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The chemical species in a protoplanetary disk react with each other. In the inner
part of a protoplanetary disk molecules like ethyn(C, H>), methane(CH,) and hydro-
gen cyanide(HCN) are constantly formed and destroyed. The aim of this theoret-
ical study is to understand why there is a difference in the relative abundance for
CoHp, CHy and HCN between two protoplanetary disk models. These models are
ProDiMo and a model made by Agtindez et al, both models claim that they are made
for at typical T Tauri star. The difference between the relative abundance for CoHp,
CHy and HCN between these models is of several orders of magnitude. Compar-
ing the models will be done by comparing the chemistry, thus the species, reactions,
reaction rates and also by comparing the structure like disk size, temperature, mass
and grain properties. The reason for the difference turned out to be the grain sizes
for the surface of the disk and the timescales for the midplane of disk.
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Chapter 1

Aim of the thesis

Protoplanetary disk models play a key role in understanding the process of planet
formation. From observations in the near and mid-IR wavelengths we know that
there exist simple organic molecules such as acetylene (C;H>), hydrogen cyanide
(HCN) and methane (CHy) in protoplanetary disks (Lahuis et al., 2006)(Salyk et al.,
2011). The reason for choosing these three molecules is because these are Strong in
mid-IR spectra of the disks. This gives a reason to understand their formation and
destruction. By zooming in on the inner 3 AU of the protoplanetary disk model
called ProDiMo (Woitke, P., Kamp, 1., and Thi, W.-E,, 2009) a thermo-chemical disk
model around a TTauri star. The chemical abundances of these three key species in
this model deviate thirteen orders of magnitude in the surface from a model used by
Agundez et al. (2008) which is also for a T Tauri star. This difference is found in the
relative abundance of C, H,, CH4; and HCN. In ProDiMo the relative abundances of
10~* — 1072 are found in the midplane, while in the the paper by Marcelino Agtindez
the high relative abundance is higher up in the disk close to the surface as shown in
figure 1.1.

The aim of this thesis is to investigate what causes the difference in relative abun-
dance for C;Hy, CHy and HCN between the models for a TTauri protoplanetary disk
from ProDiMo (Woitke, P., Kamp, I., and Thi, W.-E,, 2009) and Agtindez et al. (2008),
Agundez et al. (2018).

This difference might be due to a different chemical network or a fundamental
difference in the disk model. In this research I will compare various parts of the
models with each other in order to determine the factor that causes this major dif-
ference. These various parts are the species, chemical reactions, reaction rates and
temperatures at which the reactions occur. Furthermore also the parameters of the
disk model such as disk mass, disk radius, dust composition, grain size, gas to dust
ratio and cosmic ray ionization rate of H, will be discussed and compared.
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Aguandez et al. produced very recently a new paper with an upgraded model
(Agundez et al., 2018). In this model the same difference with the ProDiMo model
still exists. The relative abundances are shown in figure 1.2. In these figures there is
an abundance of roughly 10~ for CoH,, CH4 and HCN between a radius of 0.5 and
1 AU.
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FIGURE 1.2: Relative abundance as produced by the new model of
Agundez et al., taken from figure 6 from Agtndez et al. (2018)






Chapter 2

Protoplanetary disk models

2.1 Protoplanetary disk

2.1.1 Structure

A protoplanetary disk can be described as a rotating dusty gaseous system trans-
porting a net amount of mass towards the central star and the angular momentum
outward. Due to this these disks can be characterized by strong radial and vertical
temperature and density gradients (Henning and Semenov, 2013). High energy ra-
diation penetrates the upper layers of the protoplanetary disk causing processes like
photo dissociation and ionization this radiation does not reach the disk midplane.
In general the disk midplane is very cold causing almost all molecules to freeze out
at a radius larger than 1 AU.

2.1.2 C(Classification

Protoplanetary disks can be classified into three different classes using the luminos-
ity of the central star. Protoplanetary disks can be classified as disks around brown
dwarfs, disks around T Tauri stars like the sun and as disks around more luminous
and massive Herbig Ae/Be stars (Henning and Semenov, 2013). ProDiMo uses a
sun-like T Tauri star with a mass of 0.7 solar mass. T Tauri stars are young and pre-
main sequence stars. The mass in the protoplanetary disk is about 1% dust and 99%
gas, which is exactly the dust to gas ratio that ProDiMo uses.

2.1.3 Dust properties

Dust in the disk heats up the disk by absorbing incoming radiation, as more light
gets absorbed the disk becomes more opaque. In figure 2.1 the relation between
grain properties and the absorption coefficient is plotted. In most models the total
dust mass is set. This means the assumption on the grain size has a direct correlation
with the opacity in the disk. For example in the second panel of figure 2.1 a maxi-
mum dust radius of 10 mm(red) and 0.1 mm(green) causes a difference of a factor 10
in the absorption coefficient at micrometer wavelengths.
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FIGURE 2.1: Dust absorption coefficient per dust mass as function of
dust size and material parameters, figure 3 from Woitke et al. (2016)

2.2 ProDiMo

2.2.1 Whatis ProDiMo

ProDiMo is an acronym for Protoplanetary Disk Model. ProDiMo uses global iter-
ations to calculate the physical, thermal and chemical structure of the disk. The 2D
dust radiative transfer is solved once at the beginning, because for this chemistry
project a simplified model will suffice. The scale height is fixed by a parametrized
formula. The chemistry includes gas and photo-chemistry, Polycyclic Aromatic Hy-
drocarbons and X-ray chemistry. The chemical network is solved together with the
gas thermal balance. The thermal balances requires all heating and cooling processes
that are part of the model. ProDiMo calculates all cooling and heating processes and
solves Tas numerically (Woitke, P., Kamp, I., and Thi, W.-E,, 2009).

2.2.2 Density structure

ProDiMo uses a power law to determine the column density

X(r) =Xor €
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where X is determined by the total mass of the disk

Rout
Mgk = 27'(/ Z(r)rdr
In these formulas R;,, and R,,; define the inner and outer radius of the disk. X is the
column density at an arbitrary point within R;,, and € is the scaling exponent.
The density is vertically smeared out using a Gaussian distribution, combining
this with the scale height parametrized as

H(r) = Hol )’

this results in the full 2D density distribution where the scale height determines
the shape of the disk, leading to a flat or a flaring disk. Beta is called the flaring
parameter.
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FIGURE 2.2: The two dashed red lines are radial extinction of 0.01 and
1 and the two black lines are the vertical extinction of 1 and 10

In figure 2.2, there is on the left side the gas mass density and on the right side
the dust density. The particle density is defined as, n<p~ = ng + 2 npy, the gas mass
density is the particle density multiplied with the the atomic mass of hydrogen and
the mean molecular weight. The mean molecular weight is 1.4. The gas mass density
is a factor 100 higher than the dust mass density throughout the entire disk, because
the dust to gas mass ratio is constant. From these figures it is also visible that the
disk is flaring and not flat.

ProDiMo calculates the relative abundance of species as can be seen in figure 1.1.
The relative C, H, abundance is defined as

ncH, n¢C,H,

22 neps ng+2np,

this is the case for all species not just for Co Hs.
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2.2.3 Parameters of the ProDiMo model

ProDiMo does not have the stellar radius as a parameter. ProDiMo calculates this
from the luminosity and effective temperature using the Stefan-Boltzmann law

L = 4nR?*cT*

where ¢ is the Stefan-Boltzmann constant, T the effective Temperature, R the stellar

radius and L the luminosity . All parameters are shown in table 2.1.

Parameter Value
Disk
Disk mass 0.015 Mg
Inner disk radius 0.16 au
Outer disk radius 100 au
Gas-to-dust mass ratio 100
Radial surface density power index 1.0
Dust composition 50 % silicates
50 % graphites
Minimum dust grain radius 0.005 ym
Maximum dust grain radius 750 ym
Dust size distribution power index 3.0
Cosmic-ray ionization rate of H» 1.7x107 Y7 571
TTauri star
Stellar mass 0.7 Mg
Stellar radius 225 Rg
Stellar effective temperature 4000 K
Luminosity 1Lg

TABLE 2.1: Parameters of the ProDiMo disk model

2.24 Chemistry

The chemistry is written in a modular form so that it is possible to change the selec-
tion of species and reactions (Woitke, P., Kamp, I., and Thi, W.-E, 2009). In the model
used in this paper there are 235 different species of which 69 neutral species, 100
positive ions plus the negative ions H~, PAH~, free electrons and 63 ice molecules.
These 235 species are shown in table 2.2. For the reactions the model makes use of
the UMIST2012 (McElroy, D. et al., 2013) database and a database for which the rate
coefficients have been collected over time. There is one crucial reaction that does not
exist within UMIST2012, this is the H2 formation on dust grains. The UMIST2012
database has a total of 6225 chemical reactions and the additional file has 1555 re-
actions of which a large part already exist in the UMIST2012 file, if reactions exist
within in both databases the UMIST2012 values are used. From these databases,
2842 reactions are called to use in our model with the respective 235 species. An
interesting aspect of the model is that there are not any negative species inside it
besides e, H~ and PAH~. All other negative ions have not been included in order
to ensure that there are no dead ends within the chemical network. ProDiMo runs
the model until steady state is reached.

To calculate the rate and rate coefficients ProDiMo uses the following formulas.
In the UMIST2012 and additional reaction file there are an a, b and c factor supplied,
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Neutral species

H Hz H2exc He C CH CH2 CH3
CHy G CH CoHp CH; CyH,y CyHs Cs
CsH CsHp Cy CN HCN HNC H,CN OCN
CO HCO CO, 0 H,CO CH30 CH,OH CHsOH
CS HCS H,CS OCSs N NH NH, NH;
N> NO NO; HNO NS @) OH H,O
0)) SO 50, S HS H)S Si SiH
SiH, SiHj SiH, SiC SiN S5i0 SiS Mg
Fe Na Ne Ar PAH

Tons
H* H~ HZ+ H; He™ HeH™ c* ct+
CHT CHZ+ CHL;r CHI CH;r C;’ CH™ CoHy+
C2H§r CzHI C2H5Jr C;r C3H™ CgHzr C;;H;r Cj
CsH™ CNT HCN* HCNH*" OCN™ CO™ HCO™ C02+
HCO;r C,0™" HC,O" H,CO* H3;CO* CH30H™" CHg,OH;_ CS*
HCS™ H,CS™ H3CS™ OCS* HOCS* N~ N+ NH™
NHZJr NH,;r NHZ N2+ HNZJr NO™ NOQL HNO*
H,NO* NS, HNST™ O o*+ OH™ H,Ot H3;Ot
O; O,Ht SO* SO;r HSO;r St Syt HS™
H,S* H3S™ Sit Sitt SiH™ SiH2+ SiH;r SiHj
Sz’ng SiC* HCSit  SiNT HNSit  SiO* SiOH™ SiS*
HSiST  Mg™ Mg*tt  Fe" Fett Na*t Nat+ Ne™
Ne™t Art ArtT PAH- PAHT PAH*T PAHT*T

Ices
Mg# Fe# Na# C# CH# CHy# CHs# CHy#
Co#t CoH# CoHy#t  CoHs#t CoHytt CoHsi# Cs# CsH#

CsHo#  Cy#t CN# HCN# HNC#  HCN# OCN# CO#
HCO#  COx# C0# H,CO#  CH30# CH,OH# CH3OH# CS#

HCS# H,CS#  OCS# N# NH# NHy# NHz# No#
NO# NO#  HNO# NS# O# OH# H,O# O #
SO# SO # S# HS# HyS# Si# SiH# SiHy#
SiH3# SiHu#  SiC# SiN# SiO# SiS# PAH#

TABLE 2.2: Species included in the ProDiMo model

from these the reaction rate coefficient k is calculated. This formula is only valid
for two body neutral neutral reactions. In these formulas a is the pre-exponential
factor, b is indicating the temperature dependency and c is the activation energy.
Furthermore 11 and 7, indicate the abundance of the reactants. The rate coefficient
is then calculated as

k = a(T/300)% 1)

and the rate becomes
r=knynp

k is the rate coefficient and r is the rate itself, k is model independent.

There are a lot of different formation channels C,H,, CHy and HCN, so it is not
possible to say what the full formation pathway is for ProDiMo. However C,Hj,
CHy and HCN exist within the midplane it is safe to say they originate from the
reaction with Hj, because there is no free H in the midplane and these species must
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react with H or H in order to form. As shown in figure 1.1 ProDiMo has a very low
relative abundance of the order 10~ near the surface. So if I want to know why this
abundance is so low it is important to know if these species are formed by H or H,
addition.

2.2.5 Temperature determination

ProDiMo uses the thermal balance to determine the temperature, assuming that the
net gain of the thermal energy is equal to zero. The heating and cooling rates do
not only depend on the kinetic gas temperature but also on the particle densities
of the chemical species. However the particle densities also depend on the kinetic
gas temperature. To solve this ProDiMo uses an iterative process during which the
kinetic gas temperature is varied and the chemistry resolved so many times until the
system converges (Woitke, P, Kamp, L., and Thi, W.-E,, 2009).

2.3 Model used by Agtndez et al.

The model used by Agtindez et al. (2008) uses a similar structure.From their parper
The gas density decreases radially as a power law, for this the formulas are very
similar to those that are introduced in paragraph 2.2.2 (Agtndez et al., 2008). The
region that is focused on is the part above the disk midplane between a radius of 1
and 3 AU, here the gas temperature ranges between 300 and 3000 kelvin.

2.3.1 Parameters in the Agtindez et al. model

The parameters used for the the 2018 model were given in table one of Agtindez et
al. (2018), the parameters used in Agtindez et al. (2008) were collected from the text.

Parameters 2018 Value
Disk
Disk mass 0.01 Mg
Inner disk radius 0.5 AU
Outer disk radius 500 AU
Gas-to-dust mass ratio 100
Radial surface density power index 1.0
Dust composition 70 % silicates
30 % graphites
Minimum dust grain radius 0.001 ym
Maximum dust grain radius 1 ym
Dust size distribution power index 3.5
Cosmic-ray ionization rate of Hj 5x 1017 g1
TTauri star
Stellar mass 0.5 Mg
Stellar radius 2 R
Stellar effective temperature 4000 K

TABLE 2.3: Parameters used by Agtndez et al. table 1 of Agtindez
etal., 2018
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Parameters 2008 Value
Disk

Inner disk radius 0.1 AU

Outer disk radius > 50 AU

Maximum dust grain radius 0.25 ym

Cosmic-ray ionization rate of Hy 1.2 x 10" 457!
TTauri star

Stellar mass 0.7 Mg
Stellar radius 2.6 Rp
Stellar effective temperature 4000 K

TABLE 2.4: Parameters used by Agtindez et al. this table is con-
structed from the values found in Agtindez et al., 2008

2.3.2 Chemistry

The model used by Agtindez et al. (2008) included 76 species, of which 29 neutral
species, 5 negative ions, free electrons, 41 positive ions and no ices. In this model, re-
actions such as neutral-neutral, ion molecule bimoleculair reactions, three body pro-
cesses, thermal dissociation and reactions induced by X-rays are included(Agtndez
etal., 2008). In order to understand the chemical routes towards the simple molecules
a few time dependent chemical models were used. This model uses the chemi-
cal code and network from Cernicharo (2004). The chemical network and rates are
checked against the NIST (J. A. Manion and Frizzell, 2018) and UMIST (Le Teuff,
Millar, and Markwick, 2000) database for astrochemistry. For the reaction rate coef-
ficients for neutral-neutral reactions they use the same formula ProDiMo uses.

The new model used by Agtindez et al. (2018) includes 252 species of which 97 neu-
tral species, 133 positive ions plus the negative ion H™, free electrons and 20 ice
molecules. In this model Agtindez et al. uses multiple databases for the reactions,
these inlcude the UMIST2006(Woodall, J. et al., 2007) and UMIST2012 (McElroy, D.
et al., 2013) databases which are used in ProDiMo. They calculate their initial abun-
dance using a pseudo time dependent chemical model (where chemical evolution
is solved under fixed physical conditions) of a cold dense cloud with standard the
parameters, hydrogen density of 2 x 10* cm 3, temperature of 10 K, cosmic ray ion-
ization of 5 x 10717 5! and a visual extinction of 10 mag at a time of 0.1 Myr. The
model runs for a million year and gives the output (Agtndez et al., 2018). In contrary
to the model of the 2008 the new model does not include X-rays.

In figure 2.3 the main synthetic path for the creation of C;H,, CHy and HCN
are displayed according to Agtundez et al. (2008). The thickness of the arrow indi-
cates the activation energy. This figure shows that the path towards these simple
molecules is through reactions with H».



12 Chapter 2. Protoplanetary disk models

O, N0 ON——z [HON][le——

b N N hve’ IN
H, pqo H, X H : Ho
Ae:} CH— CH; —> CH:;A . CH;
#000%K hva €\ \CO, H,0
H £, H H
2 2 I 2 »CH 2 1
Ae~1zoooK g CH Ae~1500 K™ CH, Ae~4000K’ 3 Ae~4000 I{@l
C g (04
C’ * CH *, C,H, * CH,'
cl & A e ¢ e

w(v: N ’ H «CvH ¢ H, CE

o n »
2 Ae~1500K 2 Ae~1300 K

FIGURE 2.3: Main synthetic routes for the formation of CoHy, CHy
and HCN used by Agtindez, Figure 2 from Agtindez et al. (2008)

2.3.3 Temperature determination

In the 2018 model by Agtindez et al. they assume that in the upper regions where
Ay < 0.01 the temperature equals the evaporation temperature. They calculate the
evaporation temperature as the temperature at which the most probable speed of
the particles equals the escape velocity. For 1 < Ay < 0.01 the gas temperature is
approximated trough a linear interpolation with the height in the disk. For Ay > 1
the gas is assumed to be thermally coupled with the dust such that Tess = Tjy,s¢-
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Results

3.1 Difference in species

The ProDiMo model (Woitke, P., Kamp, I., and Thi, W.-F,, 2009) has a lot more dif-
ferent species than the model used by (Agtndez et al., 2008). ProDiMo uses 235
species while the model used by Agtndez et al. has only 76. However there are
some molecules used by Agtindez et al. that do not exist within the ProDiMo model.
These species are C~, 0~, OH~, HOC*,CN~, N,H", H,NC" and CNC™. Adding
C7,07,0H  and CN™ to the model does not produce a significant change in rela-
tive abundance to make a visual difference in the plots.

The model used by Agtindez et al. (2018), has 252 speciesof which 97 are neutral
species, 133 positive ions plus the negative ion H~ and free electrons and 20 ice
molecules. Comparing this with ProDiMo which has 69 neutral species, 100 positive
ions plus the negative ions H~, PAH™ and free electrons and 63 ice molecules. We
see that Agtindez has more neutral species and ions inside his model. By comparing
the different species we see that Agtindez et al. (2018) use a lot more carbons chains
op to CyoHs, while ProDiMo only goes up to C3H3. These large carbon chains do not
appear to be part of the inner 3 AU, so this difference should not have an impact on
that area. ProDiMo does have a lot more ice species.

3.1.1 Running ProDiMo with 0 instead of 63 ice molecules

Running ProDiMo with no ices decreases the relative abundance of C;H,, CHy and
HCN. These species now only exist within a radius smaller then 0.5 AU in the mid-
plane. This run did not give a result that would be useful for the problem of the
difference in abundance.

3.1.2 Running ProDiMo with 18 instead of 63 ice molecules

By removing all ices from ProDiMo that Agtindez does not use we see that the C; H,
ice in the midplane at a radius of 3 AU grows larger in abundance. In the upper
layers of the disk there is not a noticeable difference. The ices CoHs and HCOOH
are part of the Agtindez et al. model but these do not exist in ProDiMo. C,Hs and
HCOOH do not not exist within ProDiMo so adding these as ice, does not have any
influence. This is why the run is with 18 ice molecules instead of the 20 used by
Agundez et al. (2018).

CHy | GoHy | GoHy | HO | O | CO CO; | H,CO | CH30H
NH;3 | N HCN | HS | CS | Hb,CS | SO | SO, ocCs

TABLE 3.1: Ices left in the model
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C2H2 concentration C2H2 concentration

05 10 15 20 25 30 05 L0 15 20 25 30
r (AU) r (AU)
(A) 63 ices (B) 18 ices

FIGURE 3.1: Result of removing most of the ices and only including
the 18 shown in table 3.1

As another test it is interesting to know what happens when C, H; ice is removed
from the model. By removing C,H> ice, the main destruction and formation reac-
tions in the midplane become the same as those in the surface layers. Despite losing
the main destruction reaction it does not change the relative abundance of 10~° in
the midplane compared to the original run. The model of Agtindez et al. (2008) did
not use any ices, since the focus for this model was the upper region in the disk. That
model still had a high relative abundance in the surface. Hence the solution to the
difference between ProDiMo and Agtindez et al. should not be in the ices.

3.2 Reactions

By comparing the reactions in ProDiMo with the reactions in the chemical ratefile
provided by Marcelino Agtindez, it became quite clear that the ratefile provided by
Marcelino Agtindez had a lot more three body reactions. However this should not
have any impact on the abundance because almost all of the three body reactions
involve carbon species with 4 or more carbon atoms, which do not play a role in
the inner 3 AU. By comparing the reactions almost all of the core reactions for the
creation and destruction for C;Hy, HCN, and CHy were there along with the path
towards them. ProDiMo does have an additional destruction reaction C;H, + H —>
C2Hs. By using one of the packages of ProDiMo (Woitke, P., Kamp, I., and Thi, W.-E,,
2009) called chemanalyse we can see which reactions are dominant in certain areas.
In the midplane the dominant reactions are all trough ices. Using this package I had
hoped to find the creation pathway from which C; H, originates in the surface layers.
After removing both of the dominant creation reactions, where C, H; originates from
C2Hz and G H; ice, there is no longer a single reaction that dominates in creating the
CoH, abundance, this makes it hard to determine the main creation reaction. By
using this package on C;H, we get the following relative abundance plot shown on
the left in figure 3.2.

The black area between the green and blue area in figure 3.2 there is a relative
abundance smaller than 10~22 for C, Hp,while this is part of the area in which Agtn-
dez et al. (2018) has an abundance of 10~°. By checking this area, the main formation
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FIGURE 3.2: The left figure shows relative abundance of C H, with no

changes to the model, the right figure shows the relative abundance

of C, H, after removing the main and secondary destruction reaction
for CoHj from the upper region from the model

reaction is found to be CoHz + H —> CyHy + Hp and the main destruction reaction
is CoHy, + H —> CyHj3. From these reactions "CoH, + H —> CoH3" does not exist
within the UMIST2012 database nor in the reaction rate file provide by Agtindezet
al. This reaction was added to ProDiMo and originates from a book called combus-
tion chemistry written in 1984. The rate constants can be found within the NIST
Chemical kinetics database (J. A. Manion and Frizzell, 2018).

Removing this reaction changes the abundance with a factor 10, which is not
visible. The reaction CoH, + H —> CyHj is the main destruction and the secondary
destruction reaction is by photo dissociation. If I remove both of these processes
the abundance is shown on the right side in figure 3.2. So removing the main and
secondary destruction channel does have some impact. The relative abundance of
C2Hy went up to 1071, but this is still too low compared to a relative abundance of
107>

3.3 Hydrogen abundance

The hydrogen abundance is of quite importance because part of the issue is that in
Agundez et al. (2008) the main creation channel is trough H, addition, which is not
visible within the ProDiMo model. So inspecting where the H to H; transition lies
with respect to where C; H» is abundant both models might be helpful to understand
why ProDiMo and Agtndez et al. (2008) have different relative abundances C, Hj.

The abundance for H and H; is shown in figure 3.3. In the abundance for H; there
is a weird bump around a radius of 2 AU. If we compare this with the abundance
shown in figure 1.1, in the Agtndez at al. model there is a high C;H,, HCN, and
CH, abundance of 10~° close to the surface. In this area the relative abundance in
ProDiMo is between 1078 and 10719, If the main pathway for C;Hy, HCN, and CH,
is through H; addition as Agtndez at al. showed with figure 2.3, this would imply
that in the model of Agtindez et al. (2008) there exist H, in large relative abundances
closer to the disk surface than in ProDiMo.
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FIGURE 3.3: Abundance of H and Hj, shown agianst the radius and
height of the disk

3.4 Reaction rate coefficients

The paper of Agtindez et al. (2008) referenced to a paper written by Cernicharo
(2004) for the rate coefficients. This paper supplied for 31 of the main reactions
the rate coefficients. This table is shown in appendix A. Besides two reactions all
reactions that both models had in common, had rate coefficients that were within
a factor 5 of each other. The two rates that did not match were actually a mistake
from my side but it gave an interesting result. These two reactions were Hy + CoH
—> CoHy + H and Hy + N —> NH + H. The rate coefficients are shown in figure 3.4.
All other rate coefficient comparison plots of reactions in common between Prodimo
and Agtndez et al. are shown in Appendix A.

3.4.1 Wrong reaction rate coefficient, with an interesting result

For the reaction C;H + C,,,H, —> C,,H + CoH) there is clear difference in the reac-
tion rate coefficients (figure 3.4A). The reaction rate coefficient used by Cernicharo
(2004) is a constant, while the reaction rate coefficient used in ProDiMo increases
as the temperature increases. A possible cause for why the relative abundance of
C2Hy, CHy and HCN is less than what Agtandez et al. (2008) got is that reactions in
ProDiMo have lower rate coefficients. For example for the creation of C; H, there are
at least four reactions needed according to figure 2.3. If chemistry was nicely lin-
ear and all four of these rate coefficients are a factor ten lower the entire formation
would be a factor thousand lower.

The difference in abundance can be seen in figure 3.5; the abundance change
for CHy and HCN can be found within appendix C. This is the result of changing
the values for the rate coefficient in ProDiMo to the mistakenly identified value of
Cernicharo (2004). This increase in relative abundance in the upper regions of the
disk seems to be close to what we are looking for. However after taking a closer look
at the reaction scheme shown in appendix A, we determined that m and n cannot be
zero. If m and n can be zero this would mean that reaction 19 and 27 are exactly the
same while their A component varies with a factor 1000. Which means the compared
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FIGURE 3.5: Difference in relative abundance due to changing the
rate coefficients of Hy + CoH —> CyHy + Hand Hy + N-—> NH + H

reactions in figure 3.4 are not the same. However despite this rate coefficient being
wrong the high abundance of C; Hy,CHy and HCN did shift towards the disk surface.
The formation reactions with H, addition are not dominant near the disk surface in
the ProDiMo model. However these are the reactions Agtindez et al. (2008) uses the
get the high abundance near the disk surface.

3.4.2 Rate comparison between ProDiMo and Agtindez et al.(2018)

Marcelino Agtndez shared the reaction rate file that was used for the newer model
with me. Using this file all of the reactions for the main synthetic path in figure 2.3
were compared with the reactions used in ProDiMo. This was done by plotting the
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rate coefficient against the inverse temperature. From this it became clear that in the
new model all compared reactions are within a factor ten of each other. There are
a few exceptions where the difference is larger than a factor ten; however for those
cases the rate coefficient is below 1071 so this difference should not have any sig-
nificant influence. All compared reactions that are not exactly the same or constant
are shown in appendix B. From this it is save to say that the rate coefficients are not
responsible for the problem of different abundances. Giving these findings, the so-
lution of the initial problem of abundance difference has to be searched for in the
physical disk structure.

3.4.3 Additional changes to the model that gave no results

There was also a run in which the a rate coefficient of all C,,H,, + H; reactions up to
CoH, were increased with a factor of 100 in order force ProDiMo to go into the Hj
addition channel in the surface layers. However this did not have any significant
impact, which indicates that having a large amount of C, H, cannot exist in steady
stat near the surface in the current ProDiMo.
Furthermore because Agtndez et al. (2008) was based on the UMIST2006 database,

there was also a ProDiMo model run with the UMIST2006 database instead of the
UMIST2012 version, but this did not have any impact on the relative abundance.

3.5 Fundamental differences between the models

Between ProDiMo and the model use by Agtindez et al. (2018) there are also some
fundamental difference, 3 large differences are the way in which the temperature is
defined, the time the models runs, and that the model used by Ag’undez et al. has no
X-rays. In the coming sections I will explain the difference between the temperature
determination and timescale.

3.5.1 Temperature

From Agtindez et al. (2018), it is clear that there is difference in the way his model
determines the temperature. In the ProDiMo model the gas temperature is calcu-
lated from a heating/cooling balance, while in the model of Agtindez et al. the gas
temperature is split up in three different sections. Below A, = 1, the gas tempera-
ture is assumed to be equal to the dust temperature . In an article written by Woods
and Willacy (2007), they state that the gas temperature can be underestimated by 2
orders of magnitude if it is assumed to be the dust temperature throughout the disk,
this is something that is meant for the entire disk so using Tg,s = Ty, only for the
midplane is valid approximation.

3.5.2 Timescales

Another difference between the model is the time used for the chemical evolution
to reach the calculated abundances, in other words the age of the disk. ProDiMo
forces the model to go to full steady state, while the model by Agtindez et al. (2018)
only runs for a million years. In the ProDiMo model the ices have developed a lot
more than in the model by Agtindez et al. In ProDiMo for almost all species the
main destruction and main creation channel in the midplane is caused by the phase
change to ice.
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3.6 Reproducing the Agtindez et al. model with ProDiMo, by
means of changing the disk parameters

In all of the previous runs discussed in section 3.2 there were only changes to the
species or rates, all the disk parameters were kept the same. By comparing table
2.1 with table 2.3, it shows that a lot of disk and stellar parameters are different. So
the next test was to run the ProDiMo model with the parameters from the model by
Agundez et al. (2018). ProDiMo uses the stellar luminosity to calculate the parameter
for the radius. The original model had a stellar radius of 2.25 R, So using the Stefan-
Boltzmann relation for a blackbody with a radius of 2.0 R, the new luminosity was
calculated to be 0.79 M. All other parameters could be directly changed in the
model.
The disk Parameters that have been changed in ProDiMo

Parameter Old value New value
Disk mass 0.015 Mg 0.01 Mg
Inner disk radius 0.16 AU 0.5 AU
Outer disk radius 100 AU 500 AU
Dust composition 50 % silicates 70 % silicates
50 % graphites 30 % graphites
Minimum dust grain radius 0.005 ym 0.001 ym
Maximum dust grain radius 750 pm 1 ym
Dust size distribution power index 3.0 3.5
Cosmic-ray ionization rate of H 1.7x1077s 1 5x10"s!
Stellar mass 0.7 Mg 0.5 Mg
Stellar radius 2.25 Rg 2 Ro
Stellar effective temperature 4000 K 4000 K
Luminosity 1Ls 0.79 Lo

The most important parameter change is the maximum dust grain radius, this
value changes by a factor of 750, while all other changes only differ by a maximum
factor of five. The result for C; H, from changing these parameters is shown in figure
3.6. In the right panel of this figure the abundance for C, H; is no longer concentrated
towards the midplane and reaches a value of 10~ in a disk surface layer. The results
for CH4 and HCN can be found in appendix C.2. There are still some differences
within the midplane but this is due to that the midplane of Agtindez et al. is colder.
This causes the transition from water vapor to ice to be at a different radius. In the
model by Agtindez et al. the entire midplane is frozen, while in ProDiMo the water
starts to freeze out at a radius of 1 AU. In figure 3.6 the radial extinction of one,
five and ten is plotted with a dashed line. In the model where the parameters are
changed the extinction increases faster with respect to the depth in the disk. This is
because the of the decreased maximum dust grain radius.



20 Chapter 3. Results

osh- 08 -

0.6F-

log & (CZH2)
log € (C2H2)

0.2

0.0

0.5 1.0 1.5 2.0 25 3.0 0.5 1.0 1.5 2.0 2.5 3.0

1 [au] r [au]
(A) ProDiMo old (B) ProDiMo new

FIGURE 3.6: The relative abundance of C, H, produced by ProDiMo
after changing the parameters, the dashed lines indicates where the
radial extinction is equal to one, five and ten

06 1.0 r
c, T Tauri
olla a 3,,_ il CoHy
2R
o 0.4 g g
2 “ st o
™ - B *E_
02 F *'f" -8 _g._g 0.4
o
/ -10 02
Nz
1 2 0.0
r [AU]
r (au)
(A) Agundez et al. (B) Agundez et al
(2008) (2018)
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taken from figure 6 of Agtindez et al. (2018), on the left is the relative

abundance for C; H; for the inner 3 AU, and on the right there is the
relative abundance for C, H, for the whole disk

3.7 Vertical cut

By making a vertical cut of the data it is easier to see if what happens exactly to
species within the disk. This vertical cut is constructed by plotting the relative abun-
dance against the column density. So the lowest density is the disk surface and the
densest part is the midplane. Marcelino Agtindez shared some of his data from his
2018 model with us. From this data it was possible to construct a vertical cut.

3.7.1 Difference between the original ProDiMo and remade ProDiMo model

By comparing the vertical cut of the new and old model we see that the H/ H, transi-
tion has moved from a column density of 24 cm =2 to 20 cm =2 in figure 3.8. The H/ H,
transition has moved because the maximum grain size from decreased from 750 pm
tol um. The mass of the combined dust is constant, so if the particles are smaller this
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means there are in total more dust particles, resulting in a larger effective area. This
leads to a more opaque disk which affects the extinction in the disk. So the disk is
more opaque which means photons penetrate less into the disk. Because of this the
photo-dissociation region for Hj lies a lot higher with respect to the midplane in the
disk than in the original model.

For C;H, CHy and HCN there is a large increase in relative abundance for a
column density of 20 cm~2 shown in figure 3.8. In the model with the original values
all species are completely on the right at the highest column density, which is the
disk midplane. In the model with changed parameters the species are more centered
with respect to the height of the disk.

3.7.2 Difference between ProDiMo and Agtindez

Using the data Marcelino Agtndez shared with us it was possible to construct a ver-
tical cut showing the relative abundance as a function of column density at a certain
radius. For a radius of 0.878755, 0.763209, 0.662856 and 1.544422 AU, a vertical cut
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was made. The reason these numbers are not exact is because in the data received
from Marcelino Agtindez. the values were given with a certain stepsize. Which re-
sulted in these radii. ProDiMo uses a certain stepsize so it is not possible to create
a cut at a specific radius. From ProDiMo I took the values that were closest to the
given radii from the received data. Between 0.5 and 1 AU is the interesting part, be-
cause this is the part where the Agtindez et al. (2018) model has the high abundance
of 1075, as shown in figure 1.2. At a radius of 1.5 AU, ProDiMo has the high C;H»
abundance of 10> in the surface as shown in figure 3.6B.
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FIGURE 3.9: Vertical cut showing the most basic species and a vertical
cut showing Tggs. Tyys¢, Ap and ny as a function of column density in
the disk at R around 0.89

From this vertical cut the H/ H, transition seems to be at the same column den-
sity of 20.5 cm~2. A visible difference between figure 3.9 A & B is that in ProDiMo
H and C* decrease in abundance towards the surface. This decrease is due to the
ionization to H™ and C™; this ionization is not visible within the vertical cut for
the Agundez et al. model. For C* this is because the Agtindez et al. model does
not have double ionized species. Furthermore the Agtindez et al. (2018) model does
not include X-rays. Because of this there are no high enough energized photons to
ionize hydrogen. The old model (Agtindez et al., 2008) did include X-rays, however
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there is no data to construct a vertical cut for the old model.

By constructing a vertical cut of Tgas, Tyust, Av and ny we see some of the disk
structure that is different. The biggest difference is that in the model of Agtndez
et al. the gas temperature is capped at 4000 Kelvin. ProDiMo has a temperature of
almost 25000 Kelvin in the surface. This is likely due to X-ray heating. What is also
interesting to see in the vertical cut made from the Agtdez et al. data is that the
location where A, = 1 can be determined in the graph. This is the location where
Tgas becomes equal to Ty,s;. Which is for both models around a column density of
21 cm~2, this is also the location where Hydrogen gets ionized. By comparing this
with figure 3.8D, we see that at a column density of 21 cm 2 the relative abundance
of CoH, and HCN peaks. From this it is save to say that the main creation pathway
for the ProDiMo network for C;H;,CH4 and HCN is trough H, addition. In terms of
density and opacity the disks are similar, as can be seen in figure 3.9 C and D.

A lot more figures with vertical cut at different radii can be found in appendix D.
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Chapter 4

Conclusion

The aim of this thesis was to find the difference between te models that caused a
difference in the relative abundance for Co H,, CHs and HCN between ProDiMo and
the model by Agtindez et al.

There are some differences in the chemistry but not one of these differences had
enough impact to reproduce the result of Agtindez et al. shown in figure 1.1. Some
of the species, especially the amount of ices are really different. Adding or removing
species did not give the desired result. There was also the reaction CoH; + H—> C,H3
which did not exist within the model of Agtndez et al. and turned out to be one of
the the main destruction mechanisms in ProDiMo. Removing it did not change the
abundance. By comparing the reaction rate coefficients for the main synthetic path
there were no significant differences between the models, all compared reaction rate
coefficients had values very similar to each other.

The model used by Agtindez et al. only runs for a million years, this means the
chemistry in the midplane has not reached steady state. Running the model for a
million years is enough to reach steady state in the upper disk but not in the mid-
plane. ProDiMo runs the model until it reaches steady state, so also the midplane
has reached steady state in ProDiMo. This is also why ProDiMo has the main cre-
ation and destruction reactions in the midplane with ices.

Running ProDiMo with the same parameters that Agtandez et al. used for disk
mass, disk radius, grain size, dust composition and cosmic ionization rate, resolved
the problem of the difference in relative abundance. The results of this run shows the
same values for the relative abundance of C;Hy,CHy and HCN high up in the disk.
The midplane is still different from the results Agtindez et al. showed us in figure
1.2. ProDiMo has relative abundances between 107> and 10> for the midplane and
in the model by Agtindez et al. the relative abundance does not go higher than 10~
for the midplane.

To conclude, the difference between the relative abundance has two main causes,
which are the timescales and the grain size distribution. The grain size distribution
has a large effect on the photo dissociation of H, which is one the the important reac-
tants. Because the main pathway towards CHy and C;H> is by H; addition. Thus by
moving the location of the H/ H, transition up in the disk, the relative abundance
of C;H,,CHy and HCN also moved up in the disk with respect to the midplane.
The temperature in Agtndez et al.’s midplane is lower then in ours because of the
way they determined it causing their model not to be in steady state in the midplane.
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For Future works it is interesting to run the model with a time dependent chem-
istry up to a million years to see what kind of effect this has on the midplane.
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Appendix A

Compared rate coefficients with the
2008 model

The rate coefficients for the Agtindez et al. (2008) model are taken from table 1 from
Cernicharo (2004). The values from Prodimo (Woitke, P., Kamp, I., and Thi, W.-EF,,
2009) are largely based on UMIST2012. This comparison of the two sets of rate coef-
ficients focuses on the warm chemistry in the inner disk because that is were these
reactions should occur.

MAIN REACTIONS INCLUDED IN THE MODEL

A E
ID Reaction (em® s7") n (K)
Rl ... CH+CH, =C,,H +H 27 % 107 —043 0
R2 ... CH + C,H, = C,H + GH, 33 x 107" 0.00 0
R3 ... CH+CH=C_H+H 33 x 107" 0,00 0
R4 .. CH+ CH=CH, +C, 30 x 1077 0.00 0
RS ... CH+CH, =CH, +H 20 x 107" 0.00 0
R6 ... C+CH=C,+H 33 % 107 0.00 0
R7 ....... C+CH =CH+H 20 x 107 0.00 0
RS ... C+CH, =C + H, 20 x 107 0.00 0
RO ... c+CH, =C. H, , +H 33 x 100 0.00 0
RIO ... C+CH=C, +H 20 x 107 0.00 0
RIL ...... H,+C=CH+H 31 x 107° 016 11890
RI2 ... H,+C,=CH+H 18 x 107'° 000 1469
RI3 ... H, +C(n>2)=CH+H 1.0 x 107 0.00 0
RI4 ... H+CH=CH, +H(n>2) 42 x 107 167 624
RI5 ... H,+CH = H + CH, 27 x 107 000 1545
RI6 ... H, + CH, = H + CH, 52 x 100" 017 6400
RI7 ... H, + CH, = H + CH, 20 x 107" 284 3864
RIS ... H, + CN = HCN + H 16 x 107 206 1334
RI9 .. Hy +CN=HCN+H@m>1) 53 x 100° 000 0
R20 ... H+CH=C+H, 13 x 107 000 80
R21 ... H+ CH, = CH + H, 52 x 100" 000 —675
R22 ... H+ CH, = CH, + H, 1.0 x 107 000 7600
R23 ... H + CH, = CH, + H, 35 % 1007 311 3970
R24 .. H+ CH=C,+H, 84 x 107" 000 14330
R25 ... CN + C,H, = HCN + G,H, 21 % 107" 0.00 0
R26 ... CN + CH, = CH,CHCN + H 51 x 107" —0.70 31
R27 ...... CN+CH, =HC, N+H 20x 10" 000 0
R28 ... 0+ CH, = H,CO + H 14 x 107 0.00 0
R29 ... 0+ CH; = OH + C,H, 20 x 100" 000 0
R30 ... CO+OH = C0, +H 12 x 107% 095 -75
R31 ... H, + OH = HO + H 84 x 107 000 1040

NoTe.— For this table, k = A(7/300)"¢ ™ and T, > 300 K.

FIGURE A.1: Rrate coefficients from table 1 of Cernicharo (2004)

17 of these reactions are not plotted. These are reactions 12,16,20 and 22 because
they have exactly the same values for the rate coefficients. Reactions 2,3,4,5,13,15,19,24,26
and 29 do not exist within ProDiMo. And reactions 6,9 and 10 are constant against
temperature in both models and vary by less than a factor 2.
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Compared rate coefficients with the
2018 model

The rates for this comparison are taken from the reaction rate files we got from
Marcelino Agundez. Besides the reaction CZH;' + Hy, —> CzH;)r + H, all reactions
from figure 2 of (Agtndez et al., 2008) have been compared. Rate coefficients that
were exactly the same or both constants are not shown in the plots.
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Abundance for HCN and CHy

C.1 Changing two reaction rate coefficients
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FIGURE C.1: Difference in relative abundance due to changing the
rate coefficients of Hy + CoH —> CoHy + Hand Hy + N-—> NH + H
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C.2 Changing the parameters
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Vertical cuts at different radii

D.1 Vertical cuts of ProDiMo

D.1.1 Old parameters

The vertical cuts for the old ProDiMo model are at radius = 0.851 and 1.485 for the

new ProDiMo model at R = 0.642, 0.895 and 1.475
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FIGURE D.1: Vertical cut at R = 0.851, plotted using the original
ProDiMo so with the Parameters shown in table 2.1
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Vertical cut at R =1.485 AU
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FIGURE D.2: Vertical cut at R = 1.485, plotted using the original
ProDiMo so with the Parameters shown in table 2.1
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D.1.2 New parameters
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FIGURE D.3: Vertical cut at R = 0.642, plotted using ProDiMo for the
model with changed parameters
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D.2 Vertical cuts of Agtindez et al.

On the next four pages the vertical cut for a radius of 0.878755, 0.763209, 0.662856
and 1.544422 AU are shown, created from the data received from Marcelino Agan-

dez.
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FIGURE D.6: Vertical cut at R = 0.663, constructed from the data by
Agtndez et al. (2018)
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Vertical cut at R = 0.763209 AU
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FIGURE D.7: Vertical cut at R = 0.763, constructed from the data of
Agundez et al. (2018)
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FIGURE D.8: Vertical cut at R = 0.879, constructed from the data of
Agtindez et al. (2018)
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Vertical cut at R = 1.544422 AU

) _ 0
5000 Vertical cut at R = 1.544422 AU
riz -2
4000
10 -
> - <
< 3000 ‘ £
2 5 5 6
© 8 = o
=
g 2000 E—, g
t6
1000 -10
0 * Lo % B 20 2 %
4 1 18 20 22 24 .
log Ny [cm~2] log Ny [cm™]
_,_Vertical cut at R = 1.544422 AU 3 Vertical cut at R = 1.544422 AU
4 — CH 4 — C:H2
] — H:0 B —— HCN
-5 CO5 -5 —— CH,4
—6 1 -6
g -7 ER
£ £
3 -8 3 -8
-9 -9
—-10/ -10
—11/ -11
-12 5 | | ! | } -12 4 | | } | |
14 16 18 20 22 24 14 16 18 20 22 24
log Ny [em~—2] log Ny [em~2]

FIGURE D.9: Vertical cut at R = 1.544, constructed from the data of
Agundez et al. (2018)
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