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Abstract

Manou IJTSMA

Dust rings in TW Hya

Recent high spatial resolution ALMA observations show a ringed substructure in the pro-
toplanetary disk of the nearby T Tauri star TW Hya. With the help of a thermo-chemical
disk code called ProDiMo which calculates both, the continuum radiative transfer and the
gas thermal balance/chemistry, the influence of this substructure on the gas will be in-
vestigated. The starting point for this thesis is an existing protoplanetary disk model from
the DIANA project which has a smooth surface density and hence also surface brightness
profile. Modifications of this model will be made to match the model as good as possible
to the observed surface brightness profile. From the final run it could be concluded that
the disk mass went down by 34 %. The substructure of the rings has caused the dust tem-
perature in the outer regions of the disk to increase. The gas temperatures did not show
a big deviation, but the CO iceline was shifted resulting in an increase of the CO ice mass
of 8.5×10−8 Msun. The smallest change in line fluxes between the original model and the
DIANA model is Fline = 1.36×10−21W/m2, which should be detectable by ALMA.

The final model is also compared to an existing disk model of TW Hya by van Boekel et al.
(2017) which matches the gas surface density within a factor two, but the surface density
of the large grains with sizes 1-10 mm differs by a factor 30. The reason for this difference
is not found as the van Boekel et al. (2017) paper gives to little insight in the modeling
method used to obtain this profile.
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Chapter 1

Introduction

Mankind has always wondered about the possible existence of other planets such as our
own earth outside the solar system. In 1995 the first extra solar planet has been discov-
ered: a Jupiter-mass companion to the star 51 Pegasi. Its existence was derived from the
periodic variations in the star’s radial velocity (Mayor and Queloz, 1995). This companion
lies only about eight million kilometres from the star, which would be well inside the or-
bit of Mercury in the Solar System. Mayor and Queloz (1995) argue that this object might
be a gas-giant planet that has migrated to this location through orbital evolution, or from
the radiative stripping of a brown dwarf. The theory explaining how planets should form
existed well before this discovery, however this type of planet did not fit those theories.
Hence the theory was revised and migration was included as a firm part of the model for
planet formation. Currently, the protoplanetary disks around young stars are thought to
be the formation site of planets. Recent ALMA and SPHERE observations have shown
substructure in these protoplanetary disks which could be related to the planet formation
process.

1.1 Stars and protoplanetary disks

The extra-solar planets show a wide range of diversity in orbital parameters, distances to
their main star and chemical compositions. This wide range of differences is linked to
the range of properties of their birth places: the disk like structures around young stars
composed of gas and dust particles. These disks share many of the properties of the solar
nebula from which the Sun and our planetary system formed, although their masses, ra-
dial dimensions and internal structures can be very different (Williams and Cieza, 2011).
The protoplanetary disks are formed along with their host star through the gravitational
collapse of their parent cloud and can thus be considered a byproduct of star formation.
There are a number of competing theories to explain how the collapse of a cloud to a star
exactly works. One of these theories is the inside-out collapse model (Shu, 1977).

In this inside-out collapse model it is assumed that the parent cloud is in hydrostatic equi-
librium for some time before the collapse itself starts. Another assumption made is that
the parent cloud rotates as a solid body and that the cloud is rotating slowly such that
the centrifugal force is relatively small compared to the gravity and pressure of the cloud.
Then, the early stages of collapse are almost radial. In this limit, we can distinguish be-
tween an outer envelope which stays almost spherical and an inner region that gets dis-
torted due to rotation and forms an equatorial accretion disk. Depending on the specific
angular momentum (that is the angular momentum per unit of mass) of a gas parcel, it
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will either be able to accrete onto the protostellar core (very low specific angular momen-
tum) or accrete onto the equatorial disk at some radius corresponding to its angular mo-
mentum. A particle initially located on the rotation axis of the cloud has zero angular
momentum and will simply fall directly to the center, i.e. the star. The maximum possible
distance from the star at which such a gas parcel can end up is called the centrifugal radius
rc , and it is reached by particles that are initially located in the midplane of the system,
i.e. the plane perpendicular to the rotation axis.

After this formation stage, also called the class 0 stage, the disk continues on into the sec-
ond phase. In this second phase, also referred to as a class I disk, the rapid inside-out
gravitational collapse of molecular cloud cores conserves angular momentum, producing
a protostar surrounded by a disk and an optically thick in-falling envelope. The driving
mechanism for the de-acceleration of the in-falling envelope is still debated. One of the
theories suggest a strong stellar wind breaking out at the rotational poles, reversing the
infall and producing bipolar outflows.

The next phase is disk dispersal. After the collapse of the cloud to form the protostar and
disk system the last bits of the tenuous cloud are likely driven away by radiation pressure
and also possibly winds from the young protostar. These disk winds are rather invoked
to disperse the disk and not so much the cloud, thus acting more efficiently in the later
evolutionary stages of the disk. These photoevaporative winds occur when high-energy
radiation is incident on a disk, and its upper layers are heated to well above the midplane
temperature. At sufficiently large radius (i.e., high enough in the potential well) the ther-
mal energy of the heated layer exceeds its gravitational binding energy, and the heated gas
escapes. The result is a centrifugally-launched, pressure-driven flow, which is referred to
as a photoevaporative wind (Alexander et al., 2014).

This phase seems to be intimately connected with the disk formation phase in which the
star and its disk become optically visible, also referred to as a class II disk. The main ad-
vantage of these class II disks is that they are more exposed systems, meaning they are
more easily accessible to observations.

1.2 Planets forming in disks

In the final stages of disk evolution, where disk dispersal occurs, the disk material is re-
moved. Mechanisms for disk clearing include accretion onto the protostar, forming plan-
ets and forming small objects.

Planets are formed in the protoplanetary disks by collisions between the dust grains. As
the dust settles towards the disk mid-plane the density of grains rises, which increases
the likelihood of grain-grain collisions. There are three possible outcomes of a grain-grain
collision: the grains can stick, rebound or shatter. The probability of sticking depends on
the relative velocity of the grains and their chemical and physical properties (Blum et al.,
2006). High speed collisions are more likely to result in shattering, while low speed colli-
sions are more likely to result in sticking. Icy and tarry grain surfaces are likely to enhance
sticking. This grain growth happens in three steps: first the tiny grains stick electrostati-
cally; then small grains grow via collisions; and finally planetesimals grow via accretion.

The timescale of this disk clearing puts constraints on the planet formation process, as a
fully dispersed disk has no material left to form planets. The oldest observed (gas-rich)
protostellar disks are about a few 106−107 years old (Haisch, Lada, and Lada, 2001), so the
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disk must be cleared within this time frame. Once the disk has dispersed, we are left with
a new young hydrogen burning star, possibly surrounded by a planetary system.

Many protoplanetary disks show central cavities, rings, or spiral arms linked to low-mass
stellar or planetary companions. However, few such features are conclusively tied to bod-
ies embedded in the disks. These small features of the disk surface could even cast shadow
as the starlight grazes the surface (Isella and Turner, 2018). These substructures are in-
vestigated in the Disk Substructures at High Angular Resolution Project (DSHARP). This
project provides a large sample of protoplanetary disks with substructures that could be
induced by young forming planets (Zhang et al., 2018).

1.3 Modeling the disks and host stars

To investigate how the chemical properties of such a star and its disk vary with physical
properties and geometry the use of models is a very common practice. For these mod-
els important boundary conditions are derived from the distribution of gaseous and solid
materials around the young stars. The disk models are widely used by the community
to analyze and interpret line and continuum observations, such as photometric fluxes,
low- and high-resolution spectroscopy, images and visibility data, from X-ray to centime-
ter wavelengths.

Since the use of models is such a common practice a lot of different models exist, which
can be divided into two categories. First, the continuum radiative transfer models which
explore the disk shape, dust temperature and grain properties. Examples of models such
as these are MCFOST (Pinte et al., 2006) and MCMax (Min et al., 2009), both using a
Monte-Carlo method for the radiative transfer which uses an energy diffusion approxima-
tion to improve the accuracy of the temperature structure in highly obscured regions of
the disk, where photon counts are low. Second, the thermo-chemical models which usu-
ally include chemistry and UV and X-ray physics to explore the temperature and chemical
properties of the gas. This approach has been mostly used to explain submm molecular
data from the outer disk. However, it has been used for years now also for near- and mid-IR
spectral data - Carmona et al. (2014), Hein Bertelsen et al. (2014), Woitke et al. (2018b).

1.4 TW Hya

In this thesis the protoplanetary disk of TW Hya will be modeled. TW Hya, or TW Hydrae
as it is also called, is a T Tauri type of star. The T Tauri stars are very young stars with
an age of less than 10 million years (Appenzeller and Mundt, 1989). The name for the
star type comes from the prototype star T Tauri in the Taurus star-forming region. The T
Tauri stars are pre-main-sequence stars with masses less that 3 M¯. The T Tauri stars are
found near the molecular clouds and are identified by their optical variability and strong
chromospheric lines.

TW Hya is a 10 Myr old star which shows close resemblance to our Sun with a mass of
only 0.8 M¯ (Bergin et al., 2013). TW Hya is categorized to have a spectral type of K6Ve
while our sun has a spectral type of G2V (Torres et al., 2006). Alongside the very close
spectral type the star also shows a close resemblance to the sun in terms of its mass. With
a distance of 54±6 pc TW Hya is a relatively close star (Qi et al., 2013). What makes TW
Hya particularly interesting is the face-on viewing angle (inclination of ∼ 6◦) of the star
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FIGURE 1.1: Image of the 870µm continuum emission of TW Hya disk with a 30 mas FWHM (1.6
AU) circular beam. The rms noise level is rougly 35 µJy beam−1 (Andrews et al., 2016).

and its gas-rich disk with a disk-mass of ∼ 0.04 M¯ (Bergin et al., 2013). The disk size as
traced by millimeter dust emission is ∼ 60 AU, with a more extended (> 100 AU) disk in
gas emission (CO) and micrometer-sized dust emission (Andrews et al., 2012). Within this
disk around TW Hya, Setiawan et al. (2008) have postulated a planet of mass 9.8±3.3 MJup

which orbits the star with a period of 3.56 days at 0.04 AU, inside the inner rim of the disk.
However, there is some discussion whether or not this planet really exists. Therefore this
observation should be addressed carefully. If this planet exist, it would demonstrate that
planets can form within 10 Myr, before the disk has been dissipated by stellar winds and
radiation. The recent image of TW Hya as observed by ALMA can be seen in Fig. 1.1. In this
figure the protoplanetary disk of TW Hya shows three distinctive rings around the center.
If the earlier postulated planet orbiting at 0.04 AU is causing one of these observed rings
could be debated. Earlier observations have shows that one planet could cause multiple
gaps, so the relation between this planet and the substructure remains to be checked (Bae,
Zhu, and Hartmann (2017), Dong et al. (2017)).

1.5 Surface brightness

A deprojection of the ALMA observations of these gaps in the protoplanetary disk is shown
in Fig 1.2. In this figure by Andrews et al. (2016) they show the surface brightness of the
ALMA 870 µm observations of TW Hya and its protoplanetary disk that trace millimeter-
sized particles down to spatial scales as small as 1 AU (20 mas). In these images the rings
are clearly visible with the contrast between the dark and bright annuli between 5% - 30%.
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In Figure 1.2 we see the image as previously shown in Fig. 1.1 now azimuthally averaged
into a radially surface brightness profile. The inner disk (<0.5 AU in radius) includes an
unresolved source coincident with the stellar position (0.93±0.04 mJy) and a bright ring
that peaks at 2.4 AU. Between these two features a dark annulus is centered at a distance
of 1 AU. The bright ring and dark annulus are unresolved (<1 AU across). Because of this
resolution issue it is difficult to estimate the depth of the dark annulus unambiguously,
but they find at least a 30% brightness reduction.

FIGURE 1.2: (top) High resolution (24×18mas beam) synthesized image deprojected into a map
in polar coordinates to more easily view the disk substructure (bottom). The azimuthally averaged
radial surface brightness profile. For reference, the dashed red curve shows the midplane temper-
ature profile derived from a representative model disk. The gray curve in the bottom left reflects

the profile of the synthesized beam (figure and caption taken from Andrews et al., 2016, Fig.2)

.

1.6 Surface density

The SPHERE observations of TW Hya by van Boekel et al. (2017) probe the sub-micron-
sized dust population in the disk surface that closely follows the bulk gas density. Their
SPHERE observations have a spatial resolution of 1-2 AU, which is similar to ALMA dust
continuum observations. Motivated by the strong radial variations in the surface bright-
ness and high degree of azimuthal symmetry in their observations, they focus their anal-
ysis on explaining these radial variations. Their main interest is the bulk surface density
profile of the TW Hya disk. To examine the surface density profile they have developed a
radiative transfer model of the TW Hya disk. The radiative transfer model has indepen-
dent distributions of coupled gas and small dust as traced by the SPHERE observations on
the one hand, and large dust as traced by the ALMA observations on the other (van Boekel
et al., 2017).

Their radiative transfer model has small dust grains following an MRN size distribution
with grain radius amin,s ≤ amax,s; the large dust also follows an MRN size distribution with
amin,l ≤ amax,l. They argue that radial variations in the gas density may lead to radial drift
of dust particles that are large enough to no longer be perfectly coupled to the gas, yet
small enough to still be influenced by it (i.e., particles with Stokes numbers not largely dif-
ferent from unity). Their surface density of large grains, ranging from 1-10 mm, is shown



6 Chapter 1. Introduction

FIGURE 1.3: Figure 18 from van Boekel et al. (2017): Toy model for the radial distribution of large
dust derived from the gas distribution in their radial transfer model (grey) compared to the radial
distribution of large grains that reproduces the ALMA data (black). A distance of 54 pc has been

assumed.

in Fig. 1.3. In this figure, the black line represents the surface brightness, obtained from
their radiative transfer model, matching the ALMA data by Andrews et al. (2016). In this
figure the grey line represents the large dust grain surface density as it would arise from
their SPHERE gas model taking into account how the large grains are drifting in such a
"gas disk". The black line shows the radial distribution of large grains that they find from
directly fitting the ALMA data. van Boekel et al. (2017) note that the absolute level of the
surface density of large grains in the ALMA data is not well determined. With their as-
sumed large grain sizes of 1–10 mm they obtained an opacity of ∼ 1 cm2g−1 for the large
grains.

They also explore the possibility where embedded planets are responsible for creating the
gaps and estimate the corresponding limits of planet masses following Debes et al. (2013).
Duffell (2015) has created a simple analytically model to model the gaps in the proto-
planetary disks. He presents a model for calculating the surface density as a function of
radius in which a planet has opened a gap. The comparison between their derived deple-
tion factor ( f (R)) and an implication of the model of Duffell (2015) is shown in Fig. 1.4.
They conclude that the TW Hya disk gaps are only partially cleared, which implies that,
if planet-disk interaction is the underlying physical mechanism, the embedded planets
have masses that are substantially below the gap opening mass. This gap opening mass is
dependent on the viscosity parameter α; if α increases then the mass required to reach a
given gap depth is higher.

Alongside the surface density of the large grains the surface density of the gas is also in-
vestigated. The gas surface density from their model matching the SPHERE data is shown
in Fig. 1.5.



1.6. Surface density 7

FIGURE 1.4: Comparison between the derived radial surface density depletion factor ( f (R), black
curve) and an implementation of the model of Duffell (2015) with three planets, approximately
matching the depth of the gaps (gray curve). The innermost disk regions that are not well probed
with the observations are masked. A distance of 54 pc has been assumed (figure and caption from

van Boekel et al., 2017).

FIGURE 1.5: Figure 11.a from van Boekel et al. (2017), the black line denotes the gas surface density
from their model. The grey line represents the unperturbed surface density profile from Menu et
al. (2014). The surface density of small grains is indicated with the dashed line, and the population

of large grains near the midplane is shown with the dotted line.
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1.7 Chemistry

CO is the second most abundant species in molecular clouds reaching values of 10−4 of
the H2 abundance (Maciel, 2013). The collision between the H2 molecules and the CO
molecules produce CO rotational level excitation, followed by emission of photons at mm
wavelengths. The CO chemical bond is extremely strong with r0 being unusually small.
The reason to choose CO over H2 is that H2 has no dipole moment and the H2 rotational
lines have excitation energies much larger than 100 K. The rotational levels of CO are much
more closely spaced than those of H2, meaning there are many more allowed rotational
levels (Draine, 2011).

The CO rotational lines span a wavelength range from infrared to a few mm. The CO 2.6
mm line in a galaxies molecular gas plays the same role as the atomic H 21 cm line in the
mapping of diffuse interstellar gas (Maciel, 2013). Alongside the CO emission lines the CO
iceline is also investigated. This line shows the temperature at which the CO molecules
freeze out onto cold dust grain surfaces.

1.8 Aim

The aim of the project is to adapt the surface brightness of an existing disk model of TW
Hya in such a way that it would match the new higher spatial resolution ALMA observa-
tions. This existing disk model and the thermo-chemical disk code called ProDiMo will be
introduced in Chapter 2. ProDiMo calculates both, the continuum radiative transfer and
the gas thermal balance/chemistry. This original model will be adapted in order to investi-
gate to which extent the inhomogeneous dust distribution causes similar structures in the
gas - either thermal or chemical inhomogeneities - and whether these would be observ-
able with ALMA in the CO submm gas lines. Chapter 3 explains in detail how the original
model will be adapted to show the substructure as observed by Andrews et al. (2016) (Fig.
1.2). In chapter 4 the results will be presented and the influence of this substructure on
the gas will be discussed. In chapter 6 and 5 I will give a short summary after which we
will draw our conclusions and discuss the obtained results.
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Chapter 2

The model

The protoplanetary disk of TW Hya and the host star will be modeled using the thermo-
chemical disk code ProDiMo that calculates both, the continuum radiative transfer and
the gas thermal balance/chemistry. ProDiMo is an acronym for Protoplanetary Disk Model.
ProDiMo assumes a steady state solution for the calculation of the disk properties. It is
based on the thermo-chemical models of Kamp and Bertoldi (2000); Kamp and van Zadel-
hoff (2001); Kamp and Dullemond (2004), but completely re-written to be more flexible
and to include more physical processes (Woitke, Kamp, and Thi, 2009).

ProDiMo calculates the physical, thermal an chemical structure of a protoplanetary disk
using global iterations. These iterations involve 2D dust continuum radiative transfer,
gas-phase and photo-chemistry, thermal energy balance of the gas, and the calculation
of the hydrostatic disk structure in axial symmetry. Alongside these physical parameters
ProDiMo also calculates some observables such as images and lines.

One of the main advantages of using ProDiMo is the flexibility in the code. Different as-
pects of the model can be ignored or skipped based on the specific problem. These so-
called "switches" make sure that small adaptations of a model can be implemented within
limited computational time. In this thesis the aim is to fit an existing model to recent ob-
servations by an iterative procedure of minimizing the difference between observations
and model. These switches make it easy to speed up the runtime for each model. It is
also possible to restart a run with adaptions from a checkpoint file created after every run,
which is frequently used in this thesis. Alongside restarting from this checkpoint file, the
chemistry will also be kept constant for the different adaptations.

After every run ProDiMo creates a restart file which could be used a checkpoint file to im-
prove the speed of the reruns as a number of calculations are skipped and just taken from
the checkpoint file. Int his way, the model starts the adaptations from a known "good"
solution. In this thesis adaptions of a standard model will be run over each other in order
to match the model surface brightness profile to an image surface brightness profile as
good as possible. As there is no need to calculate the chemistry and temperature of the in
between runs, but only for the final run, the chemistry switch is turned off. After a satis-
factory match is obtained between the image profile and the model profile, the chemistry
will be calculated for that specific run to compare to the initial DIANA model.

2.1 Data visualization with ProDiMopy

The output from ProDiMo can be visualized with the help of ProDiMopy. ProDiMopy is
a python package which provides routines for reading and plotting the output of one or
more ProDiMo models. The output of the models can also be processed using an idl script,
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however this method visualizes all the output from the model in a single postscript file.
ProDiMopy also makes it easier to extract a specific value or values from the model which
could be used for further analysis.

2.2 The DIANA project

In this thesis the aim is to adapt an existing model of the protoplanetary disk surrounding
TW Hya to capture the substructure in the rings. These adaptations will start from a known
model of the DIANA project. The DIANA project (The European FP7 project DiscAnalysis)
aims to model a statistically relevant sample of protoplanetary disks in approximately the
same way in order to compare the physical output of these models (Woitke et al., 2018a).
The DIANA project has modeled a total of 27 protoplanetary disks and their host star us-
ing the same methodology in order to compare the derived physical disk properties from
these models. Currently, the assumptions for disk modeling vary significantly between pa-
pers, making it rather difficult to compare these properties, even if they originate from the
same research group. Contrary to many earlier efforts, in the DIANA project these physi-
cal and chemical modeling assumptions are not changed as they are applied to different
objects.

The approach of the project is based on a defined succession of three modelling steps.
First, the aim is to fit the stellar and irradiation properties of the central stars. Second,
applying state-of-the-art 2D disk modeling software ProDiMo, which will also be used
in this thesis, with a fixed set of physical and chemical assumptions, to simultaneously
fit the disk shape, dust opacity and gas parameters of all objects. Finally, to use various
post-processing radiative transfer tools, including FLiTs (written by M. Min) (Woitke et al.,
2018a).

The TW Hya image used by the DIANA project is 854 µm ALMA archival data. This data
set has a resolution of 1.5" which is lower compared to the 30 mas FWHM circular beam
image which will be used for this thesis. The comparison of this original low resolution
input profile and the surface brightness profile of the DIANA model is shown in Fig, 2.1.

FIGURE 2.1: The surface brightness profiles from the DIANA model at 854 µm. Left shows a loga-
rithmic scale, right shows the linear scale.
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2.3 Initial model parameters

The initial parameters for the model and the adaptations which will be done during this
thesis are taken from the DIANA model. The region where the hydrogen nuclei particle
density reaches 1020cm−2 is defined as the outer edge of the disk. The initial conditions
set for TW Hya and its protoplanetary disk are shown in Table 2.1.

Stellar parameters
Stellar mass 0.75 M¯
Stellar luminosity 0.242 L¯
Stellar effective temperature 4000.0 K

Disk parameters
Inner disk 0.078 -4.6 AU
Gas to dust ratio inner disk 781
Outer disk 4.6-180 AU
Gas to disk ratio outer disk 441
Disk mass 4.48 ×10−2M¯
Distance 51 pc
Inclination 7 degrees

Dust parameters
Minimum grain radius 1.14 ×10−3µm
Maximum grain radius 5.73 ×103µm
Dust size distribution power index 4

Chemistry
Number of species 239
Number of elements 14

TABLE 2.1: Input parameters for ProDiMo taken from the original DIANA model for TW Hya
(Woitke et al., 2018a).
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Chapter 3

Method

The aim of the project is to investigate how the substructure of the disk influences the gas
either in a thermal or chemical way. The DIANA model, as described in Sect. 2.2, will be
the starting point. This DIANA model will be modified to match to an observed brightness
profile as good as possible.

3.1 Surface brightness

While digitizing the surface brightness from Andrews et al. (2016) (Fig. 1.2) it could be
noticed that the intervals between the axis label on the right vertical axis are not lin-
ear between 0− 0.2 mJy/beam. As the distance on this axis is the same between 0.02−
0.2 mJy/beam as it is between 0.2−0.4 mJy/beam, the determination of the profile from
this paper ended in values below zero after ∼ 60AU. In the higher frequency ALMA bands
which were used for the determination of this profile the Rayleigh-Jeans criterion is not

FIGURE 3.1: The original surface brightness profile as determined by Andrews et al. (2016) (blue)
versus the newly determined surface brightness profile from their image shown in Fig. 1.1 (yellow).
Their original profile drops to negative values for the surface brightness after ∼ 60AU, while the
newly determined surface brightness profile goes asymptotically to zero. In this thesis, the surface
brightness profile as determined from the ALMA image will be used from here on as the Andrews

et al. (2016) surface brightness.
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met. Therefore, the brightness temperature is calculated from the full plank function, as
this is a more appropriate way to compare the brightness temperature with the surface
brightness. The surface brightness profile is determined from the ALMA image showed in
Fig. 1.1 1, using the 30 mas circular beam instead of the 24×18 mas beam as described
in Fig 1.2. This new surface brightness profile is determined by Christian Rab from the
original image as referred to in the Andrews et al. (2016) paper. The comparison between
these two profiles is shown in Fig. 3.1. Here the original profile from Andrews et al. (2016)
is shown in blue, and the new determined profile is shown in yellow. From this figure it
can be seen that the profile as determined by Andrews et al. (2016) is indeed taking nega-
tive values after 60 AU, while the new profile is asymptotically going to zero. In this thesis,
the ALMA image determined surface brightness profile will be used as the Andrews et al.
(2016) surface brightness.

3.1.1 Determining the model surface brightness

(A) (B)

FIGURE 3.2: Figure. 3.2A shows the image profile by Andrews et al. (2016) (red) in comparison
to the model surface brightness profile before (black) and after convolution with the ALMA beam
(blue dashed). Figure. 3.2B shows the image representation of the DIANA model surface brightness

profile.

ProDiMo uses two types of grids; one for the physical disk structure and one for the ray
tracing to obtain images. For the determination of the surface brightness the latter is used.
The data in the ray tracing grid is polar and is determined at 300 different wavelengths.
The profile by Andrews et al. (2016) is from the 870 µm continuum image, the closest
matching wavelength will be used for the comparison, which corresponds to 865 µm. The
model calculates the image by creating rings at increasing radii originating from the center
of the star. Each of these rings then consists of 72 data points at which the values for the
brightness are calculated in erg/s/cm2/Hz/sr. The annuli are separated logarithmically in
radius. The radial profile is calculated by taking the mean over each of the separate rings,
resulting in a value for the surface brightness corresponding to the radius of that ring.

1Image taken from https://www.cfa.harvard.edu/ sandrews/data/twhya/
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The radial surface brightness profile as determined by Andrews et al. (2016) has units of
mJy/beam. In order to convert from per beam to per steradian the values as determined
by Andrews et al. (2016) are multiplied by 3283.8 (1 sr = 3283.8 degrees2) and divided by
the area of the beam in degrees2. The area of the beam is defined as

Ω= πbmajbmin

4ln(2)
(3.1)

This equation assumes a beam with bmin = 30 mas and bmaj = 30 mas. This gives a total
area of 7.87×10−11 degrees2. The comparison of the standard model of the DIANA project
versus the image data as determined by Andrews et al. (2016) is presented in Fig. 3.2. In
this figure the blue line represent the radial surface brightness from the DIANA model,
the red line represents the ALMA data by Andrews et al. (2016). Figure 3.2 shows that the
DIANA model and the ALMA image data are in the same order of magnitude and have
roughly the same shape. However, from 70 -100 AU the DIANA model is underestimating
the surface brightness by a factor ∼ 5.

3.1.2 Adapting the model

The current DIANA model will be adapted to match the observations done by Andrews et
al. (2016). For each radial point the value for the surface brightness of the original DIANA
model is divided by the value of the image data as determined by Andrews et al. (2016),
resulting in a factor fI/M. The column density for the DIANA model will be multiplied
by fI/M, creating a new column density which will be used for the next run. The column
density used for the DIANA model is shown in Fig. 3.4 in blue. As the main interest of
this thesis is the outer region of the disk, the inner region of the column density will be
kept constant. This corresponds to just before the big jump at 4.5 AU, where the column
density increases by a factor of ∼ 4000.

The profile beyond 4.5 AU will be multiplied by fI/M. Since the factor will increase or de-
crease based on the difference between the model and the image, this behaviour trans-
lates to an increasing and decreasing column density corresponding to the observed rings.
This process is repeated several times until the model and the image data are of roughly
the same shape. This procedure has previously established by Muro-Arena et al. (2018)
for HD163296. They have modeled the disk was using the Monte Carlo radiative transfer
code MCMax3D where they have modeled the radial dust surface density profile after the
ALMA observations.

3.1.3 Calculating fI/M

ProDiMo calculates the images of the protoplanetary disk using a polar grid with 275 radial
and 72 azimuthal data points. These radial data points extend out to a distance of ∼ 200
AU, while the observed image profile by Andrews et al. (2016) extends out to ∼ 125 AU. The
image profile observes only the dust, while the aim is to model the gas as well. Therefore
the image profile is extrapolated out to 200 AU in order to calculate the factor, fI/M. This
extrapolation resulted in a new image profile out to 200 AU. However, as the original image
profile by Andrews et al. (2016) has values close to zero around 125 AU, the extrapolation
of this profile resulted in the extended profile having the value of zero from 130 AU to 200
AU. If fI/M were to be be calculated using these two profiles, fI/M drops to zero for radii
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> 125 AU. For the follow-up procedure of multiplying the column density with fI/M this
results in a zero-value column density from 125 AU to 200 AU.

The better approach to calculating fI/M is to create a new image profile for the surface
brightness by combining the original image profile as determined by Andrews et al. (2016)
and the surface brightness from the DIANA model. Up to ∼ 80 AU this new profile will
be exactly the same as the image profile by Andrews et al. (2016). After ∼ 110 AU this
profile will be exactly the same as the DIANA model profile. In between these boundaries
a weighted average of the image surface brightness and the model surface brightness is
calculated. This new image surface brightness profile is then divided by the model surface
brightness profile to create a new factor called fW/M. This factor is shown in Fig. 3.3 in red.
What can be seen here is that this new fW/M is lower by a factor 2 with respect to fI/M. For
the calculation of fW/M for the first run the weighted average is calculated between 78.07
AU and 105.88 AU. ProDiMo creates a new image grid every time it is rerun, causing the
intervals in which the weighting occurs to vary from one run to the other. However, this
variation is at most 1 AU.

As none of the two previous factors show the desired behaviour, they are combined. Up to

∼ 110 AU the factor f f i nal
I/M is equal to the factor calculated from extrapolating the image

profile, thus capturing all the structure. After ∼ 110 AU f f i nal
I/M is equal to fW/M. This means

that the two previously calculated factors are glued together at 110 AU to create the final

fI/M, f f i nal
I/M which will be used from here on. This f f i nal

I/M is shown in Fig. 3.3 as the black
line.

FIGURE 3.3: Three different fI/M which are determined. The original fI/M which drops to zero
(green), fW/M as calculated between the weighted image profile and the model profile (red), and

the factor f f i nal
I/M which is eventually used for the determination of the new column density (black).

As the inner disk is ignored, the fI/M is fixed to be 1 between 0−4.5 AU. Note that the three different
fI/M are the same up to 75 AU.
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FIGURE 3.4: The comparison of the number densities before and after the procedure described in
this section. In blue the original smooth number density used in the DIANA standard model, in
yellow the first adaptation of the profile already showing some of the substructure. The inner disk,

up to 4.5 AU, is kept the same as the initial model.

3.1.4 Manipulating the column density

The original column density is multiplied by f f i nal
I/M . From this the new column density

is created which will be used for the first run. This new column density is shown in Fig.
3.4. As previously discussed, the inner disk will be kept constant with respect to the orig-
inal DIANA run which can be seen in Fig. 3.4. Here it can be seen that the two profiles
are overlapping and the first adaptation of the profile is occurring after 4.5 AU. In the re-
gion between 4.5−27 AU the surface density is decreasing, which is as expected since the
DIANA model overestimated the surface brightness in this region. The column density is
increased between 27−62 AU, corresponding to the underestimation of the DIANA model
in this region. Between 62 and 75 AU the profile shows a small dip, which can also be seen
in Fig. 3.2A. In the region between 75−106 AU the profile increases again, after which it
follows the previous column density exactly.

3.2 Surface density

The final surface density will eventually be compared to the final surface density profile
from the van Boekel et al. (2017) model. This profile is shown in Fig. 1.5. In this profile they
show the gas surface density of the TW Hya disk. This surface density can be calculated
from the vertical hydrogen column density by multiplying by the mean molecular weight
of the gas and the mass of hydrogen. Here a mean molecular weight of µ= 2.4 is assumed.
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The surface density of large grains of the final model is also compered to the van Boekel et
al. (2017) model profile for large grains. Their profile showing the surface density of large
grains is shown in Fig. 1.3. In this model they have created a radiative transfer disk model
with self consistent temperature and vertical structure iteration and including grain size-
dependent dust settling. They have fitted the SPHERE and ALMA data, with their SPHERE
observations having a resolution of 1-2 AU, similar to recent ALMA dust continuum ob-
servations.

Figure 1.3 only shows the surface density of the large grains (sizes between 1− 10 mm),
while the models for this thesis calculate the surface density for the gas disk. To correct
for this the model profile will be divided by the gas to dust ratio as given in the DIANA
model. This gas to dust ratio has a value of 781 in the inner disk (< 4.5 AU) and 441 in the
outer regions. In this thesis the focus is on the outer region, therefore the profile will be
divided by 441 to account for the dust instead of the gas.

Once the surface density of the grains is calculated, the profile needs to be corrected for
the different grain size distributions. van Boekel et al. (2017) have used two intervals in
which the surface density is calculated. First, the interval between 0.1µm to 3µm for the
small grains, and 1 - 10 mm for the large grains. Both of these intervals follow an MRN
size distribution. The DIANA model, which will be used as the starting model, here used a
continuous grain size distribution between amin = 1.141×10−3 µm and amax = 5.735×103

µm. In order to correctly compare the two profiles, the surface density in large mm grains
will be extracted from the DIANA model to match the interval of the large grains only. The
fraction between the total mass and the mass of the large grain particles will be calculated
as follows. The total mass of grains between sizes amin and amax is defined as

Mdust =
∫ amax

amin

n(a) ·m(a)d a (3.2)

where the mass of a single particle is defined as

m(a) = 4

3
πρgraina3 (3.3)

and the grain size distribution is defined as

n(a) ∼ a−γ (3.4)

In the interstellar medium, the power for the grain size distribution (γ) is equal to 3.5,
while the DIANA model has γ= 4. Together with the maximum and minimum radii from
this DIANA model, amin = 1.141×10−3 µm and amax = 5.735×103 µm, the factor between
the two intervals becomes

ftot/large =
Mdust,tot

Mdust,1mm−amax

=
∫ amax

amin
a−4 4

3πρgraina3d a∫ amax
1 mm a−4 4

3πρgraina3d a
(3.5)

Important to note here is that van Boekel et al. (2017) have a maximum grain size of 10
mm while the maximum grain radius in the DIANA model is amax = 5.735 mm. Therefore
the integration boundaries of the interval of the large grains are between 1 mm and amax,
and not between 1 mm and 10 mm. With this in mind the integral becomes
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ftot/large =
∫ amax

amin
a−1d a∫ amax

1 mm a−1d a
= ln amax − ln amin

ln amax − ln1 mm
= 8.83 (3.6)

The output from the model by van Boekel et al. (2017) will be compared to the surface
density as calculated by the final run of adaptations to the original DIANA model.

3.3 Chemistry

To investigate how this substructure of the disk is influencing the chemistry in the pro-
toplanetary disk of TW Hya the gas and dust temperature as well as the CO abundance
distribution from the original DIANA model will be compared to the final iteration of the
run with the adapted column densities.

At first it will be investigated how the dust temperature is changing with radius and depth
of the disk. Second, the gas temperature is investigated in the disk. Third, the CO iceline
showing where the CO molecules occur as ice is compared. Finally, the fluxes of three
isotopologues of the CO molecule; 12CO, 13CO and C18O will be compared.
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Chapter 4

Results

4.1 Surface brightness

4.1.1 First run

The adaptions of the model to match the surface brightness profile as determined by An-
drews et al. (2016) are started from the DIANA model. To speed up the computational
time of each rerun, ProDiMo will take the temperature from the restart file from the DI-
ANA model such that the radiative transfer starts from a "good" solution already. In ad-
dition, neither the gas temperature nor the chemistry is calculated for the intermediate
iterations.

Figure 4.1 shows the output after the first run with the new column density as shown in Fig.
3.4. Figure 4.1A shows the surface brightness of the model after convolution (blue), versus
the observed surface brightness by Andrews et al. (2016) (red) on a logarithmic y-axis. In
comparison to the original DIANA model, which was the starting point, it can be seen

(A) (B)

FIGURE 4.1: Output for the first run with adaptations. Figure 4.1A shows the image data by An-
drews et al. (2016) (red) in comparison to the model surface brightness profile before (black) and
after convolution with the ALMA beam (blue dashed). Figure 4.1B shows the image representation

of this surface brightness profile.
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that up to ∼ 30 AU the model is still overestimating the surface brightness. However, this
method has been very successful for the region 30 ≤ r ≤ 70 AU, where the model and the
observations are now approximately the same. In the outer region of the disk (r ≥ 70 AU)
the model is responding to the adapted column density as the model profile has increased
in this region and is already showing a bump around 85 AU corresponding to the bump
in the image profile. However, the image profile is still a factor two higher than the model
profile in this region.

Figure 4.1B shows the image representation of the surface brightness profile of the model
shown in Fig. 4.1A. In comparison to the original image form the DIANA model (Fig. 3.2B)
it can be seen that the outer region (> 1") is appearing fainter than it is is the original
model. However, within the first arcsecond the disk seems almost as bright as it is for the
original model. At the distance of TW Hya (51 pc), 1" ≈ 60 AU. In comparison to the surface
brightness profile as seen in Fig. 4.1A the model was not responding to the adaptions yet,
thus explaining the bright inner disk.

Figure 4.1 shows that the manipulation of the column density is indeed affecting the sur-
face brightness of the model. In order to also make the inner region (< 30 AU) and the
outer region (> 70 AU) of the disk adapt to the observations, the same procedure as de-
scribed in Sect. 3 will be applied again. The results of this are shown in Fig. 4.2. Figure
4.2A shows fI/M as calculated in this first run versus the fI/M as calculated between the
original DIANA model and the image data. Figure 4.2B shows the new column density af-
ter applying fI/M to the column density used for the first run. ProDiMo assumes the disk
to be spherically symmetric, therefore the column density is only calculated for half of
the disk. However, the input column density for the model should be the column density
for the entire disk. Therefore, to continue this procedure, the model calculated column
density is multiplied by 2 to calculate the column density of the entire disk.

(A) (B)

FIGURE 4.2: Figure 4.2A shows fI/M as calculated between the original DIANA model and the image
data (blue) and fI/M as calculated between the first run with adaptations and the image data (yel-
low). Figure 4.2B shows the new column density which will be used for the second run (green) in
comparison to the column density for the first run (yellow) and the original DIANA column density

(blue).

4.1.2 High resolution

After three runs it became clear that the overall shape of the model surface brightness
profile was matching the shape of the image surface brightness profile, but was lacking
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FIGURE 4.3: Model surface brightness profile (black) versus the image surface brightness profile
(red) between 60 and 100 AU. This plots shows how some of the finer substructures in the image
profile are not captured in the model profile as the model does not have a high enough resolution.

the finer substructures. To demonstrate this, Fig. 4.3 shows the model profile versus the
image profile between 60 and 100 AU. In the model profile, the x marks a data point. What
can be seen from this figure is that the finer structures of the image profile fall in between
the data points. For example, the model profile matches the image profile at 79 and 83
AU. However, in between these points the image profile shows a dip. As this dip occurs
in between these two points, the model profile will never catch this dip. In order to make
the model profile more detailed the resolution of the model is increased. Previously the
images of which the surface brightness is determined were calculated on a polar grid with
275 radial and 72 azimuthal data points. Now, the image will be calculated on a polar grid
with 475 radial and 72 azimuthal data points, almost doubling the amount of points in
the profile. This doubling of the data points resulted in also doubling the computation
time for each run. As the amount of data point is doubled, the memory needed to run
the model was also increased. Because of this the model crashed as it ran out of mem-
ory. Eventually this could be fixed by forcing the model to use less memory, increasing
the computational time even further. In the end more substructure could be captured
with this higher resolution, but is is not sufficient. Within the scope of this thesis explor-
ing higher resolution models was not realistic, but it would be interesting to explore even
higher resolution models in the future.

4.1.3 Background

After inspection of the fifth run fI/M was almost equal to one, while there was a significant
difference in the surface brightness of the model versus the observed surface brightness.
From here on, there are two different surface brightness figures for each run, one from an
IDL script which visualizes all the output from a ProDiMo model and a python version of
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(A) (B)

FIGURE 4.4: Output from the fifth run from the IDL script (4.4A) and the python script (4.4B) show-
ing how the subtracted background in the IDL script influences the model profile.

this profile created by me. These two images are seen in Fig. 4.4. Figure 4.4A shows the
output from the IDL script which comes with ProDiMo, Fig. 4.4B shows the output from
the python script as created by me. The python script does not show the profile after the
convolution with the ALMA beam. This convolution affects the inner disk mostly, which
can be seen in in Fig. 4.4A where the black profile only differs from the blue dashed profile
in the first 10 AU, while for larger radii they are the same.

The surface brightness for r > 60 AU is the main region of interest in this section. From
Fig. 4.4A it can be seen that, even though they are close, the surface brightness of the
model is not matching the image data in this region. It can be seen that the substructure
of the image profile is shown in the model profile, but the model profile is almost a factor
two lower around 90 AU. Figure 4.4B shows the same profile from the same model versus
the same image profile, but in this figure the image profile and the model profile match
within 10 %. When looking at fI/M for this run, it can be seen that the maximum deviation
from 1 is 27%.

Furthermore, for r > 100 AU Fig. 4.4A drops off to values below 10−16 erg/s/cm2/Hz/sr,
while the python script shows the profile heading to 10−15 erg/s/cm2/Hz/sr asymptoti-
cally. This difference in these profiles is created by the background of the images. The
IDL script automatically removes the background of all the images it creates, therefore
also in the surface brightness profiles. It assumes the background to be equal to the last
value it calculates for the surface brightness, in this way forcing the surface brightness of
the disk to have a value of zero at the edge. In these models, this value corresponds to
1.297×10−15erg/s/cm2/Hz/sr. In comparison to the python profiles, which do not sub-
tract the background, the behaviour of the outer region, after 125 AU, can be explained. If
the python script is forced to subtract the background as well, the deviation of fI/M from
1 is found to be 80 %. This found background is not noise, but a combination of the in-
terstellar radiation field including, for example, the cosmic microwave background. The
model considers this background emission which is then picked up in the model images.
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FIGURE 4.5: Comparison between the two different column densities for the sixth run with (pink)
and without background (grey). The two profile appear to be equal up to∼ 60AU, for larger radii the
profile with background has a lower column density, as the background adds to the total surface

brightness of the disk.

Currently it is not known if the ALMA observations could detect this, but the model sug-
gest it could.

As the difference between the model surface brightness profile with background and the
model surface brightness profile without background are noticeable by eye, the influence
of this background will be further investigated. This fifth run will be rerun once with a
factor fI/M as calculated between the image profile and the model profile with the back-
ground creating a column density which should be roughly equal to the current column
density. The other run will be with a model profile with a subtracted background, creating
a slightly different fI/M in the region 60 ≤ r ≤ 125 AU, creating a different column den-
sity from the previously used column density. These new column densities are shown in
Fig. 4.5, where the column densities are equal up to 60 AU. For radii larger that 60 AU
the column density for the run with the subtracted background in higher with respect to
the column density with the background. This is as expected knowing that the the back-
ground was adding to the total surface brightness of the disk.

The output of these two runs in shown in Fig. 4.6 and Fig. 4.7. In these two figures the com-
parison between the output from the IDL script and from the python script is shown. Fig-
ure 4.6 shows the output of the run where the background is not subtracted, thus having a
model profile in python which asymptotically reaches the value of 10−15 erg/s/cm2/Hz/sr.
Figure 4.7 shows the output for the run where we have applied the same procedure of set-
ting the last value of the surface brightness equal to the background value and subtracting
this value form the entire profile. For this run the python profile shows the same behaviour
as the IDL profile, with a model profile decreasing to zero after ∼ 125 AU.
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(A) (B)

FIGURE 4.6: Output of the sixth run where the background is not subtracted. Figure 4.6A shows the
IDL output of the model surface brightness profile (black) and the convolved surface brightness
(blue dotted) versus the image profile. Figure 4.6B shows the the same profile but then in a python

script. Note the difference between the two image profiles after ∼ 60 AU.

(A) (B)

FIGURE 4.7: Output of the sixth run where the background is subtracted. Figure 4.7A shows the
IDL output of the model surface brightness profile (black) and the convolved surface brightness
(blue dotted) versus the image profile. Figure 4.7B shows the the same profile but then in a python

script. Here the model profile is seen matching the image data in both of the determinations.
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FIGURE 4.8: All the column densities of the different run versus the original DIANA column density
(blue).

4.1.4 Final model

The sixth run will be the final run, as the column densities change in column density with
respect to the previous column density was within 10%. Keeping in mind the uncertainties
in the true value of the background and the resolution problems that came up during the
different runs, a change of less than 10% is considered a good match. The model which
has not subtracted the background is chosen as the final model for which a chemistry run
will be started. For the previous run the choice was made to start from a known model, the
DIANA model, to calculate the radiative transfer. For all of these runs the chemistry and
disk gas temperatures were kept constant with respect to the DIANA model. The original
DIANA model has a total disk mass of 0.0448 Msun, the final run of the model with adap-
tations has a mass of 0.02975 Msun. This is a total decrease of 34 percent of the disk mass.
Figure 4.8 shows all of the column densities used for the different runs of the model with
respect to the column density of the original DIANA model. Here it can be seen that the
column density is decreased by a factor 100 in the region between 4.5−50 AU, explaining
the decrease in disk mass. Even though this decrease seems massive, the outer regions
show an increase in column density between 30− 50 AU and 80− 110 AU. As these in-
creases happen at larger radii, the area over which this increase occurs is larger, adding
more to the disk mass.

The output of the final model is shown in Fig. 4.9. Figure 4.9A shows the high resolution
surface brightness profile with background of the model versus the image data by Andrews
et al. (2016). Figure 4.9B shows the image representation of this surface brightness profile.
If compared to the observed ALMA image (Fig. 1.1), it can be seen that the substructure in
the disk is matching well.
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(A) (B)

FIGURE 4.9: Output for the final run with adaptations. Figure 4.9A shows the image data by An-
drews et al. (2016) (red) in comparison to the model surface brightness profile before (black) and
after convolution with the ALMA beam (blue dashed). Figure 4.9B shows the image representation

of this surface brightness profile.

FIGURE 4.10: Comparison between the final model surface density profile (red) and the surface
density of the gas by van Boekel et al. (2017).
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4.2 Surface density

The surface density of the gas of the final model is compared to the surface density of the
van Boekel et al. (2017) model constructed to match the SPHERE data. This comparison
is shown in Fig. 4.10. From this figure it can be seen that the two profiles are roughly
in the same order of magnitude, while still showing large deviations. In this thesis it was
decided to ignore the modifications of the inner disk, hence the peak at ∼ 3 AU can not be
explained. From this figure it can also be seen that the peaks and dips corresponding to
the van Boekel et al. (2017) do not match these in the DIANA model. Important to know
is van Boekel et al. (2017) model the SPHERE data, while the DIANA model models the
ALMA data. SPHERE traces the micron sized particles, while ALMA traces the larger mm
sized particles. The difference between these two observations could cause the shift in the
profiles. However, the dip at ∼ 20 AU seems to occur in both profiles.

Figure 4.11 shows the comparison between the final DIANA model with adaptations and
the van Boekel et al. (2017) model surface density of the large grains. By going through
the procedure as described in Sect. 3.2 this profile is obtained, meaning we should see the
surface density for the same grain population. van Boekel et al. (2017) do not specify if they
model the full disk surface density or half of the disk surface density. As the latter is more
common, from here on it will be assumed that they have modelled half the disk only. To
correct for the different ranges of grain sizes the van Boekel et al. (2017) model is divided
by 1.57, corresponding to the fraction of the grains with sizes modeled in the DIANA model
to the 1-10 mm grain sizes from van Boekel et al. (2017). Figure 4.11 also shows how the
surface density as determined by van Boekel et al. (2017) is almost 30 higher. However,

FIGURE 4.11: Comparison between the final model surface density profile of large grains (blue)
and the surface density of large grains by van Boekel et al. (2017). These two profiles show a differ-

ence of a factor ∼ 100.
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the smaller structures of this profile do show some similarities. For example, the large
decrease at roughly 40 AU occurs in both of the profiles. Even the peak at 40 AU is visible
in both profiles. The mean molecular weight assumed for this transformation was equal
to 2.4 and corresponds to the mean molecular weight of the gas.

The difference between the profile by van Boekel et al. (2017) and the my final model turns
out to be difficult to explain as the van Boekel et al. (2017) paper does not provide sufficient
information on the initial assumptions made for their model. Also, it could be noted that
their assumptions of large grains is quite extreme, as the DIANA model has a maximum
grain size which is twice as small. The DIANA model used also photometry from the VLA
(mm wavelength) to constrain the dust grain sizes. It is unclear whether the van Boekel
et al. (2017) model has done the same. It is disturbing that both of these profiles, which
should both match the high quality ALMA data, could come to such different results.

4.3 Chemistry

For the final model the chemistry calculation is turned back on. At first, the dust tempera-
ture, shown in Fig. 4.12, is compared to the dust temperature of the original DIANA model.
In these figure the red dashed lines marked "1" and "10" denote the AV extinction curves.
As the photons penetrate the deepest where they encounter the least optical depth, the lo-
cation of the lines can is defined as the minimum AV in radial and vertical direction. This
minimum is determined in the model by evaluating the column densities in the radial
direction where the incident radiation originates from the star, and the vertical direction
where the incident radiation originates form the interstellar medium. The AV lines are
determined by multiplying this column density with the dust opacity. Below the AV = 1
line the disk gets optically thick, therefore no visible light radiates out from below this line
and no visual radiation from the star or the interstellar radiation field can penetrate below
this line. The AV = 1 line in Fig. 4.12A extends up to z/r = 0.125 at 4.5 AU, which is the
transition between the inner and outer disk. However, at the same radius in Fig. 4.12B this
AV = 1 extend up to z/r = 0.09, meaning that the disk in this region is getting less optically
thick. From the comparison between the DIANA model and my final model it can be seen
that the disk is less optically thick up to ∼ 30 AU, after which the AV = 1 line lies further
from the midplane of the disk (z/r = 0). The exception to this higher AV = 1 is found in
one of the outer rings of the disk, located at ∼ 75 AU, where the AV = 1 line decreases by
z/r = 0.03.

At 10 AU the DIANA model has a midplane dust temperature of 25 K, while the final model
has a midplane dust temperature of 28 K. If the 40 K contour is inspected in these two
plots, it can be seen that this contour is located at the same radius in the midplane (∼
6 AU), but at higher z/r this contour is more smooth in the final model. At 10 AU this 40
K contour is at z/r = 0.12 in the original DIANA model, while in the final model this line
occurs at z/r = 0.9. The 20 K contour is pushed outwards, as the origin in the midplane of
this contour in the DIANA model is at ∼ 15 AU, while in the final model this origin comes
closer to ∼ 20 AU. In the previously discussed ring at ∼ 75 AU the 20 K contour shows
at dip, meaning that the dust temperature in this ring is slightly higher with respect to
the surrounding region. From this it can be concluded that the overall dust temperature
is increasing in the disk, even though the change is small. However, a small change can
affect the chemistry and the dust emmissivity.

Figure 4.13 shows the gas temperature of the two models, here again the dashed dotted
line marked "1" and "10" denote the extinction lines in the visual. These lines are the same
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FIGURE 4.12: Dust temperature of the model. Figure 4.12A shows the dust temperature of the
original DIANA model, Fig. 4.12B shows the dust temperature of the final model. The red lines

marked "1" and "10" show the Av lines

as shown in Fig. 4.12. The differences in the gas temperature with respect to the original
DIANA model are less visible than those of the dust temperature. Here the 40 K contour
originates from roughly the same radius in the midplane, and continues following roughly
the same shape as in the original DIANA model. The 20 K contour is also not shifted in the
midplane, but the peak of this contour, at 125 AU, has decreased in size with respect to the
DIANA model. In the DIANA model this peak extends up to z/r = 0.19, while in the final
model the maximum is found at z/r = 0.18.

Alongside the gas temperature versus the AV lines the gas temperature is also shown ver-
sus the CO iceline. This CO iceline is shown in Fig. 4.14A and Fig. 4.14B as the red dashed
line. What can be seen is that the curve of the final model is less steep as in the DIANA
model. At 10 AU, the DIANA model CO iceline has a depth of z/r = 0.11, while the final
model has a depth of z/r = 0.07. What can also be seen in that the maximum of this curve
remains the same, in both the DIANA model and the final model the maximum of the
CO iceline is at z/r = 0.175. The total CO ice mass in the original DIANA run is equal to
2.579×10−6 Msun, the total CO ice mass of the final model is 2.664×10−6 Msun. This is an
increase of the total CO ice mass in the disk of 8.5×10−8 Msun. As previously discussed, the
value of the CO iceline has decreased, but still the total mass of the CO ice went up. The
CO iceline shows a small increase with respect to the DIANA model between ∼ 40−60 AU.
Taking in mind the increase in the total CO ice mass, it can be concluded that the location
of the CO ice is changing as the CO ice has moved towards the outer regions of the disk.

The following three figures show the line fluxes of three isotopologues of CO for the J=2 to
J=1 transition; 12CO (Fig. 4.15), 13CO (Fig. 4.16) and C18O (Fig. 4.17). The figures are sub
dived into three frames, the top frame showing the optical depth of the line and the neigh-
boring continuum as a function of radius. The middle frame showing the cumulative line
flux in percents of the total line flux as function of radius. In the bottom frame the radial
dashed lines are where 15 and 85 % radially originate. This is the same for the two vertical
lines. That makes the box comprise ∼ 50% of the emitted total line flux.The abundance of
13CO to 12CO is equal to 13CO/12CO = 0.014, and the abundance of 16O to 18O is equal to
498.7 (Henkel, Whiteoak, and Mauersberger, 1994).
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FIGURE 4.13: Gas temperature of the model. Figure 4.13A shows the gas temperature of the origi-
nal DIANA model, Fig. 4.13B shows the gas temperature of the final model. The red lines marked

"1" and "10" show the Av lines

(A) (B)

FIGURE 4.14: Gas temperature of the model. Figure 4.14A shows the gas temperature of the orig-
inal DIANA model, Fig. 4.14B shows the gas temperature of the final model. The red dotted line

shows the CO iceline below which the CO molecules are in the solid state.

If the top panel of the figures is compare for 4.15 it can be seen that in the final model
the distribution of the flux is not as smooth as in the DIANA model, especially between
60−110 AU. The total line flux of the DIANA model is equal to Fline = 1.61×10−19W/m2,
while the total line flux of the final model is equal to Fline = 1.73×10−19W/m2. This is an
increase of Fline = 0.12×10−19W/m2. The second panel does not differ much between the
DIANA model and the final model. However, a small kink can be seen around ∼ 100 AU.

The top panel of Fig. 4.16 shows roughly the same behaviour as in 4.15, where the sub-
structure found in the surface brightness of the disk is showing between 60 − 100 AU.
In the middle panel the cumulative flux is shown for the 13CO isotopologue, which is



4.3. Chemistry 33

(A) (B)

FIGURE 4.15: Fluxes for 12CO, Fig. 4.15A shows the output from the original DIANA model, Fig.
4.15B shows the output form the model after the adaptations.

showing a clear kink at ∼ 60 AU with respect to the original DIANA model. The DIANA
model has a total line flux of Fline = 2.77×10−20W/m2 and my final model has a line flux
of Fline = 3.08× 10−20W/m2. This is again an increase in the total line flux, for 13CO of
Fline = 0.31×10−20W/m2.

The last isotopologue of interest is C18O, shown in Fig. 4.17. For this isotopologue the
optical depth in the top panel is showing the substructure created by the rings between
60− 100 AU. The DIANA model has a total line flux of Fline = 7.48× 10−21W/m2 and my
final model has a line flux of Fline = 8.84× 10−21W/m2. The line flux for C18O has thus
increased by Fline = 1.36×10−21W/m2.

As we process through these different isotopologues and compare the bottom panels, it
can be seen that the rarer the isotopologue, the deeper the emission of this isotopologue
originates in the disk. We have already concluded that the CO stays longer in the ice phase
in final model, meaning there is less emission in this region. If the bottom panels are
compared for each isotopologue, it can be seen that the highlighted black region shifts
towards the midplane. For 12CO (Fig. 4.15), the lower left corner is located at z/r = 0.13
for both models, for 13CO (Fig. 4.16) this lower left corner appears at z/r = 0.015, and for
C18O (Fig. 4.17) the lower left corner is located at z/r = 0.17.

Overall it can be concluded that the substructure of the disk is indeed influencing the
gas in the disk. The disk with substructure is warmer. The lines corresponding to the
isotopologues of CO are changed with respect to the original DIANA model. argue that
for the J=2-1 line ALMA has a noise of 0.008 Jy/beam, converted to W/m2/Hz/beam, this
result in a noise level which could be observed of 8×10−29W/m2/Hz/beam. As the min-
imum change in line fluxes between the original model and the DIANA model is Fline =
1.36×10−21W/m2, these variations should be detectable by ALMA.
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FIGURE 4.16: Fluxes for 13C0, Fig. 4.16A shows the output from the original DIANA model, Fig.
4.16B shows the output form the model after the adaptations

(A) (B)

FIGURE 4.17: Fluxes for C180, Fig. 4.17A shows the output from the original DIANA model, Fig.
4.17B shows the output form the model after the adaptations
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Chapter 5

Discussion

During the course of this thesis a number of issues came up. First of all, ProDiMo was
not prepared for an observational data set with such a high resolution. While progress-
ing through the thesis the need for an even higher resolution profile came up, which has
added quite a lot in computational time. Dependent on the usage of the different ma-
chines available at the Kapteyn Institute, the run time of a model could vary from 6 - 24
hours in real time. This makes it rather difficult to go through many model calculations.

Another point of discussion is the determination of the background surface brightness for
the models. The IDL script used in the analysis subtracts a background value from the
model image. The background value in this case is defined as the value for the surface
brightness at the outermost radial point. Normally this would not make that much of a
difference, but for the case of TW Hya this difference turns out to be almost a factor 2 in
the region between 60 and 110 AU. At this high spatial resolution ALMA will filter out large
scale emission because it is an interferometer - high spatial resolution imaging will also
significantly limit the largest detectable scales and any emission larger than those scales
will be filtered out. This aspect is not properly included in the model since the model
only does a beam convolution. Interesting would be to investigate if this background is
really observable with ALMA and how significant the effect of that is on the overall surface
brightness of the TW Hya disk.

After the final model was reached which matched the surface brightness of the observa-
tions within 10 % the comparison was made with an earlier model of the TW Hya disk by
van Boekel et al. (2017). Here it was discovered that it was rather hard to compare the sur-
face densities of van Boekel et al. (2017) of the large grains to the surface density of the
large grains in the model used in this thesis. There are quite some differences between
the DIANA model and the van Boekel et al. (2017) model. First, they have used an MRN
grain size distribution which was not continuous between the smallest and largest of the
grain sizes. The DIANA model uses a power for the grain size distribution equal to ∼ 4. Af-
ter trying a number of corrections such as accounting for the same minimum/maximum
grain sizes, the difference in gas-to-dust mass ratio, the difference between the two sur-
face densities was still a factor 50. After carefully reading their paper we concluded that
their ALMA model was hard to understand as they do not provide sufficient information
of the details and assumptions in this model. In general, getting a disk structure model
that fits SPHERE and ALMA. However, it is quite disturbing to see the large discrepancies
when comparing two models who claim to fit the same data. For further research on this
difference the detailed model structure and input files of van Boekel et al. (2017) should
be compared to the model structure of the final model of this thesis in order to get a more
in depth view of the differences between these two models.
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Chapter 6

Conclusion

In this thesis the aim was to adapt an existing model for the T Tauri star TW Hya to match
the recent high spatial resolution observations by ALMA. The original model from the DI-
ANA project did not show any substructure in the surface brightness as it matched earlier
low resolution ALMA data which does not show any substructure. The new ALMA obser-
vation by Andrews et al. (2016) show a ringed substructure in the protoplanetary disk of
TW Hya.

The initial model was adapted to match the observations with rings in the following way;
at first the model profile was divided by the image profile, creating a factor called fI/M. The
current column density is multiplied by fI/M to create a new column density which was
used as the input column density for the follow up run. What was immediately noticed is
that the image profile by Andrews et al. (2016) extends out to only 125 AU, while the model
calculates the surface brightness out to 200 AU. We accounted for this by creating a new
factor for the adaptations which was a combination of a weighted image profile and an
extrapolated image profile.

After three runs it could be seen that some of the substructure of the image profile was not
showing up in the model profile, as the model resolution was not high enough to capture
the substructure. This gave rise to a new higher resolution model with almost double the
data points. Two more runs were done with this high resolution model, after which it was
concluded that there exists a difference between the figures created with the correspond-
ing IDL script and my images using ProDiMopy and python. This difference originates
in the value of the background in the images. The IDL script automatically subtracts the
background value, calculated as the last value in the surface brightness profile, while the
python script does not. The background value is 1.297×10−15 erg/s/cm2/Hz/sr. The run
after this run is calculated twice; once with the background as was done in the runs be-
fore, once without the background to investigate to which extend the surface brightness
is influenced by this background. The true value of the model profile, either with or with-
out background, is difficult to determine as the large scale background is filtered out in
interferometric observations.

This final run was also compared to another disk model of TW Hya by van Boekel et al.
(2017) where they have modeled SPHERE observations. What could be concluded here
was that the gas surface density was within the same order of magnitude with respect to
the original DIANA model, however the substructure of these two profiles was shifted ra-
dially with respect to each other. This shift could originate from the comparison between
the SPHERE and ALMA data. The surface density of the large grains is also investigated
and turned out to be a factor ∼ 30 higher. The recreation of the profile of van Boekel et al.
(2017) turns out to be rather difficult as their paper does not specify all conditions and
parameters that were used to create the TW Hya model.
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Upon comparing the chemistry of the final run and the original DIANA model it could be
concluded that the dust temperature of the final run is higher by ∼ 3 K at 10 AU. It was also
concluded that the total CO ice mass went up by 8.5×10−8 Msun and that the location of the
CO ice shifted towards the outer edge of the disk. The line fluxes of 12CO show an increase
of 0.12×10−19W /m2 with respect to the DIANA model. The increase for 13CO and C18O
are 0.31× 10−20W /m2 and 1.36× 10−21W /m2 respectively. argue that for the J=2-1 line
ALMA has a noise of 0.008 Jy/beam, converted to W/m2/Hz/beam, this result in a noise
level which could be observed of 8× 10−29W/m2/Hz/beam. As the minimum change in
line fluxes between the original model and the DIANA model is Fline = 1.36×10−21W/m2,
these variations should be detectable by ALMA.

The original DIANA model has a total disk mass of 0.0448 Msun, the final run of the model
with adaptations has a mass of 0.02975 Msun. This is a total decrease of 34 % of the disk
mass.
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