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Abstract

Ices are an important constituent of protoplanetary disks. New observational facilities, notably the James Webb
Space Telescope JWST), will greatly enhance our view of disk ices by measuring their infrared spectral features.
We present a suite of models to complement these upcoming observations. Our models use a kinetics-based gas—
grain chemical evolution code to simulate the distribution of ices in a disk, followed by a radiative transfer code
using a subset of key ice species to simulate the observations. We present models reflecting both molecular
inheritance and chemical reset initial conditions. We find that near-to-mid-IR absorption features of H,O, CO,, and
CH;0H are readily observable in disk-integrated spectra of highly inclined disks while CO, NH3, and CH, ice do
not show prominent features. CH;0H ice has low abundance and is not observable in the reset model, making this
species an excellent diagnostic of initial chemical conditions. CO, ice features exhibit the greatest change over disk
lifetime, decreasing and increasing for the inheritance and reset models, respectively. Spatially resolved spectra of
edge-on disks, possible with JWST’s integral field unit observing modes, are ideal for constraining the vertical
distribution of ices and may be able to isolate features from ices closer to the midplane (e.g., CO) given sufficient
sensitivity. Spatially resolved spectra of face-on disks can trace scattered-light features from H,O, CO,, and
CH;0H, plus CO and CH, from the outermost regions. We additionally simulate far-IR H,O ice emission features
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and find they are strongest for disks viewed face-on.

Unified Astronomy Thesaurus concepts: Protoplanetary disks (1300); Astrochemistry (75)

Supporting material: machine-readable table

1. Introduction

Protoplanetary disks consist of molecular and atomic gases,
refractory dust, and volatile ices. Ices play a critical role in the
planet formation process. They increase the sticking efficiency of
dust grains (Wang et al. 2005; Gundlach & Blum 2015),
facilitating their growth to larger pebbles (but see also, e.g.,
Musiolik et al. 2016). A snow line—the location in the disk
midplane where a given species transitions from gas to ice—can
promote the growth of planetesimals by enhancing the local
concentration of disk material (e.g., Stevenson & Lunine 1988;
Drazkowska & Alibert 2017).

Ices are crucial for the delivery of biocritical volatiles to
potentially habitable planets. Terrestrial planets in the habitable
zone are thought to form within the snow lines of water and
other volatile species, leaving them dry and unsuitable for life.
Volatiles must be delivered to these planets from ice-containing
planetesimals that formed farther out in the disk. This could
occur from planetesimal scattering during the final assembly of
giant planets (e.g., Raymond & Izidoro 2017) or from later
epochs of dynamical instability (e.g., Gomes et al. 2005).

Studies of dust (Andrews 2020) and gas (e.g., Pontoppidan
et al. 2014; Facchini et al. 2021; Oberg et al. 2021) have
revealed much about the overall physical and chemical
properties of disks, yet fundamental questions remain unan-
swered (e.g., Haworth et al. 2016; Oberg & Bergin 2021).
Studying ices offers a unique and complementary opportunity
to probe disk properties, such as their temperature structure and
internal radiation field, the sizes of dust grains in various disk
regions, the degree to which the molecular inventory is
inherited from the protostellar envelope or altered during disk
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formation, and the amount of vertical and radial mixing of disk
material. Comprehensive disk models have been developed to
simultaneously fit panchromatic observations of dust and gas
(e.g., Woitke et al. 2019); the inclusion of ice observations can
further constrain such models.

Interstellar ices are detected via spectral features in
absorption and scattering at near-to-mid-IR wavelengths
(Boogert et al. 2015). H,O ice also exhibits emission features
at 44 and 62 um. Ices have been studied across all star- and
planet-forming environments, including molecular clouds (e.g.,
Whittet et al. 1983; Bergin et al. 2005), dense cores (e.g.,
Boogert et al. 2011), protostellar envelopes (e.g., Boogert et al.
2008; Oberg et al. 2011), and in comets/icy planetesimals both
in our solar system (Mumma & Charnley 2011; Altwegg et al.
2019) and around other stars (Matra et al. 2017, 2018; Strgm
et al. 2020).

Protoplanetary disks are the evolutionary link between
molecular clouds and planetesimals and planets, yet there are
few observational constraints on the abundance and distribution
of ices in disks. Absorption spectroscopy is only possible when
a disk is viewed close to edge-on such that the star and hot
inner disk provide a background source of radiation observed
through the cooler outer disk where the ices reside. The dense
disk midplane occults the star and warm inner disk, so edge-on
systems are faint in the near-to-mid-IR and most of the
observed flux is due to scattered light from dust above the
midplane. This faintness has limited the detectability of ice to
especially bright disks. H,O ice was detected from several
disks via its 3 um absorption feature using ground-based
telescopes (e.g., Terada et al. 2007; McCabe et al. 2011; Terada
& Tokunaga 2012, 2017). Ices besides H,O have only been
detected from a few disks with AKARI (Aikawa et al. 2012)
and Spitzer (Pontoppidan et al. 2005), although the analysis
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was complicated by potential foreground contamination of the
features, external to the disk itself.

Ices can also be detected via scattered-light features (Inoue
et al. 2008). To date, the 3 um H,O feature has been
successfully detected in a few disks using photometric imaging.
Images are taken at wavelengths spanning the 3 ym feature and
show darkening at 3 yum compared to adjacent wavelengths,
indicative of the reduced albedo due to the presence of water
ice (Honda et al. 2009, 2016; Betti et al. 2021).

Finally, the H,O far-IR emission features were detected from
a handful of disks with the Infrared Space Observatory (Malfait
et al. 1998, 1999; van den Ancker et al. 2000; Creech-Eakman
et al. 2002) and the Herschel Space Observatory (McClure
et al. 2015; Min et al. 2016). The shapes of the far-IR features
are particularly sensitive to crystallinity (Kamp et al. 2018).

Upcoming observational facilities are poised to revolutionize
our view of ices in disks. The James Webb Space Telescope
(JWST), with a wavelength range from 0.6 to 28.8 um, will
cover all known absorption/scattering ice features. The JWST
NIRSpec and MIRI spectrographs will offer unprecedented
sensitivity and higher spectral resolution than previous IR
facilities. These spectrographs also have integral field unit
(IFU) capabilities, allowing the location of the ice features to be
mapped for spatially resolved disks. The NIRCAM and MIRI
instruments offer coronagraphy, which can photometrically
image ice via scattered light.

Beyond JWST, the Spectro-Photometer for the History of
the Universe, Epoch of Reionization, and Ices Explorer
(SPHEREX), scheduled for launch in 2024, will acquire a
0.75-5.0 pm spectrum over the whole sky (Doré et al. 2018).
This wavelength range covers features of H,O, CO, CO,,
CH;0H, NH3;, and CHy4 ices, among others. While SPHEREx
will not have the same sensitivity, spectral resolution, or spatial
resolution as JWST, it will observe many more disks. New far-
IR observing capabilities will be important for detecting the
H,O0 emission features. Such capabilities may arrive from new
instrumentation aboard the Stratospheric Observatory for
Infrared Astronomy (SOFIA) or from the proposed Origins
Space Telescope.

To complement upcoming observations, we present simu-
lated observations of the spectral features of disk ices based on
detailed chemical evolution models. Previous studies have used
radiative transfer simulations to interpret/predict ice features,
but they did not make use of disk chemical evolution models to
set up the ice abundance distributions. Pontoppidan et al.
(2005) interpreted edge-on disk observations with a model that
included CO ice where the temperature was below 20 K and
CO, and H,0O ice where the temperature was below 90 K.
McClure et al. (2015) and Min et al. (2016) interpreted far-IR
H,O features using a model with total ice mass as a free
parameter and its distribution set by local temperature and UV
extinction. Kamp et al. (2018) also used this approach to
explore the general behavior of the far-IR H,O features under
various disk conditions. A similar model was developed by
Oka et al. (2012) and employed by Honda et al. (2016) to
analyze the 3 um scattered-light feature of H,O ice.

The clear next step is to incorporate our knowledge of
evolving disk chemistry into our predictions for ice observa-
tions, which is the goal this paper sets out to achieve. The
chemical and radiative transfer models are described in
Section 2. Section 3 presents the results, highlighting the
distribution and evolution of ice abundances (3.1), the effect of
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disk inclination (3.2), the spatial variation of the features (3.3),
variations in the features with time and initial disk chemistry
(3.4), and detectability with JWST (3.5). The conclusions of
this study are summarized in Section 4.

2. Methods

Our modeling procedure involves two main stages. First, we
use a chemical evolution code to simulate the abundance of
many species in gas and ice phases as a function of radial
location, vertical location, and time. Second, we use radiative
transfer to simulate observations of the dust plus a subset of ice
species in the disk at four selected times. The specific steps of
our modeling procedure are outlined in Figure 1 and detailed in
the following sections.

2.1. Disk Properties

Our model was designed to represent a typical T Tauri class
II disk system. We assume an azimuthally symmetric disk with
a gas surface density profile given by

-y 2—y
D (r) = zc(i) exp [—(i) l (1)
Te Te

within r;, < r < roy, as predicted by accretion theory (Lynden-
Bell & Pringle 1974; Hartmann et al. 1998). The characteristic
disk size is r. = 30 au where the characteristic disk gas surface
density is ¥, =23 g cm % which sets the total disk mass
(0.014 M_). The disk has a flared vertical structure with scale

height
r v
, 2
100 au) )

H(r) = H100(

where we set Hjogp = 10 au and ¢ = 1.15. We assume an overall
dust-to-gas mass ratio of £ =0.01. The dust is partitioned into
a small-grain (0.005-1 pm) population and a large-grain
(0.005-1000 pm) population with a mass fraction of f=0.9 in
the large grains. The small grains trace the same spatial
distribution as the gas with volume density profile

£ = HE() 1 z Y
L) = e —— . 3
Al 2) V27 H(r) eXp[ Z(H(r)) l )

The large grains have the same radial distribution as the gas
and small grains but a settled vertical distribution with the scale
height modified by x = 0.2. The large-grain volume density is
thus

Xe(r) 1 z Y
) = =8 —— ) 4
pitr> 2) V27 H (r) eXp[ 2(xH(r)) l @

For both populations, the grain size distribution follows a
power law, n(a) x a7 with ¢ =3.5 (Mathis et al. 1977), and
the dust composition is 80% silicates and 20% graphite. This
disk parameterization has been used by many previous studies
when modeling disk structure and chemistry (e.g., Andrews
et al. 2011; Cleeves et al. 2013, 2014). Table 1 summarizes the
model parameters.
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Figure 1. Flowchart of the modeling procedure. Blue ovals indicate model inputs, green squares indicate various computational steps, and yellow squares indicate the
steps that yield our primary model outputs: ice abundances and simulated observations.

Table 1

Model Parameters
Symbol Description Value
Tin Inner radius 0.1 au
e Characteristic size 30 au
Tout Outer radius 120 au
P Characteristic surface density 23 gcm 2
¥ Radial power law 1.0
M, Disk mass 0.014 M,
Hyo Scale height at 100 au 10 au
[ Flaring parameter 1.15
13 Total dust-to-gas mass ratio 0.01
f Large dust mass fraction 0.9
X Large dust settling factor 0.2
Amin Minimum grain size 0.005 pm
Omax s Small dust maximum grain size 1 pm
Omax.1 Large dust maximum grain size 1000 pm
q Grain size distribution index 3.5
T, Stellar effective temperature 4300 K
R, Stellar radius 2.804 R,
Cer Incident CR ionization rate 1.1 x 1071871

2.2. Disk Temperature and Radiation Field

We compute the dust temperature and radiation field throughout
the disk—all of which remain fixed during the subsequent
simulation of chemical evolution—using the TORUS radiative
transfer code (Harries 2000; Harries et al. 2004; Kurosawa et al.
2004; Pinte et al. 2009). The central star has 7, = 4300 K and
R, =2.804 R.. We use an ATLAS9 model (Castelli & Kurucz
2004) for the spectrum of the stellar photosphere.

The UV radiation from T Tauri stars is dominated by accretion
luminosity (Calvet & Gullbring 1998; Gullbring et al. 2000) while
the X-ray radiation originates in the stellar corona and/or
accretion shock (Feigelson & Montmerle 1999; Preibisch et al.
2005), and for these we use a template spectrum based on
observations of TW Hya (Cleeves et al. 2013). We use the Monte
Carlo radiation transfer code of Bethell & Bergin (2011a, 2011b)
to simulate the propagation of the UV and X-ray radiation in the
disk, accounting for absorption and scattering by dust and
resonant scattering of Lya photons by atomic hydrogen. We
allow the gas to be heated above the dust temperature by UV-
driven processes. The interstellar UV field is not included in this
model. Cosmic rays are another source of ionization, although
stellar winds and magnetic fields may significantly attenuate the
cosmic-ray (CR) flux (Cleeves et al. 2013, 2014). We include an
incident CR ionization rate of (cr = 1.1 X 1071871 per H, that

Table 2
Initial Chemical Abundances Relative to Total H Atoms
Species Inheritance Reset
(Molecular) (Atomic)
H, 5.00 x 107! 5.00 x 107!
He 1.40 x 107! 1.40 x 107!
H,0 ice 8.00 x 1073
Cco 9.92 x 107°
CO;, ice 224 x 107°
CH;OH ice 4.80 x 107°
NH; ice 4.80 x 107°
CH, ice 3.60 x 107°
N 351 x 107°
HCN 2.00 x 1078
Hy 1.00 x 1078
HCO™ 9.00 x 107°
C,H 8.00 x 107°
SO 5.00 x 107°
cs 4.00 x 107°
o 229 x 107*
c 1.30 x 107
N 7.50 x 107°
S 9.00 x 107°
Sit 1.00 x 1071 1.00 x 107
Mg* 1.00 x 107" 1.00 x 107"
Fe© 1.00 x 1071 1.00 x 1071

is attenuated with vertical depth in the disk, motivated by
observational constraints (Cleeves et al. 2015; Seifert et al. 2021).
This value of (cr is at the lower end of the range typically
explored in other chemical evolution models (Bosman et al. 2018;
Krijt et al. 2020).

2.3. Chemical Evolution Code

The chemical model is initialized with a uniform set of initial
abundances. We explore two sets of initial conditions to reflect
two extreme assumptions: molecular cloud-like composition
(Inheritance) and primarily atomic composition (Reset). In the
case of Reset, an exception was made for hydrogen, which is
molecular rather atomic in the initial conditions. The initial
abundances for each chemical model are listed in Table 2.

For the Inheritance model, the H,O ice abundance was set to
8 x 1072 relative to the total number of H atoms. This is near
the high end of low-mass protostellar abundance measure-
ments, as compiled by Boogert et al. (2015). We chose the
high end because the measurements are likely biased to lower
values due to optical depth effects caused by grain growth. The
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abundances of CO,, NH;, CH;0H, and CH, ices were set
based on the average of their measurements relative to H,O ice
(Boogert et al. 2015). The total nitrogen abundance measured
in the diffuse interstellar medium (ISM) is 7.5 x 10> (Meyer
et al. 1997), and we subtracted from this the nitrogen in NH; to
derive the N, abundance. The CO abundance was derived from
the ISM CO abundance of 1.3 x 10~* (Ripple et al. 2013)
minus the measured carbon abundance in CO,. The abundances
of HCN, HY, HCO™, C,H, SO, CS, Si*, Mg", and Fe" are
adopted from Cleeves et al. (2014).

We evolve the abundances forward in time using the code of
Fogel et al. (2011) and Cleeves et al. (2014), with updates to
the grain surface chemistry, temperature-dependent sticking
coefficients, and N, self-shielding by Cleeves et al. (2018). The
grain surface chemistry includes hydrogenation reactions to
form OH, H,O, NH;, HCN, CH,, H,CO, and CH;0H. CO,
COy,, O,, N,, and CH;CN are also synthesized on grains. We
added further reactions (Harada et al. 2010) and updated the
photodissociation cross sections (Heays et al. 2017), as
described by Anderson et al. (2021). The code uses a chemical
kinetics approach, with each reaction/process set by a rate
coefficient. Currently, our chemical evolution model includes
654 species and 7039 processes including chemical reactions in
the gas and ice phases, ionization, molecular dissociation,
recombination, adsorption onto grains, and desorption off of
grains (thermal and nonthermal). The evolution was calculated
at 100 time steps between 1 yr and 3 Myr. The code is run in
1 4 1D, where each disk radius is treated independently and
self-shielding is accounted for in the vertical direction.

The stellar properties and the disk gas and dust distributions
remain static during the chemical evolution in our model. In
reality these properties evolve during the disk’s lifetime,
potentially influencing the chemical evolution. See Price et al.
(2020) for a recent study coupling midplane chemistry with
evolving disk structure and stellar properties, and see Krijt et al.
(2020) for a recent study coupling diffusion, grain growth,
settling, and radial drift with chemical evolution. In our case,
the TW Hya UV template spectrum we use reflects an older star
with a lower accretion rate. Using a brighter UV spectrum early
in the disk evolution would result in a warmer gas disk, higher
ionization, and the concomitant effects on disk chemistry.
However, coupling star and disk evolution to the chemical
evolution is computationally expensive and beyond the scope
of this work.

2.4. Ice Mass and Opacity

We use the results of the chemical evolution model to set up a
radiative transfer model using RADMC-3D (Dullemond et al.
2012) to simulate observations of the ice features from the disk.
While the chemical model yields the abundance distribution of
many species at numerous time steps, we extracted the
abundances of six ice species (H,O, CO, CO, CH5;0H, NHj;, and
CH,) at four time steps (0.25, 0.5, 1, and 2 Myr) to use in the
radiative transfer model. These six species were chosen because
they are among the most abundant ices with observable spectral
signatures.

To set up the radiative transfer model, we need the dust-plus-
ice mass density and the composition (volume fraction of each
species) at each location in the disk. We compute the mass
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Table 3
Ice and Dust Properties

Species pm (g cm™) Optical Constants Ref.
H,O 0.87 Warren & Brandt (2008)
CcO 0.80 Palumbo et al. (2006) and

Giuliano et al. (2019)
CO, 1.11 Baratta & Palumbo (1998)
CH;0H 1.01 Hudgins et al. (1993)
NH; 0.74 Trotta (1996)*
CH,4 0.45 Hudson et al. (2020)
Silicates 3.3 Draine (2003)
Graphite 2.2 Draine (2003)

Note. Material density values (p,,) for the ice species are from Table 2 of
Bouilloud et al. (2015).

 These optical constants were accessed from the SSHADE database (Schmitt
et al. 2018).

density of each ice species from
_ xiceMice
Pice = g s &)
Xg M,
where x;.. is the abundance of the ice species (from the
chemical model) and M;. is its molar mass. The gas, primarily
composed of H, and He, has an abundance of x,=0.64
(relative to total H atoms) and a molar mass of M, =2.44.
Because we model the small- and large-grain populations
separately, we apportion the ice mass density between them.
We do so assuming that the local ratio of ice mass between the
two populations is proportional to local ratio of dust surface
area, as expected for ices growing on the dust grains. With this
assumption, the fraction of ice mass density apportioned to the
large grains is

f;lust,l
4/ amax,l/amax,s (1 - félust,l) + f(‘iust,l

with the rest in the small grains. In Equation (6), fy,s is the
local fraction of the dust mass density in the large-grain
population, and \/ Amax.1/ Amaxs = V1000 is the ratio of surface
area to mass of the small-grain population over that of the
large-grain population with g =3.5.

This yields the mass density of each ice species associated
with each dust population at each location in the disk.
However, we mix the ices and dust according to their volume
fractions, not mass fractions. Thus, we compute the volume
density (volume of material per volume of space) V= p/p,, for
the dust and ice species throughout the disk, where p,, is the
material density of each species listed in Table 3. The volume
fraction of each species (i) is then V;/3_V;.

Each point in the chemical model has a unique mixture of
dust and ices, so ideally we would use a unique opacity for
each spatial cell in the radiative transfer model. However,
RADMC-3D requires, for each opacity, the density to be
specified in every cell. This ideal setup would thus require a
number of opacity spectra and density profiles equal to the
number of spatial cells, with each density profile having zero
values in every cell except the one cell of the corresponding
opacity. Implementing this in a brute force way would be
highly impractical and computationally expensive. We over-
come this issue by grouping cells from the chemical model into
“zones” with similar volume fractions of dust and ice species,

fi‘ce,l = (6)




THE ASTROPHYSICAL JOURNAL, 920:115 (12pp), 2021 October 20

Ballering, Cleeves, & Anderson

0.4 %
80_2 Zones
+ 1 + 6 11 + 16 % 21
RO | Tp—— o 2 o 7 12 o 17 o 22
AE, x 3 x 8 13 x 18 x 23
0 0:2 Tl o 4 o0 9 14 0 19 0O 24
801 [l = : B A 5 A 10 15 A 20 A 25
"‘"5%.
R Ao e o™
0.2f =3, ! !
Fad 3 H
T A - 3 3
o) L o
011 &% £ u:;%& ]
© &AA ,i‘: - 'uol Ln.n e congen —VO EL
.S H A
£ 0.06
&
m 004 )“o }'
o Z # 2% “r L. e
g 0.02 ¥ e woafio t
= 8
o I £y 0 v X - o . A el PAMRIID ' 4 L3 X ¢ e
> k"
0.04 y ar 4 4 y
oo A N 42 : »
O 0.02 4 ?@i ) P i A ga
At VN
0.8f e r T e
-~ ek i e e 5
éO.G o By .t
0.4 % k""’ &:&w k::u 5 d
o i e, Raw o o ° & A o s SR
0.2 tﬁ b k, e, || o, A@ \ "&" :
0 02 04 06 080 02 04 0 01 02 0 0.1 0 002 004 006 0 002 0.04
H,0 co co, CH,OH NH, CH,

Volume Fraction

Figure 2. Results of the k-means cluster-finding algorithm to identify zones of similar composition. Each point represents a cell in the chemical model with
composition defined by its volume fraction of six ice species and dust. Each panel shows a 2D projection of this 7D parameter space. The color and symbol of the
points indicate the zone to which they are assigned by the k-means algorithm. The specific numbering of the zones is arbitrary. Shown here are the results for the small-
grain population of the Inheritance chemical model after 0.25 Myr of evolution.

and thus similar opacities. To find the zones, we use a k-means
cluster-finding algorithm.* After some experimentation, we
found that using 25 zones for each dust population could
sample the full range of grain compositions while allowing the
radiative transfer simulation to be computationally tractable.
We use the median volume fraction of each species for the
representative volume fraction assigned to all cells in the zone.
The results of our zone-finding procedure are illustrated in
Figures 2 and 3. For the large-grain population, one zone
always identified cells from the upper parts of the disk
containing no ice and no large grains; these cells contained no
solid mass so this zone is ignored for the remainder of the
modeling.

We gathered laboratory-measured optical constants from the
literature (see Table 3 for references) for the dust (silicates and
graphite) and ices. We used a single set of optical constants for
each species and thus did not account for how the strength and

4 We implement this with the kmeans function in MATLAB, using a
cityblock distance metric and 100 replications with new initial cluster centroid
positions to find the optimal convergence.

precise spectral location of ice features vary with temperature.
Each set of optical constants was interpolated onto a common
grid of 683 wavelength points from 0.1 to 10* zm with dense
sampling in the near-to-mid-IR, especially where the ices
exhibit their characteristic spectral features, and coarser
sampling outside the ice features. While silicates, graphite,
and water ice have optical constants measured over a wide
wavelength range, those of the other ices are limited primarily
to the IR. The imaginary part of these optical constants is close
to zero at the edges of the measured wavelength ranges, while
the real part has a constant value, so we extrapolated the optical
constants at these values to wavelengths where they are not
measured. We then used the Bruggeman mixing rule to
combine the constants into a representative set of optical
constants for each zone. By using the Bruggeman mixing rule,
we assume the grains are an intimate mixture of the constituent
species.

We computed the absorption and scattering opacity spectra
from the optical constants using Mie theory with a code
included in the RADMC-3D software package based on the
algorithm by Bohren & Huffman (1983). The opacity was
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Figure 3. Location in the disk of compositionally similar zones. Shown here is the same model shown in Figure 2 (small grains, Inheritance chemistry, 0.25 Myr).
Each point represents a cell in the chemical model with color and symbol identifying the zone to which it is assigned by the k-means algorithm. The plot is truncated at
z/r = 0.35 although the model includes cells up to z/r = 0.7; the upper cells all belong to zone 1.
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Figure 4. Example absorption (solid lines) and scattering (dotted lines) opacity
spectra for dust and ice mixtures from three example zones. Zone 1 is ice-free,
zone 6 is H,O ice-rich, and zone 9 is CO and CO, ice-rich. These zones are for
the small-grain population of the Inheritance chemical model after 0.25 Myr of
evolution (as shown in Figures 2 and 3).

computed at 100 grain sizes between dan, and dn., and
averaged according to the grain size distribution. Example IR
opacity spectra of three small-grain zones are plotted in
Figure 4. Zone 1 illustrates the opacity spectrum of ice-free
dust. Zone 6 illustrates an H,O ice-rich mixture. It also has the
highest volume fraction of NH; ice of any zone in the model,
yet no strong features of this ice are visible in the opacity
spectrum. This suggests, even before running radiative transfer
simulations, that NH; ice will be difficult to observe. In
contrast, CH3;0H ice, with a similar volume fraction, does
show a clear feature in the absorption opacity. Zone 9 is rich in
CO and CO; ice, and their spectral features are prominent. CH,
and CH3O0H ice are present at small fractions in this zone, and
their features are evident. For all zones, the scattering and

absorption opacities are of comparable amplitude at shorter
wavelengths, while the scattering opacity becomes much
weaker at longer wavelengths, as expected for small grains.

The Mie theory code also computes the full scattering matrix
at 181 angles equally spaced from 0° to 180°, allowing for a
realistic treatment of the scattering during the radiative transfer.
We truncate the phase function within 3° of forward-scattering
because it rises sharply toward the peak and is difficult to
sample properly. This has minimal impact on the radiative
transfer.

2.5. Simulating Disk Observations

The chemical evolution model used a cylindrical coordinate
grid. However, cylindrical coordinates are not supported in
RADMC-3D, so for the radiative transfer simulation we used a
spherical coordinate grid with sufficient cell density to sample
the chemical model. The grid has 180 cells in the radial
dimension, 120 in the polar dimension, and 120 in the
azimuthal dimension. We interpolate the properties of the
chemical model (ice mass and opacity) to the RADMC-3D
spherical grid.

We set up the disk model using the 49 opacities (25 for small
grains, 24 for large grains) computed as described in
Section 2.4. For each opacity, we populate the cells of the
corresponding zone with the total solid mass: dust mass
(Equation (3) or (4) augmented with the total ice mass of the
six species we considered, apportioned to each dust population
(Equations (5) and (6)).

We recompute the temperature throughout the disk with
RADMC-3D using 107 photons for the radiative transfer. This
differs somewhat from the initial calculation of temperature
because of the additional solid mass and different opacities due
to the inclusion of ices. We note that the opacities in the UV
and optical (where the stellar radiation field efficiently heats the
solids) differ by only a factor of two between zones, and thus
we do not expect this to have a major impact on the disk
temperature. We accelerate the radiative transfer in the densest
parts of the disk with a modified random walk procedure.
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Table 4
Summary of Simulated Observations

Chemical Model i t

(deg) (Myr)
Inheritance 0 0.25
Inheritance 75 0.25
Inheritance 80 0.25
Inheritance 85 0.25
Inheritance 90 0.25
Inheritance 90 0.5
Inheritance 90 1.0
Inheritance 90 2.0
Reset 90 0.25
Reset 90 0.5
Reset 90 1.0
Reset 90 2.0

Note. The simulated disk-integrated spectra for these 12 models are provided in
a machine-readable format.

We then simulate images of the disk with RADMC-3D at
each of the 683 wavelengths. The image size was 280 x 280 au
sampled with 400 x 400 pixels. We sum the flux in each image
to make a model spectrum and scale the amplitude for a disk
residing at a distance of 100 pc. The flux from edge-on disks in
the near-to-mid-IR is dominated by photons emitted by the star
and hot inner disk then scattered at the disk surface before
passing through the colder outer disk. Proper sampling of this
effect requires using a large number of photons. We adopt 10'°
photons for images at 2.5-8 ym and 10® %hotons outside this
wavelength range. The models using 10'® photons require a
significant amount of computing time (~50-75 hr per
wavelength). We also produce a set of images with scattering
turned off in the radiative transfer to assess the importance of
scattering in the primary models using 10® photons at all
wavelengths.

To explore the effects of disk inclination on the observable
ice features, we generated images of the Inheritance model at
five inclinations (0°, 75°, 80°, 85°, and 90°) at one time step
(0.25 Myr), and to explore the effect of disk evolution on the
features we made images at three additional time steps (0.5, 1,
and 2 Myr) at one inclination (90°). To test the effect of initial
abundances, we generated model images of the Reset model at
all four time steps at 90° inclination. Tabulated disk-integrated
spectra for these models are available in electronic form
(Table 4).

3. Results and Analysis
3.1. Ice Abundances

Figure 5 shows the ice abundances at 0.25, 0.5, 1, and 2 Myr.
H,0 is the most abundant of the six ices. It is broadly
distributed radially and vertically in the disk, although more
concentrated in the surface layers in the Reset model, in the
irradiated part of the warm molecular layer. In both models, the
H,0 abundance grows with time, most noticeably in the inner
and upper region of the disk.

CO ice, due to its high volatility, is confined to the disk
midplane, where the temperatures are below the sublimation
temperature of ~17 K. There is little difference in the
abundance between the two chemical models, and in both,
the abundance decreases by ~12% over time.

Ballering, Cleeves, & Anderson

CO, ice is distributed broadly throughout the disk in both
models, albeit at higher overall abundance in the Inheritance
model. The primary difference is in the upper and outer region,
where the abundance decreases with time in the Inheritance
model but increases in the Reset model, reaching similar
abundances by 2 Myr.

CH;O0H ice shows the starkest difference between the two
chemical models. In the Inheritance model, it is distributed
from the midplane to a similar vertical height to the H,O ice.
The abundance in the uppermost layers decreases somewhat
over time. CH3OH ice is several orders of magnitude less
abundant in the Reset case, revealing that disk chemistry alone
is not efficient in producing CH;OH, even though both gas and
grain surface pathways are included in our network. Perhaps
CH;0H formation could be enhanced under elevated cosmic-
ray conditions or high stellar X-ray luminosities (Bosman et al.
2018; Schwarz et al. 2018; Kirijt et al. 2020).

NH; ice is somewhat more abundant and has a broader
distribution in the Inheritance model than in the Reset model.
The ice increases with time in distinct locations: the upper inner
edge of the distribution in both models, the outer midplane in
both models, and intermediate heights in the inner half of the
disk in the Reset model only.

In the Inheritance model, CH, ice is concentrated at low disk
heights but peaks somewhat above the midplane in the outer
disk. In the Reset model, CH, ice exists only at very low
heights and large radii. In both models the abundance increases
with time.

3.2. Effect of Disk Inclination

Observing the near-to-mid-IR ice absorption features
requires a source of background illumination, which in the
case of protoplanetary disks arises from the central star and
warm inner disk. For low-inclination systems, the flux is
dominated by direct emission from these regions with no
intervening ice. We find no ice absorption features in the disk-
integrated spectra of our face-on model, as expected, and focus
this section on the more edge-on cases. Scattered-light features
from a face-on disk are discussed in Section 3.3.

Figure 6 shows the effect of inclination on the disk spectra
and observable near-to-mid-IR ice features. Higher inclination
allows the outer disk to extinct more of the background
radiation, resulting in fainter emission at all wavelengths. This
geometry also leads to more radiation passing through ice-rich
regions, enhancing the strength of the ice features relative to the
continuum. At 75°, H,O ice is readily detectable and the
CH;OH feature is barely discernible. At 80°, CH;0OH becomes
detectable and the CO, feature at 4.25 um is evident, albeit
weak. At 85° and 90°, CO, is also detectable at 15 pm, and the
features become more prominent. This trend reflects the
vertical distribution of ices seen in Figure 5: H,O and
CH;O0H ices exist in higher layers in the disk than CO,.

The gray line in Figure 6 is the model at 90° inclination with
scattering turned off in the radiative transfer. This model shows
that at A <8 um the flux is dominated by photons that were
scattered by dust near the disk surface, effectively magnifying the
size of the background radiation source and allowing the photons
to leave the system above (and below) the dense disk midplane.
At A2 10 um the gray curve converges with the full model,
indicating that scattering does not contribute significantly, and the
background radiation source is due to direct thermal emission. As
also discussed by Pontoppidan et al. (2005), the shape and size of
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Figure 5. Abundance distribution (relative to the total number of H atoms) of the six ice species of interest at four time steps. For each species, the top row is the
Inheritance chemical model and the lower row is the Reset model. Note the linear scaling of the color bar, which is more relevant for comparing the observable total
ice content between models and over time.

the background source change with wavelength. The 4.25 ym do not probe identical CO, ice reservoirs. These effects under-
CO, feature is illuminated by scattered light while the 15 ym CO, score the importance of interpreting disk ice observations with
feature is illuminated by thermal emission, so these features likely radiative transfer simulations that properly model scattering.
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Figure 6. Model near-to-mid-IR spectra at four disk inclinations: 75°, 80°, 85°,
and 90°. The prominent spectral features of H,O, CO,, and CH;0H are
labeled. The thin gray line is the model spectrum at 90° with scattering turned
off in the radiative transfer. These spectra are from the Inheritance chemical
model after 0.25 Myr.

What of the three ice species with no features seen in these
spectra? CO is quite abundant but confined to the optically
thick disk midplane, which does not contribute significantly to
the total disk flux. NH; and CH,4 are less abundant than the
detectable species. For the Inheritance model at 0.25 Myr, the
most NHj-rich and CHy-rich grains each contain only ~5% of
that species by volume in the small-grain population (Figure 2).
For reference, the most CH;0H-, CO,-, CO-, and H,O-rich
grains are composed of >15%, >25%, >45%, and ~80% of
these species, respectively. In addition to their low abundances,
CH, is absent near the disk surface while NH; ice has
intrinsically weak spectral features as (not) seen in Figure 4.

We find that the far-IR emission features from water ice have
distinctly different behavior from the near-to-mid-IR features.
Figure 7 illustrates this effect. We find that the continuum is
brighter and the ice features more prominent at lower (closer to
face-on) inclinations. Thus, while edge-on disks are the preferred
targets to study disk-integrated near-to-mid-IR absorption features,
face-on disks are preferred when studying the far-IR emission
features.

We used optical constants from crystalline (rather than
amorphous) water ice in our model (Warren & Brandt 2008).
Crystalline water ice gives rise to more prominent far-IR
features than does amorphous ice, making our simulations an
optimistic case for observable features. The degree to which
water ice in disks is truly crystalline is unknown. Crystalline
water is seen in outer solar system objects (Jewitt &
Luu 2004), and models of disks with detected far-IR features
reveal that most of the water ice is crystalline, despite the ice
having temperatures too low for it to thermally crystallize
in situ (McClure et al. 2015; Min et al. 2016). This
crystallinity could arise from the transport of material from
warmer regions, from collisions, or from past transient heating
events (i.e., accretion outbursts). Whether the nondetection of
these features in other disks is due to amorphous ice or other
effects—e.g., large grain sizes (Kamp et al. 2018), vertically
settled icy grains, or small disk radii (McClure et al. 2015)—
is not known.
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Figure 7. Model far-IR spectra at five disk inclinations: 0°, 75°, 80°, 85°, and
90°. The H,O ice emission features are seen prominently for a face-on disk but
not for disks viewed close to edge-on. These spectra are from the Inheritance
chemical model after 0.25 Myr.
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Figure 8. Spectra extracted from three apertures of a 90° inclination disk model
probing different vertical heights. The prominent spectral features of H,O, CO,
CO,, and CH;OH are labeled. The inset shows the model image at 0.9 ym
overlaid with the locations of the apertures. Each aperture has a width of 9.8 au.
We truncate the purple spectrum from the disk midplane at 5.5 ;gm, beyond
which it suffers from strong numerical noise.

3.3. Spatially Resolved Ice Features

Our models consist of images at each wavelength, allowing
us to predict the results of spatially resolved disk spectra, as
might be obtained from IFU spectroscopy from the NIRSpec
and MIRI JWST instruments. Figure 8 presents spectra
extracted from a 90° inclination model in three rectangular
apertures at different disk heights. The inset shows the model
disk image at 0.9 ym—exhibiting the bi-lobed emission pattern
on either side of the dark midplane characteristic of edge-on
disk images—overlaid with the aperture locations. Each
aperture has a width of 9.8 au (14 pixels in the model image).
We chose this width so that at a distance of 100 pc the angular
scale (07098) corresponds to the size of the JWST/NIRSpec
IFU spaxels (071).

Emission from higher in the disk (yellow) exhibits a clear
H,O0 feature and weak CO, and CH;OH features. Deeper in the
disk (green), the features from these three species become
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Figure 9. Spectra extracted from annular apertures of a face-on model disk.
The top panel shows the near-to-mid-IR region with ice features labeled; the
bottom panel shows the far-IR region around the H,O emission features. The
thin gray lines are the model spectra with scattering turned off in the radiative
transfer.

60 70

significantly more prominent. At the disk midplane (purple), a
significant CO ice feature is present, although the overall
faintness of the emission in this aperture would make it difficult
to observe in practice. The purple spectrum suffered from
strong numerical noise beyond 5.5 ym, so we do not plot that
region. Overall, this trend in observable features with disk
height tracks the vertical location of the ices shown in Figure 5.
Such observations will be useful to test predictions of the
chemical model in more detail than is possible with only disk-
integrated observations.

We next investigate spatially resolved ice features in our
face-on disk model. The disk-integrated near-to-mid-IR flux is
dominated by emission from the star and inner disk, so no ice
features are evident for a spatially unresolved spectrum.
However, spatially isolating the scattering-dominated outer
parts of the disk does reveal ice features. The top panel of
Figure 9 presents near-to-mid-IR spectra extracted from
annular apertures at a range of disk radii. The gray lines are
again radiative transfer models run without scattering, shown to
illustrate the wavelength range where scattered light dominates.
H,0 and CO, appear only weakly at 25-35au but become
more prominent with increasing disk radius. Spectra from the
outermost radii (80—120 au) also exhibit the CO feature and a
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weak, but present, CH, feature. Thus, spatially resolved spectra
can be a powerful tool to study ices in all disks, not just those
that are edge-on. In practice, isolating flux from the outer part
of a face-on disk is complicated by the glare from the star and
inner disk and often requires coronagraphy.

The features seen in scattered light are shifted to slightly
shorter wavelengths than those seen from absorption in the
edge-on disk spectra. This is because the minimum in the
scattering opacity occurs at a shorter wavelength than the
maximum in the absorption opacity for each feature (see
Figure 4). This may be useful in interpreting observations
where the origin of the feature is unclear, e.g., in intermediate-
inclination systems where the central star is occulted but
significant flux reaches the observer after being scattered from
the surface of the outer disk without then passing through an
ice-rich part of the disk.

The bottom panel of Figure 9 presents the far-IR region of
the spectra from the same annular apertures. The H,O emission
features are present with similar strengths relative to the
continuum at all radii except the outermost annulus, where the
features are weaker.

3.4. Initial Abundances and Evolution

Can observations of ice discern between models that include
inherited ice and those that have been fully reset? And can the
chemical evolution of ice over time imprint observable
signatures? To investigate these questions, we examined each
prominent ice feature seen in our 90° inclination disk-
integrated model for variation in time and between the
chemical Inheritance and Reset models. The H,O 3 ym and
far-IR features showed no variation with either of these
properties.

CO, showed the strongest time variation, with the strength of
the features in the Inheritance model decreasing between 0.25
and 2 Myr while the strength of the features in the Reset model
increased (top and middle panels of Figure 10). This change is
consistent with the evolution of CO, ice abundance in the
upper and outer edge of its extent (Figure 5). Thus, the spectral
features are especially sensitive to this region of the disk, in
large part because it lies above the midplane of high optical
depth.

CH;0H shows the greatest difference between the Inheri-
tance and Reset models, exhibiting a significant feature in the
former at all time steps and no detectable feature in the latter
(bottom panel of Figure 10). This stark difference in feature
strength is expected considering the drastic difference in
CH;0OH abundance between the two chemical models
(Figure 5). These results bolster support for observing multiple
ice features in a sample of disks with similar properties (stellar
type, mass, size, etc.). Searching first for the presence or
absence of CH3OH ice would indicate whether the disks’ initial
abundances were inherited from the protostellar phase or not.
Then, a comparison of the strength of their CO, features
relative to their H,O features could reveal whether the disks are
at similar or different stages in their chemical evolution.

3.5. Detectability with JWST

Our simulated disk-integrated spectra clearly show ice
features when viewed by eye, but can they be detected in
practice with the observing capabilities of JWST? We tested
this using the JWST Exposure Time Calculator (version 1.6.1)
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Figure 10. Features from CO, ice (top and middle panels) and CH;OH ice
(bottom panel) for the Inheritance (blue) and Reset (orange) chemical models at
four time steps (evolving from dark to light). Small-amplitude variations in the
spectra are due to noise in the radiative transfer simulations.

for our 90° inclination model. We first checked that the
normalization of the simulated spectra agreed with measured IR
photometry of nearby edge-on disks (Evans et al. 2009), and
we found good agreement. The faintest 4.25 ym CO, feature
(Reset model at 0.25 Myr) has a depth of 5% of the continuum
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flux density. With the NIRSpec IFU G395M/F290LP config-
uration, detecting this feature at 30 confidence requires 6
minutes of exposure time while 100 requires 14 minutes. The
15 pm CO, feature (Reset model at 2 Myr) has a depth of 6%
and can be detected with the MIRI MRS channel 3 grating B at
30 (100) confidence in 4 (14) minutes. The Inheritance model
CH;OH feature, where the continuum is fainter, has a depth of
19% and can be detected with the MRS channel 2 grating B at
30 (100) confidence in 13 (60) minutes. Note that MRS grating
B observations are acquired for all four channels simulta-
neously, but acquiring a full mid-IR spectrum also requires
observations with gratings A and C. The spectral resolution of
these instruments is greater than required to resolve the
relatively broad ice features, so the sensitivity can be enhanced
beyond these estimates by spectral binning. Thus, we find the
features seen in our disk-integrated model could be detected in
a reasonable amount of observing time, and JWST is poised to
significantly enhance our view of disk ices and test the models
presented here.

4. Summary

Motivated by advances in observational capabilities offered
by JWST, SPHEREZX, and future far-IR facilities, we present
simulated ice observations of protoplanetary disks derived from
realistic astrochemical models. We derive the abundances of
ice species as a function of disk location and time and use these
to create opacity mixtures that are incorporated into RADMC-
3D to generate simulated disk images and spectra. Our main
findings include:

1. The generation of ice features involves extended back-
ground sources from both scattered light and direct
thermal emission. Radiative transfer modeling is required
to properly account for these effects when simulating
observations.

2. Observations are most sensitive to ices above the disk
midplane. Detailed chemical models, such as those we
present here, are needed to connect the observable ices to
a comprehensive understanding of ices throughout the
entire disk.

3. Near-to-mid-IR absorption features of H,0O, CO,, and
CH;0H ice are readily detectable in disk-integrated
spectra for inclinations =>75°. The exact value will
depend on the geometry of the disk, in particular the
vertical structure and degree of flaring. Far-IR H,O
emission features are most prominent from disks closer to
face-on.

4. CO, CHy, and NHj ice are not detectable in the disk-
integrated spectra due to their concentration near the
midplane (CO and CHy), low abundance (CH, and NH3),
and intrinsically weak features (NH3).

5. Spatially resolved spectra of edge-on disks, as may be
possible with JWST, offer more direct means to observe
the vertical distribution of ice species.

6. Spatially resolved spectra of face-on disks can trace ice
features due to scattering, and may detect features from
CO and CHy ice in the outer parts of the disk.

7. CO, ice features show the strongest variation with time,
increasing in strength from 0.25 to 2 Myr in the Reset
models while decreasing in strength in the Inheritance
models.
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8. CH30H has very low abundance in the Reset chemical
models, resulting in no detectable features. Thus,
observations targeting CH3;0OH ice can discriminate
between Inheritance and Reset scenarios.
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