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Abstract

This thesis aims to improve our understanding of the role of ices in planet forming discs, known as proto-
planetary discs. Computer models of such discs have been used extensively by the community to understand
and predict the observational data. It has always been a challenge to observe ices in the discs and their op-
tical appearance is largely omitted in the disc models. This is due to the complexity and high computational
power requirement for computing the opacities while the chemical composition and abundance change at
every point in the disc. This work is focused on providing a computationally efficient way of estimating the
optical properties of ices in the state-of-the-art Protoplanetary Disk Model (ProDiMo).

Although observations of ices are rare, some observations particularly for the 3 um water ice feature are
available. These have been studied by means of different radiative transfer disc models, however, the effect
of the position-dependent ice opacities on the physico-chemical disc structure has not been considered. In
this work, it is found that the optical properties of dust depend on the ice composition, the ice abundances
and how the ice accumulates on the refractory dust grains. It is shown that using a pre-calculated opacity grid
and performing interpolation between these grid points provides an accurate and computationally efficient
estimation of position dependent ice opacities in protoplanetary discs.

Further, it is found that the inclusion of chemically consistent ice opacities calculation in the disc model
does not have a significant effect on the physico-chemical structure of the disc. However, the appearance
of the disc changes significantly. Dark bands appear in disc images at wavelengths corresponding to ice
absorption features. These features are stronger when the thickness of the ice layer on the refractory dust
grains is assumed to be constant but weaker when the ice/refractory volume ratio is assumed to be constant.
The predicted disc spectra are analysed considering the spatial resolution offerred by spectrographic modes
of Near-InfraRed Spectrograph (NIRSpec) onboard James Webb Space Telescope (JWST), expected to launch
in 2021. This shows that the ice features can be observed, particularly when the disc is seen against a distant
background source (silhouette discs). Thus, silhouette discs are promising observational targets to study ices
in discs.
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Frequency

Intensity

Mean Intensity

Planck Intensity

Number of particles per hydrogen nuclei

Abbreviations and acronyms
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Chapter 1

Introduction

The first detection of an exoplanet around a main sequence star was made in 1995 (Mayor and Queloz, 1995)
and since then there have been 4282 planets catalogued in the Exoplanet-Database (2020) maintained by
Paris Observatory. The catalogued planets vary widely in their properties such as mass, orbital eccentric-
ity, semi-major axis, radius of the planet, composition, etc. For example, the mass of exo-planets vary from
about 1073 M; to about 102 M;, where M is the mass of Jupiter. To understand how such diverse set of plan-
ets form, it is necessary to study the protoplanetary discs, which are discs around stars where planets are
born. These discs are studied by gathering observational data, by numerical modeling and by comparing the
model predictions with observations. The observations are performed by various telescopes such as the At-
acama Large Millimetre Array (ALMA), the Spitzer Space Telescope (Spitzer), the Infrared Space Observatory
(ISO), the Hubble Space Telescope (HST) and, in the future, by various instuments on board the James Webb
Space Telescope (JWST) and the Space Infrared Telescope for Cosmology and Astrophysics (SPICA).

Protoplanetary discs can be defined as dense rotating discs of gas and dust around young stars formed
after the collapse of a molecular cloud. The mass of the disc is small compared to the star, typically ranging
from 1073 to 10~! times the mass of the star (Andrews and Williams, 2005, 2007, Mann and Williams, 2010).
However, the angular momentum largely resides in the disc. The discs can be modeled with a Gaussian verti-
cal gas density structure with a radius dependent scale height (Woitke et al., 2016). The distribution of dust in
the disc is an equilibrium between upward turbulent mixing and downward gravitational settling (Dubrulle
et al., 1995). The temperature profile is largely determined by the amount of stellar radiation intercepted
by the disc. The amount of intercepted radiation depends on the disc flaring structure, which is defined by
the radial dependence of the vertical gas density scale height. The disc can be broadly divided into two re-
gions: (1) the upper or surface layers, (2) the interior of the disc (Chiang and Goldreich, 1997, Chiang et al.,
2001). The scattering properties of dust in the surface layers largely governs the disc temperature in the in-
terior region (Chiang and Goldreich, 1997). The chemical composition of the disc is determined by chemical
reactions in the gas phase and on the surface of the dust. The opacity, the scattering and absorption cross
sections, of dust in the disc and the radiation intercepted by the disc determine the radiation field within the
disc. In shielded regions where the temperature allows for ice formation, the gas phase can accrete on the
dust surface (Tielens, 2005). The dynamic processes like viscous evolution, accretion of disc mass onto the
star and disc winds determine the evolution of the disc (Armitage, 2010, Williams and Cieza, 2011).

In the disc, dust plays an important role by providing surface for grain surface chemistry for example:
Langmuir-Hinshelwood and Eley-Rideal mechanisms, providing surface for ices to accrete, absorbing and
scattering radiation, coagulating and acting as seeds for planet formation (Natta et al., 2006, Tielens, 2005).
In cold and shielded environments, molecules freeze out on the surfaces of refractory grains to form ices. This
not only changes the chemical composition of the dust and gas phase significantly, but also changes the size
distribution of grains. For example, for a point in a typical T Tauri disc at a radius of 5 au from the star and
close to the midplane (0.12 au above the midplane) the volume of ice is calculated to be 1.224 x 10726 cm3/H-
nuclei, compared to bare grain volume of 1.700x 1026 cm3/H-nuclei. Similarly, the dust to gas mass ratio
changes from 0.015 to 0.0198 upon ice condensation!. The optical properties of the dust is determined by the

1 These values are based on a model with bare grain opacities. The ice volume is calculated from the six ice species considered in the
thesis. The model is explained in detail in Chapter 2
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size distribution and chemical composition (Krugel, 2002). As these properties affect the radiation field in the
disc, they can produce observable features when observed with telescopes. Thus, it is important to study the
role of ices and dust in protoplanetary discs.

Several disc models are available and can be generally classified as hydrodynamic and thermo-chemical
models. The former is used to study the evolution of the disc in time and the latter to study the hydrostatic
or the time independent disc structure. The thermo-chemical disc models consistently solve the contin-
uum radiative transfer, dust temperature (Walsh et al., 2014, Woitke et al., 2016). Then the gas phase and ice
chemistry is computed, heating/cooling balance is solved to find the gas temperature structure. Based on the
consistent solution, other useful data such as spectral energy distribution and images are calculated. In these
models, opacities are typically defined based on a refractory grain size distribution, i.e. dust without ices,
and hence do not account for the changes in opacity due to ice accretion. To account for the opacities arising
from ice accumulation on dust grains, computing ice opacities for each point in the disc is required. However,
this is computationally expensive and hence a computationally efficient method of computing ice opacities
is required. The goal of this thesis is to improve the disc models by including the effects of ices in cold and
shielded environments on the opacity and study the effect of icy dust opacity on the disc structure and ap-
pearance. ProDiMo or “Protoplanetary Disc Model” (Woitke et al., 2016) is a thermo-chemical disc model
that solves for chemistry, detailed gas heating and cooling balance, and continuum and line radiative trans-
fer in axisymmetric discs. The model uses a 2D physico-chemical grid and assumes axisymmetric disc. The
radiative transfer in the disc is solved in 3D. In this thesis, position-dependent ice opacities are implemented
in ProDiMo and the role of ice opacities in the disc structure is studied. Then, disc conditions required for
observing ice features in these environments with future space observatory such as JWST is explored.

1.1 Research Questions

As discussed in the introduction, this work studies the role of ice opacities in protoplanetary discs. The main
research question addressed can be formulated as follows:

What is the role of position-dependent ice opacities in protoplanetary discs and their spectral appearance?

This can be further broken down into smaller questions as given below.

1. How to implement position-dependent ice opacities in thermo-chemical disc models?

(a) What is the position-dependent amount and chemical composition of the ice in protoplanetary
discs?

(b) How does the thickness of the ice layers depend on grain size distribution?

(c) What are the effects of ice formation on continuum opacity?

(d) How to calculate the opacities of the icy grains in a computationally efficient way?

2. What are the effects of the opacities of ice-coated grains in protoplanetary discs?

(a) What is the effect of position-dependent ice opacities on the physical and chemical structure of
the disc?

(b) How do the position-dependent ice opacities change the optical appearance of protoplanetary
discs from optical to millimeter wavelengths?

(c) What are the predictions of observational ice-features for future space-borne telescopes such as
JWST and SPICA?

1.2 Report Qutline

The main research of this thesis is presented as a paper in Chapter 2. The conclusions of this work and
recommendations for future work are discussed in Chapter 3. Additional information not included in the
journal paper is given in appendices part of the report. Appendix A discusses the technical implementa-
tion of position-dependent ice opacities in ProDiMo, including the code structure of ProDiMo, ice thickness
calculation, the opacity grid introduced in Chapter 2. The details about using the output from ProDiMo is
presented in Appendix B. Verification and validation of the implemented code is discussed in Appendix C



Chapter 2

Journal Article

The research work has been written in a journal paper format to be submitted to Monthly Notices of Royal
Astronomical Society (MNRAS). The manuscript is provided in this chapter using the required template.
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Position-dependent ice opacities in models for protoplanetary discs

Aditya M. Arabhavi,">** Peter Woitke,* Stéphanie M. Cazaux>>
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ABSTRACT

Gas phases are known to condense on dust grain surfaces in cold and shielded environ-
ments, to from ices such as H,O, CO, CO,, CHy, CH30H and NHj3. Protoplanetary
discs are one such environment where different ice species are distributed with varying
abundances, depending on dust temperature and local UV irradiation. We present
a new computationally efficient method to compute ice and bare-grain opacities in
protoplanetary disc models, using the ice abundances that result from our chemical
networks. We discuss the impact of the ice opacities on the physico-chemical state
and the optical appearance of the disc. Locally, the opacity can change a lot due to
ice formation, especially at UV and optical wavelengths, because ice formation has a
distinct effect on the size distribution of small grains. However, since the opacity only
changes in the optically thick regions of the disc, the physical disc structure does not
change significantly. Our disc models with position-dependent ice opacities provide
new insights into the observability of mid-IR ice features, and we discuss favourable
configurations and observational setups to observe these features. The spectral energy
distributions (SEDs) computed with our new disc models generally do not show signif-
icant ice emission or absorption features. However, images of edge-on discs, especially
when they are seen against a bright background (silhouette discs), show ice absorption
features in certain parts of the image, in particular the dark lane.

Key words: protoplanetary discs — opacity — methods: numerical

1 INTRODUCTION Tokunaga 2017; Terada et al. 2007), generally associated to
H, 0O ice and emission features at 47 ym and 63 ym (McClure
et al. 2015, 2012; Min et al. 2016), generally associated to
amorphous and crystalline H,O ice respectively, have been
observed in discs. Thus, disc modeling becomes important
for understanding the properties of icy dust in discs as well
as to ascertain the possibility of observing these ices. In disc
models, such as in D’Alessio et al. (2006); Semenov & Wiebe
(2011); Walsh et al. (2014); Nomura & Millar (2005); Brud-
erer (2013); Woitke et al. (2016), a grain size distribution is
considered with a minimum and maximum grain size, and
with a power law with index apow that is fitted to obser-
vations, or set to 3.5 power law (MRN-distribution, Mathis
et al. (1977)). These grains are considered to be composed
of a silicate and a conducting material. Some models con-
sider the presence of ices by using water ice opacities, as for
example in Nomura & Millar (2005), however this opacity
is based on a separate distribution of water ice grains other
than refractory grains and is throughout the disc indepen-
dent of local irradiation and temperature. This means that
the effect of position and abundance of ice species (particu-
larly abundant are H,O, CO, NH3, CO,, CH30H, CHy) on
opacity, due to the change in both size and composition of
the dust grains, has not been considered.

Protoplanetary discs are made up of gas and dust with dif-
ferent spatial distribution and temperature structures. The
midplane is generally colder and denser for both dust and gas
components. In those cold regions, which are well shielded
from both stellar and interstellar UV radiation fields, gas
phase species can accrete onto dust grain surfaces to form
ices. The local thermo-chemical conditions in these regions
determine the volume and chemical composition of the form-
ing ice. This ice accretion affects the grain size and compo-
sition which are important for opacity calculations (Alla-
mandola et al. 1999; Boogert & Ehrenfreund 2004; Oberg
2009).

Observational data of dust in the diffuse interstellar
medium and molecular clouds show the presence of ice cov-
ering the dust grains (Kwok et al. 1994; Mathis & Whiffen
1989; Boogert et al. 2008; Goto et al. 2018). For protoplan-
etary discs, the resolution, spectral range and sensitivity re-
quirements limit the observational capabilities. Though the
exact cause of the features are sometimes debatable, absorp-
tion features at 3 um (Honda et al. 2016, 2008; Terada &

* E-mail: ama33 @st-andrews.ac.uk



Terada et al. (2007) report water ice absorption fea-
ture at 3um in edge-on discs HK Tau B and HV Tau C.
Terada et al. (2007) also suggest that assuming ice mixtures
can explain the absorption features better, such as with CO,
CHy4 and CH3CN to explain enhanced absorption for 4 <3.0
pm (Brooke et al. 1999; Dartois et al. 2002), CH3O0H for
3.54 um (Smith et al. 1989). Terada & Tokunaga (2017) re-
port the detection of the 3 um feature from edge-on circum-
stellar discs PDS 144N and PDS 453 around Herbig Ae stars.
The feature observed from PDS 144N is localized to a radius
of 783 au around it and hence argued that it originates from
the protoplanetary disc.

McClure et al. (2012) provide the spectra of GQ Lup
which shows excess emission near 63 um. The best fit model
for this data indicates that an icy grain size 2 orders of
magnitude larger than silicate grains is needed, which indi-
cates the enhancement of grain sizes due to ice accumulation.
Since the disc is highly unsettled, the grains can be mixed
between the upper regions and the midplane of the disc. The
model computes opacities for graphite and water ice grains
assuming that the grains are segregated spheres and that ice
exists everywhere below the condensation temperature.

McClure et al. (2015) analyze the emission features at
47 pm and 63 um using the spectroscopic observations of AA
Tau, DO Tau and Haro 6-13. The models compute the opac-
ities with an assumption that the grains are segregated. The
features are associated to amorphous and crystalline water
ice arising from the upper layers of the outer disc regions
(r>30au). Since the outer disc regions are colder and crys-
talline water is not expected in such cold regions, it is in-
dicative of disc heating events or transport processes.

Honda et al. (2008) report presence of HyO ice grains
on the surface of outer disc region (r>140au) of face-on
disc HD 142527 by observing the 3 um water ice feature.
However, it is also indicated that though these outer regions
allow ice condensation, the UV irradiation should make the
presence of ice not feasible. Thus, other dynamical process
is required to supply the ice to these UV irradiated regions.
Min et al. (2016) present Herschel and ISO spectra of HD
142527 which show prominent 43 ym and 63 um crystalline
water ice features. The spectra is studied by modeling the
disc building up on Verhoeff et al. (2011), a model for HD
142527 disc, using Woitke et al. (2009) to determine the UV
field and Min et al. (2009) to solve the radiative transfer.
The dust in the disc is assumed to be composed of a mixture
of amorphous pyroxene, silica, water and 8 other refractory
materials. The 47 ym and 63 um water ice features are used
to probe the abundance of water ice in the outer regions
of the disc (r>130 au) and its crystallinity. HD 142527 is a
passive irradiated disc with wall.

Pontoppidan et al. (2005) present spectroscopy and ra-
diative transfer modelling of YSO CRBR 2422.8-3423. The
model considers ice opacities which include H,O, CO and
CO;, ice species. Further the ice opacities in the model are
based on the local temperature. The opacities are defined
with a fixed HyO ice abundance (or ice thickness). The com-
position is assumed to be a fixed HyO:CO:CO; ratio and the
is varied by adding inclusion of a fixed CO:CO; mixture,
keeping the same mantle size. The location of ices in the
disc is studied using a radiative transfer model, RADMC
(Dullemond & Dominik 2004), and constraints from the ob-

servation data particularly the 3 um H,O and 4.67 um CO
ice features.

This paper presents a computationally efficient method
of including position dependent opacities in disc models, to
account for local ice abundances, and discusses the impli-
cations for observations. In Sect. 2 the description of the
disc model, ProDiMo, is provided in which the position de-
pendent ice opacities will be implemented. In Sect. 3, the
method of calculating position dependent opacities is ex-
plained along with the verification of the calculation. The
effect of the position dependent opacity on a typical T Tauri
disc is discussed in Sect. 4. Section 5 explores what this
implementation implies for observations. The method and
results are summarised and concluded in Sect. 6.

Appendix A provides details regarding the properties of
a typical disc which is considered in this paper. Appendix
B summarises the relations of grain composition, size and
opacities. Appendix C lists the optical data of different ices
used in the model.

2 PRODIMO

ProDiMo or Protoplanetary Disk Model (Woitke et al. 2016)
is used in this paper to implement the position-dependent
dust and ice opacities. The existing model, as explained in
Woitke et al. (2016), uses a fixed grain size distribution with
no ices. The model starts by setting up the physical state
of the disc such as gas and dust densities including dust
settling of the bare grains. The code then calculates the
dust opacities and solves the continuum radiative transfer
problem, including a determination of the dust temperature
structure. Subsequently, the code computes the gas phase
and ice chemistry and solves the heating & cooling balance
to find the gas temperature structure.

The refractory dust grains are assumed to be com-
posed of 60% amorphous silicate (Dorschner et al. (1995),
Mg 7Fe.3Si03) and 15% amorphous carbon (Zubko et al.
1996), with a porosity 25%, as discussed in Woitke et al.
(2016). The opacity calculations are done by assuming that
the grains are spherical and materials are well mixed.

Based on the resulting amounts of ice species formed,
the opacities are then recomputed, and the code contin-
ues to iterate between radiative transfer, chemistry with
ice formation, and opacity calculation, until convergence
is achieved. The position-dependent ice abundance and
position-dependent settled bare grain size distribution are
used to compute new position-dependent grain (bare +
ice) size distribution and the grain composition. The re-
computation of opacities uses these position-dependent
grain composition and position-dependent grain size distri-
bution.

The opacity calculations are based on Mie theory
(Bohren & Huffman 2008). The dust grains (including those
coated with ice) are considered to be spherical. Ossenkopf &
Henning (1994) shows that opacity changed when ice man-
tles are present on dust grains for a fixed volume of water ice.
In this paper, the dependence of ice thickness on grain size is
generalised and made computationally easy to apply to disc
models. The porosity of the refractory grains and ice layer
is fixed to a certain value independent of ice thickness, i.e.,
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the possible enhancement or diminution of porosity upon
collision and shattering is neglected.

3 OPACITY: ICE COMPOSITION, THICKNESS AND
REFRACTORY MATERIALS

Opacity (k) can be defined as the total absorption and scat-
tering cross section of the dust distribution, as shown in

Eq. (1):

Amax
k)= / rrazQ(a,/l)f(a)da (1)
Amin
where, a is the grain size, a,in and a;uqx are the minimum
and maximum grain sizes, f(a) is the considered size distri-
bution (= ‘31—1;[, i.e., number of grains, dN, per size bin da)
and Q(a, 1) is the efficiency which is the ratio of absorption
and scattering cross section to the geometric cross section
of the grain.

Due to ice accumulating on the bare (refractory) grains,
both extinction efficiency Q(a, 1) and grain size distribution
f(a) change. These directly affect the opacity «,. The effect
of ice on these two factors are discussed in the following
subsections.

3.1 Effect of ice on size distribution

The abundance of ice, as shown in Fig. A1, varies throughout
the disc. This means that the thickness of ice layer differs at
each point in the disc. The thickness of ice coating the grains
at any point depends on the local volume of ice available and
the total grain surface area available for ice accretion at that
point in the disc. A simple relation can be written as shown
in Eq. (2).

Vi =VI +VBG

Amax 4
nd/ gn(a +Aa)3f(a)da =V +nd/
a

min

Amax

imﬁf(a)da

@

where, V is volume of material per unit volume of space with
subscripts IG for icy grains, I for ice and BG for bare grains,
a is the bare grain size, Aa is the ice layer thickness and
f(a) [em™!] is the normalised size distribution function of
the grains, apjp and amax are the minimum and maximum
sizes of the bare grains, ny [cm™] is the number density
of grains. If, in Eq. (2), Aa is constant for all grain sizes,
then the ice/refractory volume ratio (V;/Vgg) is huge for
small grains and tiny for large grains. However, icy grains
in the midplane can coagulate or shatter. This leads to an
uniform ice/refractory volume ratio for grains of different
sizes. The limiting case of many such collisions would be an
equilibrated, i.e. constant ice/refractory volume ratio of all
grains.

In order to allow for a general approach, which includes
both limiting cases, we assume that the resulting grains are
still spherical. For an icy grain of certain refractory size a,
if Vi, Vg and Vjg are volumes of ice, refractory material
and total volume of the icy grain, respectively, the ratio V‘I/—’G

Amin

VaG . . I
or %é’ (volume fractions of ice or refractory material in an

icy grain respectively) differs for grain sizes and depends on
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Figure 1. Icy grain size distribution for limiting values of ice coating pow-
erlaw. Bare size distribution: a,n;n = 0.05 um, anax = 3mm, powerlaw
index 3.5, Vg = 6.2894x10™Bem?, V;=2.7577x10~12cm?.

whether icy grains have or have not undergone any coagula-
tion or shattering. In other words, if a grain with refractory
size a is present in an environment where there is no co-
agulation or shattering, then the ice thickness Aa follows
some constant . However, if the grain is present in an envi-
ronment where the grain size distribution has been reached
by coagulation, then the ice thickness Aa will be propor-
tional to the size of refractory material, ¢ - a thus preserving
the ice/refractory volume fraction. Similarly, shattering can
also be thought of as a ice/refractory volume ratio equal-
izing process. The following powerlaw approach is used to
include both limiting cases

Aa=t-a" 3)

where, ¢t and n are arbitrary coefficients that are indicative
of local ice abundance and the local dominance of shattering
or collision respectively. The two limiting cases are (1) n =
0, where the thickness of the ice layer is constant and (2)
n = 1, where the ice/refractory volume fraction is constant
and hence the thickness linearly depends on the bare grain
size. The values 0 < n < 1 relate to cases where the grain
size distribution is affected by coagulation or shattering in
varying levels. We assume that f(a) in Eq. (2) is the size
distribution of the bare grains.

The effect of the ice covering the dust on the particles
(dust + ice) size distribution is shown in Fig. 1. For a con-
stant ice thickness (n = 0), the relative increase in size of the
smaller grains is several orders of magnitude and the new
minimum grain size is determined by the ice layer thickness.
The number density of grains of size close to the ice thickness
increases significantly. However, the change in size for larger
grain sizes is negligible. The overall effect on the grain size
distribution is that it does no longer follow a powerlaw. For
the other limiting case n = 1, the small grains have small ice
thicknesses and large grains have large ice thicknesses. Both
minimum and maximum grain sizes are changed, but this
is not as significant as in the case of constant ice thickness.
Further, the total grain surface area increases, still domi-
nated by smaller grains, but the size distribution powerlaw
is retained.

The total volume of ice at any point in the disc V; is ob-
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Figure 2. Extinction, absorption, scattering opacity of bare grains (dashed)
and ice coated grains (solid). A constant thickness of ice layers is assumed
for all grains. The composition of grains is Mgg 7Fe( 3SiO3, amorphous
carbon and porosity in the ratio 0.60:0.15:0.25, and that of ices: H,O,
CHy4, NH3 in the ratio 0.60:0.20:0.20. The volumes of ice and dust being
1.63 x 10720 cm?3/H and 4.21 x 10727 cm3 /H. Refractory dust grain size
distribution parameters are dmin = 0.05 um, amax = 3 mm, and powerlaw
index 3.5. These opacities have been calculated using effective medium
theory.

tained from the chemical output of the disc code. If n; [em™3]
is the number density at a grid point, y; [g] is the molecu-
lar mass and p; [g/cm3] is the material mass density of ice
species i, and V; is the volume of ice species i, then the total
volume of ice per unit volume of space Vj at a grid point is
given by Eq. (4) for N ice species.

i

Pi

N
Vi = Z Vi
i=1

Using Eq. (4), Eq. (2) is solved numerically for ¢ at each
grid point in the disc using Newton-Raphson method by
approximating the root of the equation V;g —V; —Vgg =0,
for a given n.

Vi=
)

3.2 Effect of ice on extinction, absorption and scattering
efficiency

Extinction (Q*"), scattering (Q%°“), absorption (Q/‘{’”) and
radiation pressure (Qf{r) efficiencies are related as given in
Eq. (5), see Krugel (2002). The extinction and scattering
efficiencies are related to the size parameter (x = 27a/A)

and the complex refractive index m(1). These are shown in
Eq. (6) (Krugel 2002).

ext _ nsca abs
0y =077 +0Q)

. 5)
0n = Q5 —g - Q%
where, g is the asymmetry factor, and
2
09" = —222"_1 (2n+1) - Re(an + by)
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Figure 3. Extinction efficiency for a grain size 0.0559um (with re-
spect to the bare grain geometrical cross section) with different ice
thicknesses composed of H,O, NH3, CO, CO,, CH4, CH30H in ratio
0.45:0.20:0.10:0.05:0.05:0.15 with 20% of porosity. Also, shows validity
of interpolation for constant ice thickness layer of 0.515 pm.

The coefficients a, and b, are complex functions of x and
complex refractive index m(1). These complex functions and
the expression for the asymmetry factor can be found in
Appendix B.

The default Mie-efficiency calculations in ProDiMo, as
explained in Section 2, assume that the same grain material
is present everywhere in the disc, i.e. position-independent.
In this work, however, at all locations in the disc where
the local physical state allows for the presence of ice on
grains, the opacity calculations include the increase of size
and change of material composition of the grains due to ice
formation. Figure A1 shows an example of ice distribution in
a typical T Tauri disc. Two factors that should be considered
for efficiency calculations are the different ice species and
their abundances. The former affects the complex refractive
index (and hence the coefficients ap, b,) and latter affects
both size and refractive index of the icy grains (and hence
the coefficients ap,b, and size parameter x). Figure 2 shows
the effect of these two factors on extinction, absorption and
scattering opacities by assuming a grain size distribution
and fixed ice thickness and composition. The figure shows
the opacity cross sections per gram of refractory material
[em?/g]. Scattering opacity increases both at shorter and
longer wavelengths and absorption increases in the mid to far
infrared range. Estimating the effects of these two factors,
the different ice species and their abundances, on the Mie
efficiencies at each grid point are individually explained in
the following subsections.

3.2.1 Ice thickness

To estimate the position dependent opacities, a Mie ef-
ficiency matrix (Q-matrix) is first generated. Each point
in this multi-dimensional matrix is defined by unique ice
species, ice thickness, ice power law, grain size and wave-
length. A finite number of ice thickness and ice power law
values (Eq. 3) are used to populate this matrix. Figure 3
shows how extinction efficiency changes as the thickness
of ice layer increases. Since it is computationally expensive
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to calculate the efficiencies based on thickness at each grid
point using Mie routines, log interpolation (Eq. 7) between
points in the pre-calculated Q-matrix is done.

In Eq. (7), 8 and ¢ are the interpolation weights which
define the closeness of the local thickness to the nearest two
thickness grid points. However, for interpolation between the
grid points of the smallest ice thickness and bare grain opac-
ities, a simple linear interpolation is used. Figure 3 presents
the values obtained by such interpolation. It should be noted
that in Fig. 3, the efficiency, Qeyx¢, is the ratio of extinction
cross section of ice covered grains to the geometrical cross
section of bare grains. Here, bare grain geometrical cross
section is considered because it makes the log interpolation
of efficiency simple.

Qa,(r.2) = Qa(t)? - Qaa(t2)?
_log(tz/tr,2) _log(ty/tr,2) )
"~ log(t1/t) "~ log(t1/t)

where, r, z are the radial distance from the rotation axis and
vertical distance from the midplane of a point in disc, #, ; is
the thickness coefficient (see Eq. 3) of ice layer at the loca-
tion (r, z) in the disc for which the opacity is being estimated,
t1 and t, are the two closest neighbouring points in ice thick-
ness dimension of the pre-calculated Q-matrix, using which
the efficiencies Q4 2(#1) and Qg4 (1) are obtained from the
matrix and 6, ¢ are the weights for log interpolation. Finally,
the values calculated Eq. (7) are scaled by (a/d)? to obtain
the actual efficiencies with respect to ice covered grains (a
is size of the grain with ice. i.e., a=a+Aa=a+t,z-a"=).
However, the local ice thickness power law (n, ;) requires ex-
tensive solutions of shattering and coagulation physics and
cannot be obtained by disc chemistry. Hence, trivial values
(n=0,1) are considered in Section 4 independent of position
(i-e., same throughout the disc).

3.2.2  Ice composition

The protoplanetary discs generally are dominated by H,O
ice (Oberg et al. 2011). Though the direct observation of
ices in discs are scarce, observations of molecular clouds
and young stellar objects (YSOs) show the presence of H,O,
CO, CO,, NH3, CH30H, CHy ice species (Gibb et al. 2004;
Boogert et al. 2008; Pontoppidan et al. 2008; Noble et al.
2013; Gibb et al. 2000). These six ice species are consid-
ered for opacity calculations in this paper. Our sources for
the refractive indices are listed in Appendix C. In this pa-
per, the composition of ice is obtained from the chemical
output of the disc code, which is explained in Kamp et al.
(2017). This solution does not include grain surface chem-
istry, however, the ice composition is determined by accre-
tion and desorption processes (including thermal, UV and
cosmic ray processes). It is found that the efficiencies based
on local ice composition, for a given ice thickness and a given
bare grain size distribution, can be approximated by a sim-
ple volume fraction weighted summation of efficiencies from
the Q-matrix for grains coated with different pure ices. This
is shown in Equation 8. This method is computationally
efficient because the number of Mie calculations required
becomes independent of the spatial grid size of the disc, in-
stead depends on the number of ice species, N, considered.
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Figure 4. Extinction efficiency for a grain size 0.0559um with 0.515um
ice thickness composed of H,O, NH3, CO, CO,, CHy, CH30H in ratio
0.16:0.16:0.16:0.2:0.16:0.16 with 20% of porosity.

N
Qa.1(Bare,Icey,Icey, ..., Icey) = Z (r]iQa,,l(Bare + Icei))
i=1

®

where, Q, 1 is the efficiency, the left hand side of the equa-
tion is the efficiency of the grains coated with local mixed
ice, composed of species 1 to N, n; is their respective ice
volume fraction (; = V;/Vy, Eq. 4). It should be noted that
in Eq. (8), the Q4 1 on LHS and RHS are based on the same
refractory grain composition and size. The validity of this
approach is shown in Figure 4, which compares the efficien-
cies calculated for grain coated with a mixed ice layer (1)
by using effective medium theory for ice mixture and (2)
by weighted summation as given in Equation 8. The figure
shows that the interpolation is in agreement with calculation
using effective medium Mie routine.

3.3 Effective medium vs core-mantle Mie theory

The composition of the icy grains can be thought of as (1)
a mixture of ices and refractory material or (2) a multi-
layered structure with refractory material as the core and
an ice mantle on top. The opacity calculations for these two
cases can be carried out using either Mie theory with effec-
tive medium theory or core-mantle Mie theory, respectively.
However, the computational effort required for core-mantle
solutions is a factor 4 greater than the other.

It can be argued that in the limiting case n = 1, the co-
agulated /shattered grains do not retain a core-mantle struc-
ture. Further, it is debatable whether icy grains are layered
or mixed in disc environments. For example, ices could be
organised as layers starting with a layer of polar ices such
as HyO, NH3 and CH3OH and on top a layer of non-polar
ices such as CO, Nj and O,, creating an onion-like struc-
ture (Oberg 2009). Ice covered grains can undergo processing
due to thermal processes, ultraviolet photos and cosmic ray
particles, called energetically processed ice (Boogert et al.
2015), which can mix the ices in the mantle and as well
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Figure 5. Extinction opacity of bare grains and ice covered dust grains
calculated using the effective medium theory and Core-Mantle Mie theory
for ice powerlaws 0 and 1. The ice composition is HyO:NH3:CHy:Vacuum
= 0.51:0.40:0.04:0.05. The volume of ice, bare grain size distribution and
composition is same as in Fig. 1

cause segregation. Impinging energetic particles and irradi-
ation with X-rays and UV photons may cause ice desorp-
tion (Palumbo et al. 2006; Andersson & Van Dishoeck 2008;
Fayolle et al. 2014), mantle explosion (Ivlev et al. 2015) or
the formation of new ice species Garrod et al. (2008), possi-
bly followed by molecular ejections which can lead to mixed
ices(Dulieu et al. 2013). The mixed ice components can again
undergo processing leading to ice restructuring and segrega-
tion (Fayolle et al. 2011; Oberg et al. 2009b). Further, ther-
mal and radiative processes can also form larger and more
complex molecules (Garrod et al. 2008; Gerakines et al. 1996;
Oberg et al. 2009a; Caro et al. 2002). In the present model,
neither ice segregation nor grain surface chemisty is consid-
ered. Moreover, using Eq. (8) does not take into account the
ice features that result from interactions between different
ice phases, for example CO-H;0 at 4.68 ym, 4.647 ym (Tie-
lens et al. 1991; Sandford et al. 1988). Figure 5 shows the
ice opacities calculated for the limiting ice powerlaws with
effective medium theory and core-mantle Mie theory. The
differences between the opacity values calculated by these
two approaches are small. Due to these reasons our opacity
calculations are based on effective medium theory.

4 IMPACT OF ICE OPACITIES ON THE OPTICAL
APPEARANCE OF T TAURI DISCS

In the following, we discuss three protoplanetary disc sim-
ulations with identical settings of stellar, disc shape and
mass, settling and bare grain parameters for a T Tauri setup,
see Table A. The models only differ with respect to the
treatment of the ice opacities. The position-dependent icy
grain opacity calculations are based on the abundances of ice
species as provided by the chemical network at each point
in the disc. The iteration between chemistry, opacity cal-
culation and continuum radiative transfer, as described in
Sect. 2, is continued until the opacity computations con-
verge to a tolerance of less than 5%.

4.1 Extinction and opacity

The inclusion of the ice opacities significantly changes the
extinction properties of the disc in the model, in particu-
lar in the midplane where ices are abundant. Panels A-E in
Fig. 6 show different properties of the disc in three models:
(1) ice opacities for a constant ice thickness, n = 0, plotted
with solid lines, (2) ice opacities for a grain size dependent
ice thickness, n=1, with dotted lines, and (3) no ice opac-
ities (just bare grain opacities) with dashed lines. Panel F
of Fig. 6 shows the disc mass averaged opacity of a typi-
cal T Tauri disc [in cm?/g(refractory material)|] with bare
grains, constant thickness ice coated grains and constant
ice/refractory volume ratio grains. The bare grain model
shows two silicate features at 10 gum and 20 pym. The con-
stant ice/refractory volume ratio model shows small features
around 3 pym (Hy0), 4 um (CO3), 30 um (NHj) and the sil-
icate features. The opacity is larger at shorter wavelengths
(<10 pum) compared to the bare grain model. The constant
ice thickness layer model shows a much more significant in-
crease at short wavelengths, about one order of magnitude
in the visible range. Furthermore, the ice features are en-
hanced significantly, prominently showing H,O, NH3, CO,,
CO and CHy features. Hence, the average opacity of the
disc strongly depends on the ice power law, n, in Equation
3. The ice abundances using the position dependent opac-
ities is shown in Fig. A2. The figure shows (in comparison
with Fig. Al) that the water ice dominated region is ex-
tended from 8au to 23au and on the other hand, the CO
ice region is pushed beyond 100 au.

Panels A and B show the effect of the ice opacities on
the radial and vertical optical depths. When ice opacities
are included, the vertical extinction increases significantly
towards the midplane, but only once the disc has become
optically thick. This increase is particularly strong in the
n=0 model, where the opacity increase very suddenly, like
an opacity wall or barrier. This behaviour is mostly a size
effect, because ice formation increases the sizes of the small
grains in particular, which are the carrier of the opacity at
optical wavelengths. For example, the vertical optical extinc-
tion at 30 au in the midplane changes from about 10 to 100
when n = 0 ice opacities are considered. Another example is
the radial extension of the disc as measured by the condition
that the vertical optical depth across the disc is one at opti-
cal wavelengths, which increases from about 120 au for the
bare grain model to about 300 au for the n=0 model. The
impact of the icy opacities in the n = 1 model is less pro-
nounced. Hence, the extinction profile in the disc strongly
depends on the relation between the ice thickness and grain
size, i.e. the ice power law index n in Eq. (3).

4.2 SED and temperature profile

Although the mean opacities in the disc increase quite dra-
matically when ice coating is included, the main disc proper-
ties such as temperature, pressure and chemical abundances,
etc., do not change significantly in the models. This is be-
cause the ice only builds up in the (radially and vertically)
optically thick and shielded regions in the disc. In particu-
lar, there is almost no ice in the model at places into which
stellar or interstellar UV photons can penetrate, even if the
local dust temperatures are low. This is because of the UV
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Figure 6. From A-E, Visual extinction (vertical), visual extinction (horizontal), dust temperature, gas temperature, spectral energy distribution, with dashed:
bare grains, solid: icy grains with constant thickness of ice layer (n=0), dotted: icy grains with constant ice/refractory volume ratio (n=1). Panel F shows mass
average extinction opacity in the disc with black: bare grains, red: n=0, blue: n=1. The opacities are relative to the total mass of refractory grains in the disc.
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Figure 7. Simulated images (intensity maps) at 26 um and inclination of 75° from four consistent icy disc models with different opacity treatment, (a) bare
grain disc model (model 1), (b) constant ice thickness model n = 0 (model 2), (c) constant ice/refractory volume ratio model n = 1 (model 3), (d) n = 1 in
midplane (z/x < 0.1) and n = 0 elsewhere (model 4). Bottom row (e-h) of images are the same disc models as in the top row (a-d), but when seen against a

bright uniform infrared background (silhouette discs).

photo-desorption process, which removes icy species as they
interact with UV photons. The changes of opacity in the op-
tically thick regions have no significant influence on the local
mean intensities (J,,), as J, ~ B, (Ty) is valid anyway (B, is
the Planck or black-body radiation), and hence there is no
significant influence on the radiation that escapes from these
regions. Panels C and D of Fig. 6 show the computed dust
and gas temperatures in the three disc models. Models that
include position-dependent ice opacities (solid and dotted)
are cooler than bare grain opacity model (dashed) in terms
of both dust and gas. This is because the models with ice
opacities scatter incoming radiation more than the model
with bare grain opacity. Due to scattering, the amount of
radiation absorbed by the dust and thereby increasing the
temperature is small compared to bare grain model. Since
there is almost no ice in the upper regions of the disc, the
temperature differences are small.

The spectral energy distributions (SEDs) of the three
models are presented in panel E of Fig. 6 for disc inclina-
tions 0°, 45°, 75° and 90°. The surface layer of the disc
re-emits or scatters radiation received from the star toward
the observer and toward the disc midplane (Natta 1993).
The latter largely determines the temperatures in the disc
(Chiang & Goldreich 1997; Chiang et al. 2001). Since there
is practically no ice in these surface layers, the visual extinc-
tion and the albedo in the disc surface remain unaffected,
and hence the temperatures in the disc do not change sig-
nificantly. Thus, we do not see ice emission features in the
disc flux spectra. However, at higher inclinations the flux at
shorter wavelengths (<3um) for the case n = 0 is about an
order of magnitude smaller compared to bare grain model.
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Figure 8. Intensity spectra for the point marked by red diamonds in Figure 7.
Solid line - silhouette discs, dashed line - discs without background source.

5 OBSERVING THE ICE FEATURES

Although the effect of ice opacities on the physical disc struc-
ture is small, it is interesting to discuss whether it is possible
to observe the ice signatures, which would provide important
insights into the nature of the ices in protoplanetary discs.
Figure 7 shows simulated images at 26 um (at the cen-
tre of a strong NHj ice feature), computed from four disc
models. Model 1 is the model with bare grain opacity. Model
2 is the model with ice opacities for case n=0. Model 3 is
the model with ice opacities for case n=1. Model 4 is con-
structed with different opacity options in two regions: the
first region is the midplane (z/r <0.1) with n=1 ice opacities,
and the second region is above the midplane with n=0 ice
opacities. As explained in subsection 3.1, the dominance of
coagulation or shattering can significantly change the grain
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size distribution. Since the number density of grains in the
midplane increases due to dust settling, the dominance of
coagulation or shattering can be very different in the mid-
plane compared to outside the midplane. Hence, model 4
assumes a coagulated midplane and an uncoagulated envi-
ronment outside the midplane. Panels (a)-(d) in Fig. 7 show
simulated images from these 4 disc models without a back-
ground, and panels (e)-(f) show the images of the same 4
models, but against a bright uniform IR background source.
For the discs with background, first, the disc model is calcu-
lated without the IR background. Then, for ray tracing to
generate the images, the IR background is considered on and
the dust temperatures are fixed. The physical idea behind
this approach is based on the assumption that the disc sees
only a small solid angle of this background radiation and
thus it does not affect the radiation field within the disc un-
like proplyds (externally illuminated photoevaporating pro-
toplanetary discs). For these models the IR background field,
given by Mathis et al. (1983), is scaled by a factor such that
a blackbody in this isotropic background field would have a
temperature of 100 K.

Panel B of Fig. 6 shows that the inclusion of ice opacities
extends the extinction radially. Thus, a disc with ice opaci-
ties appears larger, in particular in absorption, than a bare
grain disc. We see that the icy discs appears larger in absorp-
tion, in particular when the ice opacities are computed with
the constant ice thickness option n=0 (Fig. 7 Panels b and
f). The constant ice thickness model shows a distinct band
of absorption around the midplane, subsequently called the
dark lane. The dark lane is seen with higher contrast when
silhouette discs, i.e. discs with a background source, are con-
sidered.

Intensity spectra of a single point in the dark lane
(shown by red dots in Fig. 7) for different models are shown
in Fig. 8. The figure shows the intensity spectra for silhou-
ette discs (solid lines) and discs without background (dashed
lines). The spectra of all the four models are similar. How-
ever, the spectra of the models with ice opacities shows ice
features, and these features are stronger for models 3 and
4. For the discs without background, the features of NHj3
are seen at 26 yum and 70 pum. These absorption features
are more pronounced in silhouette discs, and the spectra
(Fig. 8) shows other strong absorption features such as H,O
at 3um, CO, and CO at 4.6 um, NH3 at 9 um, and silicate
features at 10 and 20 ym. This is because, for a disc without
a background, the midplane is cold and the intensity from
the disc at shorter wavelengths is very small. However, the
background source for silhouette discs provides sufficient in-
tensity at wavelength where ice absorption features appear.
For model 3, i.e., when n=1, the ice features become weaker
compared to models 2 and 4. This can be explained by the
effect of ice power law on the opacity as seen in Fig. 5, i.e. the
opacity increase is more uniform in wavelength space but the
ice features appear significantly less pronounced compared
to the case with constant ice thickness. Thus, the ice pow-
erlaw and background radiation source become important
parameters which affect the appearance of the ice features.

Figure 7 (panels d and h) and Fig. 8 show that the zoned
model 4 appears rather similar to model 2. Although model
4 assumes a constant ice/refractory volume ratio (n=1) in
the midplane, the observable properties are very similar to
model 2, which assumes a constant ice layer thickness (n=
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range of NIRSpec for the silhouette discs in Fig. 9

0) everywhere. This suggests that the ice signal originates
mostly from layers above the midplane where model 4 also
assumes n=0. The ice opacity in the core of the midplane has
little effect on the observable ice features. Thus, comparing
models 2, 3 and 4 tells us that the spectral appearance of
ice features is an indicator of the relation between grain size
and ice thickness.

Figure 8 shows ice features in the intensity spectra of
one point in the simulated disc image when seen under large
inclination angles, the selected point is marked in Fig. 7.
However, when observing discs, the spatial resolution of the
telescope depends on the numbers of pixels used to map
the source, the instrument specifications, and the distance
of the disc (which is assumed to be 140pc in this paper
similar to the distance of p-Ophiuchus (De Zeeuw et al.
1999), one of the closest star forming regions to the so-
lar system). The single slit spectroscopy mode of NIRSpec
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Figure 11. Flux of model 2 in a single pixel at a spatial resolution cor-
responding to the JWST NIRSpec spectroscopy modes for the distance of
disc = 140 pc at inclination angles 45°, 75°, 90°. The shaded region shows
the wavelength range covered by NIRSpec. The red dots indicate the limit-
ing sensitivity of NIRSpec instrument. Bottom panels show the images (at
26 um) of the disc model at different inclinations and the brown boxes show
the position of the pixel of which the flux is plotted.

(JWST) has a slit size of 0.6"7x5.5” and the microshutter
mode has the field of view of 3.4’x3.4” which is composed of
250,000 0.2""%x0.5”” microshutters (at the assumed distance
of the source, 1”’=140 au). The spectral data at higher spa-
tial resolution from ProDiMo is then converted into data
at spatial resolution (pixelated) of the observation modes of
NIRSpec. The spectral data of pixel that contains the red
dot from Fig. 7 is then plotted in Fig. 9. The spectral range
of NIRSpec is 0.6-5.0 um, which is highlighted in gray in the
Fig. 9. The figure shows the spectra for model 2 with (or-
ange) and without (blue) background source. With a spatial
resolution of both single slit (dashed line) and microshutter
(solid line) spectroscopy modes, the 3 um feature can be
observed, though the microshutters mode provides better
contrast of the feature.

Figure 10 shows the spectra of the silhouette disc from
Fig. 9 in the wavelength range of NIRSpec. Terada et al.
(2012) observed 3 um H,O feature from d216-0939 and d132-
1832, silhouette discs, in Orion Nebula Cluster with Subaru
Adaptive Optics system. The position dependent ice opacity
model can be used to predict and fit such ice features. The
features shown in Fig. 10, i.e., the 3 um HO and 4.6 um CO
ice features can provide information regarding the ice com-
position and thermal processing. The 4.6 um is composed
of two bumps related to CO in apolar and polar ice matrix
at 4.67 um and 4.68 um respectively (Sandford & Allaman-
dola 1988). A smaller feature at 4.64 um appears at very low
temperatures, all these CO features decrease with increase
in temperature (Sandford & Allamandola 1988). These fea-

tures change significantly with irradiation and temperature
(Palumbo & Strazzulla 1993; Sandford & Allamandola 1988;
Boogert et al. 2015). Further, if the HyO ice is crystalline,
the 3 ym water feature is more peaked or sharp. Having
NH3-H,O hydrates or larger dust grains broadens the shape
of the long-wavelength part of the feature (Boogert et al.
2015) as indicated in Fig. 10.

Figure 11 shows the flux spectra of model 2 (n = 0) at
the spatial resolution of NIRSpec microshutter mode at 45°,
75° and 90° inclinations of the disc. The bottom panels in
the figure show the images of the discs at the mentioned in-
clinations and the pixel for which the spectra is plotted. The
ice features are generally enhanced with increasing inclina-
tion. The column density of ice observed per pixel or solid
angle increases with increasing inclination. Thus, the radia-
tion captures the ice signals strongly enhancing the features
at higher inclinations. The 3 ym water ice feature is dimin-
ished at inclination of 90° because the intensity itself drops
due to high optical depths. Thus, we show here that our
model predicts that ices can be observed in silhouette discs
with the spatial resolution of microshutter mode of JWST
NIRSpec instrument.

6 CONCLUSIONS

A computationally efficient way of computing position-
dependent ice and bare grain opacities in protoplanetary
discs has been implemented in ProDiMo. The main conclu-
sions are

(i) The presented models consistently couple chemistry,
ice formation, opacity computations, and radiative transfer
in protoplanetary discs.

(ii) Locally, the continuum opacity can change signifi-
cantly by ice formation. The opacity changes are particularly
large at shorter wavelengths, mostly because of the increased
size of the small grains, when assuming a constant ice cover-
age on all grains. Opacity changes are less pronounced, and
more uniform in wavelength space, when the grains are as-
sumed to have a constant ice/refractory volume ratio, which
is expected if coagulation and shattering are important. In
both cases, the primary reason for those opacity changes is
the altered size distribution of the icy grains.

(iii) A weighted sum of the opacities of the different pure
ices and log interpolation of opacities between pre-calculated
points in ice thickness space provides a computationally ef-
ficient and sufficiently accurate method to calculate the icy
opacities in protoplanetary discs.

(iv) The position-dependent ice opacities do not alter the
physical disc structure significantly, because the ice opacities
are only present in optically thick region of the disc.

(v) Infrared ice features from the disc prove difficult to
detect, they can neither be seen in absorption nor in emission
according to our models, when observing the total flux of
the disc. Previous detections such as McClure et al. (2012,
2015); Terada & Tokunaga (2017) are likely to be related
to envelopes rather than discs or the observed discs have
dynamical processes that transport icy grains to regions well
above the midplane where radiation can penetrate and ices
can be seen. Such a process can be transport of ices to upper
regions of the disc by turbulence or or by an out-gassing
comet.
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(vi) Using our models, the discs appear larger in absorp-
tion than discs with bare grains only, and show a more
prominent dark lane in resolved images. This dark lane is
caused by icy grains situated just above the disc midplane,
and the darkness of the lane depends on the assumptions
used to calculate the modified dust size distribution.

(vii) Our models predict that the ice absorption features
in the near and mid infrared wavelengths can be observed
from the dark lanes by spectroscopy with sufficient reso-
lution, example JWST NIRSpec microshutter spectroscopy
mode, for a typical disc at 140 pc. These features are greatly
enhanced when a background source is present. Hence, sil-
houette discs are better targets to observe ice features. These
features are further enhanced at higher disc inclinations.
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Table A1. Common disc parameters for the models

Property Symbol Value
Stellar Mass M. 0.7 Mg
Effective temperature T. 4000 K
Stellar luminosity L. 1Lo
UV excess fuv 0.01
UV powerlaw index puv 1.3
X-ray luminosity Ly 1030 erg/s
X-ray emission temperature Tx 2x107 K
Strength of interstellar UV YoM 1
Strength of interstellar IR /\’111§M 0
Cosmic ray Hy ionisation rate {cr 1.7x10717 71
disc Mass Muisc 0.01 Mg
Dust/gas mass ratio o 0.01
Inner disc radius Rin 0.07 au
Tapering-oft radius Ruap 100 au
Column density power index € 1
Reference scale height Hg(100 au) 10 au
Flaring power index B 1.15
Minimum dust particle radius? Amin 0.05 um
Maximum dust particle radius® Amax 3000 gm
Dust size dist. power index® Apow 3.5
Turbulent mixing parameter Qsettle 0.01
Refractory dust composition Mgg 7Fe.3Si03 60%
amorph. carbon 15%
porosity 25%
PAH abundance rel. to ISM fpAH 0.01
Chemical heating efficiency ychem 0.2
Distance to the observer d 140 pc

(@) Parameters related to refractory dust grains.
The models use large DIANA chemical network composed of 235 species
with 13 elements. The network is described in detail in Kamp et al. (2017).
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APPENDIX A: DISC MODEL

Table A1 presents the disc properties considered for all the
models presented in this paper. For more details regard-
ing the parameters, meanings and their values, refer Woitke
et al. (2009, 2016).

APPENDIX B: COMPLEX FUNCTIONS FOR
EFFICIENCY CALCULATIONS

The co-efficients a;, and b, in Equation 6 are complex func-
tions of refractive index and the size parameter of the par-
ticle. The following are the expressions that relate them
(Krugel 2002).

_ U (0) - () — i (mx) - ()
Zn () 0 () — () - £ ()

n

Bl
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" mEn(x) @) (mx) = Y (mx) - £ (x)
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In(2) =z [jn(2) +iyn(2)]
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The right hand side of the Equation B2 are calculated from
recurrence relations (Equation B3)
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The asymmetry factor, g, which quantifies directional
asymmetry in scattering is given by,
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The terms a*, b* are complex conjugates of a and b. These
relations are solved numerically in ProDiMo using robust
Mie routines. For well mixed grains, BHMIE (Bohren &
Huffman 2008), MIEX (Voshchinnikov 2004), QMIE (Min
et al. 2009) routines are used. Primarily, MIEX is used to
make all the Mie calculations for the well mixed grains. In
the case this routine fails, BHMIE is used, similarly QMIE
is used if BHMIE fails. For the core-mantle Mie calculations
DMilay (Dave 1968; Toon & Ackerman 1981) is used and if
it fails, then CMIE routine (Cai 2019) is used. The complex
refractive index of the well mixed grains are calculated using
effective medium theory (Bruggeman 1935).

APPENDIX C: ICE OPTICAL DATA

Refractive indices of six types of ice species are used which
are tabulated in Table C1 and Figures Cl1 and C2. It is
assumed that entire ice of one species is in same state, crys-
talline or amorphous. It should be noted that the ice op-
tical data do not cover the entire spectrum (0.0912 ym -
10* pum). Hence, the data has to be expanded extensively for
all species to enable studying all the ice features.
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Figure A1. Typical ice distribution in the disc generated by ProDiMo without considering the position dependent opacities. Detailed disc properties are given
in the Appendix A.
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Table C1. Ice and refractory species and refractive index data

Real part of refractive index (n)

Imaginary part of refractive index (k)

Figure C2. Imaginary part of the refractive indices of ices considered

Species Data

H;0 ice Warren (1984)

NHj3 ice Martonchik et al. (1984)

CO; ice Warren (1986)

CO ice Schmitt et al. (2017)
CH3OH ice Hudgins et al. (1993)

CHy ice Schmitt et al. (2017)

Amorphous Carbon
Silicate (Mg 7Fe(.3Si03)

Zubko et al. (1996)
Dorschner et al. (1995)
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Chapter 3

Conclusions and recommendations

This section discusses the conclusions drawn from the research presented in the journal paper (Chapter 2)
and the recommendations for future work.

In this thesis, the effect of position-dependent ice opacities on the disc structure and appearance has
been studied. The effect of ice accretion on the grain size distribution and composition are investigated. A
generalized method of considering the dependence of ice thickness on the grain size due to dust coagula-
tion or shattering is presented. It is found that the continuum opacity in the disc changes significantly and
it strongly depends on the ice powerlaw or coagulation dominance factor which relates the ice thickness to
grain size. Computationally efficient method of calculating the position-dependent ice opacities by interpo-
lation between values from a pre-calculated Mie efficiency grid has been presented. This method has been
implemented in ProDiMo and the optical appearance of the discs with ice opacities has been studied. The
discs appear larger in absorption when ice opacities are considered. Dark lanes of absorption appear in the
discs due to ice opacities. The position-dependent ice opacities do not change the physico-chemical struc-
ture of the disc significantly. Hence, the ices are not seen in either absorption or emission when observing
the spectra from the entire disc. However, with better spatial resolutions, like those provided by NIRSpec
instrument on board JWST, ice features can be observed by spectroscopy of the dark bands. The model also
suggests that silhouette discs are better targets to observe ices in discs since the features are significantly
enhanced with a background source. Based on these outcomes the following conclusions and recommenda-
tions are made.

3.1 Conclusions

Based on the journal paper in Chapter 2 and the research questions formulated in Chapter 1, conclusions are
drawn and presented as answers to the research questions.

1. How to implement position-dependent ice opacities in thermo-chemical disc models?

(a) Whatis the position-dependent amount and chemical composition of the ice in protoplanetary
discs?
Theices in protoplanetary discs are generally dominated by H, O, yet several ice species are present
in the discs. Based on the chemical network used for this work (see appendix of Chapter 2)
and based on the availability of the optical data (complex refractive indices) in ProDiMo, H,O,
NHj3;, CO, CO,, CH3OH and CH3OH ices are used to implement and study the effects of position-
dependent ice opacities. The composition and abundance of ices depend on the local shielding
and temperature. For the typical T Tauri disc considered in the paper, icy grains are generally dom-
inated by H»O ice in regions within 10 au with significant amount of NHj3 ice. Regions beyond
10 au are generally dominated by CO ice. Yet, small regions dominated by CO, ice are present.
Thus, the composition of the ice varies throughout the disc, depending on the local conditions
and so does the opacity at each point.

(b) How does the thickness of the ice layers depend on grain size distribution?
The refractory grains can be covered by a constant thickness of ice independent of the grain size.
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3. Conclusions and recommendations

(©

(d)

In regions where coagulation dominates, the ice distribution is such that the ice/refractory vol-
ume fraction is constant, in other words, the ice thickness is proportional to grain size. These two
limiting cases are considered in the thesis. A generalised powerlaw definition is introduced for
the dependence of ice thickness on the grain size. For the constant ice thickness case, the mini-
mum grain size of the distribution increases. The increase in area due to ice accumulation is of
several orders of magnitude larger for smaller grain sizes. The small grains are dominated by ices
and larger grains by refractory materials. For the constant volume fraction case, both minimum
and maximum grain sizes increase. The factor of increase in area is small yet uniform throughout
the grain size. Since the volume fraction is conserved, the material composition of the icy grains
remain same, independent of the grain size.

What are the effects of ice formation on continuum opacity?

Due to ice formation, both composition and grain size change. These factors are directly related to
opacity, thus, ice formation has significant effects on continuum opacity. For the case of constant
ice thickness, the opacity at smaller wavelength is enhanced largely, dominated mainly scatter-
ing, and negligible change in larger wavelengths. The opacity plot shows that ice features are
greatly enhanced. For the constant volume fraction case, the opacity increases uniformly at all
wavelengths. The ice features are not as strong as for the previous case. This is mainly because of
contribution of different grain sizes to the opacity, i.e. grains contribute to opacity at wavelength
range close to their grain size. In the case of constant ice thickness, since most of the ice is in the
smaller grains and since the smaller grains contribute significantly to the opacity on the shorter
wavelengths, the ice features are significantly enhanced. However, for constant volume fraction
case, the ice is largely accumulated in larger grains and these do not contribute much to the opac-
ity at wavelengths where ice features are present. Hence, the ice features for constant volume
fraction case is diminished.

How to calculate the opacities of the icy grains in a computationally efficient way?

To calculate the opacities based on the local ice composition and abundance at each grid point
in the disc, the computational power requirement is high. Instead of performing Mie efficiency
calculations at every grid point in the disc, a pre-calculated Mie efficiency matrix is generated and
interpolation is done between the values of this matrix to obtain the local Mie efficiency values.
This matrix mainly has 4 dimensions: number of ice thicknesses, number of ice species, number
of ice power laws and number of bare grain material compositions. This matrix is first calculated
using effective medium and Mie theories. Based on the selected bare grain composition and ice
power law, an ice volume fraction weighted sum in the ice species dimension and a log interpola-
tion in ice thickness dimension are performed. This reduces the computational time by O(Spatial
disc grid size/Mie efficiency matrix grid size) for the position-dependent opacity computation,

which is O( Bgigo) ~ 0(10?) for the models considered in this work.

2. What are the effects of the opacities of ice-coated grains in protoplanetary discs?

(@

(b)

What is the effect of position-dependent ice opacities on the physical and chemical structure
of the disc?

The ice opacities increase the optical extinction in the midplane of the disc significantly compared
to bare grain opacities (for example, vertical extinction increases by a factor of more than 10 at
10 au in the midplane). The surface temperature of the disc becomes cooler, however the change
in temperature is small throughout the disc. The interior temperature of the disc is largely deter-
mined by the scattering and re-emission of the stellar radiation by the surface layer. Since, ices are
present only in cold and shielded regions of the disc, the dust in the surface layers are composed
of only the refractory material and no ice. Thus the optical properties of the surface layer does not
change and thus the physico-chemical structure of the disc remain almost the same as with bare
grain opacities.

How do the position-dependent ice opacities change the optical appearance of protoplanetary
discs from optical to millimeter wavelengths?

The spectral energy distribution (SED) mostly remains unaffected by the position-dependent ice
opacities. This is a consequence of the temperature of the disc being largely unchanged. In
other words, the temperature of the regions from where the observed radiation is emitted does
not change. At high inclination, example at 90°, the flux at shorter wavelengths is smaller by an
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order of magnitude. This is because of the larger optical depth and column densities of ice in the
midplane at higher inclinations. Further, the model predicts that it is close to impossible to ob-
serve ice emission or absorption features in the SED. This is because ices form in the midplane of
the disc which are optically thick. The regions outside the midplane which contribute to the SED
do not contain ices. This result also shows that the previously observed ice features in the SED
are either outside the disc, for example in the envelope, or some dynamical process exists that
can transport ice to the surface layer of the disc, for example comets and turbulence. The discs
appear larger in absorption when position-dependent ice opacities are included. Particularly at
wavelength corresponding to ice features, dark lanes appear in the disc images. The width and
darkness of the lane depends on the relation between ice thickness and grain size. The bands be-
come darker for constant ice thickness model compared to the constant volume fraction model.
This is a direct consequence of the different opacities these models have. However, these bands
appear due to the ices in the outer disc regions and are not affected by the ice power law in the
midplane.

(c) What are the predictions of observational ice-features for future space-borne telescopes such
as JWST and SPICA?
The position-dependent ice opacity model predicts that the total disc flux does not reveal ice fea-
tures in a typical T Tauri disc. However, with instruments that have high spatial resolution like
NIRSpec in JWST, ices can be observed and analysed by spectroscopy of the dark lanes. Further,
the model predicts that the features are significantly strong for silhouette discs, making them bet-
ter observational targets for future observations.

3.2 Recommendations

The implementation of the position-dependent opacity computation has expanded the scope of using ProDiMo
to model protoplanetary discs. The possible improvements that can be made to the position-dependent code
and the application of the code is discussed below.

* With telescopes like JWST and SPICA soon to be launched, we are entering an era where observations
can probe the upper midplane of protoplanetary discs. Hence, the current thermo-chemical models
can be tuned, verified and validated by the observations. Such improvements will allow determining
constrains on various processes and properties such as coagulation of dust and its composition. This
improves the accuracy of predicting and analysing the observational data as well as identifying the
promising objects.

* The presented position-dependent ice opacities are computed from a set of fixed optical constants
for each material, where the local abundance and chemical composition of the ice depend on local
temperature and shielding conditions. However, the model now also offers an opportunity to consider
temperature-dependent optical constants for a single material (both for ices and bare grain materials).
For example, Maaskant et al. (2015) studied the temperature dependent 69 um feature of fosterite in
Herbig Ae discs with Herschel. Water ice has distinct complex refractive indices for amorphous and
crystalline form. Considering for example only amorphous HO ice, the refractive indices change with
temperature (Hudgins et al., 1993). Since, optical data for each temperature of a certain ice can be
considered as a separate ice species, temperature dependence can be implemented by considering the
ice optical data in the right temperature range while interpolating in the species dimension.

¢ In the current model the effect of ice formation on opacity and its radiative feedback on the disc have
been studied. This can be improved in the future by communicating the changes in size distribution
and grain composition to the rest of the disc code. Current dust settling code in ProDiMo considers
only the refractory grains in the disc. The changes in size and mass density of the grains due to ice
accretion will affect dust settling. This can cause displacement of ices in the disc. This will change the
local chemical composition which affects both the local opacity and chemistry.

¢ Dust coagulation and shattering models can be implemented to improve position-dependent opacity
estimation. Based on the outcome of coagulation/shattering code, the relation between ice thickness
and grain size can be locally determined which further improves the accuracy of position-dependent
opacity computation. These results can be interfaced with opacity module of the disc model easily,
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since the opacity grid has ice power law (n in Aa = - a”, where a is the bare grain size, t and n are
ice power law factors that account for the ice abundance and dominance of coagulation or shattering
of grains) as one of the dimensions. The ice power law can strongly change the opacity in the disc as
discussed in the conclusion. Further, such models can be used to study whether ice accumulation on
the grain happen before or after the grains coagulate, because, both of these conditions yield a different
bare grain and ice distribution.
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Position-dependent opacity
implementation in ProDiMo

A.1 ProDiMo flowchart
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Figure A.1: ProDiMo flowchart prior to position-dependent opacities implementation, red lines indicate flow path during initialization
stage, black lines indicate the program flow during the main iterations

Figures A.1 and A.2 show the structure of F90 code structure of ProDiMo prior to and after implementation
of position-dependent opacities. In both figures, the red lines indicate the flow of control during the initial-
ization stage or first iteration of the code. These flow lines can be neglected once the flow enters the main
iteration (indicated by black lines). The code reads the input files provided by the user and starts the initializa-
tion of the disc model parameters and structure. This includes allocating variables and their values, defining
the column density profile, dust distribution bins, etc. Prior to the implementation of position-dependent
opacity computation, the code would enter INIT_DUST_OPAC() subroutine, in which the grain size distri-
bution is initialised, the complex refractive indices of dust material is read, and the scattering, absorption
and extinction efficiencies are calculated. This subroutine is called only once in the entire run. Then settling
subroutine solves for dust settling in the disc (based on Dubrulle et al. (1995)). This produces the number
density of different grain sizes at each disc grid point. Based on these number densities and efficiencies, the
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opacity at each grid point (x(r, z, A1), r is the radial distance from disc axis, z is the height from midplane and
A is the wavelength) of the disc is calculated in DUST_OPAC() subroutine. It should be noted that at this
point the code has entered the main iteration loop and flow of control follows the black line. This opacity
data is then used in the radiative transfer module. This module computes the 3D the radiation field and 2D
dust temperature structure. Then the chemistry is solved, consistently with the gas heating/cooling balance,
based on the local radiation field, which results in distribution of chemical species and the gas temperature
in the disc. The flow is passed to the settling module to calculate the dust structure of the disc. Convergence
is evaluated at the end of each iteration. Here the pressure structure or the gas abundance values at each grid
point is compared to the previous iteration also taking into account the number of points where there is a
rapid change of values above or below a certain range. If the convergence value is above a certain threshold
then the solution has not converged and continues the iterations following the black lines in Fig.A.1. Each
subsequent iteration starts by computing again the dust opacity, which depends on the dust settling. Once
the disc model is converged, the code produces several output files containing the physico-chemical disc
structure and observables. If convergence has not been reached, then the code enters the next iteration.

Initializations < User Input
DUST_OPAC.F
Q-Matrix )
generation . CALC_OPAC() (K calculation)
INIT_Q() l Get local Q
: K(r,z,A)
—>! Get local state Species
l (Ice speciesand —> Interpolation
thickness) . ¢
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A |
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Chemistry
Settling D — & [ S
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Radiative
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Figure A.2: ProDiMo flowchart with position-dependent opacities implemented, red lines indicate flow path during initialization stage,
blacklines indicate the program flow during the main iterations and blue lines indicate the flow loop within the CALC_OPAC() subroutine

With the position-dependent opacities implementation (Fig. A.2), the subroutines in DUST_OPAC.F are
re-written and the flow is changed as well. In the user input stage, the user can choose to use the new imple-
mentation and define the ice opacity grid size, which includes the selection of ice species to be considered,
the number of ice thicknesses to be considered, the ice power law, and the choice of refractory grain mate-
rials. After the initialization of the physical disc structure, it enters INIT_Q() subroutine. In this subroutine,
the refractive indices of refractory and ice materials are read, the Mie efficiency grid/matrix is initialized with
the shape and allocation of memory. A number of checks are performed to affirm the ice data is available
and those species are considered in the chemistry module of ProDiMo. Then, it enters CALC_Q() subrou-
tine, where the Mie efficiency matrix is populated with data. Each grid point represents a combination of
ice grain conditions. For example: the ice species, ice thickness and power law coefficients and bare grain
composition. The subroutine also checks if pre-calculated data matching the current disc model conditions
is available in a local file, and takes data from that file if available. If it is not available, a file is created in the
end of the subroutine. The dust settling module, then, determines the dust distribution in the disc. Then
the flow enters CALC_OPAC() subroutine which is where the position-dependent ice opacities are computed.
The code goes through each point in the disc spatial grid, and fetches the local abundances of the ice species
selected by the user, upon which the ice thickness is calculated. The opacities are then calculated by inter-
polation considering the closest pre-computed results for ice abundances and ice thickness as discussed in
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Chapter 2. These interpolated Q-values are then used along with the number density of dust grains generated
by settling module, to calculate the mass opacity at that grid point. These steps are performed for each grid
point indicated by the blue line in Fig. A.2. This opacity data is then passed to the radiative transfer model to
determine the radiation field and dust temperature in the disc. At this point the code has entered the main it-
eration loop and flow of control follows the black line. The chemistry and energy balance module is then run
and subsequently the dust structure in the disc is calculated by the dust settling module. With the updated
chemical abundances, particularly based on the new ice abundance at each grid point, the new position-
dependent opacities are calculated. These opacities are then compared to the position-dependent opacities
from the previous iteration to evaluate opacity convergence. After this, disc convergence (now it also includes
convergence value passed on from opacity subroutine) is evaluated and either the output is produced or the
flow enters the next iteration depending on whether the model has converged.

The opacity convergence is evaluated as:

K rz,A)—« r,z,A
Cumulative Relative Error = Z new( ) ~¥ota( ) (A1)
by Ko1a(1,2,A)
Cumulative Relative Error
Convergence = (A.2)

N; x N; x Ny

where, « is the mass opacity, N, N, and N, are the size of grid points in spatial (r, z) and wavelength (1)
dimensions respectively. If this convergence value is below the user defined convergence tolerance, then the
opacity is assumed to be converged. It should be noted that with the position-dependent opacity implemen-
tation, the code needs a minimum of two iterations to reach convergence (opacity). This is because, when
the disc structure is initialized there are no ices present in the disc and hence the opacities are based on the
refractory material only. However, once the chemistry is solved in the first iteration, ice data will be available
and then the ice opacities can be estimated.

A.2 Ice thickness calculation

The chemistry module in ProDiMo solves for chemical equilibrium of the disc. This solution provides chem-
ical abundances of the various species considered which includes ices. The chemistry module used in this
work is the large DIANA network (Kamp et al.,, 2017). This reaction network considers a total of 235 chem-
ical species composed of 13 elements: H, He, C, N, O, Ne, Na, Mg, Si, S, Ar, Fe and PAH (though PAH is a
molecule, here it is considered as an element for chemical reactions). The reaction rates are mainly based on
UMIST2012 database. A total of 4835 chemical reactions are considered. 137 photo reactions which include
photo dissociation and photo ionisation reactions are considered. Some reactions (mostly photo dissocia-
tion reations) not in UMIST database are taken from Heays et al. (2017). The photo dissociation and ioniza-
tion cross sections are taken from Heays et al. (2017), van Dishoeck et al. (2006). Three body reactions are
taken from UMIST2006. PAH used here is circumcoronene (CsgH;g), with mass 666.74 atomic mass units per
macromolecule, radius 4.87 x 108 cm and adsorption energy of 34380 K (Kamp et al., 2017). The 235 chem-
ical species include both gas and ice phases, particularly 64 ice species. The adsorption energies for ices are
mainly based on Garrod and Herbst (2006). The details of chemical setup are discussed in Kamp et al. (2017).
The ice chemistry is only based on accretion and desorption of ices and grain surface chemistry is not con-
sidered. The chemical abundance of ices at each grid point is provided by the solution of this setup. Hence,
in the initialization stage of the code, the code checks whether the ice selected by the user is present in the
chemical network. Based on these chemical abundances of species selected by the user, the ice composition
and volume of ice at each grid point is calculated. The adsorption energies, refractive indices wavelength
range, mass densities and references to the values for the ices used in this thesis are reported in Tab. A.1. For
the ice thickness dimension of the opacity grid, a number of ice thicknesses between zero to maximum are
considered. The maximum thickness is based on the maximum volume (V,,,,,) of ice that can form in the
disc. For V4, it is assumed that all the available oxygen forms H»O ice, carbon forms C Hy ice and nitrogen
NHj ice Vy,4x at each grid point. Hence, Vy;, 4, is assumed to be:

Vinax=nn-€0"Vm,o+ng-€c-Vecu, + nH €N VNE; (A.3)

ny is the number density of hydrogen nuclei [cm 3], €} is the elemental abundance [number of nuclei of
element k/H-nucleus], V is the volume of one molecule of that ice species [cm?]. For example, if the user
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Ice Adsorption Source Refractive index Mass density Reference
Energy (K) wavelength range (um) g/cm®

H,O 5534.0 Brown and Bolina (2007) 0.1-10° 0.92 Warren (1984)

NH;3; 4800.0 Collings et al. (2004) 0.1-10% 0.817 Martonchik et al. (1984)

CO 1150.0 Collings et al. (2004) 0.1-103 0.791 Schmitt et al. (2017)

CO, 2990.0 Theys et al. (2013) 0.1-108 1.562 Warren (1984)

CHy4 1090.0 Herrero et al. (2010) 2.7-10 0.44 Schmitt et al. (2017)
CH30H 4930.0 Brown and Bolina (2007) 2.5-200 0.63 Hudgins et al. (1993)

Table A.1: Adsorption energies, wavelength range of refractive indices and mass densities of the ices considered in this thesis. The optical
range outside the given range if needed is taken as constant towards shorter wavelengths and is interpolated in log scale for the longer
wavelengths.

specifies the grid dimension for thickness as 8, then the ice volumes considered are 0, V};,,, and 6 volumes
equally space between 0, V;;,,, in log scale.

The thickness of the ice depends on the total ice volume available, the grain size distribution and the rela-
tion between the ice thickness to the grain size. Equation of volume conservation can be written as discussed
in Chapter 2:

Amax Amax 4
ndJ —n(a+Aa)3f(a)da:V1+ndf gna3f(a)da
Amin Amin
Amax 4 3 Amax 4 3
ng gn(aJr t-a")f(a)da=Vi+ny 374 fla)da
Amin Amin (A.4)
F=Vig—Vi—Vgs=0
4]1, imax " 3 4]1, imax 3
F= na—- i:;' (ai +tal)’ fida;—V; — na—- i:;, a;fida; =0

ng is the number density of bare grains [cm 2], f(a) is the normalized bare grain size distribution after
settling [cm™1], a is the bare grain size [cm], d@min and amax are the minimum and maximum grain sizes, ¢
and n are the ice-grain size relation coefficients as described in Chapter 2, Vj, Vg, Vpg are the volumes of
pure ice, ice cover grains, bare grains per unit volume of space respectively. The continuous size distribution
is implemented in the code using size bins represented by a;, f;, imin and iqx. The Eq. (A.4) contains only
1 unknown, ¢, since n is fixed for each such calculation. This is solved using Newton-Raphson method by
minimising the function F against ¢ in Equation A.4. To make the first estimate of ¢, Equation A.4 can be
expanded as:

i i i
max max max 3
F=1 [nd Z f,-alg.nAal] + l?)nd Z ﬁa?"HAai] +t [Snd Z a?"'zf,-Aai} — VIE =0

i=imin i=imin i=imin

F=A+Bt* +Ct+D=0 (A.5)
imax imax imux 3
_ 3 X _ - 2n+1 X _ n+2 ¢ X _ -~
Aind,-ng f,al_nAa,, Bf3ndi:;. f,al. Aa;, C73ndi=;, a; fila;, D——V14n

Neglecting the highest order term Az3, the first estimate is taken as:

,_—C+VC-4B-D

2-B

(A.6)

If the function gives value less than 10~!2 [cm!~"] then it is assumed to be converged. If it fails to converge
in 100 iterations then the ice thickness is take as zero, or in other words, bare grains are considered. Eq.A.3
expresses the maximum volume of ice considered in the Mie efficiency matrix. However, the volume of ice at
any grid point for local Mie calculation is obtained as shown in Eq.A.7.

V=nmo Vmo+ nnH; VN + Bco Veo + nco, - Veo, + hcrsor - Versor + nich, - Ve, (A7)

ny is the abundance of ice species k [cm 3], V is the volume of one molecule of ice species k [cm®] and V is
the total ice volume per unit volume of space at any given grid point of the disc.
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Figure A.3: Relative change of surface area of dust due to different ice accretion powerlaws. The grain size distribution and ice abun-
dances are same as Fig. 1 in journal paper in Chapter 2

Figure A.3 shows the change in surface area due to ice accretion on bare grains for various ice power
laws (the size distribution and ice abundances are same as in Figure 1 of Chapter 2). The change in surface
area is more towards the smaller grain sizes and negligible for larger grains for powerlaws 0,0.25,0.5. As the
powerlaw reaches close to 1, the change in area becomes uniform across the distribution. Thus for a constant
ice thickness model, the surface area is not only dominated by smaller grains, but is increased by several
orders of magnitude compared to bare grains. The effect of this can be seen as a peak in opacity at shorter
wavelengths in Figure 5F (Chapter 2).
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Figure A.4: Representation of the opacity grid implemented in ProDiMo

Figure A.4 provides the visualisation of the multidimensional Q-matrix implemented in ProDiMo for position-
dependent opacity calculations. Primarily, there are 4 dimensions: ice thickness, ice species, ice power law,
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bare grains. Each grid point in this setup is itself a 3 dimensional matrix of opacity efficiencies (Qex¢(a, 1),
Quaps(a, 1)), making the grid structure a 7 dimensional matrix. However, for this thesis, only one type of bare
grain composition is considered and one ice power law for each model (except for model 4 in Figure 6, Chap-
ter 2, which has 2 ice power laws).

The grid size used for all the models in this thesis (except model 4) is (ice thickness, ice species, ice power
law, bare grains) = (8,7,1,1), (grain size bins, wavelengths,Q) = (100,1000,2). For model 4, (ice thickness, ice
species, ice power law, bare grains) = (8,7,2,1).
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Figure A.5: Navigation in the grid during iterpolation

To obtain the local opacity efficiencies, Q4 2 (), the code first fetches the local abundances of ice species
from the chemistry module. Based on these abundances, the ice volume fraction (1) of each species and the
total ice volume is calculated. Based on the local grain size distribution and the ice power law, the ice layer
thickness t is calculated as discussed in Appendix A.2. The closest two thickness values (t;, £,) to the local
thickness corresponding to the local ice power law is identified (Fig.A.5). From the opacity grid, weighted
summation of opacities of different ice species is done based on volume fraction calculated for both the
identified thicknesses to obtain Q4 1 (1) and Qg 1 (f2). Finally, log interpolation is done to estimate Qg3 ().



Appendix B

Interpreting the ProDiMo output

ProDiMo provides several output data files which contain the Spectral Energy Distribution (SED), the opacity,
the radial and vertical visual extinction, the chemical abundances, continuum images (intensity maps), etc.,
of which the important results are presented in the journal paper in Chapter 2. The image data output by
ProDiMo provides the spectral intensity at a given inclination of the disc in spatial and spectral dimensions,
i.e., I,(x,y,1), where x, y are the image coordinates in [au] at given distance and A is the wavelength. The
spectral grid points are equally spaced in log scale. However, the spatial grid points are not linearly spaced
in x, y. The intensity [erg/ cm?/s/Hz/sr] data is converted to flux, vF, [W/m?] which allows to obtain a spec-
tra from parts of the image, as function of wavelength, ranging from 0.1 ym to 10® um. Such spectra, allows
for a comparison of the model data with spectroscopic performance of instruments such as NIRSpec on JWST.

Intensity at a point is the energy (dE) passing through a solid angle dQ per unit time dt in the spectral
range dv in an infinitesimal inclined area d A cos6.

- dE
 dvdQdtdAcoso (B.1)
L, = IV(H’(/’)

I,

Flux from a source can be obtained by integrating the intensity over the solid angle of the source. Hence,

F, = J 1,(0,¢)dQ (B.2)
source

As the data output by ProDiMo is not regularly spaced in linear scale, the data is interpolated onto a regular
spatial grid using interpolate.griddata() from the SciPy library in python. This uses piecewise cubic interpola-
tion. The grid resolution of 1.5 AU x 1.5 AU spatially and 300 wavelength bins are used, i.e., for an image data
of 300 AU x 300 AU, the data is interpolated onto a 200 x 200 x 300 grid. This interpolation is done because
it is easier to implement Equation B.2 on a regularly spaced grid. The integration now becomes,

I,-AA
E, =Z (%) (B.3)

X,y

where, x, y are the spatial grid points, A A is the element area and d is the distance from the observer. Based
on the angular resolution of the instruments, this grid range for integration is determined. For example, for
a disc at a distance of 140pc from the observer, with an angular resolution of 0.2” x 0.4”, corresponding to
NIRSpec microshutter mode, the pixel resolution would be approximately 28 AU x 65 AU on the disc image.
Hence, the flux seen by the pixel is,

F,(pixel;) = Z

(IV~Aax,y
X,y

7 >, X,y € pixel; (B.4)
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Appendix C

Verification and Validation

The interpolation method introduced in Chapter 2 has been verified by comparing the efficiency values ob-
tained by interpolation in the Mie efficiency matrix with the values from Mie computations with the actual ice
composition and thickness. Fig. C.1 and C.2 show the relative error between the actual and interpolated Mie
efficiency values for different grain sizes. The interpolation is accurate, however for small grain size at short
wavelengths between 0.1 um and 1 pm the error is comparatively higher for independent of ice composition
and ice thickness.
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Figure C.1: Relative error in performing interpolation of Mie efficiencies. Ice thickness = 0.515 um, ice is composed of H»0, NH3, CO,
CO2, CHyg, CH30H in ratio 0.16:0.16:0.16:0.2:0.16:0.16 with 20% of porosity
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This is because, at wavelengths close to particle size, artifacts due to resonance between wavelength of
radiation and grain size. However, these artifacts are automatically diminished when a grain size distribution
is considered.

Figures C.1 and C.2 show the relative errors for different grain sizes. The relative error is comparatively
higher at wavelengths close to the grain size. The overall magnitude of the relative error decreases with in-
crease in bare grain size. Further, this interpolation has been tested for 72 different ice composition across 7
ice thicknesses for multiple bare grain sizes. The relative errors remain in the same range for all the ice com-
positions. Figure C.3 shows the relative error for different ice thicknesses. The behaviour is same as explained
before in the wavelength range close to grain size. However, the overall relative error increases with decreas-
ing ice thickness. The interpolation codes have been independently implemented in Fortran and Matlab.
Both the codes produce the same results. Generally, the main source of error is the thickness interpolation.
It should be noted that the grain size distribution used in the thesis has significantly large number of small
grains and few large grains. Figures C.1 and C.2 indicate that the errors are larger for smaller grains. Although
the errors are small, the small grains contribute to most of the error arising from these interpolations. How-
ever, the propagation of this error in the code is not investigated in this work.
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Figure C.3: Relative error in performing interpolation of Mie efficiencies. Bare grain size = 0.0559 um, ice is composed of H»0, NH3, CO,
CO3, CHy, CH3OH in ratio 0.16:0.16:0.16:0.16:0.16:0.2 with 20% of porosity

After the position-dependent opacity calculation method has been implemented in ProDiMo, the code
has been checked for integrity with rest of the code modules. This is done so that the new implementation
does not break the code or produce different output for the inputs that do not consider position-dependent
opacities, such as molecular cloud and envelope models. This ensures that the end user of ProDiMo, who is
not using position-dependent opacities, is not affected by the new implementation. These tests have been
done by the automatic test routine hosted by ProDiMo development team. This includes 17 automatic tests
for different objects (such as molecular clouds, envelops and discs) and input options (such as including X-
ray radiative transfer, using fixed surface density model, multiple zoned disc model). The latest test results
can be access at: https://www.astro.rug.nl/"rab/punit.html
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