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ABSTRACT

Context. The abundance and distribution of ice in protoplanetary disks is critical for an understanding of the link between the compo-
sition of circumstellar matter and the composition of exoplanets. Edge-on protoplanetary disks are a useful tool for constraining this ice
composition and its location in the disk because the spectral signatures of the ice can be observed in absorption against the continuum
emission that arises from the warmer regions in the central disk.

Aims. The aim of this work is to model ice absorption features in protoplanetary disks and to determine how well the abundance of
the main ice species throughout the disk can be determined within the uncertainty of the physical parameter space. The edge-on proto-
planetary disk around HH 48 NE, a target of the James Webb Space Telescope Early Release program Ice Age, is used as a reference
system.

Methods. We used the full anisotropic scattering capabilities of the radiative transfer code RADMC-3D to ray-trace the mid-infrared
continuum. Using a constant parameterized ice abundance, we added ice opacities to the dust opacity in regions in which the disk was
cold enough for the main carbon, oxygen, and nitrogen carriers to freeze out.

Results. The global abundance relative to the dust content of the main ice carriers in HH 48 NE can be determined within a factor
of 3 when the uncertainty of the physical parameters is taken into account. Ice features in protoplanetary disks can be saturated at
an optical depth of <1 due to local saturation. Ices are observed at various heights in the disk model, but in this model, spatial infor-
mation is lost for features at wavelengths >7 pm when observing with James Webb Space Telescope because the angular resolution
decreases towards longer wavelengths. Spatially observed ice optical depths cannot be directly related to column densities, as would
be the case for direct absorption against a bright continuum source, because of radiative transfer effects. Vertical snowlines will not
be a clear transition because the height of the snow surface increases radially, but their location may be constrained from observations
using radiative transfer modeling. Radial snowlines are not really accessible. Not only the ice abundance, but also the inclination, the
settling, the grain size distribution, and the disk mass have a strong impact on the observed ice absorption features in disks. Relative
changes in the ice abundance can only be inferred from observations if the source structure is well constrained.

Key words. protoplanetary disks — radiative transfer — scattering — planets and satellites: formation — astrochemistry

1. Introduction

Ices constitute the bulk reservoir of volatiles such as C, N, and
O in cold protoplanetary disks (Pontoppidan et al. 2014) and
are thought to be the carriers and precursors of astrophysically
complex organic molecules (Boogert et al. 2015). Ices on dust
grains and the macromolecular residues formed from their pro-
cessing in space environments are often recognized as important
carriers of organic compounds of astrobiological relevance (e.g.,

Baratta et al. 2019; Johansen et al. 2021; Sossi et al. 2022). It is
crucial to investigate the processing of small molecules, such as
CO and CO,, and the origin of the diversity of complex organics
in planet-forming regions in protoplanetary disks to understand
the origin of the chemical complexity in planets.

Previously, the thermal snow surfaces of the molecules CO,
CS, and H,0 have been traced directly in protoplanetary disks
using observations of their gas emission lines (Qi et al. 2013;
Pinte et al. 2018; van’t Hoff et al. 2020; Podio et al. 2020).
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Ices have also been traced indirectly in studies focusing on
radial transport of volatiles that are frozen out on large dust
grains in the disk midplane (Zhang et al. 2020; Sturm et al.
2022) and through their physical imprint on the grain proper-
ties (Banzatti et al. 2015; Cieza et al. 2016). H,O ice is observed
directly toward multiple class II disks (e.g., Terada et al. 2007,
Aikawa et al. 2012; Terada & Tokunaga 2012, 2017; McClure
et al. 2015) using ground-based observations of the Infrared
Camera and Spectrograph (IRCS) on the Subaru telescope and
the AKARI and Herschel Space Telescopes. However, until the
advent of the recently launched James Webb Space Telescope
(JWST), direct observations of ices other than H,O in disks were
hardly possible because Earth’s atmosphere efficiently absorbs
radiation at these wavelengths, and previous space-based instru-
ments lacked enough sensitivity and spatial resolution. CO,, and
tentatively CO, ice features have been detected previously in a
handful of edge-on class II disks with the AKARI space tele-
scope (Aikawa et al. 2012). Other ices have been observed toward
multiple young class O/ protostars with edge-on disks (e.g.,
Pontoppidan et al. 2005 and Aikawa et al. 2012) , but it is hard
to determine the fraction of ices the disk in these systems that
contributes to the absorption bands because the ice absorption
can be dominated by the envelope and foreground cloud.

Observations with the JWST Near Infrared Spectrograph
(NIRSpec, 0.6-5.3 um; Jakobsen et al. 2022) and Mid-InfraRed
Instrument (MIRI, 4.9-28.1 um; Rieke et al. 2015) of the later-
stage edge-on disks (>2 Myr), where the envelope has long
dissipated, will shed light on the composition of ices in proto-
planetary disks and on their spatial distribution in the disk. The
space-based JWST is sensitive enough to observe many more ice
species in protoplanetary disks and has the resolving capability
to spatially constrain absorption strengths throughout the disk.
However, detailed modeling of these edge-on disks is necessary
to interpret what the observations reveal about the physical and
chemical structure of these disks. Ices in edge-on protoplane-
tary disks are revealed in absorption against the continuum of the
inner disk and/or the scattered light. Stellar photons and photons
emitted from warm dust in the (<5 au) inner regions of the disk
are both emitted or scattered off small dust grains on the surface
of the outer disk, and they are absorbed at specific wavelengths
by ices located in the cold regions in the disk (see Appendix A
for a detailed breakdown of the observed continuum emission).
For a sketch of the basic principles, we refer to Fig. 3 in Terada
et al. (2007).

Ballering et al. (2021) used advanced chemical modeling to
show that the main ice species could likely be detected with
JWST. Their work focused on the observability of chemical
differences with the current generation of observatories and
reported that the strength of the absorption features might reveal
whether the ices are inherited from the protostellar phase or are
formed after a molecular reset upon entering the disk. Arabhavi
et al. (2022) implemented ice opacities in the protoplanetary disk
model (ProDiMo) and studied the impact of the chemistry and
ice distribution on the dust grains on the spectral ice features in
the JWST wavelength range. Dartois et al. (2022) modeled the
influence of grain growth on the spectroscopic profiles of the
ice features in dense clouds and disk observations. In this work,
we extend the modeling analysis of ices in protoplanetary disks
and focus on how the physical disk parameters affect the JWST
spectra in edge-on protoplanetary disks. We also quantify how
robustly we can constrain ice abundances.

While we apply our modeling to one specific disk,
HH 48 NE, this work can readily be generalized to all edge-
on disks. HH 48 NE is part of the JWST early-release science
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program Ice Age (proposal ID: 1309, PI: McClure), which
studies the evolution of ices during star formation from dark
clouds (McClure et al. 2023) until protoplanetary disks. The disk
geometry and stellar parameters are explored in Paper I of this
paper series (Sturm et al. 2023). HH 48 NE is a nearly edge-
on disk that was first observed with Hubble Space Telescope
(HST; Stapelfeldt et al. 2014) and subsequently with Atacama
Large (sub-)Millimeter Array (ALMA; Villenave et al. 2020). In
Paper I, we showed that the spectrum is consistent with a stellar
spectral type K7, and a luminosity of 0.4 Ly. The 200 au scat-
tered light disk is inclined at 82.3°and likely has a 55 au cavity
in which dust is depleted by two orders of magnitude.

In this work, we use a simple parameterized abundance struc-
ture for the main ice species H,O, CO, CO,, NH3, CHy, and
CH;OH to reveal the physical parameters of the disk that are
required to assess the ice abundances and chemistry, and how
accurately we can constrain the chemistry in HH 48 NE given
the uncertainty in the disk geometry. The structure of this paper
is as follows: we first describe our model setup in Sect. 2. In
Sect. 3, we present the ice spectrum in the fiducial model and the
sensitivity of the ice features to various parameters. In Sect. 4,
we discuss the implications of these results in the analysis of
HH 48 NE and edge-on disks in general. Section 5 summarizes
the results and gives our final conclusions.

2. Modeling
2.1. Continuum model

Our modeling is based on the full anisotropic scattering radia-
tive transfer capabilities of RADMC-3D (Dullemond et al. 2012).
In the first stage, the temperature is determined, after which we
distribute the ices in cold disk regions and ray-trace the model to
simulate observations. The specific steps of our modeling proce-
dure are described in the following sections. All parameters are
adopted from the best-fitting model in Paper I, which reproduces
the spectral energy distribution well. They are listed in Table 1.

2.1.1. Model setup

The model setup we used is fully parameterized, assuming an
azimuthally symmetric disk with a power-law density structure
and an exponential outer taper (Lynden-Bell & Pringle 1974),

T, -y 2-y
z;dusl = : (L) eXp _(RLC) :|’ (1)

R,
where r is the radial distance to the star in the plane of the disk
in au, X, is the surface density at the characteristic radius R, in
g cm2, y is the power-law index, and € is the gas-to-dust ratio.
The height of the disk is described by

v
r
-afgf

where # is the aspect ratio, A is the aspect ratio at the charac-
teristic radius, and ¢ is the flaring index. The dust has a vertical
Gaussian distribution,

T 1 (n)2 -6\’ ;
pd = mexp ) N ) 3)

where 6 is the opening angle from the midplane as seen from
the central star. The dust sublimation radius is determined using
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Table 1. Properties of the fiducial model constrained by extensive
MCMLC fitting using the spectral energy distribution and resolved HST
and ALMA observations in Paper I.

Parameter (unit) Value

L (Lo) 0.41

T, (K) 4155

R (au) 87

he 0.24

W 0.13

i(®) 82.3

0% 0.81
Mgy (M) 2.7x1073
fe 0.89

X 0.2

Amin (M) 0.4
Amax,s (Hm) 7

Amax,1 (Hm) 1000
Reay (aun) 55

Ocav 1.6x1072

rin = 0.07VL/Ly, assuming a dust sublimation temperature of
1600 K, which corresponds to 0.045 au.

Dust settling is parameterized by introducing a second dust
population containing large grains that is limited in height to X#,
where X is a constant between O and 1. The mass fraction of
the total dust mass that resides in the large grain population is
defined as f;. We assumed a grain composition consistent with
inter stellar matter (ISM) dust, consisting of a mass fraction of
85% amorphous pyroxene Mg gsFe,Si03, 15% amorphous car-
bon, and a porosity of 25%. The two dust populations follow
a power-law size distribution with a fixed slope of -3.5 (see,
e.g., Weingartner & Draine 2001 and Andrews et al. 2011 for an
observational justification of these parameters). The grain size
limits of the small dust population are api, = 0.4 um and anax =
7 um, as determined with Markov chain Monte Carlo (MCMC)
fits using the spectral energy distribution (SED) and the resolved
HST and ALMA observations in Paper I. The minimum grain
size of the large dust population is the same as the minimum
size of the small dust population. The maximum grain size of
the large dust population is adopted to be 1 mm. Dust and ice
opacities were calculated with OpTool (Dominik et al. 2021),
using the distribution of hollow spheres (DHS; Min et al. 2005)
approach to account for grain shape effects. The phase function
was truncated at 3°, which means that forward scattering within
this range was treated as if the photon package did not have any
interaction with the grain at all.

2.1.2. Dust scattering

We used the full anisotropic scattering capabilities of RADMC-3D
because isotropic scattering assumptions can have a significant
impact on the amount of observed scattered light in the near- to
mid-infrared (Pontoppidan et al. 2007). Additionally, the direc-
tion from which the scattered light originates is important for
modeling the ices in the disk. The spectral range in which most
ice absorption features occur is dominated by scattered light that
is emitted in the warm inner region of the disk and scattered
off in the outer disk (see Fig. A.1). As the ices are localized in
the lower layers in the disk, directional dependence is critically
important for the amount of light that is absorbed by the ices.

2.2. Ice distribution

To evaluate the ices in the model, we assumed a constant molec-
ular abundance throughout the disk to separate the effect on
the ice features of physical disk parameters from chemistry. The
molecular abundances were adopted from the initial abundances
in the inheritance model in Ballering et al. (2021) based on dark
cloud ice surveys (Oberg et al. 2011; Boogert et al. 2015) to
facilitate the comparison between their approach and ours. All
molecules were assumed to be frozen out when the dust tem-
perature was below the desorption temperature of that particular
species (see Table 2 for details). The ice was limited vertically
by a visual extinction (Ay) limit from the star, supported by both
dark cloud observations (Boogert et al. 2015) and protoplane-
tary disk models (Visser et al. 2018; Arabhavi et al. 2022). This
limit was set to A, = 1.5 mag in the fiducial model based on
the lower limit at which ices are observed in dark clouds toward
background stars (Boogert et al. 2015). We did not include a
background radiation field because no early spectral type stars lie
in the vicinity of HH 48. For sources with a strong background
radiation field, the ice can be photo-desorbed in a significant area
of the disk because this radiation will encounter the cold translu-
cent parts of the disk first. Future JWST observations of ices in
a larger sample of protoplanetary disks will shed more light on
the effect of the external radiation field on ices in disks.

To ray-trace the ice features and to time and efficiently com-
pute in RADMC-3D, we divided the disk into seven regions, one
for each considered ice species. To do this, we added ices toward
cooler regions in the disk based on their respective absorp-
tion temperature (see Table 2 and Fig. 1). The average density
of the dust and ice composite was then calculated in every
region using

Xice M ice

Pice = Pgas (4)

9
Xgas M gas

where x is the abundance, and M the mean molecular weight.
The gas predominantly consists of H, and He and has an
abundance of xg,s = 0.64 and a mean molecular weight of 2.44.

The ice is distributed throughout the small and large grain
population according to their surface area, following the descrip-
tion in Ballering et al. (2021),

fdust R

9
\/amax,[/amax,s (1 - fdust,é’) + fdust,f

where amax s 1 the maximum grain size of the small dust pop-
ulation, dmaxe is the maximum grain size of the large dust
population, and fyus, is the mass fraction of grains in the large
dust population. In each of the two dust populations, the ice
is distributed throughout the grains assuming a constant core-
mantle mass ratio. This approach is consistent with dust grains
that are a coagulation of small dust grains covered in ice and
for preferred freezeout on large grains due to a lower surface
energy barrier (Powell et al. 2022). We would like to note that
the choice of ice partitioning for large grains does not signifi-
cantly influence the results because most ice absorption occurs
in the optically thin upper regions of the disk where the large
dust population is excluded by settling. A distribution through-
out the grains assuming a constant mantle thickness in the small
dust population would have a significant effect, as was shown
recently by Arabhavi et al. (2022).

Table 2 lists the laboratory-measured ice optical constants
we used for the opacity calculation, which are available through

fice L= (5
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Table 2. Adopted ice properties.

A&A 677, A18 (2023)

Opacity T4es Abundance M, Deposited in Reference optical constants
component  (K) (ppm) disk region

Dust 1600 - - [1,2,3,4,5,6,7]

H,O 155 80 18 [2,3,4,5,6,7] Warren & Brandt (2008)
CH;0H 128 4.8 32 [3,4,5,6,7] Gerakines & Hudson (2020)
NH; 96 4.8 17 [4,5,6,7] Martonchik et al. (1984)
CO, 80 22.4 44 [5,6,7] Warren (1986)

CH,4 47 3.60 16 [6,7] Gerakines & Hudson (2020)
CcO 20 99.2 28 [7] Palumbo et al. (2006)

Notes. Columns are: Desorption temperature (taken as the recommended peak desorption temperature in Minissale et al. 2022 under high-density
conditions), abundance with respect to total H (Ballering et al. 2021), molecular weight, disk regions in which the ice is distributed and references

for the optical constants. Disk regions are numbered from warm to cold in steps of one ice component.

Large dust population
100 T T T T

Small dust population

0 10

= Q > v

T T T A

.\” 5 Z

2

C,glq P

20

-100 :

l
0 50 200

l
150

|
100
r (au)

150 200
r (au)

l
50 100 250

Fig. 1. Dust density setup in the model of the large dust population (left) and small dust population (right). The colored contours follow the dust
temperature at which the considered molecules freeze out according to their desorption temperature given in Table 2. The dotted black lines denote
a visual extinction (A,) of 0.1, 1, and 10 mag as measured from the stellar position. The onset of ice formation is set to A, < 1.5 mag in the fiducial

model.

OpTool. We mixed the optical constants together in each of the
regions using the Bruggeman rule (Bruggeman 1935), assuming
homogeneous mixing of the ice components in an icy mantle
on top of the dust core. We assumed only pure ice components,
measured at a singular temperature (see Table 2 for the refer-
ences), and thus did not take into account how the precise shape
of the feature and peak position vary with temperature and the
ice matrix. A more detailed analysis on the shape of the absorp-
tion features and the dependence on the chemical environment
in protoplanetary disks will be given in a forthcoming paper.
We used a well-sampled grid of 200 x 100 x 25 cells in
radial, vertical, and azimuthal directions and used 10® photons
(Tpeak ~0.1) to determine the temperature structure in the model.
After deposition of the ices, we repeated the temperature calcu-
lation to ensure that adding the reflective layer to the opacities
did not change the internal temperature in the model. In the-
ory, multiple iterations might be made over the ice deposition
and temperature calculations to ensure that the regions in which
the ice are distributed are determined accurately. However, to
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limit the computing time, we ignored the small deviations in
deposition area. The temperature differences between different
iterations are small and converge rapidly (Arabhavi et al. 2022).

In Fig. 2, we present the opacities in the seven different
regions for the small and large grain population. In addition to
molecular ice bands that arise over relatively narrow wavelength
ranges, the ice addition slightly modifies the overall shape of the
continuum. The total opacity of the small grains dominates that
of the large grains at shorter wavelengths, while the large grains
dominate at longer wavelengths.

The model is ray-traced at 309 wavelengths that were
selected to resolve the mid-infrared ice features. For the ray-
tracing, we used 107 photon packages per frame, with image
dimensions of 300 pixels in size and a pixel size of 2 au. The
2D images were then convolved with an oversampled instrumen-
tal point spread function (PSF) for NIRSpec (<5 wm) or MIRI
(>5 wm) using the Python package WebbPSF (Perrin et al. 2012)
to create mock observations that can directly be compared with
the observed data.
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Fig. 2. Opacities used for the seven different regions in the disk. Left: absorption opacity. Center: effective scattering opacity. Right: asymmetry
parameter g. The regions are numbered with decreasing desorption temperature, as further specified in Table 2.

3. Results

We discuss the results of the ice modeling. We first discuss the
specifics of the different ice species in the fiducial model. After
this, we present various grids, for which we change one physical
parameter at a time to determine the sensitivity of the optical
depth of the ice features to the physical parameters and to which
extent we can spatially constrain ice abundances in the disk.

3.1. Fiducial model

In Fig. 3, we present the mid-infrared spectrum of the fiducial
model and compare it to the observations in the four Spitzer
IRAC bands and to the dust-only model. Adding ices to the
model has a minor effect on the continuum with respect to the
dust-only model because of the addition of the ice scattering
opacities (see also Fig. 2). The modeled spectrum is a good fit
overall to the photometric data points in the considered spectral
range.

3.1.1. Integrated optical depths

We fit a local continuum around the main ice absorption fea-
tures using several wavelength points just outside the (known ab
initio) absorption features and a second-order polynomial fit (see
Fig. 3), and converted the spectrum into a logarithmic ice optical
depth using

T=—ln( il ) 6)

F v,cont

The prominent H,O ice feature at 3 um has a peak optical
depth of 0.6 in the integrated spectrum (see Fig. 3). The fea-
ture has a minor contribution from CH4, CH;0H, and NHj; in
the model compared to the H,O O—H stretching mode. The CO,
features at 4.26 and 15.2 pm are also present in the spectrum,
with a similar strength as the 3 pm H,O ice feature. The fea-
ture at 15.2 um is double peaked, as expected for a pure CO, ice
(Warren 1986). The addition of a component of CO; in polar
mixtures will change the shape of this feature drastically, but
this will be discussed in a forthcoming paper. The CO feature
at 4.7 um has a peak optical depth of 0.07. Additional ice fea-
tures in the spectrum are the CHy feature at 7.7 pum and the
CH;OH feature at 9.4 um. The strength of these features is com-
parable to that of the CO feature. The spectrum is dominated by

—— Fiducial model
Single scattering only
Model without ice
= | ocal continuum fit
5- @ Spitzer/IRAC data

4 P W
o £ 88 £ T cHion 8 |
I 11 I I I I
0.0_ 1 ‘
~ 0.5 v ‘ —
1.0 | | | | | | i
2 4 6 8 10 12 14 16

wavelength (um)

Fig. 3. Integrated spectrum of the fiducial model, with photometric data
points (red circles) and the best-fitting dust-only model (orange line) for
reference. The local continuum used to calculate the optical depths of
the sharp ice features is shown in blue. The fiducial model excluding
double scattering is shown in gray. The lower panel shows the optical
depth of the analyzed ice features in the fiducial spectrum.

photons that encountered multiple scattering events (compared
with the gray line in Fig. 3). The ice features in the scattering-
dominated part of the spectrum (<10 pm) are substantially
weaker when single scattering alone is considered because singly
scattered photons will be scattered from a warm layer high up in
the disk.

3.1.2. Spatially resolved optical depths

We determined the optical depth of the ice features as a func-
tion of disk radius and height at a similar pixel scale as that of

A18, page 5 of 18
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Fig. 4. Expected peak optical depth for the six main ice absorption features as a function of disk radius and height toward HH 48 NE. The left
columns show the optical depth in the model at similar pixel resolution as NIRSpec and MIRI. The right columns show the same after convolving
the model with an instrumental PSF of NIRSpec (<5 pm) or MIRI (>5 pm). The FWHM of the PSF is shown in the lower left corner. The white
contours show the local continuum at 0.003 and 0.030 mJy for reference. 30 wy is the typical 30 sensitivity of a JWST/NIRSpec exposure of ~1 h.

The color scales are different for each ice feature.

the NIRSpec and MIRI instruments (Fig. 4). We convolved the
simulated observations with a NIRSpec or MIRI PSF, depend-
ing on the wavelength, and compared it to the original model
(second and fourth column). After convolving with an instru-
mental PSF, the vertical changes are smoothed out over a larger
area, lowering the peak optical depths up to a factor of two. The
smallest resolvable scale at 4 um (see Fig. 4) is ~20 au, while the
resolvable scale at 15 pm is ~90 au. This means that at the MIRI
longer wavelengths the disk will not be resolved into a lower and
upper lobe.

Figure 4 illustrates that the H,O ice feature at 3 pm is
expected to be present throughout the disk. The optical depth
of the H,O ice feature clearly varies with the height in the disk,
ranging from an optical depth of 1 at the midplane to 0.3 in the
upper layers in the disk. The dark lane is offset from the midplane
because of the 82.3° inclination, so that the strongest absorption
features are found slightly below the central disk midplane. In
the dark lane, where the dust column density is highest and tem-
peratures are low, we trace a higher column density of ice. The
optical depth of the water ice features is therefore higher there
than in the disk atmosphere.

Radial variations in peak optical depth are small in the
model. Even though the continuum changes over two orders
of magnitude, the ice column density decreases rapidly with
radius and the optical depth is not saturated. This is in contrast
to dark cloud ice observations, where in general the ice col-
umn density is probed directly, and it illustrates the importance
of radiative transfer for understanding edge-on disk ice absorp-
tion. The small radial variations in optical depth show that most
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absorption occurs in the outer disk regions that are similarly
crossed by light from all lines of sight.

The CO, ice features at 4.3 um and 15.1 wm are predicted
to absorb in similar regions of the disk as the water ice (Fig. 4).
For the ice features at wavelengths >7 pm, it will be impossible
to see vertical changes because of the extent of the instrumental
PSF. CO is only available near the disk midplane because the ice
is vertically limited by the temperature structure in the disk (see
Fig. 1). The CO ice feature is strongest in the lower surface of
the disk, but we note that the absorption in the upper surface of
the disk contributes equally to the integrated spectrum because
the continuum in the upper surface is stronger (see Fig. B.1). The
vertical CO snowline is resolved in the upper surface of the disk,
but the edge is smoothed out due to radiative transfer effects and
PSF smoothing.

3.2. Sensitivity to parameters

In Fig. 5, we present the modeled spectra for a range of param-
eters compared to the fiducial model that best resembles the
currently available continuum observations (see Paper I for
details). The evolution of the integrated peak optical depth with
these parameters is presented in Fig. 6. These peak optical depths
are dominated by the disk regions with highest continuum values
(see Fig. B.1), however. To compare the models at different disk
locations more universally, we summed all emission in a radial
slab at seven different heights in the disk and show the optical
depth in Figs. B.2-B .4.
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3.2.1. Sensitivity to abundance

We varied the abundance of all molecules by two orders of mag-
nitude from the fiducial model in nine logarithmic steps while
keeping the total amount of mass the same. Figure 5 shows the
integrated spectra, and the spatially resolved results are shown
in Fig. B.2. In a direct observation of ice against a background
source instead of a scattering continuum, we would expect a
peak optical depth that is directly proportional to the abundance
because the ice column density is thought to scale linearly with
optical depth. In the limit of low ice abundances (lower than the
ISM abundance) we recover the same trend for edge-on proto-
planetary disks (see the large panel in Fig. 6). However, this slope
flattens toward high abundances for all ice species before reach-
ing total saturation of the absorption feature (see Fig. 5). This is
likely a result of local saturation, meaning that the ice absorp-
tion features are saturated at the position in the disk in which the
ice absorbs the light, but that additional light from the same line
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of sight contributes to the total flux that is not saturated because
it is scattered through disk regions with less ice. The result is
that low ice abundances can be inferred with great accuracy, but
for abundances greater than ten times this low abundance, the
ISM abundance can only be constrained with a lower limit. The
optical depth of CO,, H,O, and CH3OH can reach higher val-
ues than CH,4 and CO because their freeze-out region is larger
and therefore their absolute absorption is higher. The maximum
optical depth can vary from source to source depending on the
scattering continuum and source structure.

3.2.2. Sensitivity to the fraction of settled mass

The amount of settling (expressed as the mass fraction in large
settled grains: f;, with the corresponding fraction of material left
in the atmosphere: 1-f;) has a direct effect on the height of the
scattering surface in the disk, which is defined as the height at
which the disk becomes optically thick to stellar light at each
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wavelength. This in turn determines which part of the disk will
absorb the scattered light from the star and the warm inner disk
and thus the depth of the ice absorption features. We changed
the amount of settled dust mass in the model setup from 0 to
99% in five steps (see Figs. 5, B.2) to determine how this affects
the ice spectrum. f; = 0 implies that the disk contains no grains
larger than 7 wm, which means that the longer wavelengths for
that model miss an important emission contribution.

Settling has a major impact on the scattered light images
and on the scattering continuum. Less settling means that the
upper and lower emission surfaces of the disk extend farther
out in height and that the width of the dark lane increases.
This is a direct result of the height of the scattering surface,
which increases if the number of small grains in the disk atmo-
sphere increases. Disks with f; > 99% do not fully shield the
star at an inclination of 82.3°, and the source appears as a point
source. Since the settling has a major effect on the resolved scat-
tered light observations, the JWST observations provide tight
constraints on the number of small dust grains in the disk
atmosphere.

The ice features are strongly affected by the amount of set-
tling (see Fig. 6). Multiple effects are at play at the same time,
which results in a complicated dependence that is different for
every ice feature. The amount of settled dust mass changes the
position of the scattering surface, as explained earlier, which
affects the amount of cold material below the scattering surface.
This effect is visible in Fig. 6 as a general increase in the strength
of the ice features toward less settled disks up to an order of mag-
nitude due to an increased column density of cold material below
the scattering surface. However, for all molecules except CO, the
optical depth decreases again for fr > 0.9. This turnover is due to
a directional effect in which the light is scattered more through
the disk surface rather than through the cold midplane. The same
effect creates the increased width of the dark lane for a less
settled disk. Additionally, the upper layers of the disk become
increasingly optically thin due to the settling of material, which
allows for more direct stellar light or singly scattered light that
traces a smaller column of ice. The h,o feature at 3 um does not
follow the trend up in opacity from f; = 0.99 to f; = 0.9, which
is likely because h,0 has a high desorption temperature and thus
is available throughout the disk. This feature at a relatively short
wavelength is also less affected by direct stellar light.

3.2.3. Sensitivity to the inclination

In previous works, it has been shown that the inclination can have
a strong effect on the visibility of the ices in the disk (e.g., Terada
& Tokunaga 2017; Ballering et al. 2021). We varied the inclina-
tion of our model from 60° to 90° in eight steps to determine the
impact on the absorption features in HH 48 NE.

We show in Fig. 5 that the total spectrum of the disk changes
over an order of magnitude, but the optical depth of the ice fea-
tures is not very sensitive to the inclination for most ice species
(see Fig. 6) as long as the disk is sufficiently edge-on to block
direct lines of sight to the star (i > 70°; see Fig. 3). This is con-
sistent with previous modeling work that showed little variation
in ice optical depths >80° (Pontoppidan et al. 2005), although
that model predicts significantly more absorption close to the
critical inclination of 70°. This difference is likely a result of
the differences between the model setups, as Pontoppidan et al.
(2005) did not include any settling of large grains nor an A,
threshold for UV photodissociation of ices, which results in a
larger amount of ice in the atmospheric layers that is traced in
disks at an inclination of ~70°compared to our model. The sharp

transition around i ~ 70° is confirmed observationally using all
known water ice detections in protoplanetary disks (Terada &
Tokunaga 2017). The CO ice feature in the integrated spectrum
increases by an order of magnitude from 70 to 90°. This occurs
primarily because at low inclination, the scattered light contin-
uum does not reach the coldest regions in the midplane of the
disk along the line of sight, but will only probe the ice in layers
higher up in the disk.

At lower inclinations, the upper surface of the disk absorbs
significantly less in the H,O, CO,, and CO features than the
lower surface (see Fig. B.2). The asymmetry between absorp-
tion depth in the upper half versus the lower half could thus be a
direct probe of the disk inclination. For low inclinations (<75°),
the peak of the absorption features shifts to longer wavelengths,
which is seen in all main ice features (see Fig. B.2). At these
inclinations, the ice scattering opacity plays an important role
and causes shifts in the peak position and changes in the absorp-
tion profiles. In extreme cases, this results in absorption features
with a wing in emission in CO, (Dartois et al. 2022).

3.2.4. Sensitivity to the A, limit

As mentioned in Sect. 2, we added a physically motivated A,
limit to the height in the disk at which ice is allowed to form on
the dust grains (see Fig. 1). Above this limit, ices will be easily
desorbed by nonthermal processes under the intense irradiation
of high-energy stellar photons (Boogert et al. 2015; Arabhavi
et al. 2022). We varied the A, limit from the fiducial value of
1.5 t0 0, 3, and 10 mag. Without an A, limit, the optical depth of
H,0 and CO, remains fairly constant over the height of the disk,
even up to 90 au from the disk midplane (Fig. B.3). With the A,
limit in place, there is less absorption of H,O and CO, (Fig. 6),
and a larger variation with height (see Fig. B.3). The A, limit has
no effect on the CO absorption because the regions in which the
disk is cold enough for CO to freeze out are already lower than
the A, limit (see Fig. 1) and the effect on the continuum is minor
(Fig. 5). The ice features are not sensitive to small variations in
the limit that is used. The peak of the absorption features moves
with increasing A, limit to longer wavelengths. This is the case
for the H,O, the CO, , and the silicate feature (see Sect. 3.3 for
more details).

3.2.5. Sensitivity to the grain size

To determine the sensitivity of the ice features to the grain size
distribution, we changed the minimum grain size from the fidu-
cial model of 0.5 um by extending it to smaller grains. The
absorption features of most ice features, except CO, are slightly
stronger when we include small grains up to the canonical value
of ISM grains, 0.005 pum, but there is no significant difference
between a minimum grain size of 0.005 um and 0.05 pm. Ices
on large grains are partly invisible, as shown in previous studies
(e.g., Dartois et al. 2022). Including more small grains will there-
fore boost the fraction of observed ice, hence the optical depth.
Any addition of grains smaller than 1 um is enough to dominate
the absorption, and including more small dust grains does not
change the optical depths of the ice significantly. If only grains
larger than 5 pm are used, the optical depth changes significantly
by a factor of ~5 (see Fig. 6).

3.2.6. Sensitivity to a cavity

To determine the effect of a cavity on the spectrum, we ran the
same model as the fiducial model, but without a dust deple-
tion inside the cavity. The integrated continuum is suppressed
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by a factor of 3—4 (see Fig. 5), but the cavity has a negligible
effect on the H,O and CO; ice features (see Fig. 6). This indi-
cates that most absorption occurs in the outer regions of the
disk and that the cavity does not have a significant effect on
the region in which the warm dust emission is scattered in the
disk, as long as there is warm material in the inner disk. The CO
feature at 4.67 pm does change by a factor of 3, which is con-
siderable given that a similar boost could result from an elevated
abundance by an order of magnitude.

3.2.7. Sensitivity to the total mass

The disk mass was varied over four orders of magnitude from
3x107-3x1072 M, while keeping the gas-to-dust ratio con-
stant. We would like to note that a lower disk mass therefore
decreases the ice column densities, similar to the ice abundance
grid, but also has a significant effect on the scattering contin-
uum (see Fig. 5). Ice absorption features are sensitive to the
order-of-magnitude changes, but only the features at wavelengths
<5 pum change significantly if the mass increases by an order of
magnitude. By changing the disk mass, the temperature struc-
ture changes, as does the column density of the material and
the height of the emitting layer. The latter two dominate in the
impact on the ice features. This results in a weaker change in
the features at longer wavelengths, partly due to the local sat-
uration explained in Sect. 3.2.2. This is especially true for the
methanol feature at 9.4 um and the CO, feature at 15.2 wm. The
CO, feature at 4.27 um is much more affected than the CO, fea-
ture at 15.2 um, which could serve as a direct probe of the disk
mass. However, the feature at 15.2 um can changes considerably
in shape if the CO; is in different ice matrices.

3.2.8. Sensitivity to the radial size

The physical size of the disk can play a major role in set-
ting its temperature structure. We varied one of the parameters
that determines the radial extent of the disk, R., between 45
and 125 au. Although the effect on the continuum is signifi-
cant (Fig. 5), the ice optical depths do not change significantly
(Fig. 6). We would like to note that for models with a small R.,
the 55 au cavity pushes material outward to sustain the same
disk mass as the fiducial model. Increasingly small disks with-
out a cavity are expected to show variations due to changes in
the area below the snow surfaces.

3.2.9. Sensitivity to the flaring index

We varied ¢ from a flat disk (¢ = 0) to an extremely flared
disk (y = 0.275) in five steps y € [0, 0.075, 0.127, 0.175, 0.275].
The flaring has only a minor effect on the ice features in the
MIRI wavelength regime, but the optical depth of the ice fea-
tures <5 wm increases for a flatter disk. The flaring of the disk
() changes the temperature structure in the disk and directly
affects the angle of the scattering surface toward the midplane.
For disks with less flaring, this angle is smaller, and thus more
light will reach the ice-rich regions of the disk. This effect is
strongest for the CO ice feature at 4.7 pm because CO ice is only
located near the midplane.

3.3. Silicate feature

Not only the ice absorption features, but also the shape and
strength of the silicate feature at 10 um are affected by the phys-
ical parameters of the disk model (see Figs. B.2, B.4). In the
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Fig. 7. Optical depth of the silicate feature in Spitzer spectra for
Tau 042021 and ESO-Ha 569. The black lines show the optical depth
of the silicate features in a model inclined at 90° and 75°. The shape of
the silicate feature clearly is a function of inclination and disk mass.

fiducial model, the silicate feature is only seen in absorption,
unlike the typical emission feature seen in disks with an incli-
nation <70° (Olofsson et al. 2009). Absorption of the silicate
feature arises when the scattering surface is high up in the disk
and the light has to pass through a large column of cold dust in
the outer disk.

The silicate feature is very sensitive to the inclination. For
inclinations <75°, an emission component is seen in addition to
the silicates in absorption, and at even lower inclinations, the sil-
icate feature appears only in emission. Very settled disks also
show a silicate feature in emission because the scattering surface
is low in the disk, which means that the warm dust above the
scattering surface significantly adds emission to the spectrum.
These changes also affect the determined CH3OH optical depths
(see Fig. 6). The silicate feature varies in strength with vary-
ing ice abundance, and it is even seen in emission when the ice
coating on the grains is thick enough.

Changes in the shape of the silicate absorption feature are
observed in Spitzer IRS spectra toward edge-on protoplanetary
disks. For comparison, we retrieved low-resolution spectra from
the CASSIS archive (Lebouteiller et al. 2011) of the edge-on
disks Tau 042021 and ESO-Ha 569 (see Fig. 7). The optical
depth of the silicate feature was determined with a linear fit using
data points between (5,6) and (11,14) um and Eq. (6). The silicate
feature in ESO-Ha 569 has a clear emission component around
8 um, while the feature in Tau 042021 has only a component in
absorption. Without detailed modeling of the sources, we over-
plot the model for HH 48 NE at an inclination of 90° and 75°.
The inclination of these sources can roughly be inferred from
their silicate feature alone because ESO-Ha 569 is inclined at
~83° (Wolff et al. 2017), while Tau 042021 is inclined at 88°
(Villenave et al. 2020). The differences in inclinations are exag-
gerated because of the differences in mass and settling of the two
disks and HH 48 NE. An estimate of the dust mass is necessary to
use this approach in observations, for example, from millimeter
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continuum observations. The shape and strength of the silicate
feature can be crucial to break parameter degeneracies and help
interpreting the ice observations.

4. Discussion

The high sensitivity and resolution of the JWST will provide spa-
tially resolved measurements of ices in class II protoplanetary
disks. These observational data can only be properly interpreted
with detailed modeling. This is especially true for edge-on disks
because the ice absorption features are highly dependent on the
physical source structure and are not easy to interpret. We have
explored the effect of various parameters on the optical depth of
the ice that can be directly compared to observations to interpret
the results.

4.1. Constraining the ice abundances

We investigated the impact of various physical disk parameters
on the optical depth of the main ice features in protoplanetary
disks. We find that the molecular abundance and disk mass have
the strongest effect on the observed ice features, which results
primarily from a reduction of the absolute column density of ice.
The optical depth increases monotonically with the abundance
for all ice features, but the exact shape is dependent on the source
structure and wavelength. Two other important parameters are
the inclination and the amount of grain growth and settling.
These parameters can change the optical depths in the same order
of magnitude as the chemical abundance. It is hence crucial to
have a well-constrained physical disk model to constrain the ice
abundances from observations.

This work is the first to convolve the model with an instru-
mental PSF to determine whether we can resolve vertical
changes in the ice abundance. HH 48 NE should be resolved
sufficiently within the NIRSpec range to constrain vertical abun-
dance gradients due to temperature, irradiation, and chemistry.
At wavelengths >7 um, the vertical dependences are no longer
resolved because the size of the PSF increases. The verti-
cal extent of the CO and CO, snowline might therefore be
observable in the derived observed optical depths, although the
transition will be smooth because the elevation of the snow sur-
face increases radially outward. The PSF side lobes can induce
significant artifact ice-feature signatures throughout the disk,
even in regions in which direct ray-tracing of the model with-
out convolution of a PSF shows no sign of ices (e.g., at 100 au in
Fig. 4). Since the radial dependence of the optical depth of the
ice is largely insensitive to the disk geometry and most absorp-
tion occurs in the outer regions of the disk, it will be difficult to
infer radial snowlines or abundance variations in radial direction
because all photons originate from central regions in the disk,
which means that all photons that are scattered in our direc-
tion have encountered a wide range of radii regardless of the
line of sight they appear to come from. We would like to note
that RADMC-3D uses long characteristic radiative transfer for
the image reconstruction, which in general is more expensive,
but gives the most accurate results. We tested another radia-
tive transfer approach that combines both long characteristics
and short characteristics radiative transfer, Hyperion (Robitaille
2011), which gives identical results (see Appendix A for more
details).

We have shown that the optical depth of the ice features
increases monotonically with abundance, but an accurate esti-
mate of the source inclination, the amount of settling, and the

disk mass is required to determine the conversion factor. The
maximum optical depth that can be reached in our models is
~1 even at very high ice abundances and column densities. This
illustrates that the ice features may be locally saturated in the
disk, but that at least one-third of the light is scattered through
the ice-free upper layers of the disk before it is scattered in
our direction from a layer deeper down in the disk. The opti-
cal depths of the ice that we find in our model are relatively high
compared to earlier work by Ballering et al. (2021) and Arabhavi
et al. (2022). In contrast to these works, we expect to find CO
in the integrated NIRSpec spectra and deeper CO, ice features.
Ballering et al. (2021) used a standard model with a high disk
mass and complex gas-grain chemistry in the same radiative
transfer code RADMC-3D. Their continuum for an inclination of
85° is similar to our spectrum, but their silicate feature is in emis-
sion even at an inclination of 90°. The water-ice feature in their
spectrum is of similar strength as in our model, but the other
species compared to water ice are much weaker. The final abun-
dances in their inheritance model are very similar to our input
abundance and are fairly constant with height and radius. The
differences between their expected strength of the ice absorp-
tion features and this work are therefore largely a result of the
geometry of the fiducial disk model. The observed optical depths
toward the class I disk in Pontoppidan et al. (2005) are much
deeper than our model, but they show that most ices are located
in the envelope surrounding the disk, and only 50% of H,O and
CO, and none of the CO ice are located in the disk. Because
HH 48 NE is a more evolved disk without a thick envelope,
absorption from cloud ice does not play a significant role.

In Sect. 3.2 we showed that global ice abundances can be
inferred from spatially integrated observations when the settling,
inclination, and disk mass are known. In the case of HH 48 NE,
these three parameters are well constrained (see Paper I). By
treating the uncertainties as independent from each other, we can
derive a first-order estimate of the uncertainty on the measured
ice abundances from the parameter variation in Fig. 6. We deter-
mined the uncertainty on the optical depth expected from the
1o uncertainty interval via interpolation for each of the consid-
ered parameters. By combining the uncertainties using o2, =
Zp a'lz), we determined the uncertainty on the molecular abun-
dance for each ice feature (see the vertical lines in the top left
panel of Fig. 6). The uncertainty on the ice abundances is typi-
cally a factor of 2, and only the CO abundance is uncertain to a
factor of 3.

4.2. Detectability of edge-on disks

Highly inclined disks (i > 70°) are statistically less often detected
than their less inclined counterparts (Luhman et al. 2008;
Rodgers-Lee et al. 2014). Based on this parameter study, we
identify several potential explanations for this trend.

First, edge-on disks are often selected based on their SEDs
and are then confirmed with scattered light imaging or resolved
millimeter continuum observations. Edge-on disks typically have
a high infrared excess and a characteristic dip in the mid-infrared
because the silicate feature is in absorption. The spectra of these
disks can look similar to those of transition disks, which show
a comparable dip in the mid-infrared that is caused by a lack
of warm material in the inner disk regions (van der Marel et al.
2022), or to those of class I sources that receive less stellar con-
tribution to their SED as well. We have shown that edge-on disks
with a high level of settling or with an inclination of <85° may
instead show a silicate feature in emission, which means that
these objects may not be recognized as edge-on disks until they
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are observed at high angular resolution. Complete sample studies
at high angular resolution with ALMA or scattered light obser-
vatories are hence necessary to increase the fraction of detected
edge-on disks. Unfortunately, very high angular resolution is
necessary to determine highly inclined sources directly from the
observations (Villenave et al. 2020), and the observed samples
of disks in scattered light are far from complete.

Second, the radial substructure might be important for
detecting edge-on disks. The HH 48 NE model without a cav-
ity has a scattered light continuum that is lower by a factor of 3
to 4, which makes the disk harder to detect (see Fig. 5). With a
cavity, the mid-infrared is boosted by the structural changes in
the disk density profile.

Third, in many instances, we find that the disk disappears due
to a lack of contrast between the star and the disk (see Fig. 5).
This is especially true for disks with a high level of settling, a
low inclination, or a low disk mass. This results in an observa-
tion bias because the average observed disk mass for edge-on
disks (>25.6 Mg Villenave et al. 2020) is higher than the mean
dust mass distribution of the full Taurus and Lupus disk popula-
tions (15 Mg Andrews et al. 2013; Ansdell et al. 2016), especially
when we take into account that edge-on disks are much more
likely to be optically thick (Villenave et al. 2020). Without suffi-
cient material in the upper layers of the disk to block direct lines
of sight to the star, it will be impossible to detect these disks in
scattered light without a coronagraph (see also Wolff et al. 2017).
The recent work by Angelo et al. (2023) comes to similar con-
clusions using a simulated population of edge-on protoplanetary
disks.

5. Conclusions

We have set up a disk model using the radiative transfer code
RADMC-3D that includes anisotropic scattering and opacities of
the six most important ice species. The sensitivity of the opti-
cal depth of the main ice features to various physical parameters
was explored to determine how well chemical abundances can
be constrained in the disk. We conclude the following:

— The main ice species, H,O and CO,, are likely detectable in
JWST data of edge-on protoplanetary disks. Weaker features
such as those from CO, CHy4, CH3OH, and NHj require a
high inclination and a low amount of settling to be observed.

— The optical depth of the ice features in protoplanetary disks
changes monotonically, but non-linearly with ice abundance,
and is saturated at an optical depth <1 due to the effect of
local saturation. A detailed modeling of the source struc-
ture is necessary to infer the chemical effects in the disk.
The abundances in the HH 48 NE disk can be constrained
to within a factor of 3 with respect to the dust content when
the current uncertainty on the disk geometry is taken into
account.

— Vertical ice abundance gradients are detectable in the NIR-
Spec range (H,O, CO,, and CO), but the resolved optical
depths are not linearly related to the ice column density along
the line of sight. For wavelengths longer than 7 pm, resolved
maps will be dominated by PSF residuals that are due to the
large angular scale of the PSF.

— The shape of the silicate feature and the comparison between
the two CO, bands at 4.3 and 15.1 um might help to break
the degeneracy between the total solid mass and the ice-to-
rock ratio.

— The low detection rate of edge-on disks can be explained
by a combination of silicate features that appear in emission
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at inclinations <85°, radial substructure that is necessary to
boost the mid-infrared continuum, and the need for a large
amount of dust high up in the disk to block direct lines of
sight toward the star.
We have shown that the JWST will be able to observe spatially
resolved ice features in protoplanetary disks. In-depth model-
ing of the ice chemistry, disk geometry, and radiative transfer is
crucial to interpret forthcoming observations of the JWST ERS
program IceAge and edge-on disks in general.
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Appendix A: Comparison between RADMC-3D and
Hyperion
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Fig. A.l. Comparison between ray-traced spectra by RADMC-3D
and Hyperion. The top panel shows the SEDs for Hyperion and
RADMC-3D. The colored lines show the contribution to the total spec-
trum of scattered stellar light (red), scattered light from warm dust
(blue), and direct light from warm dust (orange). The direct stellar light
component is negligible and is therefore not shown in this plot. The
bottom panel shows the normalized difference between the two total
outputs of the two codes. The dashed lines indicates the standard devia-
tion of the difference, which is 5%.

As a validation of the suitability of RADMC-3D for full
anisotropic scattering in edge-on disk models, we ran the best-
fitting model once with the radiative transfer code Hyperion
(Robitaille 2011). Hyperion treats scattering internally differ-
ently. It traces each individual photon package from the source
to the destination. The benefit of this is that multiple inclinations
can be ray-traced at once and that the final spectrum can be dis-
sected into four components: direct stellar light, scattered stellar
light, direct dust emission, and scattered light from warm dust
(see Fig. A.1). The downside is that the code is very demand-
ing in terms of computing time and computer RAM (>500 Gb;
hence only possible on high-performance clusters). The relative
difference between the final output of the two codes is less than
20% everywhere in the spectrum, does not increase in the ice
absorption features, and has a standard deviation of 5%. With
this comparison, we demonstrate that the output can be trusted
independent of the radiative transfer code that is used. In the
spectral region in which the important ice absorption features
are located, the continuum is dominated by the dust scattering
by half an order of magnitude over direct source scattering at
short wavelengths and dust emission at long wavelengths.
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Appendix B: Additional material

In Fig. B.1 we present the spatially resolved optical depth of the
ice features, similar to Fig. 4, but weighted with the continuum
emission. The maps show how much the different disk regions
contribute to the disk integrated spectrum. In all absorption fea-
tures, only a few pixels determine the optical depth of the ice in
the disk-integrated spectrum.

Spatially resolved observations are necessary to trace any
variations in abundance directly. In Figs. B.2, B.3, and B.4,
we present the vertically resolved optical depth of the main ice
absorption features as function of the same parameters as in
Sect. 3.2
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Fig. B.1. Same as Fig. 4, but weighted with the continuum emission and normalized to the peak contribution. This figure illustrates what part of
the disk contributes mostly to the disk averaged spectrum or the radial slabs presented in Figs B.2, B.3, and B.4.
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Fig. B.2. Dependence of the ice optical depth on the ice abundance, the inclination and the fraction of settled large grains. The modeled optical
depth of the main ice features and the silicate feature are shown at 7 different vertical positions in the disk, convolved with an instrumental PSF.
The resolution in height is 30 au, which corresponds to two pixels in NIRSpec/MIRI data.

A18, page 16 of 18



Sturm, J. A., et al.: A&A proofs, manuscript no. aa46053-23

< ol
L .8 PO o S o S o
S g ¢ G L, G G L ¢ ¢ Silicates
T | L A A | T L L L -15 T T
+ 90 AU — A, = 0 mag
-6 = W 15—y =" A, = 1.5 mag (fid)
+ 60 AU \/ -10 . A, = 3 mag
- \/ W_I'OM_W—Q‘P— e~ A = 10 mag
£ 5 + 30 AU 05 =5 b
8 BN \\M B % N4 ~—
'§- idpl \/ A
midplane
< O 0.0 —_—r= O~~~ —
o - 30 AU
2 0.5 - e~
- 60 AU
101 *
6 -90 AU 15 _
! J—1 Ly ! ! ! Ly Ly ! 15 L !
© S © O PSSl & No bk o 8 10 12
[a% ” m N V,\? 'i," ,fl) W " AN o &)
N N
L o RS %9 S o\l o b \zg
S g ¢ [¢; [¢; (¢} N ¢} , C© Silicates
T | L) L A T I A L —-15 T T
+90 AU —— a@min = 0.005 um
-6 I———— — -15(—— e AR o e—— amin = 0.05 um
+ 60 AU -10f 1 amin = 0.5 um (fid)
-4 S —7 w— —1.0 RS~ A aaa e~ || —— amin=5um
< _lr30a 0.5 ———e— | L ]
= B = T W~V \ N7 S————
g — N . ~
° midplane —
© 0 = _—— T W] 0.0 [ — s o7
O Z \
a -30 AU V v '
o 29—\\‘\/_’/,,—«————?/._——‘—\,\/—- 0.5 -ff'\j/——'\_/-e—«-\/— Si’w
- 60 AU ’ \ '
e e 1 O — o T
\_/ v 10, -
6 - 90 AU 1.5
e — ] S = e Sy
N—— ~
! ! J— Lyl ! ! ! | gy Lyl ! 15 L !
“ N © ,\‘7 ma o o & N ,\"7 N ,{7 © 8 10 12
A% ) m " vg ,3/7 ,:7 & " AN o &)
< el
L .8 O ot o o ™ o
SRS g g G G G L ¢ ¢ Silicates
T | L A A | T L L L -15 T T
+90 AU —— fiducial
—GWVW\[_ -15 A Ve A —~—— [|—— without cavity
—10} i
+ 60 AU
—4M—W——W_1.OW——V*GW e~

+ 30 AU -5 N

_ZMVW_OISW—\/PW —~——

midplane 0.0 0
) W W ‘\(‘ 1 T~ |
30 AU 0.5

4
E

60 AU
4>ww/-——\ — 1.0 ,/»-——'-V*C—ﬁ.\qfﬂ— v——
90 AU 101 I
o | YT TV T e~
| | JL | Lyl | | | Ly 1 | gl | | |
“ o o o mo o 4 & '\”,\‘o £ ”,\17 4 153 10 12
% ” ™ N NI o ® o o

Wavelength (um)

Fig. B.3. Same as Fig. B.2, but instead varying the A, limit and the maximum grain size, as well as with and without a dust cavity.
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Fig. B.4. Same as Fig. B.2, but instead varying the total disk mass and the spatial scale of the disk as a function of R..
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