
abundances of volatile species, thus altering the C/O ratios of planetary building blocks. In our
chemical evolition models we utilize a large network of gas-phase, grain-surface and gas-grain
interaction reactions, thus providing a comprehensive treatment of chemistry. The results show
that, if sufficient ionisation is present, then chemistry does alter the C/O ratios of gas and
ice during the epoch of planet(esimal) formation. This modifies the picture of C/O ratios in
disk midplanes defined simply by volatile ice lines in a midplane of fixed chemical composition.
Chemical evolution thus needs to be addressed when predicting the makeup of planets and their
atmospheres.
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1. Introduction
Since the first detection of an exoplanet 22 years ago, the field of exoplanetary science

has moved from detection to also characterisation. Several studies show detections of
molecular absorption in the transmission spectra of exoplanet atmostpheres (Seager &
Deming 2010;Snellen et al. 2010;Birkby et al. 2013;Fraine et al. 2014;Crossfield 2015;Sing
et al. 2016). Atmospheric abundances of molecules such as CO and H2O are used to
infer the elemental C/O ratio of the atmospheres, which in turn points to the elemental
composition of the material that went into forming the planets, in the protoplanetary
disk midplanes. Thereby, a connection between observed planets and the disk midplanes
where they formed can be established, shining light on planet formation.

Such a connection is, however, not straightforward to make. Several different processes
take place during the evolution of the planet-forming midplanes of disks, which could
all affect how, when, and from what material planets form. Such processes include dy-
namical effects such as grain settling from upper layers to midplane, grain growth, grain
radial drift and accumulation of grains into larger bodies, and eventually into planets.
These effects have been studied extensively (see e.g. Lambrechts & Johansen 2012;Alibert
et al. 2013;Ali-Dib et al. 2014;Madhusudhan et al. 2014;Bitsch & Johansen,and references
therein) and the chemical composition of the material have been considered in order to
track which chemical abundances the planets are made up of.
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Figure 1. Left panel: modified disk illustration from Williams & Cieza (2011), showing the
regions of the disk midplane (indicated by the radius) where four selected volatile species are
gas or ice, with freeze-out temperatures depending on the species’ binding energies. Right panel:
the C/O elemental ratios of gas and ice as function of radius from Eistrup et al. (2016), as only
defined by icelines. Dashed lines indicate C/O=1 as well as the total assumed C/O ratio of 0.34.
Comparable to Fig. 1 in Öberg et al. (2011).

The volatile composition of the planet-forming material is usually taken to be fixed.
That is, certain abundances of volatiles species such as H2O, CO, CO2 and CH4 have
been assumed, and depending on their binding energies (freeze-out temperatures), these
species are assumed to be either in the gas-phase, or ices on grain surfaces, depending on
the radial temperature profile in the disk midplane. The iceline of a species is the radius
marking the transition from gas to ice for that species (see Fig. 1, left panel), and based
on icelines an impression of the C/O elemental ratios in gas and ice of the midplane
material can be obtained, as shown in Fig. 1, right panel.

However, most models of planet formation do not allow chemical evolution of the
material. That is, chemical reactions that can alter relative abundances of the chemical
species, or even produce new species, are not included in the models. This work focuses
on chemical evolution in the disk midplane, and how this evolution might modify the
view of a chemically static midplane with C/O ratios in gas and ice defined by icelines
only.

2. Allowing chemical evolution in the disk midplane
We have used the physical structure for a disk midplane (temperature, density and

ionisation level, as functions of radius) that is evolving in time from Alibert et al. 2013,
i.e. the disk is cooling and losing mass over time. Temperature and ionisation levels at
different timesteps are featured in Fig. 2. The initial disk mass is 0.1 Minimum Mass So-
lar Nebula (see Eistrup et al. 2016), and we considered radii out to 30 AU. We utilised an
extensive gas-phase, gas-grain and grain-surface chemical network. The gas-phase chem-
istry is from the latest release of the UMIST Database for Astrochemistry (McElroy et al.
2013) termed Rate12. The rates for gas-grain interactions and grain-surface chemistry
are calculated as described in Walsh et al. (2015), and references therein.

We assumed a constant gas-to-dust ratio of 100, as well as spherical grains of constant
size 0.1 μm. The initial chemical abundances are assumed those from the “inheritance”
scenario in Table 1 in Eistrup et al. (2016). A high level of ionisation (including the
contribution from short-lived radionuclides and cosmic rays) is adopted. We evolve the
midplane chemistry for up to 7 Myr.
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Figure 2. Midplane temperature (left) and ionisation rate (right) as functions of disk radius
for different evolutionary times.

3. Effects of chemical evolution

For the conditions assumed here, in particular the high level of ionisation, large changes
to the initial chemical composition are seen at all radii. Chemical evolution becomes
important after a few times 105 yrs (which is evident at 5 AU radius as seen in Fig. 3,
left panel), and continues until at least 7 Myr. By 7 Myr, chemical steady state is reached
in the outer icy parts of the disk midplane (outside the O2 iceline). This means that the
fingerprint of the initial chemical abundances has been erased.

Chemical evolution changes the relative abundances of the initial species, but it also
causes production of new species. Most prominently, O2 gas is abundantly produced
between the H2O and the O2 icelines, and HCN and C2H6 ices becomes important
carriers of elemental carbon in the cold outer disk midplane. The changes to the chemical
composition also affect the elemental carbon and oxygen ratios in gas and ice. This
evolution is featured in Fig. 3, left panel. Here, the orange profile by 0.1 Myr is identical
to the plot in Fig. 1 right panel, as the C/O ratio without chemical evolution, defined
by icelines alone.

Fig. 3 right panel shows that chemical evolution acts to significantly lower the gas
C/O ratio, so it drops from ∼1.2 initially to 0.3 by 7 Myr at 5 AU. Alongside that, the
C/O ratio in the ice at 5 AU increases to 0.5 by 7 Myr, making the ice between 3 and 10
AU more carbon rich than the gas (opposite of the initially condition, where the gas was
more carbon rich than the ice). Overall, by 7 Myr the C/O ratios in both gas and ice are
below 0.5 (given that the total assumed C/O ratio is 0.34), showing that with chemical
evolution included, C/O ratios may change significantly over the disk lifetime.

The results presented here suggest that coupling the chemical makeup of a disk mid-
plane to the chemical makeup of the planets that form out of it may not be straightfor-
ward. Indeed, if planet formation lasts for longer than a few times 105 yrs in the disk
midplane and a high level of ionisation is present, then the chemical abundances and
elemental ratios in gas and ice will change alongside with planet formation. Henceforth,
chemical evolution needs to be addressed when predicting the chemical makeup of plan-
ets and their atmospheres, as well as when inferring formation locations of exoplanets
based on their observed atmospheric elemental ratios.
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Figure 3. Left panel: time evolution of key volatile species at 5 AU in the disk midplane.
Right panel: evolution of the elemental C/O ratios in gas and ice caused by the evolution in the
chemistry, at different timesteps. The grey boxes in the right panel indicate the radial regions
that the iceline of a volatile move over due to the evolution of the physical conditions.
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