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Summary

It is generally thought that there should be gas within the inner dust rim, we know this from accretion, so far
no direct observations of this gas have been made. The aim of this thesis is to create co-added CO ro-vibrational
line profiles, observed with CRIRES, to determine the inner radius of the CO gas. This is compared to the inner
radius of the dust rim of the same objects, obtained with PIONIER, in order to determine if the gas is co-spatial
with the dust or not. The data comes predominantly from the ESO programs 179.C-0151 and 082.C-0432 done
with CRIRES. It is selected on the presence of PIONIER data and is co-added using an IDL-based program.
This co-added line profile is subsequently fitted using another IDL-based program to determine the best fitting
combination of the inner and outer radius.

We then compared a multitude of our findings with each other and with literature data to look for trends.
First we compare our Keplerian radii derived with the HWHM and HW10% with each other. This is done to test
the 1.7 × HWHM relation between the HWHM and HW10%. We then compare these radii and the literature
effective gas radii to our best fit inner gas radius to determine if there is a relation between the two. This
is followed by comparing the outer radii and the radii from the HWHM. We also compare the signal-to-noise
(S/N) against the χ2 which confirms our separation of the objects by their nature. We then also compare our
inner gas radii to the stellar parameters, temperature, luminosity and mass, as well as to distance and disk
inclination. We then compare the inner gas radius with the outer gas radii as a check of our model and end by
comparing the fitted inner gas radii and inner dust radii from the literature.

To achieve this we co-add the CO lines from our data to substantially increase the S/N. This was done by
cutting the individual line from the spectrum and interpolating it onto a uniform grid. For each individual line
the σ was calculated to account for both instrumental error and error in the signal. This error is then propagated
as the individual line profiles are added together and normalized to create the co-added line profile. This leads
us to conclude that careful co-addition of the CO lines is a good way to improve the S/N. Furthermore, we
can state that 1.7 × HWHM is a good estimator for the HW10% as long as the CO line profile has a single
component. We can also state that we can see disk structure having an effect on the line profile, as within the
co-added line profile of AS 209, created for this thesis, a gap is clearly visible. This leads to the possibility that
disk structure also plays a role in other line profiles which will make it harder to fit the line profile with a single
component. With current degeneracies of factors 2, 3 or larger we cannot be certain if there is gas emission
coming from within the inner dust radius. As, for our data, the literature inner dust radius of our good fits
falls within the 1 σ uncertainty of the best fit. This is not to mention any uncertainty coming from the dust
radius, this uncertainty varies widely per object and can be anywhere between a percent or multiple factors.
As a result it is safe to say that currently there is no easy rule of thumb to calculate the inner gas radius for
all disks. However, if the CO line profile behaves like a single component power-law then the HWHM and by
extension the HW10% can act as reasonable estimators of the upper limit of the inner radius as an under limit
cannot be established due to limitations that arise from the χ2 method.
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1 Introduction

Protoplanetary disks are still one of the most complex systems in astronomy. These systems bring together
hydrodynamics, mechanics, chemistry and electrodynamics. Understanding these systems is crucial to under-
standing how planets formed and how our own solar system developed. The aim of this thesis is to compare the
inner radius of the CO gas disk, obtained in this thesis using CO ro-vibrational lines in the Near InfraRed (NIR),
and the inner radius of the dust disk, obtained from literature PIONIER data, in an attempt to determine the
presence of gas in the gap between the inner dust rim and the protostar.

Section 1 will elaborate on some general history like previous missions and developments in the field, followed
by information on protoplanetary disks like their structure and their appearance in the NIR. The introduction
then ends with information on how others have done the co-addition in the past. This is followed by section 2,
where I will discuss the sample of protoplanetary disks and the instrumentation used in this thesis. This in turn
is followed by section 3, where the method used to obtain the inner radius from the CO lines will be explained
in detail. It describes how the programs work that are used to analyze the data, convert it to co-added spectra
and then extract the inner radius of the CO gas from these spectra. Section 4 contains the results and is split
into a closer look at each individual object, and the general results, where I statistically compare the results
with the literature to determine if there is any evidence for CO gas present within the inner dust radius. The
section will also take a closer look at trends between the results of the inner gas radii and the stellar parameters.
Section 5 then discusses any assumptions or problems I ran across in the thesis as well as any other remarkable
results of the method and results. Section 6 will present the summary and conclusion of my thesis.

1.1 History

Protoplanetary disks were first theorized shortly after Sir Isaac Newton described the motion of planets with
his laws of motion and gravity. The model that eventually would prove to be the closest to our current un-
derstanding of planetary formation was first discussed by Immanuel Kant, father of the nebular hypothesis,
in the book Universal Natural History and Theory of the Heavens (1755). He stated that our Solar System
could form by condensation out of a large gas cloud through gravitational collapse. Due to the conservation of
angular momentum this cloud would collapse into a disk, which would explain why all planets move in the same
direction and in roughly the same plane. He also concluded that the Milky Way would have a similar disk like
shape.

Although the existence of these protoplanetary disks was long suspected, it took till the 1980’s before the
first of these disks were detected with the help of the InfraRed Astronomical Satellite (IRAS), the first satellite
to survey the sky in infrared wavelengths. The existence of infrared light was known since Herschel in the 1800’s.
However, due to the lack of proper instruments infrared astronomy would take till the 1960’s for Infrared as-
tronomy to become a well established field of astronomy. From this point in time on, rapid advances in infrared
astronomy were made with the development of instruments, like the first germanium bolometer and balloon
experiments. However, all of these were still largely ground-based and therefore suffered from atmospheric
absorption, as the trouble with infrared observations was mainly that designing sensitive detectors is quite a
difficult challenge and the Earth’s atmosphere is very bright in the infrared even at night. The atmospheric
brightness in the infrared would no longer pose the same issue after the launch of the IRAS satellite. It was
through IRAS that astronomers discovered that some stars had over a hundred times more infrared emission
than expected. (Walker 2000)

IRAS (Fig. 1) was launched in 1983 and was a joint venture of the United States, United Kingdom, and the
Netherlands. Its purpose was to carry out a survey of the entire sky at central wavelengths of 12, 25, 60 and
100 microns. This resulted in the detection of approximately 250,000 sources (Walker 2000). Among these were
the first detections of warm dust disks around Vega, Fomalhaut, and a number of other objects (Aumann et al.
1984). These detections were in essence the detection of an excess of infrared emission that can be explained
by a dust disk of a few hundred Kelvin. It took until 1994 to confirm the existence of protoplanetary disks with
direct imaging. In that year C. Robert O’Dell and his colleagues at Rice University used the Hubble Space
Telescope (HST) to examine newborn stars in the Orion Nebula (Odell 1994). The higher angular resolution of
HST offered the unique possibility for astronomers to look directly at the disks where planets are thought to
form, something that was not possible before.
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Figure 1: Left: Artist impression of the IRAS in orbit. Even though in space the atmosphere no longer obstructs
observations it does yield its own set of problems. One of these is size limitations. The IRAS satellite had an aperture
diameter of 0.57 meter, the mission lasted for a little shorter than 10 months and covered nearly the entire sky. Right:
Artist impression of Spitzer in orbit. The Spitzer satellite mirror has a diameter of 0.85 meter and gave access to a wide
variety of bands and wavelengths in the infrared. Even though its helium depleted in 2009 the telescope is still functional
13 years after launch. After the Spitzer warm phase the satellite now finds itself in its third phase, the beyond phase,
which awaits the launch of the James Webb Space Telescope. The small sizes of space based telescopes is why these days
ground based infrared astronomy is still so important. Image credit: NASA

Later, the Spitzer Space Telescope, launched in 2003, used its infrared spectrometer to show that these disks
contain H2, CO2, CH4, water, ices and silicates. These are ices and solids that are also present in planets, their
respective atmospheres, asteroids, and comets. Spitzer covered a large wavelength range in the infrared regime
but unfortunately did not have a great imaging resolution. The telescope has a mirror of 85 centimeters with
three instruments: The InfraRed Array Camera (IRAC), The InfraRed Spectrograph (IRS), and The Multiband
Imaging Photometer for Spitzer (MIPS). These instruments allowed imaging in the near and mid infrared and
gave access to spectroscopy in the mid infrared regime. The resolving power of the IRS varies between 57
and 600, depending on the module used. (More information about Spitzer and the IRS can be found in their
handbooks: ”Spitzer Space Telescope Handbook” and ”IRS Instrument Handbook”). The resolving power R can
be expressed as

R =
λ

∆λ
, (1)

where λ represents the wavelength and ∆λ the spectral resolution.

Soon after that in 2006, the Very Large Telescope (VLT) (Fig. 2) was equipped with the CRyogenic InfraRed
Echelle Spectrograph (CRIRES, Kaeufl et al. (2004)) instrument, as can be seen in Fig. 2, a high resolution
spectrometer with a resolving power of up to 105. It is with this instrument that the data used in this thesis was
observed. CRIRES was followed in 2010 by the Precision Integrated-Optics Near-infrared Imaging ExpeRiment
better known as PIONIER, which is an interferometer. When all telescopes of the VLT are combined, it reaches
a spatial resolution of up to 2 milliarcseconds (mas). As stated by ESO, this would be the equivalent resolution
of a single 130 meter telescope (ESO 2018). However, without Adaptive Optics (AO), this resolution would
be impossible to obtain. As the AO system applied gets more complex it allows for smaller deformities in the
wavefront to be compensated for. The system is also improved to allow for more calculations per second than
ever before, allowing the system to rapidly update the mirror to compensate for any deformities in the incom-
ing wave front. As a result it becomes significantly easier to attain images and spectra close to the diffraction
limit. More information on the instruments CRIRES and PIONIER can be found in the instrumentation section.
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Figure 2: VLT and its CRIRES instrument located on the mountain Cerro Paranal in Chile. The telescopes can work
together as an interferometer. Left: One of the 4 telescope domes of the Very Large Telescope (VLT) in Chile. Each
of these domes contains a 8.20 meter telescope. In total this gives the VLTI, the interferometer of the VLT, access
to six baselines of varying lengths and orientations. Right: Picture of the CRIRES instrument attached to UT1 of
the VLT. CRIRES was removed from the VLT in July 2014 and is to be replaced in spring 2019 with the CRIRES+.
This will change the instrument in a cross-dispersed spectrograph. With the aim to increase the simultaneously covered
wavelength range by as much as a factor ten compared to CRIRES. Image credit: ESO

The VLT was already a mayor step forward in resolving protoplanetary disks but an even bigger step was
taken by the Atacama Large Millimeter Array (ALMA). ALMA became fully operational in 2013 and has
produced some spectacular images. It is able to resolve substructure down to an angular resolution of about
0.018 arcsecond for 0.32 mm and 3.4 arcsecond for 3.6 mm. To clarify, the angular resolution represents the
smallest details that can be separated. For the VLTI the 2 mas resolution would translate to the smallest
individual feature having a size of 0.25 au, when considering objects at a distance of 125 parsec. So far, with
the exception of two Herbigs, this is not enough to resolve the inner dust rim of the objects in our sample, the
dust radii can be found in table 4. The angular resolution can be related to the distance to the object and the
size of structures in au by,

D =
S

θ
(2)

where D is the distance to the object in parsec, S is the angular separation in astronomical units and θ is the
angular separation in arcseconds. θ would be the angular resolution if we want to calculate the size in au of the
smallest details the telescope can discern.

The results of this campaign are published in ALMA Partnership et al. (2015) and one of the images of
their observations of HL Tau can be seen in Fig. 3. So far, direct detection of the gap between the proto-
star and its planetary disk is not possible for most T Tauri stars as the typically radius for this inner dust
rim for T Tauri stars, at least from our sample, is smaller than 0.1 au. Taurus and Lupus, two star forming
regions the closest to use are at a distance of about 140 pc away from us. The VLTI with 2 mas resolution
can at this distance identify structures down to 0.28 au in size, which is stretching it even for most Herbigs.
However it may be possible to find a Herbig both sufficiently close to us and with a large enough inner radius
for a potential gap to be visible. However, until such object is found, direct observation is not a consistent
option and this will not change for a while. Not even the James Webb Space Telescope (JWST) with its 0.1
arcsecond resolution or the European Extremely Large Telescope (ELT) with its 5 mas resolution will bring
change to that. However, the ELT and VLTI may be able to observe larger gaps of about 1 or 0.4 au in size
respectively for objects at a distance of 200 parsec. Therefore, for some Herbigs, like HD142527, observation
of the inner gap may become possible. But this does not help us regarding most T Tauri type stars and Herbigs.
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Figure 3: Left: The ALMA array at night. Located at 5000 meter above sea level in the Atacama desert in Chile the
54 twelve meter telescopes and 12 seven meter telescopes of the array can work together to create baselines as large as
16 km in length with varying configurations to allow for better beam shapes, depending on the location of the target on
the sky. Right: 1.3 mm ALMA image of HL Tauri. The image is made with a beam of 35.1 × 21.8 mas, which at a
distance of 140 pc would make the smallest individual features about 3 × 5 au in size. This would make the disk span
about 180 au across. It is important to realize that ALMA’s resolution is not enough to offer resolved images of the
regions we are interested in. Right image credit: ALMA; C. Brogan, B. Saxton, ALMA Partnership et al. (2015), left
image credit: ESO/Y. Beletsky

Fortunately, there are other ways to obtain information about protoplanetary disks through spectra. For
example, the shape of the continuum contains information about the temperature of the dust and individual
emission lines contain information about densities through their intensity. Emission lines can also provide in-
formation about the velocity of their respective gas by means of the effect of Doppler shift on the lines. This
can in turn be translated into spatial information, as will be explained in Sect. 1.2.3. Spectroscopy, in the
case of this thesis with VLT/CRIRES, in combination with disk models can provide a good understanding
of the radial distribution of gas, gas temperature and gas density profiles throughout the disk. In particular,
spectroscopy opens up the innermost region of a few au around the star, providing information at scales much
smaller than 1 au. Due to CRIRES’s impressive resolving power of 105, we are able to probe the innermost au
of the protoplanetary disk for CO gas. This thesis will focus on a simple model to analyze the spectra obtained,
in order to retrieve the inner radius of the gas. This model will be explained in detail in section 3.

1.2 Protoplanetary disks

Protoplanetary disks are complex structures. We want to understand how these objects are formed, what their
substructure is like, as gaps in the disk may be related to planet formation, and the nature of their emission, in
particular the NIR emission relevant to this thesis. This section will provide background information on these
topics.

1.2.1 Formation and evolution of the disk

The story of a protoplanetary disk starts within a large interstellar cloud. If this cloud becomes Jeans unstable
the cloud will start to collapse. This instability can be caused by a local density fluctuation, for example, from a
shock-wave caused by a nearby supernova. When the cloud has become Jeans unstable, meaning the internal gas
pressure is insufficient to prevent gravitational collapse, the cloud will contract under its own gravity forming a
protostellar core, which in turn will form a protostar and a protoplanetary disk. The timescale of this collapse
is only dependent on the initial density of the cloud and can be defined as the free-fall timescale tff

tff =
( 3π

32Gρ

) 1
2

(3)

where G is the gravitational constant and ρ the density of the cloud. The density of the molecular cloud host-
ing the forming protostar will be of the order of a hundred to a thousand particles per cubic centimeter. For
comparison, the density of the solar neighbourhood is of the order of one particle per cubic centimeter.
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These molecular clouds will over time fragment and collapse into higher density regions called protostellar
cores with an increased density of ten to a hundred thousand particles per cubic centimeter. When assuming
these numbers the timescale of the collapse is of the order of a million years. This is short compared to the
billions of years solar mass stars can exist.

The protostar is a large hot cloud of plasma where the process of fusion has not started yet and surrounding
it is a disk, that consists of gas and dust that has not yet fallen onto the central protostar. This disk is the
result of the conservation of angular momentum. In order for the dust and gas to accrete onto the central proto-
star, it requires means of physical interactions like molecular friction to transfer angular momentum. However,
molecular friction alone is not enough to explain the transfer of momentum. The effect of molecular friction can
be enhanced by adding turbulence to the gas. This turbulence can be caused by a number of hydrodynamical
instabilities. The current theory favors the idea of Magneto-Rotational Instability (MRI) as the main driving
force behind the turbulence in accretion disks as stated by Workman & Armitage (2008).

A disk with MRI induced turbulence would be able to transfer angular momentum much more efficiently
than a disk with only molecular friction. Thanks to these processes, the angular momentum then largely ends
up in the outer parts of the disk. For example, most of the angular momentum of our own Solar System can be
found in the planets rather than in the Sun. In particular, the outer gas giants carry a lot of angular momentum.
Jupiter alone, due to its high mass, accounts for roughly 60% percent of the solar system’s angular momentum,
containing over 17 times as much angular momentum as the sun, even though it is only a thousands of the mass
of the sun. With the transfer of angular momentum being so effective, mass is easily transported to the central
star and momentum is either kept in the disk or transported out of the system.

The mass of the disk is only about 0.2 to 0.6 % of the mass of the star as found by Andrews et al. (2013).
However, they also found that there can still be a large variety in the ratio between the mass of the star and its
accompanying disk at each stellar mass bin. This is due to a variety of effects such as the different life phases
of the disks, the variety in dust opacities, and the variety in disk temperatures. As a result they found that the
Full Width Half Maximum (FWHM) was of the order of a factor 40 on the determined disk mass at any given
host stellar mass.

Figure 4 shows a brief overview of the different stages of the development of the protoplanetary disk. The
initial disk starts off with gas and dust fairly evenly distributed throughout and takes on a flared shape. This
is due to hydrostatic balance. The farther out one goes, the easier it becomes for the gas pressure to counteract
the gravitational pull towards the midplane. The pressure gradient can be calculated from

∂p

ρ∂z
= −GMs

r2

(z
r

)
, (4)

where p is the pressure term, ρ is the density of the gas, z is the height above the midplane, G is the gravitational
constant, Ms is the mass of the star and r is the radius from the star. The initial disk stretches out all the way
from its inner radius, presumably at a few stellar radii, to sometimes 1000 au. However, disks of that size are
typically affected by something in their environment. The more typical size of a protoplanetary disks is much
smaller and varies from system to system but from the sample of Ansdell et al. (2018) we can say that the
median is about 200 au. Over time the dust starts to settle on the midplane and forms the dust disk discussed
in this thesis. With distance from the star, density, and orbital timescales vary significantly, leading to different
physical conditions over the entire disk. The innermost part of the disk can effectively be split in two, the inner
dust radius and the inner gas radius. In the case of this thesis we look at the inner gas radius as the minimal
distance where we can still determine the presence of CO emission.

The inner radius for dust is dependent on the luminosity of the star and on the sublimation temperature
for the particular dust grains in question since this can vary. Equation (5) contains the relation between stellar
luminosity and the sublimation radius as used by Salyk et al. (2009). At a few stellar radii from the star the
inner gas radius is suspected to be inwards of the inner dust rim. The part of the gas disk inward of the inner
dust rim is suspected to be optically thin as long as the accretion rates are not too high (Dullemond & Monnier
2010). Typical accretion rates are of the order of ≤ 10−8/M�/year. We know that there needs to be gas inside
of the inner dust rim, as this is needed to explain the observed accretion. There are theoretical models of the
gas in this region, as shown in Dullemond & Monnier (2010). But, so far observations only hint at the presence
of gas in this inner hole.
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Figure 4: Schematic depiction of the evolution of a protoplanetary disk, from young massive flared disk to old debris
disk. A) The disk has already formed. Gas and dust are transported to the innermost region of the disk by means of
angular momentum transport as described earlier and is then accreted onto the central star through magnetospheric
accretion. B) Dust has settled onto the midplane. C) When the outer disk no longer replenishes the inner disk with
material for accretion the inner disk is drained and together with EUV-induced photoevaporation an inner hole is created
and accretion stops. D) The gas is completely removed from the system leaving only the planetoids, asteroids and planets
behind. Image credit: Williams & Cieza (2011)

As the disk continues to evolve, it will at some point begin to photo-evaporate. Far UltraViolet (FUV) and
Extreme UltraViolet (EUV) radiation emitted from the accretion of matter onto the star causes photoevap-
oration of gas from the surface of the disk, creating an outflow. The outflow of gas continues at some point
outer disk can no longer supply the inner disk with the mass needed to sustain accretion, at this point the inner
disk is drained on viscous timescales (≤ 105 yr) after which accretion stops and remainder of the gas disk is
photo-evaporated, leaving only a debris disk containing the planets and asteroids behind. This thesis will focus
on stages a) and b) from Fig. 4, the early stages of the protoplanetary disks before the disk gas is completely
removed.

1.2.2 Protoplanetary disk structure

Protoplanetary disks come in different geometries. Gaps and holes in disks are discovered more and more. These
gaps can be created by the methods described in section 1.2.1, or they can be the result of a planet carving out
an orbit, or they can be the result of dust migration and trapping. However as we are not sure about that we
will instead focus on a simplified schematic of a protoplanetary disk, as shown in Fig. 5 which will be briefly
explained in this section.

The structure of the protoplanetary disk can be split in the radial structure and the vertical structure. We
will briefly discuss the structure and place a little more emphasis on the innermost au of the disk. The outermost
region of the disk at 100 au or more serves mostly as a mass reservoir. This region is the coldest, containing
cold gas and dust of temperatures between 10 and 100 K depending on the vertical location. The outer region
also has the lowest density. The outer region is visible in the sub millimeter and emits in molecular rotational
lines and far-IR to mm continuum.
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Closing in from here to about 10 au, the temperature of the midplane of the gas disk starts to reach about 50
K. This temperature rises quickly when going to the surface of the disk, where the gas can reach temperatures
of 1000 K. Depending on the mass of the star this can be slightly farther in or out. It is at this point, when
the disk reaches temperatures of 100 K and higher, that the disk begins to contribute to the emission in the
mid-IR. The dust temperature around the midplane at these radii couples to the gas temperature. In the surface
area, where dust and gas do not thermally couple, the dust temperature only goes up to a few hundred Kelvin
(Henning & Semenov 2013).

At this point the disk also starts to display a rich molecular spectrum, where the different regions in the
disk all contain different chemical composition. The CO ro-vibrational lines that we are interested in, start
to appear when the gas is heated to about 500 K or above (van der Plas et al. 2015). This region between
about 1 and 10 au can be defined as the planet forming region. The higher density at the midplane and shorter
orbital periods allow for much shorter dynamical timescales. This in turn allows for more frequent interactions
between dust particles which can lead to fast dust grain growth. Even farther in, at typically less than 1 au,
lies the inner dust rim, its distance from the star is dependent on the dust sublimation temperature. Above
this temperature, dust grains will be destroyed.

The sublimation radius depends on the nature of the dust grains: composition, density, and size affect at
what temperature the grain will be destroyed. This makes the inner dust radius more of a fuzzy boundary. A
way to describe the sublimation radius can be seen in Eq. (5), the equation used in Salyk et al. (2009), which
is based on a similar equation for the dust radius described in Akeson et al. (2005a), fixes the numerical factor
that Akeson et al. (2005a) use to account for dust absorption efficiencies and geometric factors. Fixing this in
equation 5 to 1.5 × 0.035, where 0.035 represents the absorption efficiencies of blackbody grains in a thin disk,
which is multiplied by 1.5 to account for grain properties. This number varies amongst studies.

Rsub = 1.5 × 0.035 ×
( L

L�

) 1
2
( Tsub

1500

)−2
(5)

we can approximate Tsub from Kobayashi et al. (2011) as

Tsub = 1.3 × 103ξ−1
( H

3.2 × 1010erg g−1

)( µ

170

)
(6)

where ξ is defined as

ξ = 1 + 0.02 ln
( P0

6.7 × 1014 dyn cm−2

)
(7)

with Tsub as the sublimation temperature, µ is the mean molecular weight, H is the is the latent heat of
sublimation and P0 is the saturated gas pressure. Different materials have different values for these parameters
and as a result the sublimation temperature and therefore sublimation radius varies for these materials. This,
however, is not the only method to calculate the sublimation radius. Dullemond & Monnier (2010) used

Rrim =

√
L?

4πσT 4
rim

(8)

to calculate the radius of the rim of the dust. Here, L? is the stellar luminosity, σ is the Stephan Bolzman
constant and Trim is the sublimation temperature of the dust, here taken to be 1500 K, although as mentioned
this differs for different grains. Since the equations used by Salyk et al. (2009) and Dullemond & Monnier (2010)
differ, for the same object we decided to not fill in any gaps in the inner dust radii data with a calculated dust
sublimation radius as we cannot be certain which radii would be correct. To give an example, in table 1 we
see the calculated dust sublimation radius for 3 different objects, AS205N, AS 209, and CVCha. As well as the
observed dust radius for two of them.
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Object Rsub(au) Rsub(au) Rdust(au)
Salyk et al. (2009) Dullemond & Monnier (2010) Anthonioz et al. (2015)

AS205N 0.140 0.184 0.176
AS209 0.064 0.084 0.092
CVCha 0.117 0.154 -

Table 1: The second and third column contain the calculated dust sublimation radius and the fourth column contains
the observed dust radius if available.

This may not be a good sampling to conclude anything from but we can see that the equations do not
consistently lead to fixed differences between observed and theoretical values. There is a fixed ratio between
the radii produced by the two equations, since I fixed the dust sublimation temperature to 1500 K, at which
point both equations scale with the square root of the luminosity Which means the only difference between the
two are the constants. As we do not have more detailed information on dust properties for each system we will
not be using any of these equations to calculate the dust sublimation radius instead to be consistent in our
comparison we will only be using radii based on observation, even though the fitted observed inner dust radius
too will not be perfect.

The temperature at the sublimation radius is so hot that the disk emits in the NIR regime and contains
molecular rotational and vibrational lines, predominantly the ∆v = 1 lines. Reaching farther in towards the
protostar between the inner dust rim and the magnetospheric accretion zones at a few stellar radii, there is
a dust-free zone. It is suspected that this region contains a pure gas disk that transports gas towards the
protostar, but this is yet to be confirmed.

Figure 5: Schematic representation of a protoplanetary disk. Visible in it are amongst others the inner gas disk and a
representation of what the current instruments can observe. Note that NIR interferometry can resolve the inner radius
of the dust disk but not the gas disk. However, overtone emission from the pure gas disk would also be a potential way
to determine its presence. Image credit: Dullemond & Monnier (2010)
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Figure 6: This image displays
which parts of a protoplanetary
disk are responsible for the indi-
cated part in a typical protoplan-
etary SED. The warm inner rim
causes the NIR bump at about 1.5
microns. The hot surface dust is
linked to the infrared features in
the middle of the energetic domain.
Cold dust creates the black body
shape at the long wavelength end of
the SED. Image credit: Dullemond
et al. (2006)

1.2.3 Disk emission

A typical continuum Spectral Energy Distribution (SED) of a protoplanetary disk is shown in Fig. 6. On top
of the dust continuum, the SED contains emission bands and lines of many different molecules, including water
lines, H2, OH and CO. This thesis will focus only on the CO ro-vibrational lines near 4.7 microns. The energy
levels of a typical diatomic molecule like CO can be depicted as seen in Fig. 7. The different energy levels of
the CO molecule can be assigned as a combination of its vibrational quantum number (v) and its rotational
quantum number (J ). The change of vibrational state is depicted by ∆v, where ∆v = ±1,±2,±3, etc. When
a molecule undergoes a ro-vibrational transition, both the vibrational and rotational quantum numbers must
change. This is a consequence of the Laporte rule, the selection rule that applies on electric dipoles. This means
that for a transition in the vibrational band the rotational band must also change. ∆J = ±1, where this ∆J can
only be ±1 as a result of symmetries of the rotational wave functions in a rigid rotor. The energy level of the
CO molecule can be changed either by excitation through collisions with other molecules, predominantly H2,
or through absorption of a photon. It can also spontaneously decay to a lower energy level emitting a photon
in the process.

For the emission treated in this thesis, we look at the v = 1 - 0 transition, also known as the fundamental
transition. The CO is excited by means of collision and once excited into the v = 1 level, the electron can drop
one v level. If this v = 1 - 0 transition has a ∆J = 1, the transition is part of the R branch and if ∆J = −1
then the transition is part of the P branch. Within each vibrational state there are many different J levels, thus
giving rise to a rich ro-vibrational spectrum (Fig. 8).

In addition to v = 1 - 0 there are vibrational transitions where ∆v > 1. This kind of emission is called
overtone emission, but will not be treated in this thesis. It can however be used to track gas of high densities
and moderate (3000 K) temperatures (Martin 1997). This includes gas in the region discussed in this thesis
and therefore may be a good follow up observation.
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Figure 7: Sketch of an energy diagram for
emission. Shown are the energy levels of the P
branch (∆J = −1) in black and the R branch
(∆J = +1) in green as well as the Q branch in
yellow. The Q branch is forbidden for CO as
both vibrational and rotational quantum num-
bers must change. The P and R branch swap
location in this image when we consider absorp-
tion rather than emission since (∆J = +1) for
emission becomes a (∆J = −1) for absorption.
Note that all transitions in this diagram belong
to the v = 1 - 0 transition.

Figure 8: Typical CO ro-vibrational v = 1 - 0 band. On
the left we see the R branch and on the right the P branch of
the emission. A wavenumber of about 2100 corresponds to a
wavelength of about 4.76 micron and a wavenumber of 2150
corresponds to a wavelength of about 4.65 micron. Each line
in this range corresponds to a CO emission line visible in
Fig. 9.

Figure 8 shows the differences in intensities of the
P and the R branch with respect to each other of a
typical simulated CO v = 1 - 0 ro-vibrational band.
We can then compare this to an observed spectrum
as displayed in Fig. 9. Even though we cannot see
all lines of the CO spectra in Fig. 9 we do see that
the lines differ in relative intensity. If these line pro-
files look similar, one can safely add the normalized
profiles together to increase the S/N of the line pro-
file. For this thesis the normalization before was not
done. When this was discovered the results had al-
ready been produced and no time was left to redo the
data. Tests however reveal that since most data is
normalized on the continuum the difference between
normalizing before co-addition and after co-addition
is minimal and is either none existent or falls for the
most part within 1 σ of the version that only normal-
izes after the co-addition. In either case it does not
appear to affect the results. Since there are sometimes
intrinsic differences between the profiles, this means
that to get the highest quality results, it is best to
only co-add the high J lines (J > 15) or the low J
lines (J < 15) of both branches as these typically look the most alike.

1.2.4 The appearance of the CO emission

Each CO line is affected by a Doppler shift since it is emitted by a rotating disk. As a result, some parts of
the emission will be redshifted and others will be blueshifted. The amount of the shift is directly linked to the
rotational velocity and inclination of the disk. A sketch of this can be seen in Fig. 10 and Fig. 9 shows us an
observed example.

If we know the inclination of the system and convert the Doppler effect to velocity, we can use Kepler’s law
to estimate the position of the effective radius of emission of the gas disk. The velocity used for this is typically
the velocity at the wings of the profile, as the highest velocity gas is found closer to the star.
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Figure 9: The CRIRES spectrum of DoAr44. The continuum of the spectrum is normalized to one. The small gaps
in the lines stem from removed telluric lines. Each emission line in this spectrum corresponds to one of the lines from
Fig. 8. Note that although the general shape of the emission lines is the same, they are not all equal. Manual removal
of some lines is sometimes necessary for the best possible co-added line profile.

Since it is our goal to find the inner radius of the gas we want to be able to find the highest velocity possible
since that would be linked to a smaller Keplerian orbit of the gas. However, this becomes harder as the wing
of the line profile approaches 0 % intensity as at some point the error of the continuum would be larger than
the intensity itself. Therefore, getting the full width at 0 % is impossible. Our fitting method does not rely on
this as it creates a normalized line profile dependent on a set of input parameters further discussed in section
3. There are other methods of deriving an effective upper limit for this inner radius in the form of an effective
radius. One of which is to use the Half Width at 10% of intensity (HW10%) to derive a Keplerian velocity
which will be discussed in section 3.2.2.

A common feature of CO emission from rotating disk models is a double peak and although less prevalent
in observed spectra, it is still a regularly observed feature that requires some explanation. The shape of the
observed line profile is affected by the slit used in the observation of the disk. The size and location of this slit
can affect the amount of flux received, which is why a misaligned slit can cause asymmetries in the peak. The
slit will mainly cut off low velocity flux as that is the flux that comes from farther out. We also have to keep in
mind that opacity and inclination affect the line as well, as inclination and opacity determine how much of the
flux we see. The interplay of these factors help to create a wide variety of line shapes, from broad to narrow
and from single to double peaked. This gets even more complex when you add disk sub-structure into the mix.
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Figure 10: Sketch displaying a cross-section of a disk with contours of constant velocity on an inclined Keplerian disk.
The coloured lines would correspond to the lines of the same color in the sketch of the line profile. The line profile
displays velocity on the X-axis and relative intensity on the Y-axis. Here the peaks of the line are produced by the
longest closed iso-contours, while the centre is produced by none-closed velocity contours, and therefore contains less
flux. Disk structure, opacity, inclination, as well as density and temperature distributions all affect how the final line
profile will look like. The final line profile will be a combination of all optically thin emission from these iso-contours in
a three dimensional disk. Image credit: Dionatos (2015) .

1.3 Determining the inner radius

In this section we look at a few methods in the literature used to calculate an inner radius of both CO and
of dust. There are different ways how the CO inner radius is typically calculated in the literature. The first
step is fairly similar for all cases and includes the co-addition of CO lines to increase the S/N of the line profile
that will be fitted. When adding multiple observation dates spread across the year, this has the added benefit
of being able to fill in telluric gaps in the line profiles, as the relative velocity of the Earth compared to the
target star changes over the course of a year, due to us rotating around the sun. This means that the observed
peak of CO emission shifts a bit and therefore the relative location of the telluric line in the line profile does as
well. But since this is still the same target, the different observation dates could be added together if they are
similar enough in shape, effectively getting rid of the telluric line caused by Earth’s atmospheric CO. There can
however be differences in the line across different observation dates. This can be for example due to a different
position angle of the slit, different weather conditions, or intrinsic disk variability.

When a good line profile is created, it is then fitted with a model. The method used in this thesis is a
relatively simple method also used in van der Plas et al. (2009) and Carmona et al. (2017). It takes a single-
component-intensity power law and fits it to the data calculating the Chi-square (χ2) for a grid of the parameters
Rin and Rout.

Banzatti & Pontoppidan (2015) use a more complex method since they first separate the profile into a narrow
and broad component. This is done by comparing the v = 1 - 0 and v = 2 - 1 component of the CO emission.
They scale the composite v = 1 - 0 line of the line to match the wings of the v = 2 - 1 composite line. Then
they decompose these two components from each other. This way one is left with a broad component bereft of
any narrow component contamination. From this they then obtain the line width at 50% of the flux by fitting
the scaled line profile with up to two Gaussian functions to account for the double peaked nature of some lines.
Using this approach, Banzatti & Pontoppidan (2015) then used Kepler’s law and 1.7 times the velocity of the
gas at Half Width Half Maximum (HWHM) to estimate the inner radius of the CO gas. Keep in mind that
their result is not an inner radius, but a radius derived from the FWHM, an effective radius of emission, and
that when referring to their values in the rest of this thesis it is mainly to test if our fitted values are smaller.
Keep in mind that when we compare our values, both fitted and Keplerian, to theirs, there will be differences
due to possible differences in stellar mass, inclination or even the FWHM of the line.
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Another possibility of fitting the co-added spectra is used by Salyk et al. (2009). They assume a disk
model where the line emission originates from a disk surface with a temperature distribution described by
T = 300(R/au)−α. They then fix the outer radius to 50 au and assume that radii beyond 10 au no longer
contribute significantly to the CO emission. Furthermore, they also set the α parameter to 0.4 for a passive
disk with sub-micron sized dust grains, assume the gas to be optically thin, and normalize the peak flux. Then
they let the inner radius of the CO gas vary and through a reduced Chi-square method estimate an inner gas
radius. In this thesis we do not assume anything about temperature and instead rely directly on an intensity
profile. More details on our method will be provided in section 3.

An example of estimating the inner radius of the dust is given by Anthonioz et al. (2015). They made
use of two different models, a thermal model that relied upon a thermal ring discussed by Eisner et al. (2003)
and a composite model. The ring model uses a ring of constant brightness distribution and with a constant
width-to-radius ratio. The thermal model assumes that all energy coming from the disk and from the puffed up
inner ring is thermal. Whereas the composite model is basically an improved version of the ring model which
adds a scattered light component. This is motivated by previous data obtained by PIONIER and predictions
made by Pinte et al. (2008). As a result of this scattered light component the modeled inner radius of the dust
in the model decreases, as is shown in the results of their paper.

1.4 Goals of the thesis

This thesis will focus on obtaining the inner radius for the gas disk using reduced CO ro-vibration data from
CRIRES of 22 protoplanetary disks. We use two IDL-based programs, one written by Andres Carmona and
another specifically written for this thesis. In this thesis we will compare the inner gas radius to the inner
dust radius obtained from PIONIER NIR data from the literature. This is in an attempt to create a better
understanding of the region around the inner dust radius. The main emphasis of this thesis is to search for the
presence of gas within the inner dust radius. This can be used to determine to a higher statistical significance
whether gas and dust exist co-spatially. It can also provide a way to piece together an evolution of gas and dust
in the innermost region of the disk.

2 Observations

2.1 Instrumentation

The CRIRES instrument on the VLT provides high resolution spectroscopy for the 1 to 5.3 µm range with
spectral resolving power of about one hundred thousand. Our observations used a 0.2 arcsecond slit and AO
to maximize the S/N ratio and spatial resolution. It maximizes spectral coverage by means of four Aladdin
IIIInSb detector arrays providing an effective 4096 x 512 pixel focal plane detector array (”ESO” 2018). The
AO system of CRIRES allows it to adjust the mirror for atmospheric fluctuations by using the changes in a
reference star to guide the changes in the mirror. This results in the high velocity resolution spectra CRIRES
is known for.

The Precision Integrated-Optics Near-infrared Imaging ExpeRiment, PIONIER for short, is a NIR inter-
ferometer on the VLT that combines the light from all four VLT telescopes. This gives the VLT access to its
full imaging potential. It has a wavelength coverage of 1.5 to 2.4 µm. At its longest baseline of 130 meters,
PIONIER can achieve spatial resolutions of 2.5 mas, but it has a low spectral resolution (”PIONIER” 2018).
The instrument is used to measure the intensity of the NIR bump which is linked to the inner rim of the dust
disk (Dullemond & Monnier 2010). Once the light enters the telescope, it is sent across an optical circuit where
the light is combined to create an interference pattern, meaning the final image will not look like an ordinary
image. Instead the interference pattern will give a series of fringes of alternating light and dark stripes with a
set contrast between them. The distance and the contrast between the fringes is related to the size and shape
of the observed object.

15



2.2 Sample

The sample used in this thesis consists of the CO ro-vibrational M band spectra for 22 objects. These objects
were extracted from the VLT-CRIRES database of reduced protoplanetary spectra by K. Pontoppidan based on
the presence of PIONIER observation of these objects. That way, the inner dust radius obtained via interferom-
etry can be compared with the CO gas inner radius obtained in this thesis. The CO data is freely available on
K. Pontoppidan’s website (Pontoppidan” 2018). The total dataset contains data from two large ESO programs.
The first of these is 179.C-0151, ”The planet-forming zones of disks around solar-mass stars”. The second one
is 082.C-0432, titled ”The distribution of water vapor in the terrestrial zones of protoplanetary disks”. Thirteen
of these objects are T-Tauri stars, five are Herbigs and one is a young stellar object. Of the three remaining
objects two, AS205S and TTauS turned out to be binaries, as discovered by Eisner et al. (2005) and Duchêne
et al. (2002) respectively. This precludes a simple data analysis due to the complicated spectra. The final
object, RCra, is an Ae star embedded in the Corona Australis star-forming region. This object is contained
in the densest part of the cloud core in that region and seems severely contaminated by absorption features,
possibly due to the cloud or due to a close companion as noted in Neuhäuser & Forbrich (2008). Unfortunately
not much information could be found on this object, most likely due to the aforementioned contamination.

The measurements for all these objects were mostly done between 2007 and 2009, with one exception of
an observation of AS205N done in March 2010. All spectra are in the M band near 4.7 µm. Since this initial
sample was lacking in Herbig-type stars, five Herbigs were added from additional sources. These are HD95881,
HD98922, HD100546, HD163296 and HD190073. All but HD163296 are analyzed by van der Plas et al. (2015)
and Hein Bertelsen et al. (2016) analyzes all five. The spectra for these sources were handed to me by my
supervisor Inga Kamp. In total, this leaves us with 22 objects and 5 extra Herbigs. For AS205S, HD95881 and
RCra no analysis was possible because no analyzable co-added line profile could be made from their respective
spectra. Both AS205S and RCra showed a massive absorption line right on top of the CO line, making it hard
to normalize the line profile.

After looking through the literature we found that although PIONIER observations for these objects do
exist, we do not find a published derived inner dust radius for all objects in our sample. Accounting for the loss
of these objects and the before mentioned problem objects we are left with a total sample size of 17 objects, 9
of which are Herbigs.

Our fitted inner gas radii calculated will also be compared to the inner gas radii deduced by other studies.
More information on the objects can be found in Table 2 and more specifics can be found in the results section
4. For each object as many parameters as possible, preferably all, were drawn from a single paper in an attempt
to ensure the method of obtaining these parameters are consistent with each other. For example, if one paper
provides inclination, mass and luminosity its values for mass and luminosity will be preferred over a paper that
is perhaps newer but does not provide the inclination. Unfortunately, it was not always possible to find all these
values from one paper. A notable consistency between most source papers was that many of them used Siess
et al. (2000) stellar evolutionary tracks to determine pre-stellar parameters, for example, the stellar mass.
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Object Class Spectral D L∗ T∗ M∗ P.A. disk i
type (pc) (L�) (K) (M�) (◦) (◦)

AS205 N TT K51 1252 7.11 44501 1.12 1653 253

AS205 S B M31 1252 2.191 3450 1 1.284 n/a 25 4

AS 209 TT K53 1275 1.53 42503 0.93 863 383

CVCha TT G913 1995 5.013 541013 1.86 n/a 307

DoAr44 TT K38 1258 1.48 47308 1.38 808 358

DRTau TT K72 2075 0.92 44002 1.02 02 -92

EC90 N YSO M0*14 41512 0.914 3300*14 0.26 n/a n/a
EC90 S TT A4*14 41512 29*14 8500*14 2.06 n/a n/a
GQLup TT K711 1525 0.82 406011 0.82 3572 652

HD95881 HAe A220 17020 21.920 890020 2.020 10320 5520

HD98922 HBe B921 44021 64021 1040021 5.221 4520 2021

HD100546 HBe B922 10322 2622 1050022 2.022 14522 4222

HD135344B H F410 1565 8.110 659210 1.610 649 119

HD142527 H F710 1565 28.810 625210 2.510 2992 202

HD144432S HAe A910 1452 10.210 734510 1.810 952 252

HD163296 HAe A123 12223 30.223 930023 2.323 12824 4524

HD190073 HAe/Be A220 ≥ 29020 8320 890020 2.920 1020 23 20

RCra H B5*25 12916 n/a n/a n/a n/a n/a
RULup TT K72 1695 0.42 40002 0.72 802 352

RYLup TT G815 1515 2.615 544015 1.415 13515 8515

SCraN TT K31 1301 2.291 48001 1.51 152 102

SCraS TT M01 1301 0.761 38001 0.61 n/a 267

SR21 H G38 1258 108 58308 2.08 1008 228

TTauN TT K017 14017 8.817 52407 2.47 n/a 207

TTauS B n/a 14017 7.017 93017 3.018 n/a n/a
VVSer H B719 4152 1252 1380019 32 172 652

WaOph6 TT K63 1253 2.93 42053 0.93 1713 393

Table 2: The 27 sources used in this thesis. More information on these objects can be found in their respective results
sections. The different object classes in the second column of the table are: TT, T-Tauri; B, Binary system; YSO, Young
Stellar Object; H (Ae/Be), a Herbig type star, the Ae or Be indicate its spectral type. The third, fourth, fifth, sixth,
seventh, eighth and ninth column contain respectively: spectral type, distance, stellar luminosity, stellar temperature,
stellar mass, the position angle of the disk and the inclination of the disk. The symbol * indicates a high uncertainty.
Not all values could be found as indicated by n/a; if the P.A. is not available then 0 is assumed in the model and for
further calculations, this will still be displayed with n/a in the table.
References: (1) Prato et al. (2003); (2) Pontoppidan et al. (2011); (3) Andrews et al. (2009); (4) Salyk et al. (2014); (5)
Gaia single source search (Services” 2017); (6) estimated using Siess et al. (2000); (7) Banzatti & Pontoppidan (2015);
(8) Andrews et al. (2011); (9) Lyo et al. (2011); (10) van Boekel et al. (2005); (11) Duarte et al. (2008); (12) Dzib et al.
(2010); (13) Luhman (2007); (14) Ciardi et al. (2005); (15) Manset et al. (2009); (16) Marraco & Rydgren (1981); (17)
Ghez et al. (1991); (18) Csépány et al. (2015); (19) Garcia Lopez et al. (2015); (20) van der Plas et al. (2015); (21)
o Garatti et al. (2015); (22) Hein Bertelsen et al. (2013); (23) Swartz et al. (2005); (24) Isella et al. (2007); (25) Gray
et al. (2006).
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3 Analysis

The CRIRES data was analyzed using two programs written in IDL (”Harris Geospatial Solutions 2018). The
first of these programs, written by the author, co-adds the lines and normalizes the result to produce co-added
line profiles. These co-added line profiles are then fitted using the second program, written by A. Carmona and
slightly modified by the autor. The CO ro-vibrational line co-adder and the fitting program will be discussed
in sections 3.1 and 3.2 respectively.

3.1 Co-adding the CO spectra.

The program to co-add spectra has a few features worth mentioning. The first time the program is ran it iden-
tifies all possible locations for a v = 1 - 0 transition and converts for each of these wavelengths the entire line
profile to velocity space, with the selected transition line at v = 0 km s−1. The lines are then cut by selecting
an area of 200 to 300 km s−1 around the rest wavelengths of the different J lines of the v = 1 - 0 transition.
This may vary per object as this cut can have influence on the processing of the line. For example the line may
have a small feature at the edge of the velocity space that causes the program to think the continuum is skewed,
this can have a result in the co-added line profile and as such care should be given in selecting this velocity space.

Since the line profile may contain large gaps in the data the program also searches for any potentially emis-
sion lines in the data that have not enough data to fit properly. This is done by looking at any given line and
checking if there is flux in less than 40% of the velocity space cut around said line. This is mainly done since if
the area around a line has less than 40% of its velocity space containing data, the line probably does not have
enough continuum to determine where the wings of the line start. This percentage can be changed to suit the
width of the cut. This way we also find any lines fully contained in these gaps and therefore completely devoid
of data. We will refer to those kind of lines as ”missing lines”.

Before we co-added the lines we over-plotted them with each other to see if they aligned properly, while doing
so we discovered that for each line there was a slight misalignment between the rest wavelength of and location
of the centre of that line. This perceived difference can be see in Fig. 11. To confirm this difference we fitted
each line with a Gaussian and displayed the centre of that Gaussian. For this too the centres of the different
lines do not overlap. The value of the shift between these centres tends to be of the order of 1 - 1.5 km s−1,
about one resolution element, but there is some variation in this. As this difference seems to be random we
came up with the idea to shift these individual lines with the difference between their rest wavelength and the
centre of their Gaussian fit. This would centre all the lines on the rest wavelength, a process called microshifting.

To find out how much the line needs to be shifted, the program finds the centre of the line by fitting a
Gaussian to the selected line profile. It then uses the centre of that Gaussian to find the difference with respect
to the rest wavelength. This turned out to be a problem as a Gaussian does not necessarily describe the shape
of the line and thus the centre of the Gaussian may not actually describe the centre of the line well, especially
if there is an unfortunately placed telluric gap, or if the line is very noisy, or if the line has a double peak. As
a result this method of microshifting works best for high S/N (around 50 or higher), symmetric, single peak
targets, but works less well for wide double peaked and low S/N spectra. Asymmetry is less of an issue as
long as the asymmetry is recurrent in all lines, then the final result will be slightly off center but that can be
manually corrected for post co-addition. The main issue is S/N, as a low S/N will mean a larger variation in
the microshift, which artificially broadens the line and increases the error in the co-added line profile. In the
case of high S/N single peaked targets, the centre of the Gaussian fit matches fairly consistently with the centre
of the line. Therefore, microshifting the lines reduces the spread in the centre, limiting the variation in the line
centre to 0.5 - 1 km s−1. However, as the line profile is not shaped like a Gaussian any major asymmetries
in individual lines can lead to misalignment of the Gaussian fit with the centre. However, this is rare in most
high S/N objects and only occurs frequently if the telluric line overlaps with one of the wings of the line profile.
Lines for which this occurred could be removed manually as these are easy to identify by eye.
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Figure 11: The plot displays 7 of the first lines from AS205N April 2007. The flux of each line has been increased by 0.1
compared to the previous line to make it more visible to the reader what line is where. Each line also has the centre of
a 4 parameter Gaussian fit displayed using the same color. The misalignment of the centres of the peaks and the native
resolution of the data points in each line are visible. Aligning the peaks by applying a microshift does not always align
the data points of the different emission lines. Keep in mind that the centre of the microshift does not necessarily align
with the highest data point of the line profile. Therefore, if one were to interpolate the data as is, or by first applying a
microshift, in both cases one would have a grid of data points finer than the original sampling of data points in a single
line profile.

As a result of the above mentioned limitations this method is unable to completely remove the misalignment
of the individual line profiles with their rest velocity. After extensive testing it was discovered that for high
S/N line profiles, the difference in line profile, and by extension the fitted inner radius, between microshifting or
manually aligning the peak of the line profile with the location of the rest wavelength does not yield substantial
differences. These differences are typically of the order of a single resolution element, which also seems to be
our uncertainty in the centers of the lines. Minor differences between the methods in the shape of the peak
are expected to occur, since if the peak has any features these will be smoothened out on a scale less than 1
km s−1. This is because 1 km s−1 is the resolution of the interpolation used in the co-addition, a resolution
slightly smaller than the native resolution of the original data points (Fig. 11). For a small number of objects a
comparison was done for the results of the co-addition with and without microshifting. For the case of DRTau,
we noticed an increase in the noise for the peak area when applying the microshift method. This did not happen
in all cases, but it should be noted. This increase in S/N is suspected to be an effect of the smoothing effect that
the microshifting method has. For low (< 33) S/N objects microshifting does not work at all. These objects
tend to have individual lines that differ widely and more often than not contain features near the line wings
that broaden the Gaussian and therefore shift the centre of the Gaussian. This can lead to entire double peaks
vanishing as a result of the realigning process, in which the microshift far exceeds the native resolution of the
data.

This lead me to conclude that the microshifting method does not have substantial benefits and as a result is
better not applied in its current form. As for high S/N the added benefit of automatically aligning and centering
the lines does not make the line profile substantially better, nor does it outweigh the issues that this method
has for low S/N (< 33 S/N) objects. So for consistency reasons the method is discarded. This means that after
the co-addition is completed the lines need to be manually shifted. The centre of these lines is found by taking
either the FWHM or the Half Width at 10 percent (HW10%) and finding how much its centre differs from zero
velocity. This final applied shift will be listed in the individual results sections. Typically, wherever possible
the HW10% is used, but if this is not possible because of the error being larger than 10% or if there is a telluric
gap on either side at 10% height the FWHM will be used instead. The line is then shifted by the measured
difference. Sometimes neither is available or both are obscured by a telluric line, in which case the line may be
not shifted at all or shifted by eye. This can be inaccurate, although this poses no problem as the objects for
which this problem occurs tend to be of low S/N (< 33). This can be seen in section 4.1. An accurate centre for
these lines would not improve the fit of these lines. The result is also checked by eye to make sure the shifted
co-added line profile is as close to properly centred as possible.
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There are however 5 objects for which we do apply the microshifting method. These are the 5 objects added
later in the thesis that are not from Pontoppidan’s database. We have to apply the microshifting method since
the data for these objects is split among different chips and is not corrected for Doppler shift. More information
on this will be provided in their individual section. (Sect. 4.1)

The next step of the program is to interpolate the CO line to a uniform wavelength grid created for this
purpose. This is done so that different observation dates could be co-added later without needing a second
interpolation. This grid is a uniform grid typically stretching from −125 to +125 km s−1 with a resolution of
1 km s−1, but the range and resolution can be changed by the user. This velocity resolution is slightly smaller
than the native velocity resolution of the CRIRES data which is about 1.3 km s−1. This oversampling poses no
problem and in fact can be recommended. As the data is not uniformly spread over velocity, every line cut out
from the spectra has its data points at different velocities. Since these velocity points are not all equally spaced
and not at the same velocity, it effectively means the information is on a grid much finer than the resolution of
a single observation.

Some objects have more than one observation date, these could potentially be co-added to increase the
S/N. However, in the end this was not done, mainly for consistencies sake as well as time constrains on the
thesis. The individual co-added observations can be found in appendix B. There are also more than a few ob-
jects for which adding the different observation dates together does not work. There are multiple reasons for this:

• First and foremost adding the observations together after the co-addition will create a broken continuum
in some objects. As the different observations dates can have different values in each.

• Secondly there can be differences between the observation dates. For example a large difference in S/N,
mainly linked to integration time and the nature of the source, although the latter tends not to change
much with different observation dates.

• Thirdly there can be a difference in the shape of the line. This can be caused by not covering the same
wavelength range or slight misalignments in the slits between observations.

• Finally an important reason not to merge two observation dates is an unfortunate placement of the telluric
absorption lines, if these cover the highest point of the line the line cannot be properly normalized on the
peak. To still normalize the line the program will find the next highest value it can find to normalize on
which artificially inflates the values of the wings.

Since for these objects we cannot guarantee that the combined result would be representative of the source
it was deemed best to take the individual observations and simply fit those. As often the different observation
dates still appear pretty much the same to save time only one of the co-added line profiles would be fit. Picking
which line profile to analyze was done by eye and the selection was made on parameters such as S/N ratio,
symmetry of the line profile and the amount and location of telluric gaps. The highest S/N most symmetrical
spectra with the least telluric gaps would be picked for χ2 fitting.

Next the program fits the continuum by taking the outer edges of the area around the selected line. The
area used for fitting is typically a section of 25 km s−1 from -125 to -100 km s−1 and a similar patch on the
positive side. This varies if the object is extremely broad, like WaOph6, or if no more data points are present
at those velocities.

The program then fits a straight line through these points and subtracts this from the selected line profile
producing a line profile without the continuum. This method can also correct slopes, but breaks down if the
area used for fitting is elevated or lowered by some none continuum feature in the selected part of the spectra,
which makes it hard to automate. Because of this each line is checked by eye and if such deviations are dis-
covered the line is manually removed. The reason we used this method rather than just subtract one, which
would have worked just fine for Pontoppidan’s data, is because for any other object that would have not worked.
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This is followed by the co-addition and subsequently the normalization of the line profiles. Any line that
fails to meet the specifications of the program or the user is omitted from the co-addition and normalization.
The typical criteria to remove a line are as follows: if the line is missing in its entirety or misses substantial
parts (> 60%) or if there is not enough data points in the continuum areas.

Over time the program was improved to handle the data in a more automized way and any errors that
had occurred for one or two objects disappeared due to an improved understanding of the data and the code.
Rejections based on very rare occurrences were phased out as well and replaced with manual rejections of the
line to ensure the program would not omit any valid data. Manual rejections of lines are based on the following:
poor line position, for example the telluric gap covering most of the line; a sloped continuum fit with respect
to the continuum of other lines; an absorption feature or possible weak telluric line inside of the emission line
while this is not present in other lines of the same object; an exceptionally noisy line compared to the other
lines which does not stick at least one σ out of the continuum; strange features none of the other lines shows,
this can overlap with some of the previously mentioned problems. All of these can be reasons to remove a line
and have been applied as consistently as possible. It proved hard to automate this as the problematic features
vary per object. One last thing to mention regarding the co-addition is that some objects have lines all the
way from 4.7 microns to 5 microns. This means that they have lines from both low and high R branch and
as a result these lines may vary in shape. For some objects high or low R branch parts may be removed to
ensure the lines are as similar as possible. This could be automated by determining the FWHM of each line
and determining an acceptable margin of variation on that, but this was not done and instead the lines were
compared by eye. For some objects in this thesis, lines from all over the P and R were co-added. This was done
as in those cases the S/N gained from adding more lines severely out-weighted any possible differences in the
lines. Furthermore, per object lines were checked individually, by eye, to ensure they are similar enough in line
shape and height.

The program also accounts for the error by taking the instrumental error provided in the programs and
then adding to this a standard deviation for each line calculated from the continuum. This is then propagated
when the lines are co-added and normalized resulting in the values used for the error bars in the results section
4.1. This approach was used for both the data from K. Pontoppidan (Pontoppidan” 2018) and for the Herbig
spectra by van der Plas” (2018) and R. P. Hein Bertelsen Hein Bertelsen et al. (2016).

The format of the data differs for the Herbig spectra. Therefore the program had to be adapted to be able
to analyze those spectra. Pontoppidan’s data was in a single fits file per object and observation date, containing
no overlap between detector chips and having the continuum normalized to one. The data by van der Plas and
Hein Bertelsen on the other hand was placed in a multitude of text files, contained no header, and each file
contained the unnormalized data of a single detector chip with the data often overlapping between chips. To
tackle this, the program was rewritten to loop over all the individual chips and central wavelengths files, store
the data gained from each loop and co-add all of these after having looped through all files, but problems still
occurred. Although noisy, most of these objects now produced co-added line profiles, only HD95881 still did not
yield any co-added line profile and was skipped in order to proceed with the thesis. The other 4 extra objects
proved to be noisy, with the exception of HD100546 who overall had a lower S/N but contained a few extremely
noisy spots. These objects will be treated individually in the results section 4.1.
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3.2 Determination of the gas inner radii.

3.2.1 General approach

The second program, originally written by Carmona” (2018) and slightly modified for the purpose of this thesis
by the author, fits the co-added line profile with a one component emission model. In this program, the main
changes or additions done by the author were to change the program so that it would save each fit for every
parameter combination of Rin and Rout and to disable the normalization of the input line profile done by the
program as the input data is already normalized. Saving the data allows manual inspection of the fits later on
to check the χ2 fit and see how good the fits actually are.

The program calculates the χ2 between the modelled and the observed line profile. The model is generally
set up with a number of parameters concerning the target star and observation details. These parameters are
the stellar mass in solar masses, the distance in parsec, the position angle of the slit and of the disk in degrees,
the inclination of the disk in degrees, the spectral resolution, the pixel scale in arcseconds per pixel, and FWHM
of the Point Spread Function (PSF FWHM) in arcseconds. The spectral resolution and pixel scale are assumed
to be the same for all objects where AO are used. The same applies to the PSF FWHM for which a value of 0.2”
is used when the AO system was used during the observations. If AO was not used, then the seeing during the
observation in arcseconds is used for the PSF FWHM. This seeing is found in the header of the observations. In
the case of the extra Herbig objects, where no header is present, a PSF FWHM of 0.2” is assumed. In addition,
the program requires the inner and outer radius of the gas emission. For each combination of an Rin and Rout

the program will create an intensity profile which varies as a power law as a fuction of radius. The exponent of
this single component power law is α, which is set in such a way that at Rout the intensity of the power law is
1% of the maximum intensity at Rin. α can be derived from:

α =
−log(Imin)

log
(
Rout

Rin

) (9)

where Imin is the intensity at the outer radius. This means that for each combination of Rin and Rout an α is
calculated, which determines the shape of the intensity profile.

Ir = I0 ×
( r

Rin

)−α
(10)

where I0 is the intensity at Rin and r is the radius from the star. This in the case of our normalized intensity
profile is one. An example of the intensity profile can be seen in Fig. 13.

This shape is dependent on the 1% we picked as our intensity at Rout on advice of Andres Carmona. The
argument for this is that level populations and temperatures decrease like exponentials once you get to suffi-
ciently large radii. From these radii on it is thought that the intensity decreases much faster than a simple
power law. As a result one would expect to not see much contribution past a certain radius. If we do not cut
the intensity, the increasing surface area of the rings will compensate for this drop in intensity and give more
weight to the outer regions of the fit. Therefore, considering our focus is on the inner region we cut the intensity
at 1%, although this may be subject to the nature of the objects. As we cannot account for that currently we
will assume a cut-off at 1% of the intensity at the inner radius. Section 5.3 will look at different ways to change
the shape of the power law, including the effects of changing Imin.

The program then calculates a modeled line profile by creating a number of rings, calculating the flux of each
of these rings and then, after adding the star, convolves each ring with the PSF FWHM. This line profile is then
modified due to the rotation of the slit and the Position Angle P.A. of the disk as can be seen in Fig. 12. The line
profile is created by using a P.A. of 90 degrees. In order to make the line profile have an astronomical P.A. of 0
degrees it needs to be rotated by 90 degrees clockwise in IDL. We then subtract the P.A. of the disk since positive
rotation in IDL is clockwise and positive rotation in astronomy is counterclockwise. The same applies for the slit.

Figure 13 shows an example of the intensity profile and the cumulative flux with radius. One can see the
effect of the larger surface areas farther out, as even though they are not emitting with the same intensity as the
regions close in, their surface area more than compensates for that, making the outer region still an important
contributor. The percentage the outermost au contribute depends on the shape of the power law, and therefore
on α.
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Figure 12: Best fit of AS 209 with Rin = 0.046 and Rout = 1.0. The left plot displays the ”raw” normalized line profile
of the model in velocity versus normalized intensity. Raw here simply means that no other actions have been applied
to this spectra. The modeled line profile is created from a simple slab model where consecutive rings are combined and
convolved to create the line profile we see in these images. On the right, we have the modeled line profile corrected for
the P.A. of the slit and the P.A. of the disk. Both vertical axes represent the normalized flux.

Figure 13: Left: Normalized power law of the intensity. Right: Cumulative flux; this also accounts for the size of the
ring, which grows with R2 and therefore the outer half of the disk can still contribute significantly.

The program also displays a 2D representation of the raw convolved flux, a 2D representation of the disk
rotated to account for the P.A. of the disk and the P.A. of the slit and a 1D plot of the flux along the x-axis for
the raw disk as can be seen in Fig. 14. The size of the plotted disk is not representative of the size of the disk
and is not linked to the outer radius either, because the color scale of the plot is linear between the minimum
and maximum value. The size of the image can an input parameter, but we use the default value of 100 au. If
it were explicitly provided the program has a fail safe to ensure that the image size is at least twice Rmax. The
program also adds ten contour levels evenly distributed at each 10% of the normalized flux, which peaks at the
centre.

The program creates a mask to remove the parts of the line image that fall outside of the slit, taking the
respective size of the slit provided as input. It also applies this mask to the convolved PSF of the star, as can
be seen in Fig. 15. The program then adds the cut line profile of the star to the cut line profile of the disk to
construct the full model line profile. The two line profiles have both been normalized on the maximum (Fig.
16). Since our input observed line profile is already normalized, the normalization process is deactivated for the
observed line profile in this program.
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Figure 14: Left: line image of the raw disk model, each location contains the convolved flux at that point, color coded
from red (high intensity) to black (low intensity). Ten contours have been evenly distributed over the range of the
convolved flux to visualize where what percentages of the flux originate. Middle: Disk image with the P.A. of the slit
and the P.A. of the disk applied. The change is very small, which is due to the PSF, that blurs the disk to the point
where even a clearly inclined system will appear nearly spherical. The FWHM of the PSF used here is 0.206 arcsecond,
which is typical for our objects, and assumed for the extra Herbigs. Right: X-axis cross section of the raw disk in the
left plot at Y = 0.

Figure 15: Left: Disk image convolved with the PSF and cut by the slit. Right: Stellar image convolved with the PSF
and cut by the slit. Again, the color scale is linear so the size of the disk represented here is not representative of the
values we put in for the inner and outer radius.

The χ2 is then calculated by:

χ2 =

N∑
n=1

(( (Fdata − Fmodel)

σ

)2

/(N − 4)

)
(11)

where for each velocity element n, Fdata is the flux of the observed line profile at that velocity element, Fmodel

is the flux of the model at that velocity element, σ is the 1 σ error of the observed line profile at that velocity
element and N is the total amount of velocity elements. We subtract 4 since we have 3 degrees of freedom,
namely Rin, Rout and α, and for the χ2 you divide by the degree of freedom plus one. All of this is done for a
number of different combinations of Rin and Rout and uses the χ2 calculated from the intensity profile typically
up to 50%, so from the wings only. This is done as we are interested in fitting the wings as best as possible and
do not want the χ2 of the centre to contaminate the result. If we fit more than just the wings, it will be noted
in the result section 4.1.
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Figure 16: Left: Modeled line profile created from the masked star and disk. Middle: Observed co-added line profile.
Right: Comparison of the model and the observation after subtracting the continuum from the modeled line profile and
normalizing it.

To save time, a coarse logarithmic grid was created to locate the most probable parameter space for the
global minimum of the χ2. This allows us to then fit this minimum with a higher resolution grid, saving compu-
tation time by skipping high χ2 zones. This method however could run the risk of missing local and small scale
minima of the χ2. In order to minimize the risk of this, a logarithmic scale was used so more resolution could be
spent to the inner parts close to the star. The primary test grid selected is a logarithmic scale from 0.1 to 10 for
Rin and 1 to 100 for Rout. Each factor 10 is divided in 3 data points at equal distance in log space. This leads
to values like for example, 1 au, 2.15 au, and 4.64 au, repeated at any order of magnitude. We also added a few
values for the outer radius that recur in about 6 objects as those objects seem to have a centre at about these
values. These values being: 3.0 au, 3.5 au, 4.0 au, 5.0 au, 5.5 au, and 6.0 au. As these values were discovered
to contain a minimum for AS205N, which was used as a test object, it was decided to keep running them for
other objects as well which may not have always yielded results. The resulting χ2 for each combination of Rin

and Rout is then analyzed to find the possible parameter combination for the global minimum. The plan was to
follow this coarse grid up with a much higher resolution secondary grid around the suspected minimum values
for Rin and Rout. However, due to the limited S/N (< 33) of some of the co-added line profiles and due to the
behaviour of the power-law, zooming in proved to often not yield any better results. For the higher S/N objects
however, values around the presumed minimum were selected to improve the fit. This was done by creating a
linear grid around the presumed minimum. For the outer radius this was typically in steps of 1 or 0.5 au. For
the inner radius extra values were added to the standard logarithmic scale as the variation of the χ2 with the
outer radius seemed stronger. For low S/N objects it is typically impossible to say with certainty that fits from
a zoomed in grid are any better than the fits from the coarse grid. This is mainly due to the large degeneracy
in these results, which will be discussed in the results section 4. For the high S/N (∼ 100) line profiles another
problem arises: often, the line profile simply cannot be fit at all using a single component power law, again we
will discuss this further in sections 4.2 and 5.

From the aforementioned grid we can create a χ2 distribution of the different fits. Since not all objects could
be fit with this we are more interested in seeing how the χ2 varies from the best fit. For that reason we opted
to plot the ∆χ2, which displays the difference between the χ2 at the parameter combination and the best fit.
To see how the real χ2 distribution would look like one only needs to add the χ2 value displayed in table 4.

Two more things to note are. Firstly, that when the inclination is set to 0, the model collapses and all final
line profiles, no matter the combination of Rin and Rout, will be the same. This is because we are viewing the
object face on resulting in a single peaked line profile. Therefore all χ2 will be the same. Secondly, in the case
of an unknown inclinations an inclination of 36 degrees is assumed as this would be the average value of the
sinus of the inclination.
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3.2.2 Keplerian sanity check

In order to check the validity of the results for the inner radii obtained from the above method, we confront
them with a simple estimate. The idea behind this is that upper limits on the inner radius can be calculated
by means of the Keplerian velocity. For this, the Half Width at 10 percent (HW10%) is taken, since even in
high S/N objects the full width at zero percent is hard to determine. The HW10% is calculated by taking
the full width of the line divided by two. This way asymmetries and noise are accounted and compensated
for. This is the velocity that we observe and we still need to account for the inclination of the disk to get the
actual velocity of the disk. Subsequently, it is assumed that the gas behaves according to Keplers laws of motion.

Gas in this environment behaves differently from dust as there is an added pressure term to the equation
of motion for the gas. This pressure term makes the gas velocity dependent on the pressure gradient, which
in the general case of our objects means that the gas moves at sub-Keplerian speeds. For the region we are
considering, of the order of a few au and less, this term becomes negligible due to the effects of the pressure
term becoming insignificant. This leads to the difference between the Keplerian and gas velocity at 1 au to be
of the order of a tenth of a percent and this difference becomes smaller even closer to the star. Therefore it can
be safely assumed that the Keplerian velocity is a good estimator of the gas velocity at these radii.

With the known mass of the star and inclination of the disk, we can calculate the radii at which this emission
originated. This can then serve as a crude upper limit to the inner radii calculated with the more elaborate
model outlined above. The observed Keplerian velocity is

vkep = sin(i)

√
GM?

r(au)
(12)

where vkep is the velocity of the emitting gas in m s−1 (derived from our FWHM or our HW10%), the sin(i)
corrects for the inclination of the system, M? the mass of the target star in solar masses and r the distance
from the star in au. By taking the ratio between Earth’s known velocity and the unknown parameters of the
target, we can then rewrite the equation to express the radius of the gas emission in terms of the stellar mass
and velocity

v⊕
vkep

=

(√
GM�

1au

)(
sin(i)

√
GM?

r(au)

)−1

(13)

where v⊕ is the Earth’s velocity of 30 km s−1 around the sun. We then rewrite it by expressing r in terms of
the mass of the target star and the Keplerian velocities of Earth and the observed Keplerian velocity.

r(au) =
302M?

v2
kep

(sin(i))2 (14)

Simple estimates of the inner radius of the CO gas will be given using this method in the results section 4.1.
Where the HW10% is not available, 1.7 times the HWHM may be used instead to derive the effective radius of
the emitting region (Salyk et al. 2011). They found this to best reproduce their modeled results. However, as
I worked along, I did notice that there is quite some variation between sources concerning the HWHM and the
HW10%. For some objects the difference between 1.7 times the HWHM and the HW10% can be a factor 2 or
more. This can be seen in Fig. 72 in Sect. 4.2. Therefore, for each estimate, I will note what has been used to
achieve it.
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4 Results

The results section will be split in two subsections. Section 4.1 contains the individual results of each objects,
any noteworthy features, anomalies, and results of the analyses. Section 4.2 will contain comparisons between
the different values of the literature and the results of the thesis, comparing them to look for possible trends.
Tables containing what lines are co-added for the results of section 4.1 will be put into appendix A.

After explaining the criterea by which we will separate the results Sect. 4.1 will start with table 3 containing
important information about the objects, like the observation date, the S/N, how much the peak was moved
to center it properly, and the values for the HWHM and HW10%. This will be followed by table 4 which
contains the best fitting inner and outer radius as well as the α and χ2 of that combination, the radius derived
from the sanity check for both the HWHM and the HW10%, the literature value for the effective gas radius and
the inner rim radius of the dust. The subsection will be split up to separate the objects by the nature of their fit.

There are many criteria by which groups can be created, for example the S/N, the value of the χ2, or the
spread of the χ2. In the end the objects were separated into the following groups:

• The first of these are the objects of which the wings could properly be fit. This is hard to express in terms
of χ2 as the χ2 varies with S/N and with fit, but typically these objects have a χ2 < 2σ and a S/N high
enough (> 33) for the ∆χ2 to have at least 5 σ confidence contours around the minimum, visible within
the parameter space. This group can be categorized as having a low χ2 and a high S/N.

• The second group consists of objects that cannot fit their wings no matter which combination of the inner
and outer radius is used and therefore seems to have a second component to their power law. This is not
always equally obvious but overall this group can be categorized as having a large χ2 and a large S/N.

• The third group contains objects of low S/N. This causes them to also have a large error, which allows a
lot of different fits to seemingly fit the line profile. Resulting in a low χ2 but also no real indication as to
what value of the inner radius is the best. This group can be categorized as having a low χ2 and a low
S/N. Typically this group will contain any and all objects that have a χ2 that is not constrained with at
least 5 σ confidence contours above the best fit. This classification trumps the previous one, so even if
the line profile seems to have two components, if the χ2 plot is unconstrained the object will land in this
group.

• The final group consists of the objects we either skipped because of the nature of their data or are of a
special nature, like spectroscopic binaries. The reasons to be placed in this group can be because we could
not co-add the data, because the co-added line profile contains irremovable absorption lines, or because
other reasons that will be mentioned in the objects respective section. Anything we did try with those
objects will be mentioned there as well as sometimes we could still derive an inner radius for these objects.
This group will be referred to as limited.
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To support this classification we have Fig. 17. It displays the S/N versus χ2 of the best fit. We can see from
this that objects of the same classification tend to cluster together, with a few exceptions. The exceptions being,
HD100546 (Nr. 12), HD135344B (Nr. 13) and TTauS (Nr. 25). HD100546 (Nr. 12) does so as it has a number
of features that cannot be fit with a single component line profile making it appear like a multi-component
fit. HD135344B (Nr. 13) is so narrow that it simply cannot reach ∆χ2 values high enough to reach the fifth
confidence contour. And TTauS (Nr. 25) is a binary.

Figure 17: Here we compare the S/N on the x-axis to the χ2 of the best fit. Besides a few debatable objects one can
see our distinction of classifications clearly represented in the figure.

For each object we will discuss the shape of the peak, its fit and anything notable about the object. In
addition to this we will display the plot of the co-added line profile in black with the error displayed in grey
surrounding the line profile. In red we then overplot the best fit and in a separate plot we display the ∆χ2

plot. We cap the ∆χ2 at 25 as some objects have ∆χ2 values that severely exceed these values and we want
the colorbar to represent the area that is the most interesting to use and not emphasize the outliers of the ∆χ2

plot. But, as for some plots this would mean large areas are left without information we both opted to add
black contour lines at different intervals to give the reader an idea of what is happening in these regions and
crop the images to emphasize any detail that may be present.1

1There are small artifact lines visible in the ∆χ2 contour plot, these recur in other ∆χ2 plots as well and may either be an
artifact of the python tricontour method used to interpolate the data, or are a result of the device used to display the figure. It
was not always possible to remove these and so to keep the vector based figure it was kept this way.
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4.1 Individual results

N Object Observation dates S/N Shift Shifting HWHM HW10%

km s−1 method km s−1 km s−1

1 AS205 N 22-04-2007 - 01-09-2007
03-05-2008 - 10-03-2010

154 6 FWHM 10 34

2 AS205 S 22-04-2007 - 10-03-2010 - - - - -
3 AS 209 02-05-2008 17 4.5 eye 26.5 83
4 CVCha 04-01-2009 45 0 FWHM 35.5 65
5 DoAr44 05-09-2007 - 28-04-2008 54 0 eye 29 51
6 DRTau 10-10-2007 - 31-12-2008 120 13 FWHM 9 18
7 EC90 N 24-04-2007 8 3 FWHM 15 -
8 EC90 S 24-04-2007 6 0 - 17 -
9 GQLup 22-04-2007 - 03-05-2008

04-08-2008
67 2.5 FWHM 37 59.5

10 HD95881 15-05-2007 - 02-06-2008 - - - - -
11 HD98922 16-06-2007 6 - micro 10.5 -
12 HD100546 29-03-2010 - 30-03-2010 62 - micro 8.5 -
13 HD135344B 23-04-2007 - 04-09-2007 52 7 FWHM 8 14
14 HD142527 05-08-2008 - 07-08-2008 96 3 eye 16 26
15 HD144432S 03-08-2008 20 4 eye 16.5 33.5
16 HD163296 06-03-2012 8 - micro 20 -
17 HD190073 15-05-2007 - 03-06-

2008
8 - micro - -

18 RCra 22-04-2007 - 02-09-2007
10-08-2008

- - - - -

19 RULup 27-04-2007 - 28-04-2008 76 2.5 FWHM 13.5 47.5
20 RYLup 25-04-2007 - 27-04-2008 23 4.5 eye 20 60.5
21 SCraN 23-04-2007 - 04-09-2007

06-08-2008
151 4 eye 8.5 36

22 SCraS 23-04-2007 - 04-09-2007
06-08-2008

57 4.5 FWHM 8.5 57.5

23 SR21 01-09-2007 18 3 FWHM 7 9
24 TTauN 11-10-2007 28 0 - 19 43
25 TTauS 11-10-2007 75 5.5 FWHM 17.5 58
26 VVSer 22-04-2007 - 06-09-2007

02-05-2008
29 5 FWHM 30 41

27 WaOph6 02-05-2008 24 7 FWHM 84 95.5

Table 3: N: The object number. Object: The name of the object. Observation dates: The date highlighted in bold is
the one we fit for reasons that will be explained in Sect. 4.1. S/N: The S/N of the object is calculated by taking the
inverse of the median of the error of the co-added spectra. Shift: The amount the line has been shifted to the left to
centre the line profile on zero. Shifting method: The method used to centre the line, here ”FWHM” means the line was
centered by aligning the centre of the FWHM with zero velocity, ”-” means that the spectrum was not used, ”eye” means
the alignment was done by eye, and ”micro” means that the line used the microshifting method. The latter is only done
for the objects that were not from Pontoppidan’s database. HWHM: HWHM of the line profile, when available. and
HW10%: HW10% of the line profile, when available. These are the observed HWHM and HW10% uncorrected for the
inclination of the system.
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Object Rin Rout α χ2 Rkep50 Rkep10 Rlit Rdust
au au au au au au

AS205 N 0.10 4.0 1.248 61.685 0.612 0.153 0.171 0.1762

AS205 S - - - - - - - -
AS 209 0.0464 1.0 1.5 3.366 0.151 0.045 0.071 0.0922

CVCha 0.07 0.8 1.890 1.656 0.111 0.096 0.181 -
DoAr44 0.07 1.5 1.503 4.649 0.158 0.147 0.41 -
DRTau 0.0215 0.650 0.806 19.597 0.094 0.068 0.061 0.0705

EC90 N 0.00464 0.25 1.155 0.759 0.066 - - -
EC90 S 0.215 6.0 1.383 0.879 0.640 - - -
GQLup 0.10 1.5 1.701 2.889 0.146 0.164 0.21 0.0412

HD95881 - - - - - - - 0.163

HD98922 2.15 21.5 2.0 0.744 1.72 - - 0.3843

HD100546 2.15 100 1.199 37.50 3.86 - - 0.0223

HD135344B 0.10 3.0 1.354 0.824 0.283 0.267 1.71 0.084

HD142527 0.28 4.0 1.732 1.527 0.356 0.389 2.31 0.3463

HD144432S 0.10 2.15 1.501 1.797 0.368 0.258 0.81 0.1913

HD163296 1.0 10.0 2.0 0.493 0.895 - - 0.0423

HD190073 0.01 1.0 1.0 0.531 - - - 0.0753

RCra - - - - - - - 0.0323

RULup 0.10 2.15 1.501 22.258 0.394 0.092 0.071 0.1022

RYLup 0.464 21.5 1.201 4.908 1.08 0.310 - 0.0652

SCraN 0.10 2.15 1.501 181.543 0.195 0.031 0.041 0.0782

SCraS 0.10 3.5 1.295 33.082 0.497 0.031 0.051 -
SR21 0.215 46.4 0.857 0.931 1.784 3.118 6.51 0.256

TTauN 0.10 1.75 1.609 1.329 0.242 0.137 0.071 -
TTauS 0.10 3.0 1.354 7.601 1.054 0.277 - -
VVSer 1.0 10.0 2.0 2.905 0.519 0.562 2.91 0.233

WaOph6 0.0215 0.25 1.877 2.399 0.016 0.035 0.071 0.1122

Table 4: Object: Name of the object. Rin: Inner radius of the best fit. Rout: Outer radius of the best fit. α: Intensity
power law exponent of the best fit. χ2: χ2 of the best fit. Rkep50: Gas radius derived from 1.7 × HWHM. Rkep10: Gas
radius derived from the HW10%. Both of these account for the inclination of the system. Rlit: The literature value for
the effective radius of the CO gas from Banzatti & Pontoppidan (2015). Rdust: The radius of the inner dust rim. Keep
in mind that the radii Rkep and Rlit are not inner radii but arerather effective radii of emission and as such the inner
radii should be smaller than this value.
References:(1) Banzatti & Pontoppidan (2015); (2) Anthonioz et al. (2015); (3) Lazareff et al. (2017); (4) Carmona et al.
(2014); (5) Akeson et al. (2005b); (6) Brown et al. (2007)
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4.1.1 Good wing fit and well constrained

CVCha

The line profile of CVCha, as seen in Fig. 18, has a triangular shape and a single broad flat peak. It is
comprised of 11 different R band lines, of which a list can be found in the appendix. Centering the line using the
centre of the FWHM and the centre of the HW10% yields contradictory results as the FWHM would have the
centre shift 0.5 km s−1 to the left and the HW10% would have the centre shift 1 km s−1 to the right. Therefore
the line profile is left as it is.

We can fit the wings of the co-added line profile with a single component power law. However the fitted
line profile fails to fit the center of the line. The center is ignored in the calculation of the χ2. However, since
the fit fails in the center we can assume that there should be more than one component in this line profile, one
to fit the wings and one for the center. The fit remains within 1 σ error from the co-added line profile and
thus the object is placed in this category. Unfortunately, even though PIONIER observations of CVCha were
made, no dust radius could be found in the literature and therefore we cannot compare it to the gas. The ∆χ2

plot for this object can be seen in Fig. 19. The reason the ∆χ2 spikes towards small outer radii is because the
disk starts to represent a narrow radial ring at those combinations of the inner and outer radius. This creates
extremely high flux at high velocities, increasing the χ2 rapidly as the fit gets broader.

After the initial coarse fit extra sampling was done around the region of the minimum in order to get a
better fit and a better understanding of the ∆χ2 space. This is done for all ∆χ2 plots in this category. A
large part of the sampling space showed little to no interesting information, except that they do not fit, so in
order to still both display the data points and retain spatial information we therefore do not display values of
larger inner (> 1 au) and outer radii (> 10 au). Note that due to coarse sampling sometimes contours can ap-
pear rather rigid or even broken. An example is the contour between an inner radius of 0.01 and 0.02 au (Fig. 19).

DoAr44

The line profile of DoAr44 05-09-2007 contains a double peak that is partially affected by a telluric line on
the left side of the line profile. The other observation date shows a triangular line profile and contains a very
noisy double peak. Both profiles can be seen in appendix B. Due to the September observation having a higher
S/N and a mostly uncontaminated line profile it was selected for fitting.

The co-added line profile can be seen in Fig. 20. The centre of the co-added line profile is difficult to determine
as a telluric line covers the left wing at the FWHM and noisy features are present at the 10 percent flux level,
making it hard to use the FW10% to accurately pinpoint the centre. However, by eye the line seems to already
be centered with an uncertainty of between 1 and 3 km s−1 to the left, therefore the line was not shifted post
co-addition. Perhaps using the best fit of the unshifted line profile to determine the center could be used in an
iterative way to properly center the profile, but this fell outside of the scope of the thesis due to time constraints.
Like CVCha, the centre of the line is not fit. The ∆χ2 plot around the best fit for DoAr44 can be seen in Fig. 21.
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Figure 18: Depicted in black is the combined CO line profile of CVCha with a grey outline depicting the 1 σ error. In
red is the best fit using Rin = 0.07 and Rout = 0.80 au. Although this model is the best possible fit (i.e. lowest χ2), it is
clear that this is not a good fit for the centre of the line.
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Figure 19: ∆χ2 plot of CVCha. The white striped lines depict the first six σ confidence contours for 3 degrees of
freedom and the black lines depict the ∆χ2 contours of the values 25, 50, 100, 200, 400, 800, and 1600.
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Figure 20: Depicted in black is the combined CO profile of DoAr44 with a grey outline depicting the 1 σ error. In red
is the best fit using Rin = 0.07 and Rout = 1.50 au. The wings fit very well but the centre is not matched.
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Figure 21: ∆χ2 plot of DoAr44. Note that the 1 σ contour, depicted as the first white striped line around the lowest
∆χ2 values, implies a large degeneracy. For lower outer radii the fit becomes broader near the peak and slopes, increasing
the ∆χ2 of the line profile. At larger outer radii the ∆χ2 also increases as the fit becomes much more narrow than the
line profile, but due to the cutoff at 50% of the peak χ2 becomes constant. The white striped lines depict the first six σ
confidence contours for 3 degrees of freedom and the black lines depict the ∆χ2 contours of the values 25, 50, 100, 200,
400, 800, and 1600.

33



GQLup

From Pontoppidan’s database GQLup contains 3 observations. The August 2008 observation was not se-
lected as a telluric line covers the highest peak which would mean the normalization could not be done properly.
Simmilar asymmetry between the peaks is present in the other observations as well and thus seems intrinsic to
the system. The April observation was picked for fitting as it has a slightly smoother left peak and consists of
more co-added lines. GQLup is a smooth, double peaked, high S/N (67) line profile (Fig. 22). All 24 lines were
co-added. The profile was shifted with 2.5 km s−1 to the left using the FWHM.

GQLup also shows substantial differences between the fit and the co-added line profile. The main difference
being that the double peaks of GQLup are much broader than the double peaks created by the fit. The ∆χ2

plot of GQ Lup (Fig. 23) had a number of extra inner radii tested between 0.15 and 0.3 au. This was done to
see how the ∆χ2 behaves on a finer scale. From this we can see that the ∆χ2 behaves smoothly, which indicates
that any sharp features in the contour are more likely to be the result of the interpolation rather than a feature
innate to the chi2 space.

HD142527

HD142627 has two observations in our dataset. The observation of August 5 is smooth and high S/N (96)
but seems to have a telluric line partially obscuring the left wing of the line profile (the full uncorrected line
profile can be seen in the appendix). The shape of the left wing cannot be the result of telluric contamination as
R16, one of the lines co-added in the line profile of the August 5 observation, shows the same slope but has no
telluric line present. Since this line profile is asymmetrical I decided to remove the left wing entirely and fit the
right side of the line profile only. Another observation on August 7 does not displays the same asymmetry as
the August 5 observation. This indicates that perhaps the August 5 observation had a misaligned slit, causing
this asymmetry and explaining why this feature was not present in the August 7 observation.

The observation of August 5 is preferred if only considering the right wing. The line has a S/N of about 96
and suffers from the influence of a telluric line at about -27 km s−1. We chose to fit the August 5 data because
of its S/N but also used the August 7 observation with a S/N of about 41 as a check to test the validity of the
August 5 fit.

The best fit (Fig. 24) for the right wing of the line profile gave 0.35 au for the inner radius and 4.0 au for
the outer radius. This seems to be in line with the 0.215 au and 4.0 au we find as the best fit for the August
7 observation. This difference may be caused by either the shift that was applied to the August 7 observation
(5.5 km s−1 to the left using the FWHM), or by the lower S/N of this observation. Figures 26 and 27 show the
best fit and the ∆χ2 for the August 7 observation.
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Figure 22: Co-added line profile (black) and best fit (red) for GQLup (Rin = 0.10 and Rout = 1.50 au). There are some
minor differences between the fit and the co-added line profile in the wings.
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Figure 23: ∆χ2 plot for GQLup. The range of the plot was reduced as larger inner and outer radii give similar values
for the χ2, peaking at 79.1. The white striped lines depict the first six σ confidence contours for 3 degrees of freedom
and the black lines depict the ∆χ2 contours of the values 25, 50, 100, 200, 400, 800, and 1600.
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Figure 24: Co-added line profile of HD142527 from August 5 (black), the left part of the line profile has been omitted.
The uncorrected line profile can be seen in the appendix. The best fit, displayed in red, was found for an inner radius of
0.35 au and an outer radius of 4.0 au.
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Figure 25: ∆χ2 plot for HD142527 from August 5. The grid used is a standard grid for the inner and outer radius
with some added values to increase the sampling of the best fitting region. The ∆χ2 plot from HD142527 has the same
issue all high S/N objects have, due to the high S/N any deviation from the line profile will result in a large change of
χ2. The white striped lines depict the first six σ confidence contours for 3 degrees of freedom and the black lines depict
the ∆χ2 contours of the values 25, 50, 100, 200, 400, 800, and 1600.
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Figure 26: Co-added line profile of HD142527 from August 7 (black). The best fit, displayed in red, was found for an
inner radius of 0.215 au and an outer radius of 4.0 au.

10 1 100 101

Inner radius (au)

100

101

102

Ou
te

r r
ad

iu
s (

au
)

0

5

10

15

20

25

2

HD142527 7 Aug

Figure 27: ∆χ2 plot for HD142527 from August 7. The lower S/N (40) of this observation leads to a larger degeneracy
than visible in Fig. 25. The white striped lines depict the first six σ confidence contours for 3 degrees of freedom and
the black lines depict the ∆χ2 contours of the values 25, 50, 100, 200, 400, 800, and 1600.
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4.1.2 Multiple component power law

AS205N

For AS205N we have four observational dates. With the exception of the 2010 dataset all observations look
very similar. The 2010 observation covers a different and smaller wavelength regime at about 5 µm, explaining
its different shape and lower S/N. From the other datasets the April 2007 observation was selected for fitting
due to its flat continuum. The other two have one or more small bumps in the continuum. The co-added line
profile (Fig. 28) is a high S/N (154), symmetrical, featureless, single peak line profile.

Due to the high S/N of the line profile, the sanity check described in Section 3.2.2 can also be done at 5% of
the normalized intensity. This would result in a FW05% of 96 km s−1 resulting in an emitting radius of 0.077
au, which is significantly closer to the star than the dust radius of 0.176 au as calculated by Anthonioz et al.
(2015). Since we do not have an error available on the FW05% we cannot make any significant claims. An
error on this could be calculated by calculating the radius at the velocities one σ higher and lower than 5 or
10% flux.

Fitting this line with our single component intensity profile proved impossible with the current parameters,
as none of the parameter combinations would yield a decent fit for the wings. The central peak on the other
hand was fairly easy to fit, but that is not the component we are interested in. Since we used AS205N as our
test object we super sampled the lowest χ2 region for a smaller χ2. The lowest χ2 value for AS205N came from
the fit with values of 0.1 au for Rin and 4.0 au for Rout. But this fit failed to fit the broad wings of the line
profile and shows a double peak that the co-added line profile lacks. Across all combination of Rin and Rout

the fit for the wings always falls short. Either by being too narrow or too broad, but in no case does it manage
to actually fit the wings. Increasing the resolution of the sampling space would not solve this issue due to how
the single component power law behaves. We also have to be careful making any claims regarding the inner
radius as we can see that even a good χ2 fit tends to have large degeneracies. From the contour lines one can
see that there are no other global minima in the sampling space so it is unlikely that we are missing the best fit.
Multiple solutions for this will be treated in the discussion (Sect. 5), with some emphasis in 5.2 on our attempts
to decompose this line profile.

Due to the excess flux present in the wings or in the centre, at least a second emitting component would be
needed in order to fit the line profile. An alternative solution might be a different level distribution for the CO
(see Sect.
refpowerlawshape) .

DRTau

The October 10 observation of DRTau has a telluric line in the centre making normalizing the line profile
impossible and therefore the December run was used for fitting. The co-added line profile shows some minor
asymmetry in the peak but aside from that the line profile features a smooth broad base with a single narrow
asymmetrical peak on top.

Visible in the line profile (Fig. 30) is the asymmetry in the peak of the co-added line profile. This asymmetry
could be caused by features in 4 (P 1, P 2, R 2 and R 5) of the remaining 11 lines. However, removing those
does not improve the line profile and the asymmetry still remains, albeit less pronounced. Since we are mainly
interested in the wings it was decided to keep the lines. It is also important to note that the shape of the peak
does not change (well within one σ) between co-adding all the lines and co-adding only 11 of them. This is due
to the removed lines containing nearly no information on the peak itself due to telluric gaps. The continuum
does change when these four lines are removed and becomes less flat and noisier when the removed lines are kept.

This object also cannot be fit properly as the excess flux in the wings cannot be fit by a single component
power law. The χ2 plot for this object can be seen in Fig. 31. The χ2 seems confined, but this, just like in the
case of AS205N, would be deceiving as the point depicted is merely the best of the bad fits. The large S/N
(120) also means small deviations will have large effects on the χ2.
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Figure 28: The best χ2 fit using Rin = 0.1 au and Rout=4 au (red) is unable to fit the co-added line profile (black). All
attempted parameters of Rin and Rout show the same shape where the fitted line profile falls short on flux in the wings
and exceed the flux in the centre.
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Figure 29: ∆χ2 distribution of AS205N. This distribution shows a confined χ2 distribution but keep in mind that we
look at the difference between the best fit and the fits around it. The best fit in this case still has a χ2 of 61.7, which is
far outside of the 5 σ confidence contour of a 0 χ2 fit. The white striped lines depict the first six σ confidence contours
for 3 degrees of freedom and the black lines depict the ∆χ2 contours of the values 25, 50, 100, 200, 400, 800, and 1600.
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Figure 30: Co-added line profile of DRTau (black). Our best fit single component power law, with Rin = 0.0215 au
and Rout = 0.6504 au (red), is not able to fit the line profile.
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Figure 31: ∆χ2 plot of DRTau. For this object the grid was expanded one order of magnitude smaller for both the
inner and outer radius. The oversampling between 3 and 6 au for the outer radius is a leftover from running this with
the standard grid of values. The white striped lines depict the first six σ confidence contours for 3 degrees of freedom
and the black lines depict the ∆χ2 contours of the values 25, 50, 100, 200, 400, 800, and 1600.
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RULup

RULup has two observation dates in our sample, 27-04-2007 and 28-04-2008. The 2007 observation co-added
22 lines resulting in line with a S/N of 76, a broad base, and a triangular shaped single peak. For comparison
the 28-04-2008 observation only co-added 8 lines resulting in a S/N of 48. The 27-04-2007 observation did use
a number of lines from the high R branch, which can differ in shape from low P and R numbers. The difference
between the high P and R branch and the low P and R branch in this case had no influence on the co-added
line profile. This was tested for by comparing the co-addition of all lines to the co-addition of the first 7 P and
R lines. The shape of the line remains within one σ, but the S/N improves for more lines. Not to mention that
the telluric gap disappears when fitting both high and low values for the P and R branch. Because of the higher
S/N, and the removal of the telluric gap the 27-04-2007 observation was used for fitting. The line was shifted
by 2.5 km s−1 using the FWHM. (Fig. 32)

We find a best fit of 0.1 au for Rin and 2.15 au for Rout. However even the best fits cannot account for all
the flux in the wings, once again indicating a single component power law is not sufficient to fit the line profile.
The ∆χ2 plot can be seen in Fig. 33.

SCraN

SCraN has 3 observations in our sample, 23-04-2007, 04-09-2007, and 06-08-2008. The 23-04-2007 obser-
vation has the highest S/N at 151. The line profile is asymmetrical, has a narrow peak and a broad base, a
feature around -75 km s−1 and a telluric line between 30 and 40 km s−1. All observations display the same
shape and asymmetry. The 06-08-2008 observation has no telluric gap but has a lower S/N of 39. It does also
potential have the same feature on the left al be it at about -95 km s−1, for this observation the feature does
not come over 3 σ. The 04-09-2007 observation has a S/N of 84 and due to the half year shift the telluric line is
now on the other side of the spectrum. Some other noisy features were removed from the line profile between
approximately 65 and 85 km s−1 and around 115 km s−1. This observation also displays the same feature as
23-04-2007 al be it more around -80 km s−1. The higher S/N and unobstructed continuum make the 23-04-2007
observation the preferable choice for fitting. (Fig. 34)

To centre the line no FWHM or FW10% could be used as the line is asymmetric at the half maximum and
has a telluric line near 10% of the flux on the right wing. Therefore the line was shifted by eye, assuming the
highest point to be the centre, the line was shifted with 4 km s−1.

SCraN also has a co-added line profile that cannot be fit. This is not just because the line profile is asym-
metric. In fact it seems neither side could be fit. We got a best fit for an Rin of 0.1 au and an Rout of 2.15
au. However, the χ2 of this fit is 181.5 so far from a good fit. If we compare Keplerian velocities to the derived
radius of the dust rim we see that SCraN maybe a prime target for further studies. Since from the Keplerian
estimate we would expect to see an inner gas radius smaller than the inner dust radius. The ∆χ2 plot can be
seen in 35.

SCraS

SCraS too has three observations in our sample, 23-04-2007, 04-09-2007, and 06-08-2008. The co-added line
profile appears symmetrical with a narrow peak and a broad underlying component. 23-04-2007 has a S/N of
79 and a telluric line between approximately 30 and 40 km s−1. Its left wing appears to have a number of
features around -7 and -40 km s−1. 04-09-2007 has a S/N of 57 and a telluric line between -10 and -25 km s−1.
It also boasts a small peak around 33 km s−1 but does not show the same features 23-04-2007 does. Its broad
component appears to be more triangular in shape. 06-08-2008 has a much lower S/N of only 16 and shows a
broader peak and more triangular shape, this is probably due to the lower S/N. Comparing the three it appears
that even though it has a lower signal to noise 04-09-2007 is the better candidate due to it having less features
in the line profile. It was shifted with 4.5 km s−1 using the FWHM. (Fig. 36)

Like the line profile of its companion SCraS cannot be fit by a single component power law. Our best fit
yields an Rin of 0.1 au and an Rout of 3.5 au. Unfortunately we were unable to find literature data on the dust
inner radius of SCraS.
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Figure 32: Co-added spectrum of RULup (black). The broad component of RULup cannot be fit with a single
component intensity profile. The right side of the line profile, just like AS205N has a larger excess of flux compared to
the best fit (red) than the left.
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Figure 33: ∆χ2 plot for RULup. Part of the standard grid has been cut off as there is no visible change in χ2 past 10
au for the outer radius. The well confined nature of the best fit is a result of the high S/N and does not indicate a good
fit. 22.3 was the minimum χ2 found. The white striped lines depict the first six σ confidence contours for 3 degrees of
freedom and the black lines depict the ∆χ2 contours of the values 25, 50, 100, 200, 400, 800, and 1600.
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Figure 34: Co-added spectrum of SCraN and its best fit. Note the telluric line on the right wing. However, in other
observations the asymmetry in the wing is still present, indicating this asymmetry is not caused by the telluric line.
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Figure 35: ∆χ2 plot for SCraN. The standard grid has been cut off after an outer radius of 30 au as it no longer
displays any visual difference in the ∆χ2 beyond that point. We found a minimum for the χ2 at 181.5, indicating that
this fit too is not a good fit. The white striped lines depict the first six σ confidence contours for 3 degrees of freedom
and the black lines depict the ∆χ2 contours of the values 25, 50, 100, 200, 400, 800, and 1600.
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Figure 36: Co-added spectrum of SCraS and its best fit. The flux in the wings of our fit does not start even remotely
close to the velocity it starts in the co-added line profile. Thus the the inner radius of the gas should be much smaller
than derived from this fit.
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Figure 37: ∆χ2 plot for SCraS. This object is also on the border of what can be called a confined fit. This is mainly
because of the broad base of the line profile which leads to an increase in the χ2 but also ensures that the χ2 does not
vary as rapidly as in some other objects. Any line that better fits the centre will inevitably be worse at fitting the wings
and vice versa. We found a minimum for the χ2 at 33.1, indicating that this fit too is not a good fit. The white striped
lines depict the first six σ confidence contours for 3 degrees of freedom and the black lines depict the ∆χ2 contours of
the values 25, 50, 100, 200, 400, 800, and 1600.
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4.1.3 Unconstrained χ2

AS 209

AS 209, also known as V1121 Oph, observed on 02-05-2008, has a large broad component and a relatively
noisy (S/N = 17) line profile. It looks like a low S/N variant of multi-component line profiles like AS205N
and SCraS. This low S/N however, makes it easy to fit the object but also causes a large degeneracy. Four
(R0, R1, P1 and P2) of the thirteen emission lines present were manually omitted because they contain a small
absorption feature. Two more lines (R8 and R10) were also omitted manually since the add significantly to
the telluric noise around a small gap at ∼ 20 km s−1. The shift of the line was done by eye as neither FWHM
or FW10% are reliable enough to centre the line profile. However, the lower S/N of this object makes proper
centering less important for the determination of the χ2.

The co-added line profile contains a gap at ∼ 20 km s−1. As can be seen in figure 38 AS 209 has a very
broad base and a much narrower central component with a noisy double peak. On both sides of the profile one
can see additional peaks at about ± 70 km s−1 with a width of approximately 40 km s−1.

The fit to the central component is bad, but it does shows a double peak like the co-added line profile. This
fit cannot account for the broad underlying component, but the low S/N makes the χ2 so much lower that
within 3 σ nearly everything fits. This is something recurring for this category. We can see this in the ∆χ2 plot
of AS 209 (Fig. 39) as the a σ confidence contour covers a factor 10 for the inner radius of the CO disk. Due to
the large degeneracy in the ∆χ2 it was deemed unnecessary to zoom any further into the parameters. Further
observation of this object and the acquisition of a higher S/N spectrum may proof promising for this object, as
this would allow for decomposition of the line profile and meaningful fitting of the individual components. .

EC90N

The line profile of the low mass embedded object EC90N, also known as SMM 6 N or SVS 20 N, has absorp-
tion features present in all but the high P and R lines upward of 4.85 µm. This leads to the removal of all but
4 lines from the 34 potential lines in the co-added line profile. Thus the resulting line profile has a low S/N of
eighth. The line profile shows a double peak but this could also be caused by initially not apparent absorption
features that are present in the higher P and R lines. In addition the double peak is also asymmetrical, but
due to the low S/N and the possible absorption feature it is hard to say if this is due to a misalignment of the
slit or if it is just because of the noise. Even though the S/N of the line is low the line does have a fairly well
defined slope and as such the line centre was determined using the FWHM.

Fitting the spectrum was done using the entire line profile rather than limiting ourselves to the lower 50%
of the flux to just fit the wings. The best fit at Rin = 0.00464 and Rout = 0.25 au can be seen in Fig. 40. Closer
inspection of the source spectrum did not reveal any larger underlying broader components in the noise of the
continuum. Furthermore, due to the noise the sanity check at 10% would not work. Therefore, we can only use
the FWHM and derive an upper limit of the inner radius. Unfortunately, no earlier studies on both the gas and
dust inner radius exist in the literature. The ∆χ2 plot can be seen in Fig. 41.
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Figure 38: Co-added line profile of AS 209 (black). The line profile contains addition peaks and a small telluric gap
of 10 km s−1 wide centred around roughly 20 km s−1. The 1 σ noise is depicted in the grey outline surrounding the
co-added line profile. The best fit using Rin = 0.0464 and Rout = 1.0 au is shown as the red line profile..
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Figure 39: ∆χ2 distribution of AS 209. The low S/N of 17 ensures a low χ2. On top of that the fitted line profile
becomes more narrow for large outer radii. Once the fitted line profile becomes more narrow than the FWHM the χ2

becomes constant. The white striped line depict the first σ confidence contour for 3 degrees of freedom.
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Figure 40: Co-added line profile of EC90N (black) with errors (grey) and best fit at Rin = 0.00464 au and Rout = 0.25
au (red).
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Figure 41: ∆χ2 plot for EC90N. Due to the wide nature of the line profile and the large error bars the χ2 becomes
quickly constant. The white striped line depict the first σ confidence contour for 3 degrees of freedom.
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EC90S

The line profile of EC90S, also known as SMM 6 S or SVS 20 S, has an asymmetrical peak, making it
impossible to properly pinpoint the line center. From the 34 lines the line profile could contain there remained
only 4 to be co-added as all others either where empty or did not cover the line due to a telluric gap. The noisy
nature (S/N = 6) of this object makes it impossible to say anything about its shape. As a result the line was
not moved post co-adding. Due to the noise the entire line profile was fitted rather than just the wings. The
best fit yields Rin = 0.215 and Rout = 6.0 au. (Fig. 42)

It was not possible to measure the FW10% therefore the FWHM was used to estimate the effective ra-
dius of emission. When we look at the ∆χ2 distribution (Fig. 43) we again see the χ2 becoming constant.
The χ2 increases near low Rin and low Rout, due to the fit becoming wider than the co-added line profile.
Unfortunately there is no literature on this object to compare these values to. So considering the very noisy na-
ture of the spectrum it is safe to assume that neither the values for EC90N or EC90S derived here are conclusive.

HD98922

HD98922 is an extremely noisy (S/N = 6) narrow single peaked line profile. Figure 44 shows a broad com-
ponent, but due to the noise this cannot be confirmed. HD98922 is not from Pontoppidan’s database. The lines
present in this object will therefore only be mentioned here and no tables for these objects will be added to the
appendix. The lines used in the co-addition were: R4, R5, R7, R8, R11, R29, R30 and R31. Due to the high
level of the noise we cannot determine our HW10% so we take the FWHM for an estimation of the effective
radius of emission.

The best fit of HD98922 was found for Rin = 2.15 and Rout = 21.5 au and can be seen in Fig. 44. The ∆χ2

plot can be seen in Fig. 45

HD100546

HD100546 was observed on 29/30-03-2010. The co-added line profile and best fit at Rin = 2.15 and
Rout = 100 can be seen in Fig. 46. The co-added line profile contains several regions where the noise is
much more prevalent than the average S/N of about 100. This seems to be the result of a number of extremely
noisy datapoints in the individual lines. Fortunately these regions mostly fall outside the important regions
for our fit. This object is also not from Pontoppidan’s database and therefore we will apply the microshifting
method and will not contain a table in the appendix. The lines co-added are: R21, R22, R24, R25 and R29.
It is important to state that there were more lines available. However, these are on the lower wavelength side
of the R branch and as a result had a different shape. Adding them all together resulted in an unusable line
profile with a lower S/N.

The line-profile has a number of issues that were not fixable within a reasonable time frame. One of them
is the continuum placement, which could not be properly done. Analyzing the individual lines shows that they
contain many features. Visual inspection indicates that the overall shape of the co-added line profile is similar
to the shape of the individual lines and that only the continuum suffers from these features. This justifies our
attempt to fit it.

The best fit for this line profile was found at Rin = 2.15 au and Rout = 100 au. Larger outer radii have not
been calculated. This result is highly degenerate as can be seen in Fig. 47. We also have to point out that a
later study by Hein Bertelsen et al. (2016) states the mass of this object to be 2.4 solar masses rather than the
2.0 solar masses we assumed from Hein Bertelsen et al. (2013). This should affect the inner gas radius of the
CO, but we have not tested for this new mass. The inner dust radius is found to be 0.022 au (Lazareff et al. 2017).

48



Figure 42: Co-added line profile of EC90S (black) with errors (grey) and best fit at Rin = 2.15 au and Rout = 100 au
(red).
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Figure 43: ∆χ2 plot for EC90S. When Rin and Rout are both small, the wings of the fit become steeper, causing an
excess flux at 30 to 50 km s−1 resulting in the higher χ2. Overall the line profile for EC90S is too noisy to pin down any
reasonable estimate ofr an inner or outer radius. The χ2 minimum was found at 0.88. The white striped line depict the
first σ confidence contour for 3 degrees of freedom.
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Figure 44: Co-added line profile of HD98922 (black) with errors (grey) and best fit at Rin = 2.15 au and Rout = 21.5
au (red). The spectrum appears to suffer from telluric residue at about -18 km s−1.
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Figure 45: ∆χ2 plot for HD98922. The χ2 minimum was found to be 0.74 and as one can see the fit is not constrained.
The white striped lines depict the first 3 σ confidence contours for 3 degrees of freedom.
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Figure 46: Co-added line profile of HD100546 (black) with errors (grey) and best fit at Rin = 2.15 au and Rout = 100
au (red). The spectrum has a number of extremely low S/N locations and shows a number of features besides the CO
line profile at plus and minus 40 km s−1. These are unidentified. Perhaps this line profile is the result of multiple PA’s
being co-added. For comparison one could look at Hein Bertelsen et al. (2014) where in Fig. A1 the co-added line profiles
look a lot better.
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Figure 47: ∆χ2 plot for HD100546. The minimum of the χ2 was found at 37.5. An expansion to higher outer radii
would not improve the fit due to the features present in the line. Once those are removed a new fit should be attempted.
The white striped lines depict the first six σ confidence contours for 3 degrees of freedom and the black lines depict the
∆χ2 contours of the values 25, 50, 100, 200, 400, 800, and 1600.
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HD135344B

The 04-09-2007 observation of HD135344B has the telluric line outside of the CO line and therefore is selected
for fitting. The line profile of HD135344B, as can be seen in Fig. 48, is narrow, single peaked and symmetric.
As one can see in the ∆χ2 plot (Fig. 49) the best fit is highly degenerate even though the S/N is 52 and the
best fit at Rin = 0.10 au and Rout = 3.0 has a low χ2 and seems to accurately describe the line profile, with the
exception of the peak. The unconstrained nature of the object results from the narrowness of the peak. This
causes the χ2 of large outer radii, where the full width at 0% of the fit is nearly entirely inside the FWHM of
the co-added line, to never reach the 5 σ contour, which it may have reached it we did not stop at 50% of the
flux. Using low outer radii the fitted spectrum is broader than the co-added line profile, causing the χ2 to rise.
This object is unfortunately classified as unconstrained as its ∆χ2 never exceeds the 5 σ contour.

HD144432S

The line profile of HD144432S contains a plateau. This can be seen in Fig. 50 on the right wing of the line
profile. Presumably the small increase on the left wing indicates that this effect is symmetrical. However, due
to a telluric line in the left side of the co-added line profile we cannot confirm this symmetry. The line was
shifted with 4 km s−1 using the assumption that the minimum of the double peak would be at the centre of
the line. No lines were removed in the co-addition process. Due to the plateau it was hard to actually fit the
wings properly, as can be seen in Fig. 50. This object could be interesting to revisit with a higher resolution
line profile maybe in combination with different methods of fitting the line profile.

HD163296

HD163296 is not from Pontoppidan’s database and therefore the microshift method was applied. It was
observed on 6-03-2012 and is a low S/N triangular shaped line profile. The lines co-added are: P1, P3, P4, P7,
P8, P12, R3, R4, R7, R8, R10, R25 and R31. The latter R25 and R31 are broader than the other lines and
therefore an argument can be made to drop the lines. However removing them reduces the S/N and does not
improve the shape. Our best fit is rather degenerate as can be seen in Fig. 53. A plot of the combined line
profile and its best fit can be seen in Fig. 52. For our sanity check we cannot use the FW10% as the S/N (8)
is too low. We did not get any data from the literature on the gas but we did find an inner dust radius from
Lazareff et al. (2017) of 0.042 au, which is substantially smaller than our best fits for the gas.

RYLup

The line profile of RYLup, has two observation dates. The 27-04-2008 observation is contaminated with
an absorption line right at its centre and therefore cannot be properly normalized. Therefore the 25-04-2007
observation was selected for fitting. This data is relatively noisy. It displays two clear components and contains
a lot of noisy features, as can be seen in Fig. 54. The line profile is made up from 5 lines of the original 32
lines present. The reason so many lines were removed is because the lower R and P values all contained an
absorption feature present in the centre of the line. According to the FWHM the line should have been shifted
with 5 km s−1 but the FWHM is slightly biased due to an asymmetry in the profile. We compensated for this
by shifting by only 4.5 km s−1. The FW10% of this object could not be used for centering due to noisy features
in the wings. The co-added line profile has a S/N of 23.

The ∆χ2 plot can be seen in Fig. 55. The reason for the degeneracy in the radius determination is mainly
due to the wings. As the wings themselves are so weak and noisy they do not add much to the χ2. The narrow
component at the centre can be fit well by a number of combinations of large inner and outer radii. When this
narrow component is not well fit the χ2 increases rapidly. This can be seen in Fig. 55 around small inner and
outer radii as for those values the fitted line profile is broad and fails to fit the narrow component and the wings.
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Figure 48: Co-added line profile of HD135344B (black) with errors (grey) and best fit at Rin = 0.10 au and Rout = 3.0
au (red). The gap roughly centred on -25 km s−1 is due to a telluric contamination.

10 2 10 1 100 101

Inner radius (AU)

100

101

102

Ou
te

r r
ad

iu
s (

AU
)

0

5

10

15

20

25

2

HD135344B

Figure 49: ∆χ2 plot for HD135344B. The χ2 minimum was found to be 0.82. The inner radius for the best fitting
outer radius has a degeneracy of 2 orders of magnitude. The white striped lines depict the first six σ confidence contours
for 3 degrees of freedom and the black lines depict the ∆χ2 contours of the values 25, 50, 100, 200, 400, 800, and 1600.
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Figure 50: Co-added line profile of HD144432S (black) with errors (grey) and best fit at Rin = 0.10 au and Rout = 2.15
au (red). Note that the plateau could be symmetric but the telluric line present on top prevents firm confirmation. Note
that it is pure coincidence that the top right part of the wing was fit so well and that this object has been fit using the
50% of the flux like the other objects.
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Figure 51: ∆χ2 plot for HD144432S. The high peak at small inner and outer radii is due to the increasing width of
the line profile at these values. The minimum of the χ2 was found to be 1.8. The co-added line profile is also severely
degenerate as can be seen. The white striped lines depict the first 3 σ confidence contours for 3 degrees of freedom.
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Figure 52: Co-added line profile of HD163296 (black) with errors (grey) and best fit at Rin = 1.0 au and Rout = 10.0
au (red). The low S/N peaks are intrinsic to the individual lines and propagate to the combined line profile.
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Figure 53: ∆χ2 plot for HD163296. This object has a minimum χ2 of 0.49 and is completely degenerate for most of
the sample space. The white striped line depicts the first σ confidence contours for 3 degrees of freedom.
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Figure 54: Co-added line profile of RYLup (black) with errors (grey) and best fit at Rin = 0.464 au and Rout = 21.5
au (red). Due to its asymmetric nature the left wing affects the value for the HW10% measurement as the noisy peaks
make it hard to determine the actual location of the HW10%.
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Figure 55: ∆χ2 plot for RYLup. The unneeded over-sample between 2 and 6 au in the outer radius is because those
datapoints are included in the standard grid we use to fit, based on AS205N. Since these points are valid there is no
reason to dismiss them. Furthermore the S/N of this object (23) and the two component nature of this object makes
oversampling the minimum unnecessary as no substantial improvement of the minimum χ2 (4.91) will be found. The
white striped lines depict the first six σ confidence contours for 3 degrees of freedom and the black lines depict the ∆χ2

contours of the values 25, 50, 100, 200, 400, 800, and 1600.
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SR21

SR21 has a very narrow single peaked line profile. One strange thing to note about the co-added line profile
is that the flux drops slightly below zero around the line profile (see Fig. 56). This is a direct result of the
fitting of the continuum. It can be solved by taking a smaller (±50 km s−1) region around the line, as can be
seen in Fig. 57. Keep in mind that this selection was shifted by 3 km s−1 using the FWHM.

Figure 56: Co-added line profile of SR21 (black) with errors (grey) and best fit at Rin = 0.215 au and Rout = 46.4 au
(red). This is the result when selecting a 250 km s−1 range around the central CO line for fitting the continuum. Small
features in the selected range create a skewed continuum which causes the little dip around the line.

As can be seen in Fig. 58, this object is extremely degenerate for the best fit values. The reason for this is its
narrow shape. Such a shape originates from fits with large outer radii. Although in total a larger outer radius
would yield more flux because we have a normalized line profile its overall shape does not change. Therefore
we cannot tell those kind of line profiles apart, thereby making it seem as if all large outer radii fits are near
identical. Its narrow and steep shape also makes the radius derived from the HWHM smaller than the radius
derived from the HW10% as the factor 1.7 applied to the HWHM makes that velocity larger than the HW10%.
CO inner radii found by us and in the literature, except of our fitted CO inner radius of 0.215 au, appear to be
substantially larger than the 0.25 au found by Brown et al. (2007) for the dust radius. Although it has to be
mentioned that the degeneracy for our best fit radius is the full sample width.

VVSer

VVSer has three observation dates in Pontoppidan’s database. From the 22-04-2007 and 02-05-2008 obser-
vation it seems clear that the left peak is the largest of the double peak and since the 06-09-2007 observation
has this peak obscured by a telluric line and possesses a strange absorption feature in its right continuum this
observation date was dismissed. 22-04-2007 seems like the better choice due to the telluric line not cutting as
far into the right wing as the 02-05-2008 observation. The co-added line profile consists of 11 of the potential
24 lines in the full wave-length range. The shift of this line may not be perfect as the right wing may have
some telluric contamination, but due to the low S/N (29) of the object a slight misalignment should not pose a
mayor issue. The co-added line profile and its best fit at Rin = 1.0 au and Rout = 10.0 can be seen in Fig. 59.
As can be seen from the ∆χ2 plot (Fig. 60) the inner radius is completely degenerate.
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Figure 57: Co-added line profile of SR21 (black) with errors (grey) and best fit at Rin = 0.215 au and Rout = 46.4 au
(red). The continuum range of this co-added line profile is more narrow than in most other objects as picking a larger
velocity interval would skew the continuum subtraction in some lines.
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Figure 58: ∆χ2 plot for SR21. Since the observed line profile is very narrow any line profile that has a large outer
radius appears similar in shape due to the nature of the power law model. This is also the reason why for smaller outer
radii the χ2 grows rapidly. Again, the oversampling between 2 and 6 au for the outer radius is part of the standard grid
and since these points are valid we have left them as they are. There is also no point to oversampling the sample space
around the minimum (0.931) as no substantial χ2 can be gained there and all results will look the same when normalized
anyhow. The white striped lines depict the first six σ confidence contours for 3 degrees of freedom and the black lines
depict the ∆χ2 contours of the values 25, 50, 100, 200, 400, 800, and 1600.
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Figure 59: Co-added spectrum of VVSer (black) and its best fit (red) at Rin = 1.0 au and Rout = 10.0. Visual
inspection of the difference between the fit and the combined line profile indicates that the line profile is not perfectly
centered.
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Figure 60: ∆χ2 plot for VVSer. Within the used parameter space the inner radius is completely degenerate. The
white striped lines depict the first six σ confidence contours for 3 degrees of freedom and the black lines depict the ∆χ2

contours of the values 25, 50, 100, 200, 400, 800, and 1600.
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4.1.4 Objects with limited results

AS205S

The object AS205S, observed on 22 April 2007, is the binary companion of AS205 N. Co-adding the CO
lines of this object did not result in a reasonable line profile. Visible in Fig. 61 shows that the different CO
lines in the spectrum of AS205S have strong absorption features. As a result of this we cannot fit the object.

Eisner et al. (2005) find that this object is a double-lined spectroscopic binary, making the AS205System
an hierarchical triple. Eisner et al. (2005) also determined the individual masses of the stars to be 0.74 and
0.54 M� for AS205Ba (Sa) and AS205Bb (Sb) respectively. This adds up to a combined system mass of 1.28
M� which is used in Salyk et al. (2014) as the mass for AS205S. The system can be found at a distance of
approximately 125 pc, with a position angle of 320±10◦ and under an inclination of 25±10◦. The large error in
the inclination could be due to the system AS205S being a binary but not being treated as such in Salyk et al.
(2014). Unfortunately Eisner et al. (2005) does not report an inclination or position angle for the individual
stars of the AS205S binary. Perhaps cold CO gas in the circum-binary disk acts as an absorber of CO emission
causing the absorption features we see in Fig. 61.

HD95881

The spectrum of HD95881 was not fitted. HD95881 is one of the objects that is not from Pontoppidan’s
database and as such was harder to co-add and fit. Many attempts to make the program fit the spectrum were
made but to no avail. Visual inspection does reveal the presence of CO lines at about 25-30 km s−1. There are
multiple lines visible in the spectrum that are consistent with this velocity shift, but although multiple attempts
where made to isolate and co-add these CO lines in the end no attempt was successful. Therefore due to time
constraints further attempts to co-add these lines have been halted and the object remains unanalyzed. We
do know that at the very least R2 R3 P4 and R9 are present in the spectrum and detectable by eye once isolated.

HD190073

HD190073 too is not from Pontoppidan’s database. The object has a number of absorption features in the
line profile, as can be seen in Fig. 62. Closer inspection of the individual lines indicates that these are the result
of telluric lines that were not removed. This causes the microshift to be unable to select the centre of the CO
line and shifts them to the wrong position. We therefore turned the microshift off for this object, but this does
not yield a co-added line profile at all. The co-added line profile consists of: P4, P7, P8, P9, R1, R4, R5, R9,
and R14. The shape of this co-added line profile and its low signal-to-noise (8) makes any fit unreliable which
is why we added it to this category. However, since the absorption lines did not cover the wings of the line an
attempt to fit the object was made.

We managed to fit the wings of the profile with an inner radius of 0.01 au and an outer radius of 1.0 au. This
was done by using the left wing starting at about -25 km s−1 and fitting everything to the left of that. Because
the S/N is so low we cannot use a sanity check at the FW10% or even at the FWHM due to the absorption
lines being present at exactly that height. We also have no data from the literature so our fit is all we have to
go on. The ∆χ2 plot can be seen in Fig. 63. We do have a dust radius of 0.075 au from Lazareff et al. (2017).

RCra

RCra has been observed on three different dates, 22-04-2007, 02-09-2007, and 10-08-2008. All of the spectra
can be seen in appendix B. Each spectra contains a strong absorption line covering the center of the emission,
a telluric line, and an absorption feature on the left of the line. RCra lies in the densest part of the Corona
Australis region. Perhaps the spectrum is contaminated by a close companion like mentioned in Neuhäuser &
Forbrich (2008). We also see a strong absorption feature in AS205S which is also a binary. In addition the
optical depth of the cloud could also cause absorption features. In any case there is very little that could be
done with the combined line profile of RCra. Interestingly enough we do have a radius for the dust rim from
Lazareff et al. (2017) of 0.032 au.
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Figure 61: Observed spectrum of AS205S. Strong absorption features are present in each emission line and obscure the
centre of the line making normalization impossible.
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Figure 62: Co-added line profile of HD190073 (black) and its best fit (red) at at Rin = 0.01 au and Rout = 1.0. It is
possible that the microshifting method failed due to the noisy nature of the lines and as a result the telluric gaps have
been moved around.
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Figure 63: ∆χ2 plot for HD190073. The low S/N of the object makes it nearly impossible to conclude which fit is the
best. The white striped line depicts the first σ confidence contours for 3 degrees of freedom.
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TTauN

TTauN observed on the 11-10-2007 is an object whose line profile contains many features and absorptions.
When looking at its full spectrum (see Fig. 64) one can already see that the spectrum of TTauN is plagued

by absorption features. For example on the right of each line there is small dip in flux and there is a telluric line
at each peak. This did not prevent co-addition however. The co-added line profile has a telluric line covering
its peak and at about -75 km s−1 we can see an absorption feature. This dip and the absorption feature at -75
km s−1 can be worked around, as the absorption feature can be removed from the line profile and the dip would
only affect the raw χ2 not the ∆χ2. However, the telluric line covering the centre of the line and the right wing
is a bigger issue. This telluric line prevents us from centering the line properly, which may artificially affect our
inner radius. In addition, it prevents proper normalization.

As a result of this we will have increased flux values in the left wing due to the normalization being improper.
This is no issue for the right wing as we remove it due to the absorption there. Another problem is a misaligned
centre. We can work around this as the S/N of 28 makes proper centering less important. Since so far we always
shifted the line to the left this means that the absolute value of the velocity would increase so our fit should still
be a reasonable upper limit. Doing the fit gives us a Rin of 0.01 au and a Rout of 1.75 au. The χ2 minimum of
TTau is about 1.3. The ∆χ2 of TTauN can be seen in Fig. 67 and its best fit has a degeneracy of about one
order of magnitude. Considering the issues with the normalisation and how much of the line has been left out
this result is not reliable.

We did not find any dust data for this object. According to private communication with Francois Menard
this is mainly due to TTauN suffering from severe contamination from three nearby stars in the same field of
view. The PIONIER data of TTauN is a mixture of all of these and therefore cannot be analysed.

Figure 64: Full CRIRES spectrum of TTauN.
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TTauS

Our spectrum of TTauS is observed on the 11-10-2007. This object is a binary, as stated by Koresko (2000).
The angular separation between the two stars is calculated to be 0.05” corresponding to 7 au. This leaves us
with an interesting situation as a system like that may still have gas close to the star. Just like TTauN this
object has a telluric line obscuring its centre. We can still attempted to fit it, since it seems that have values
close to the peak, therefore the normalisation will not be perfect but it will produce a result close to what the
line profile would have looked like if there was no telluric line. The co-added line profile seems to consist of a
broad and a narrow component.

We find an inner radius of 0.1 au and an outer radius of 3.0 au from fitting the co-added line profile. Since
we used the total mass of the system and the distance between the two objects is larger than even the outer
radius these radii are unreliable. Judging by the mass of the individual objects, 2.73 solar masses for TTauSa
and 0.61 solar masses for TTauSb (Duchêne et al. 2006) we can say that for TTauSa these radii would probably
not be too far off, but for TTauSb the mass difference from the total system mass is too large to assume these
radii to be representative. Not to mention we would not be able to tell which flux comes from which star as
both are in the same field of view due to the slit width being 0.194 arcseconds, which is much larger than the
separation. For TTauS we have no data from Banzatti & Pontoppidan (2015) or dust radii.

Both the asymmetrical shape of the wings as well as the little dip near the peak may be a result of these
stars interacting. The little peak is also visible in Fig. 65, indicating it is an actual feature of the line. Duchêne
et al. (2006) found the binary to rotate around each other with the distance varying between roughly 7 and 17 au.

Figure 65: Full CRIRES spectrum of TTauS.
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WaOph6

The line profile of WaOph6 also known as V2508 Oph, is a comparatively broad line profile. Its peaks and
wings are covered with features that remain within the noise. These noisy features explain why the co-added
line profile differs about 2 σ in the peak from the co-added line profile where the lines were normalized before
co-addition. Still the fluxes in the individual lines are similar. The difference in the wings are neglectable and
for that reason we did still fit the object as this should only affect the absolute value of the χ2.

From the 23 CO lines within the wavelength range the line profile is comprised out of 11 R band lines. Using
the centre of the FWHM we shifted the line by 7 km s−1. Judging by the symmetry of our best fit this seems
to be correct. Our best fit underestimates most of the wings and centre. The co-added line profile and its best
fit can be seen in Fig. 70.

We placed WaOph6 in this category as there are too many factors that play into why the results are unreli-
able. The co-addition and the noisy spectrum definitely play into this, but the problem seems bigger than that.
One issue is that WaOph6 seems to be a multi-component spectrum, but the low signal-to-noise makes that
hard to say for sure. WaOph6 is also very broad and even the velocity of the Keplerian sanity check at both the
HWHM and the HW10% give gas velocities a factor 3 smaller than the dust radius. This does not change when
redoing the co-addition as that would in fact just make this gas radius even smaller since it scales everything
up a bit. Our best fit also seems relatively well constrained as the one σ contour only reaches up to about
0.035 au, which is still a factor 3 smaller than the dust radius. All of this seems to lead to the conclusion that
WaOph6 does have visible gas emitting from within the dust radius. However, as our fit for this object is off by
at least 1 σ we have to be careful in stating this for certain. A deeper look into WaOph6 could give better insights.
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Figure 66: Co-added line profile of TTauN (black) and its best fit (red) at at Rin = 0.1 au and Rout = 1.75. Note
that we removed quite a bit of the line profile and that this fit does not provide robust estimates for the inner and outer
radius.
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Figure 67: ∆χ2 plot for TTauN. The low inner and outer radii have high χ2 values (> 1000) due to the effect discussed
in section 5.1. The white striped lines depict the first four σ confidence contours for 3 degrees of freedom.
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Figure 68: Co-added line profile of TTauS (black) and its best fit (red) at at Rin = 0.1 au and Rout = 3.0. Although
the object is a binary the line profile looks like the multi-component line profiles we have observed before, like AS205N
or DRTau.
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Figure 69: ∆χ2 plot for TTauS. The object has a large χ2 (7.6) and so the ∆χ2 does not contain much meaning
regarding the best fit. The white striped lines depict the first six σ confidence contours for 3 degrees of freedom and the
black lines depict the ∆χ2 contours of the values 25, 50, 100, 200, 400, 800, and 1600.
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Figure 70: Co-added line profile of WaOph6 (black) and its best fit (red) at at Rin = 0.0215 au and Rout = 0.25. On
the left wing, the line profile rises slowly first and then steeply at about -85 km s−1, indicating that this line profile may
have a weaker high velocity component. Furthermore, there is also a telluric gap between 20 and 34 km s−1. Note that
the red line fit is completely degenerate.
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Figure 71: ∆χ2 plot for WaOph6. Because the line profile is so broad its χ2 plateaus at a value of 24.1. This means
that no matter how large the inner or outer radius become the χ2 will not change. The white striped lines depict the
first six σ confidence contours for 3 degrees of freedom and the black lines depict the ∆χ2 contours of the values 25, 50,
100, 200, 400, 800, and 1600.
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4.2 General results

In this section we compare the different parameters of the results to search for relations between parameters.
The main comparison we want to make is between the inner gas radius from our fit and the inner dust radius
from the literature, in addition there are many other interesting parameters we can study as well. These include
our values for the radius of the HWHM and HW10%, the literature dust radius, the stellar parameters such as
mass, temperature and luminosity, and the outer radius of the disk.

Again we divide our sources into 4 groups. Each of these groups will be colour coded, where green will be
the well fit and well constrained objects, red will contain the multiple component objects, blue will contain the
high S/N objects and black will be any object that we could not fit but still have data on.

Figure 72: Keplerian radius derived from 1.7 × HWHM plot against the Keplerian radius derived from the HW10%.
The different classified groups have been colour coded as visible in the legend. The black line displays the x = y line.
Objects 20 (RYLup) and 25 (TTauS) overlap.

Figure 72 clearly shows two trends for the radii derived via the HWHM versus the HW10%. For our well
fit objects we can clearly see that the radius derived from 1.7 × HWHM matches with the radius derived from
HW10%, with no more than a 16% deviation. This deviation is by CVCha (NR. 4). It appears that the objects
for which this rule does not apply are the those that have clearly two seperate components or are very narrow
like SR21. We also see that the radius derived from HW10% of the multi-component objects is consistently
smaller than the radius derived from HWHM, which is to be expected. As for the unconstrained objects, with
the exception of SR21 they all tend to follow these trends as well. SR21 is a bit odd as it is very narrow, which
is why 1.7 × HWHM is actually larger than the HW10%. We also miss quite a number of objects like the EC
90 binary (Nr. 7 & 8). This is because the S/N of these objects is so low that we cannot accurately estimate a
HW10%.
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Figure 73: Calculated Keplerian radius from 1.7 × HWHM on the y-axis versus fitted inner radius on the x-axis. We
use the HWHM since we were able to calculate that value for more of our sample. The 1 σ contour of the χ2 is for blue
objects so large that it is often unconstrained as a result there is no point plotting it as it would just clutter the plot
with blue lines. Even for the green objects there is still a large degeneracy towards the smaller radii as typically the 1
σ contour is unconstrained for the lower values. The reason this stops at 0.01 is that we did not use smaller radii when
fitting these objects. Again the black line represents x = y. Overlapping object are: 22 (SCraS) and 21 (SCraS) (both
HW10%), 1 (AS205N, HW10%) and 9 (GQLup), and 19 (RULup) and 15 (HD144432S) (top to bottom, as I will use as
a standard unless they are exactly on the same spot).

When comparing our Keplerian radius to our fitted radius, as seen in Fig. 73, we opted to use the values
derived from the HWHM radius instead of the HW10% radius because we have more data-points in the HWHM
dataset as some objects had noise levels so high that the HW10% would be unreliable. We can see that in
most cases our fit produces smaller inner radii, as expected. The exceptions are the unconstrained fits. The
reason the multi-component objects also have smaller fitted inner radii is because their HWHM typically corre-
sponds to their broad component and therefore yields a large Keplerian radius. There also seems to be a ratio
between the fitted inner radius and the Keplerian radius derived from the HWHM. Although there is still a
large uncertainty in this as for the well constrained this factor varies between 1.3 to 2.3. Increasing the sample
may narrow this uncertainty. For nearly all other points the distribution seems random except for the multi-
component objects who cluster around 0.1 au. This is probably as their wings are very shallow so the best way to
reduce the χ2 is to fit the area of the line profile just below the HWHM, for which 0.1 au seems to do a good job.

From the information up till now we can actually derive some information regarding the reliability of our
derived inner radii. As we can see the reliability varies per object but also per class. The well constrained
objects (green) typically have error-bars where we can at least get an upper limit for the inner radius from. For
multi-component fits (red) the error bars are meaningless as they are unrepresentative fits, and should therefore
in the case of the fitted inner radius be ignored, since the HW10% is a better estimator of the inner radius for
them. And for the unconstrained objects (blue) we will not plot error bars as sometimes we do not even have
the first σ contour visible in our χ2 parameter space.
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Figure 74: Fitted gas inner radius versus the literature effective radius from Banzatti & Pontoppidan (2015). Object
19 (RULup), a multi-component object overlaps with object 24 (TTauN), one of the objects with limited results.

We also compared our fitted radius to the literature of Banzatti & Pontoppidan (2015) in Fig. 74. And what
we see here is not unexpected as their radius is an effective gas radius, not an inner one. We see consistently
for our well fit and unconstrained objects that our fitted radius is smaller, which is good. And we also see that
for multi-component objects their method produces consistently smaller values than our fits, which indicates
that for these objects their decomposition is a better way of handling these objects than a single component
powerlaw as we attempted it. Note that the two exceptions to this are AS205N (Nr. 1) and DRTau (Nr. 6).
The interesting thing here is that all except for DRTau (Nr. 6) have a best fit for an inner radius of 0.1 au.
This is most likely because all these objects have a really broad component. These broad wings add nearly no
χ2 when they are not fit properly as they are so close to the continuum. Therefore the gain in χ2 reduction
is minimal if these wings are fit properly compared to χ2 reduction if the area around 50% of flux is well fit.
This is the same issue we had before we cut the flux at 50% where the program would prefer to fit the peak of
the profile since that is where most of the χ2 reduction was to be had. Reducing the fit to merely 50% seems
to have only reduced the problem, not removed it. This results in the wings being mostly ignored. Somehow
an inner radius of 0.1 au seems to be the radius at which this χ2 minimization happens, but this may just be
because of a low sample space. The exception to this 0.1 au trend is DRTau (Nr. 6), which may be because
its line profile is not as broad and more triangular as a result. The shape of a single component powerlaw does
definitly play a role here too.

71



Figure 75: Outer disk radius compared to the Keplerian radius derived from the HWHM. Again, the objects color
coded by their classifications and the black line represents x = y. Objects 5 (DoAr44) and 9 (GQLup) overlap, as well
as 19 (RULup) and 15 (HD144432S).

As a sanity check we plotted the outer disk radius against the Keplerian HWHM radius (Fig. 75). Since the
outer radius does influence the shape of the power law seeing a relation here is not a surprise. Understanding
this relation is what is important. The strange thing is that the unconstrained objects also seem to follow the
same trend really well. Which is what leads to the conclusion that this trend is a result of the shape of the
powerlaw itself. Then the only factor that really plays a role is the HWHM, which is the width at our cutoff
point since we don’t fit anything over 50% of the flux. And since we established that the powerlaw will attempt
to take a form that fits this part best as that is where most χ2 reduction can be had, it is no wonder that there
appears to be a relation between the HWHM and the outer radius. When looking at it from this perspective
it is also no surprise that the multi-component fit and the well fit objects matches this trend. But as even the
well fit objects fail to fit their center fully a more complex fitting routine would probably break this perceived
trend.

We check if there is any relation between the fitted inner radius and the stellar parameters, temperature,
luminosity and mass. We also compare the fitted inner radius versus the distance of the object as we are
interested to see if distance affects the nature of our objects.

First we are going to have a look at the fitted inner radius compared with temperature (Fig. 76). As we
only have about 5 trustworthy data-points it will be hard to make any proper conclusion. It seems that there is
an upper limit to how large the inner radius can be depending on temperature, where cooler stars cannot have
large inner radii.

Luminosity (Fig. 77) suffers from the same problem as temperature. A lack of good data-points. Once again
it seems like there could be a situation where low luminosity objects do not show large outer radii. But again
we cannot be certain.
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Figure 76: Temperature versus fitted inner gas radius. There does not appear to be a relation between the fitted inner
radius and the temperature of the star. The objects 6 (DRTau) and 27 (WaOph6) overlap, as well as 12 (HD100546)
and 14 (HD142527), and 9 (GQLup), 19 (RULup), and 22 (SCraS).

There does seem to be a trend with mass (Fig. 78), where more massive stars have typically larger inner
radii, but if there is a relation it is a vague one with large margin for error. Again we seem to see the trend where
low mass stars do not seem to have large inner radii for the gas. But as this area is poorly sampled we cannot be
certain. Next we compared the fitted inner gas radius to distance and inclination. This was done as there should
not be any relation between these parameters and the inner gas radius. This checks out as no relation was found.

We then compare our fitted inner radius to the fitted outer radius (Fig. 79) to see if there is some sort of
golden ratio between them. We can see that for most values our powerlaw has an exponent between 1 and 2.
Zooming in on our best fit objects this changes to between 1.5 and 2. However when we add HD135344B to our
well fit objects we see that an α of 1.5 is not a hard lower limit. As such with the limited datapoints I do not
think we can say if there is a golden ratio between the inner and outer radius. But what we see is that objects
that can be fit with a single component and adhere to the 1.7 × HWHM trend tend to have an α between 1.5
and 2. Probably because a single component powerlaw with a minimum intensity of 0.01% has a shape that
also reproduces that 1.7 trend. Finally note that HD135344B (Nr. 13) may have an inner radius that is larger
than is depicted and as such it may actually have an inner radius that would place it between an α of 1.5 and
2. As its 1 σ ∆χ2 allows it an inner gas radius of up to 1 au.
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Figure 77: Luminosity versus fitted inner gas radius. There does not seem to be a relation. 9 (GQLup) and 22 (SCraS)
overlap as well as (from top to bottom) 15 (HD144432S), 24 (TTauN), 13 (HD135344B), 1 (AS205N), and 25 (TTauS).

Now we get to our final goal, to compare our fitted inner gas radius to the literature inner dust radius (Fig.
80). As we do not have dust data for all objects we unfortunately miss two of our best fit objects. As for the
others HD135344B (Nr. 13) and GQLup (Nr. 9) seem to both have an inner gas radius larger than the inner
dust radius. As for HD142527 (Nr. 14) we see that the 1 σ error-bar of the data point reaches up to about 0.5
au which means it is still likely that the inner gas radius is not within the inner dust radius. Still an interesting
point remains AS205N (Nr. 1) as well as the other multi-component fits as their inner radius could be much
smaller than what is depicted in Fig. 79. Especially for AS205N (Nr. 1) that would be interesting as it already
seems to have a smaller gas radius than dust radius, just from the fit. And again, although the fit is not good
it does show that the wings are much broader than what the fit displays, indicating the inner radius should be
even smaller than depicted here as gas emits from higher velocities. As we can see from Fig. 80 there does not
seem to be a relation between the dust and gas inner radius. What we do see is a number of data points for
which the inner gas radii are smaller than their respective inner dust radius. Keep in mind that the multiple
component objects are not representative of their inner radius and thus those fits are unreliable. The same
holds for the unconstrained objects as those too are either bad fits or simply unconstrained. The 1 σ error of
the one well fit point also reaches over the x = y line. Even if we consider HD135344B (Nr. 13), which could
pass as a well fit object we still cannot reduce the uncertainty.
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Figure 78: Mass versus fitted inner gas radius. Object 23 (SR21) and 8 (EC90S) overlap, as do 6 (DRTau) and 27
(WaOph6), and (from top to bottom) 9 (GQLup), 19 (RULup), and 22 (SCraS).

Figure 79: Fitted inner versus the fitted outer radius. This gives us the ability to plot α contours on the figure to
discern if there is something like a preferred ratio for the inner and outer radius. α is represented by the black lines.
Objects that overlap are: 16 and 26, 25 and 13, 21 and 15 overlap and the cluster of numbers at the inner radius 0.1 are
from top to bottom: 1 (AS205N), 22 (SCraS), 25 (TTauS), 13 (HD135344B), 21 (SCraN), 15 (HD144432S), 24 (TTauN),
and 9 (GQLup).
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Figure 80: Comparing the fitted inner gas radius and the literature dust radius. We again draw the x = y line to make
it easier to see where the dust radius is larger than the gas radius. Object 13 (HD135344B) and 21 (SCraN) overlap.

5 Discussion

The idea behind this thesis was to use the single component intensity power law described in section 3.2 to
derive the inner radius of the CO gas in an attempt to comapre this with the inner dust radius. However, the
interplay of the importance of a high S/N and complexity of protoplanetary disks show that these kind of fits
do not always work. Even if a single component fit works it still contains a large degeneracy in the best value
for the inner gas radius. As a result we cannot proof the presence of CO gas within the inner dust radius. But
our fits do provide upper limits for this radius and the research done provides some insights into what future
attempts may require to proof the presence of CO gas in the inner dust radius. It also gives insight into the
obstacles that one will undoubtedly run into.

5.1 Limitations of the fitting routine and other issues

One of the issues we ran into are the limitations of the fit. There are a number of these, but most of them can
be mentioned quickly. First is that the program breaks down when applying an inclination of 0 (face-on disk).
The line width is then largely caused by the PSF and the line shape will not change for any combination of the
inner and outer radius. Second is that if too few velocity points are taken the program creates flux at large
velocities, which ruins the χ2. More on this can be seen in Fig. 81. We also have an issue with only fitting up
to 50% of the flux. If the entire fitted line profile fits within the width of the HWHM the χ2 no longer changes
and has reached a plateau. This happens typically for large outer radii as the line profile becomes very narrow.
We could not always fit up to 50% due to the noisy nature of some objects. There is also the problem of the
symmetry of the fit, due to any number of reasons the CO lines may be asymmetrical. This can be because
of disk structure, but also due to misalignment of the slit. This can be because the centering mechanism of
the telescope centers the slit on the point of highest intensity. In an inclined system one can have the direct
observation of the star obscured by the disk, while at the same time the rim of the disk on the other side of
the star is brightly reflecting the light of the star. This can confuse the centering algorithm, as it will now not
properly center on the star causing the slit to be misaligned and so not covering both sides of the disk equally.
This in turn causes asymmetries in the CO line profile.
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Another issue we ran into was a mismatch between a few of the parameters found in the literature and the
parameters used to calculate the inner radius used for comparison. In hindsight it may have been better to use,
where possible, the values for mass, inclination and Position Angle (P.A.) from the papers we will compare our
inner radius to. But as these tended to miss the P.A. we opted to not use their values and go for sources that
do have those P.A. values. This however would be a point of improvement for future attempts. I also want to
mention that since the additional CO data (beyond the Pontoppidan sample) was added later in the thesis less
time was available to perfect the program for this data and this, combined with the nature of the data, means
there is plenty of room for improvement for this data.

Figure 81: Fit of EC90S for the parameters Rin = 0.0464 au and Rout = 1.0 au. Visible are strange peaks near the
edges of the plot. These tend to happen for combinations of small inner and outer radii and can be extremely steep or
shallow. In either case this adds to the χ2 skewing the value up. T

5.2 Multi-component line profiles

It was quite obvious early on that to even get close to fitting the wings you would need a small inner radius.
However we also quickly discovered that large outer radii would lead to narrow line profiles that do not fit the
wings at all. And that fitting a small inner radius and a small outer radius would not be able to fit the peak of
the line profile. We can see this in many figures in section 4.1.

This seems to indicate that these kind of objects have more than one component. This would mean that one
would need to decompose these lines. One way to do that would be to decompose the line using the overtone
emission. As the excess flux in the wings could be linked to overtone emission. Since emission lines that gets
excited into the second v state would decay into two steps via v = 2 − 1 and then v = 1 − 0. This would add
more v1 − 0 emission on top of the standard 0 − 1. If we correct for this, then we may be able to fit the peak
with a single component.

A way to decompose these two components was done by Banzatti & Pontoppidan (2015) where they scale
the wings of the v = 1 − 0 component to match the broad wings of the v = 2 − 1 component using a χ2 fit and
then subtract one from the other.
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We did not have the v = 2 − 1 emission but we can attempt this by using the flux ratios from Banzatti &
Pontoppidan (2015) and scale our line profile up so that they match the v = 2 − 1 emissions wings. We would
fit AS205N for the peak, assuming this to be a single component line profile. We then scaled this central fit
using the flux ratio from Banzatti & Pontoppidan (2015) and subtracted this scaled fitted line profile from the
co-added line profile, re-normalizing the results afterwards. The result of this can be seen in Fig. 82. For our
standard coarse χ2 grid we could not find a good fit for this, but I would not call it a failure as we do get flux
at larger velocities that are more representative of the wings of the line profile. We do get a strange feature
in the centre and asymmetrical peaks, which may indicate that the slit may not have been properly centered.
However perhaps that is intrinsic to the system. We also still cannot fit all flux in the wings but at least we do
have flux there now.

Figure 82: Fit of AS205N for the parameters Rin = 0.0215 au and Rout = 1.0 au. The high χ2 of 174.403 is partially
because at the centre some points become lower than 50% again which adds to the χ2. But it is unclear how much this
part contributes. All in all the profile appears to match the peaks, even though there clearly is some asymmetry.

Another variant we tried was to scale our spectrum with the ratio of v 2 - 1 and v 1 - 0 emission from
Banzatti & Pontoppidan (2015) and then fit that in an attempt to fit the wings. The fit does match the peak
part of the wing very well, it still fails to fit the flux in the lower wings, as can be seen in Fig. (83).

Of course it could also be that the excess flux in the narrow component is a result of a disk wind as suggested
in Pontoppidan et al. (2011). This disk wind would create additional flux in centre of the line profile by means
of sub-Keplerian winds. This would cause the flux in the wings to be scaled down in a normalized line profile
as that flux is unaffected by such winds.

5.3 The shape of the power law

Alternatively we may simply need to change the shape of our single component power law. The shape of the
power law can be adjusted in a number of ways, the main ways to do this are to vary the exponent, to break
the power law into multiple components, or to change the minimum intensity.

We can change the shape of the power law is by fixing the outer radius and varying the exponent of the
intensity power law. This method does not have my preference as one would expect this outer radius to differ
per object. It also does not reduce the amount of free parameters as you now have to vary α to get different
power laws. Picking some value like 15 au as a fixed outer radius would be sketchy since the intensity at that
outer radius would vary depending on the luminosity of the central protostar.
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Figure 83: Fit of AS205N for the parameters Rin = 0.0464 au and Rout = 1.0 au. The high χ2 of 293.683 is caused by
the large difference in the wings now also being scaled up.

The shape of the power law also depends on α. We have varied this value using a combination of inner and
outer radii and fixing the percentage of which the intensity decreases between the two. However, it would be
possible to fix the outer radius and let α be a free parameter. This has not been tried as fixing the outer radius
would require justification as to why one uses that specific value. But it may be interesting to try.

Another possibility would be to create two power laws, a broken power law, this could account for gaps in
the disk and would be able to create a two-component line-profile. The problem with this is that you add a lot
of extra parameters as you now have two inner and two outer radii, not to mention the ratio between the flux for
both. Although this method may be able to more accurately recreate observed co-added line profiles it would
also without a doubt introduce more degeneracy as you add more free parameters. One possibility to reduce the
amount of new free parameters would be to let the outer radius of the first power law be the inner radius of the
second. Essentially a continuous powerlaw with a kink in it. One can even fix that radius to the radius of the
dust rim, as the environment of the gas is different outside of that radius compared to inside of that radius. This
assumes the presence of gas within the dust inner rim. However, this would limits the freedom you have with
this method and still leaves you with the ratio between the two components as well as the extra outer radius. As
currently the run time for each object is about 10 hours and every new parameter added would multiply this by
the amount of possibilities within that parameter, one can see that adding more parameters would extend the
run-time significantly. However, this maybe used to explore the confidence contours of the used parameter space.

There is one other method that would change the shape of the power law. This can be done by varying the
minimum intensity. A test on AS205 was done by changing the minimum intensity where the intensity at the
outer radius of the disk is set to values of 1%, 0.1%, 0.01% and later even 0.0001% of the intensity at the inner
radius. Since we still use the same values for the outer radius this changes the shape of the power law and
places more weight on the inner parts of the disk. This can be seen to be successful as the χ2 for AS205 (see
Fig. 84) improved by more than a factor five, by reducing the minimum intensity to 0.0001% of the maximum
intensity. At this point it is unlikely that the χ2 will get much smaller due to asymmetrical shapes in the line
profile, which means that the best fit for the wings may not be the best fit in general.
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We can also see from figure 85 that most flux for our selected minimum intensity of 1% comes from the
outer part of the disk. As such the contribution to high velocity flux coming from the inner part of the disk
is comparatively small. Which is why we have trouble fitting broad components in line profiles. We kept 1%
of the intensity for our official result to remain consistent and as we would not expect to see much more ex-
citation beyond that intensity. It can be that varying the minimum intensity is a viable method of changing
the power law but to confirm this we would need to know more about the level population distribution for the
CO molecules within typical realistic disk structures. This goes beyond the scope of this thesis. Making this
number variable would also add another free parameter to the χ2 which is something we would like to avoid.
This parameter likely differs per system depending on the opacity, gas temperature, and local density of the disk.

Figure 84: Co-added line profile of AS205N (in black) compared to the fit (in red). The left image shows the best fit
when the minimum intensity is at 1% of the maximum intensity, the middle shows the best fit for the minimum intensity
of 0.01% of the maximum intensity, and the right image shows the same for a power law where the minimum intensity
is at 0.0001% of the maximum intensity. All three modeled line profiles are for the best fit, which would be an Rin = 0.1
au and Rout = 4 au for the left panel, Rin = 0.0215 au and Rout = 6 au for the middle panel, and Rin = 0.045 au and
Rout = 35 au for the right panel. The difference is especially strong in the wings. The value of the χ2 drops from 61.685
for the 1% fit to 26.013 for the 0.01% fit to 10.631 for the 0.0001% fit, of which the latter is fit for 100% of the line
profile, not just up to the HWHM.

Figure 85: Cumulative integrated flux of the intensity profiles for the fitted line profiles in Fig. 84, again on the left
we have the plot for a minimum intensity of 1% of the maximum intensity, in the middle we have the plot for 0.01% of
the maximum intensity and on the right we see the same for a minimum intensity of 0.0001% of the maximum intensity.
All are for the respective best fits. Not that as the minimum intensity decreases the cumulative integrated flux coming
from the inner 10% of the radii of the fit increases.
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5.4 Uncertainty, degeneracy and plateauing of the χ2

One of the main obstacles of this kind of fitting is the quality of the data. In the case of low S/N data it is
typically possible to fit many line profiles to the observed line profile and as a result the χ2 is severely degener-
ates for the inner radius. This problem is less of an issue with our well fit and multi-component fits. The well
fit line-profiles tend to show an unconstrained lower limit to the inner radius. While the multi-component fits
appear well constrained but do not fit the co-added line profile well at all as can be seen from their χ2.

A good rule of thumb is that if the χ2 is low (< 6.25) and the S/N is high (> 33) then the fit is good.
Here the 6.25 is based on the 90% confidence contour of a three degrees of freedom system. The S/N of 33
is based partially on Fig. 17 as we see that around a S/N of 33 we find the separation of good and noisy fits.
The other reason is that for a S/N of 33 the HW10% is equivalent to three σ error and as a result one can
be confident that the HW10% is actual signal and not noise. Which would make the HW10% a good sanity check.

If the S/N is low (< 33) then more fits will have a low χ2. This only gets worse as we only fit for the lowest
50% of the flux which typically means that anything within the FWHM does not contribute to the χ2. As a
result the χ2 will be lower and will reach a limit or ”plateau” for higher values of the inner and outer radius.
The χ2 value of this plateau comes from the difference between the co-added line profile (up to the FWHM)
and zero intensity (the value of the fit outside the FWHM). If this narrow profile completely fits within the
FWHM the χ2 remains constant and the plateau is reached. This leads to the error of the co-added line profile
playing an important role as the higher the error the lower the χ2. The opposite of the plateauing of the χ2

can also happen for small inner and outer radii as now most of the fit finds itself outside of the co-added line
profile and therefore substantially increases the χ2.

So with some fits being this bad is the inner radius derived from the wing fit completely useless? The short
answer to this is no. Assuming the best case scenario, where even though when the wings are fit and the fit of
the centre is completely off we can still assume that this is an upper limit to the inner radius. After all we do
get flux from the high velocity regions, just not as much as we see in the co-added line profile. So there is flux
there, just not enough. We do have to be careful that we do not estimate too small of an inner radius. This is
why it may be better to use the half width at 3 σ of the continuum. That way you know there is signal and you
are probably still better off than using the HW10%. It will still only be an upper limit, but it will be closer to
the inner radius. This can be done as long as your S/N is larger than 33.

I also want to pay some attention to the shape of the degeneracy (Fig. 86), as it seems that the degeneracy
is much larger for the inner radius than for the outer radius. I suspect this is linked to us only fitting up to 50%
of the line profile. The outer radius is closely linked to the shape of the peak, which we currently ignore. This
is confirmed by looking at the ∆χ2 for AS205N with a lower minimum intensity (Fig. 75) as this both fits the
line profile way better as can be seen in Fig. 84, but also has its inner and outer radius linked. As rather than
having many inner radii possible for one outer radius it now scales equally with the inner and outer radius.

5.5 Confirmations and suggestions

Our main result is that there is no relation between the inner radius of the dust and that of the gas. But we can
hardly say this with any statistical certainty. There may very well be objects with an inner gas radius smaller
than the inner dust radius, but with our current degeneracy further studies would be required to zoom in on
these objects. Potential candidates are AS205N, AS 209, HD142527, RULup and WaOph6.

We also found there to be a one to one relation between 1.7 × HWHM and the HW10% for our well fit
objects. Indicating that this may work for most standard single component objects. However, caution is advised
as for some very steep single component objects, like SR21, this does not work. Perhaps this is age related as
older disks may have started expanding their inner gas hole resulting in CO emission only coming from further
out, narrowing the profile. But we did not test for this. The relation does work for CVCha, DoAr44, GQ Lup,
HD135344B and HD142527, indicating that the relation not only holds up for T Tauri stars but also for Herbigs.
What separates objects that do have this relation from those that do not we do not yet know.

There seems to be a fixed difference between the HW10% and the best fit for the well fitted objects. Just
for the well fitted objects alone, ignoring their error bars, we have a variation between 1.5 and 2 times the inner
radius to get the Keplerian radius at 10% of intensity. This would confirm the simple estimate based on the
FWHM.
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Figure 86: χ2 plot of AS205N with the minimum intensity at 0.0001% of the maximum intensity. The interpolation
grid acts a bit weird due to it being an irregular grid as the results of two runs have been added together but one is more
coarse. The first run contains the basic grid of AS205N and the second one contains a linear grid around the minimum
intensity. A larger sample between 50 and 100 au for the outer radius and 0.1 and 0.2 au for the inner radius would have
been preferred.

We also found what seems to be a goldy lock zone between 1.5 and 2 for α. Half of our objects find themselves
within this range and all of our well fitted objects do. It may be interesting to see what the multi-component
objects do when they get fitted with a different minimum intensity. We have tested this with AS205N and
found its best fit to have a revised α value of 2.075. However, this fit still has flux at higher velocities that are
outside of the 1 σ error bars. When taking a smaller inner radius of 0.025 au instead of 0.045 au we find that
the fit now seemingly fits the outermost parts of the wings better but leaves a little more flux at the 20% to
40% of the intensity. This fit is within one σ of the best fit on the ∆χ2 and gives us an α of 1.907. Perhaps a
run with α as a variable would be interesting.
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5.6 Moving forward

There are still many questions unanswered and many more things to try. One of the things that was not tried
was to let α vary. Perhaps that will also be a way to fit the line profile without needing more than one compo-
nent. Lowering the minimum intensity also seemed promising as it both creates more realistic outer radii for the
CO emission and fits the co-added line profile. It may also be worth to try to decompose multi-component line
profiles or to create multi-component power laws for the fitting routine. The latter could be done by creating
two different rings, creating a line profile from each of them, adding those and then normalizing them. The main
worry is that you may need a ratio between the two maximum intensities, or a ratio between the two fluxes.
This would add another free parameter on top of the extra free parameters added by creating a second ring.
It would help to be able to fix parameters in our model. Fixing an outer radius and having access to a known
relative intensity at that distance would reduce the amount of free parameters. This would reduce the run time
or allow α to be used as a free parameter without increasing the amount of free parameters. Comparing the total
flux observed with the total flux fitted may also be interesting as perhaps that can be used to reduce degeneracy
and give insight if the best fit provided from the normalized line profile is feasible. Normalizing and cleaning
the extra objects of telluric lines and cosmic rays before co-addition would certainly improve their co-addition
and fit by extension. It may also be worth looking at the magnetospheric accretion radius and seeing how our
fitted inner dust radius matches with that. As technically speaking the width of the broad component should
be able to get down to radii of about 0.05 au which would be near the magnetospheric accretion radius. In fact
we already fit radii like that for some our objects. Calculating this value is not easy as it depends on a lot of
different values like the stellar radius, the stellar mass, the accretion rate, and the stellar field strength. Form
Bouvier et al. (2007) a star with a magnetic field strength of 1kG, half a solar mass in weight, with a radius of
two solar radii, and an accretion rate of 10−8 solar masses per year one would get a truncation radius of about
7 stellar radii. Which would be 0.0655 au. This is well within range of our fitted values.

Future endeavours however are most certainly promising. With CRIRES+ and JWST on the horizon we
may be able to get more accurate measurements than ever before. It is vital to state that S/N is an incredibly
important value as it proves near impossible to get non degenerate fits for low S/N objects. I would advice to
strive to get a S/N of at least 33 since that way your FW10% is at least 3 σ above the continuum. Unfortunately
JWST will not provide the spatial resolution required to resolve these regions with its 0.1 arcsecond resolution.
Since even with new or upgraded instruments we will not be able to resolve the inner dust region of the disk for
most objects spectroscopy will remain important for some time to come. However, using equation (2) we can
calculate that for objects at about 200 pc we should be able to resolve gaps of 0.4 au in size using instruments
like the VLTI or gaps of 1 au in size using the ELT. When selecting what object to observe a 0.4 au hole should
really be seen as a minimal value for high S/N objects at low seeing evenings. The reason for this is that
whatever inner radius is calculated is probably more of a soft border which may make it harder to resolve. So
I would advice testing this first with objects with a larger inner radius than 0.4 au. It may very well be worth
trying to identify objects with a large dust radius and rerunning these fits for the CO gas of those objects, to
see if a direct detection of the CO gas inside the inner dust radius is possible. Another possibility may be
to specifically look at changes in minor features in the wings of high S/N objects. As at high velocities and
thus small radii the orbital timescale is small. Therefore, it may be worth seeing if there is substantial change
between two high S/N observations at different estimated orbital periods. One final note of convenience, if it
is known what the redshift of a star is it may be useful to calculate the location of the telluric line compared to
the location of the CO lines as having a telluric line obscure the peak of your emission line can be troublesome.

6 Conclusion

The presence of gas within the inner dust radius is yet to be proven. Using CO ro-vibrational observations
combined with literature PIONIER data we attempted to search for the presence of gas within the inner dust
radius to shine further light on the structure of the innermost region of the disk. Using the CO ro-vibrational
spectra of 27 objects selected for the presence of PIONIER observations we co-added the different ro-vibrational
lines and fitted the resulting co-added line profile to a single component intensity power law. This was done
by varying the value of the inner and outer radii. The lowest χ2 of this was then manually inspected and
categorized. This gave us four main groups, well fit objects, of which the fit till 50% of the flux was good,
unconstrained objects, of which the χ2 plot was not constrained by at least 5 σ contours above the best fit,
multi-component objects, of which our fit could not match the co-added line profile with the current parameters,
and the limited objects, who had line profiles that could not be properly fit. Together with these fits we also
calculated the inner gas radius from the HWHM and from the HW10%. The inner gas radius of the best fit was
then compared to these values, the HWHM, the HW10%, the literature gas radius, the stellar parameters such
as temperature, luminosity and mass, inclination, distance, the outer radius, and the inner dust radius. These
comparisons lead to the following conclusions:
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1. 1.7 × HWHM works as a reasonable estimator for the HW10% for single component line profiles.

2. The HW10% is a reasonable upper limit to the fitted inner gas radius for single component line profiles.

3. Low S/N in the spectra makes it impossible to constrain the inner gas radius within our simple power law
fitting.

4. It seems impossible to place a lower limit on the fitted inner gas radius.

5. We do not have enough well fitted objects to have statistically robust results on correlations.

6. The stellar parameters do not play a large role for the inner gas radius. At best we see a trend that
low mass (low temperature and low luminosity) stars will not have disks with very large inner gas radii.
However, as these systems evolve and the disk changes with time perhaps this is a bias coming from the
sample selection.

7. No objects were found that have, within one σ confidence, an inner gas radius smaller than the inner dust
radius.

8. Multi-component line profiles appear promising as their broad wings indicate a low inner radius for the
gas. However, they would need to be properly decomposed or a different power law would need to be used
to fit them.

9. It seems disk structure has an effect on the shape of the line profiles. Because of this a single component
cannot fit the line profile completely.

10. We observe in our line profile of AS 209 a gap. This gap at about 50 km s−1 would translate to a radius
of 0.123 au.

11. Our multi-component objects as well as AS209 and WaOph6 seem prime candidates to propose follow-up
observations of gas within the dust inner radius. More detailed fits of these objects could prove promising.

Our findings serve as a good reminder that we have to be very careful regarding our calculations of the inner
gas radius. As from an observational point of view there are large uncertainties involved that often span more
than one order of magnitude. Therefore it seems that for now the presence of gas within the inner dust radius
remains uncertain.
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Appendices

A Tables

This appendix contains the tables of all fitted co-added line profiles. Each table contains the line classification,
the wavelength and the 1 σ error in units of flux.

AS 205 N line list
Line identification Wavelength (Å) 1σ (flux)
R 0 4674.1507 0.0142
P 1 4657.4859 0.0175
R 1 4682.6428 0.0143
P 2 4649.3117 0.0206
R 2 4691.2421 0.0189
P 3 4641.2422 0.0116
R 3 4699.9496 0.0087
P 4 4633.2768 0.0149
R 4 4708.7657 0.0091
P 5 4625.4149 0.0368
R 5 4717.6910 0.0169
P 6 4617.6558 0.1009
R 6 4726.7267 0.0059
P 7 4609.9989 0.0150
R 7 4735.8732 0.019
P 8 4602.4437 0.0097
R 8 4745.1314 0.0069
P 9 4594.9896 0.0127
R 9 4754.5020 0.0044
R 10 4763.9857 0.0076
R 11 4773.5834 0.0074
R 12 4783.2959 0.0052
R 14 4803.0689 0.1160

AS 209 line list
Line identification Wavelength (Å) 1 σ (flux)
R 2 4691.2421 0.0155
R 3 4699.9496 0.012
R 4 4708.7657 0.0212
R 5 4717.6910 0.0242
R 6 4726.7267 0.0135
R 7 4735.8732 0.0135
R 9 4754.5020 0.0155
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CV Cha line list
Line identification Wavelength (Å) 1 σ (flux)
R 4 4708.7657 0.0121
R 5 4717.6910 0.0134
R 8 4745.1314 0.0080
R 11 4773.5834 0.0133
R 14 4803.0689 0.0238
R 17 4833.6105 0.0122
R 20 4865.2323 0.0295
R 21 4876.0173 0.0172
R 24 4909.1192 0.0222
R 25 4920.4056 0.0047
R 31 4990.8470 0.0148

DoAr44 line list
Line identification Wavelength (Å) 1 σ (flux)
R 0 4674.1507 0.0182
R 1 4682.6428 0.0159
P 2 4649.3117 0.0194
R 2 4691.2421 0.0098
R 3 4699.9496 0.0099
R 4 4708.7657 0.0118
R 5 4717.6910 0.0161
R 6 4726.7267 0.0112
R 7 4735.8732 0.01415
R 8 4745.1314 0.0208
R 9 4754.5020 0.0163
R 10 4763.9857 0.0144

DR Tau line list
Line identification Wavelength (Å) 1 σ (flux)
P 1 4657.4859 0.0775
P 2 4649.3117 0.0487
R 2 4691.2421 0.0535
R 4 4708.7657 0.0228
R 5 4717.6910 0.0324
R 8 4745.1314 0.0252
R 24 4909.1192 0.0164
R 25 4920.4056 0.0119
R 27 4943.3629 0.0062
R 30 4978.7770 0.0205
R 31 4990.8470 0.0092

EC 90 N line list
Line identification Wavelength (Å) 1 σ (flux)
R 20 4865.2323 0.0225
R 21 4876.0173 0.0238
R 25 4920.4056 0.0091
R 26 4931.8198 0.0346

EC 90 S line list
Line identification Wavelength (Å) 1 σ (flux)
R 7 4735.8732 0.0789
R 21 4876.0173 0.0714
R 25 4920.4056 0.0488
R 26 4931.8198 0.0846
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GQ Lup line list
Line identification Wavelength (Å) 1 σ (flux)
R 0 4674.1507 0.0125
P 1 4657.4859 0.0114
R 1 4682.6428 0.0146
P 2 4649.3117 0.0208
R 2 4691.2421 0.0084
P 3 4641.2422 0.0075
R 3 4699.9496 0.0075
P 4 4633.2768 0.0086
R 4 4708.7657 0.0166
P 5 4625.4149 0.024
R 5 4717.6910 0.0088
P 6 4617.6558 0.0302
R 6 4726.7267 0.0110
P 7 4609.9989 0.0186
R 7 4735.8732 0.0066
P 8 4602.4437 0.0175
R 8 4745.1314 0.0102
P 9 4594.9896 0.0128
R 9 4754.5020 0.0084
R 10 4763.9857 0.0137
R 11 4773.5834 0.0096
R 12 4783.2959 0.0212
R 13 4793.1242 0.0138
R 14 4803.0689 0.0335

HD135344B line list
Line identification Wavelength (Å) 1 σ (flux)
R 0 4674.1507 0.0112
R 3 4699.9496 0.0028
R 4 4708.7657 0.0053
R 6 4726.7267 0.004
R 7 4735.8732 0.0051
R 9 4754.5020 0.0059
R 10 4763.9857 0.0054

HD142527 line list
Line identification Wavelength (Å) 1 σ (flux)
R 2 4691.2421 0.0089
R 3 4699.9496 0.0038
R 4 4708.7657 0.0089
R 5 4717.6910 0.0053
R 6 4726.7267 0.0043
R 7 4735.8732 0.0036
R 8 4745.1314 0.006
R 9 4754.5020 0.0025
R 10 4763.9857 0.0035
R 16 4823.3110 0.0052
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HD144432S line list
Line identification Wavelength (Å) 1 σ (flux)
R 0 4674.1507 0.028
P 1 4657.4859 0.0487
R 1 4682.6428 0.0238
P 2 4649.3117 0.0163
R 2 4691.2421 0.0066
P 3 4641.2422 0.0136
R 3 4699.9496 0.0076
R 4 4708.7657 0.0105
R 5 4717.6910 0.009
R 6 4726.7267 0.0117
R 7 4735.8732 0.0042
R 8 4745.1314 0.0117
R 9 4754.5020 0.0073
R 10 4763.9857 0.0069

RU Lup line list
Line identification Wavelength (Å) 1 σ (flux)
R 0 4674.1507 0.0751
P 1 4657.4859 0.052
R 1 4682.6428 0.0145
P 2 4649.3117 0.0597
R 2 4691.2421 0.0167
R 3 4699.9496 0.0143
R 4 4708.7657 0.0271
R 5 4717.6910 0.0222
R 6 4726.7267 0.013
R 7 4735.8732 0.0892
R 8 4745.1314 0.0081
R 9 4754.5020 0.0097
R 11 4773.5834 0.0047
R 12 4783.2959 0.0151
R 14 4803.0689 0.0741
R 17 4833.6105 0.0506
R 19 4854.5699 0.0111
R 20 4865.2323 0.0569
R 22 4886.9261 0.0589
R 25 4920.4056 0.0107
R 26 4931.8198 0.0099
R 29 4966.8404 0.0462

RY Lup line list
Line identification Wavelength (Å) 1 σ (flux)
R 20 4865.2323 0.0106
R 22 4886.9261 0.011
R 25 4920.4056 0.012
R 26 4931.8198 0.0064
R 29 4966.8404 0.0133
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S CrA N line list
Line identification Wavelength (Å) 1 σ (flux)
R 3 4699.9496 0.0072
R 4 4708.7657 0.0097
R 5 4717.6910 0.0116
R 6 4726.7267 0.0087
R 7 4735.8732 0.0246
R 9 4754.5020 0.005
R 10 4763.9857 0.0145

S CrA S line list
Line identification Wavelength (Å) 1 σ (flux)
R 6 4726.7267 0.0266
R 7 4735.8732 0.0263
R 9 4754.5020 0.0151
R 10 4763.9857 0.010

SR21 line list
Line identification Wavelength (Å) 1 σ (flux)
R 6 4726.7267 0.0172
R 7 4735.8732 0.0078
R 8 4745.1314 0.0425
R 10 4763.9857 0.0142
R 11 4773.5834 0.01395
R 12 4783.2959 0.01687
R 14 4803.0689 0.01293
R 17 4833.6105 0.02578

T Tau N line list
Line identification Wavelength (Å) 1 σ (flux)
R 0 4674.1507 0.0344
R 1 4682.6428 0.0081
R 4 4708.7657 0.0128
R 6 4726.7267 0.016
R 7 4735.8732 0.017
R 9 4754.5020 0.006
R 10 4763.9857 0.00912

T Tau S line list
Line identification Wavelength (Å) 1 σ (flux)
R 0 4674.1507 0.0041
R 1 4682.6428 0.0047
R 3 4699.9496 0.0084
R 4 4708.7657 0.0082
R 6 4726.7267 0.0113
R 7 4735.8732 0.0216
R 9 4754.5020 0.0107
R 10 4763.9857 0.0065
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VV Ser line list
Line identification Wavelength (Å) 1 σ (flux)
R 4 4708.7657 0.0117
R 5 4717.6910 0.0097
P 6 4617.6558 0.0088
R 6 4726.7267 0.0067
P 7 4609.9989 0.0029
R 7 4735.8732 0.0029
R 8 4745.1314 0.0055
P 9 4594.9896 0.0081
R 10 4763.9857 0.0083
R 11 4773.5834 0.0087
R 14 4803.0689 0.0088

WaOph6 line list
Line identification Wavelength (Å) 1 σ (flux)
R 4 4708.7657 0.0167
R 5 4717.6910 0.0134
R 6 4726.7267 0.0201
R 7 4735.8732 0.0151
R 8 4745.1314 0.0186
R 9 4754.5020 0.018
R 10 4763.9857 0.0185
R 11 4773.5834 0.0314
R 12 4783.2959 0.0268
R 14 4803.0689 0.0231
R 17 4833.6105 0.0163

B Spectra and line profiles

This appendix contains the full CRIRES spectrum of the unprocessed data from Pontoppidans data as well as
the co-added line profiles of each observation date and their S/N.
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Figure 87: Full CRIRES spectrum of AS205S on 22-04-2007.
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Figure 88: Full CRIRES spectrum of AS205S on 10-03-2010.

Figure 89: Co-added line profile of AS205N on 22-04-2007 with a S/N of 154.
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Figure 90: Co-added line profile of AS205N on 01-09-2007 with a S/N of 142.

Figure 91: Co-added line profile of AS205N on 03-05-2008 with a S/N of 188.
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Figure 92: Co-added line profile of AS205N on 10-03-2010 with a S/N of 37.

Figure 93: Co-added line profile of AS209 on 02-05-2008 with a S/N of 17.
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Figure 94: Co-added line profile of CVCha on 04-01-2009 with a S/N of 45.

Figure 95: Co-added line profile of DoAr44 on 05-07-2007 with a S/N of 54.
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Figure 96: Co-added line profile of DoAr44 on 28-04-2008 with a S/N of 24.

Figure 97: Co-added line profile of DRTau on 10-10-2007 with a S/N of 75.
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Figure 98: Co-added line profile of DRTau on 31-12-2008 with a S/N of 120.

Figure 99: Co-added line profile of EC90N on 24-04-2007 with a S/N of 8.
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Figure 100: Co-added line profile of EC90S on 24-04-2007 with a S/N of 6.

Figure 101: Co-added line profile of GQLup on 22-04-2007 with a S/N of 67.

100



Figure 102: Co-added line profile of GQLup on 03-05-2008 with a S/N of 66.

Figure 103: Co-added line profile of GQLup on 03-08-2008 with a S/N of 53.
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Figure 104: Co-added line profile of HD98922 on 16-06-2007 with a S/N of 6.

Figure 105: Co-added line profile of HD100546 on 29/30-03-2010 with a S/N of 62.
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Figure 106: Co-added line profile of HD135344B on 23-04-2007 with a S/N of 53.

Figure 107: Co-added line profile of HD135344B on 04-09-2007 with a S/N of 52.
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Figure 108: Co-added line profile of HD142527 on 05-08-2008 with a S/N of 96.

Figure 109: Co-added line profile of HD142527 on 07-08-2008 with a S/N of 41.
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Figure 110: Co-added line profile of HD144432S on 03-08-2008 with a S/N of 20.

Figure 111: Co-added line profile of HD163296 on 06-03-2012 with a S/N of 8.
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Figure 112: Co-added line profile of HD190073 on 15-05-2007 and 03-06-2008 with a S/N of 8.

Figure 113: Full CRIRES spectrum of RCrA on 22-04-2007.
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Figure 114: Full CRIRES spectrum of RCrA on 02-09-2007.
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Figure 115: Full CRIRES spectrum of RCrA on 10-08-2008.

Figure 116: Co-added line profile of RULup on 27-04-2007 with a S/N of 76.

108



Figure 117: Co-added line profile of RULup on 28-04-2008 with a S/N of 48.

Figure 118: Co-added line profile of RYLup on 25-04-2007 with a S/N of 23.
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Figure 119: Co-added line profile of RYLup on 27-04-2008 with a S/N of 24.

Figure 120: Co-added line profile of SCrAS on 23-04-2007 with a S/N of 79.
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Figure 121: Co-added line profile of SCrAS on 04-09-2007 with a S/N of 57.

Figure 122: Co-added line profile of SCrAS on 06-08-2008 with a S/N of 16.
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Figure 123: Co-added line profile of SCrAN on 23-04-2007 with a S/N of 151.

Figure 124: Co-added line profile of SCrAN on 04-09-2007 with a S/N of 84.
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Figure 125: Co-added line profile of SCrAN on 06-08-2008 with a S/N of 39.

Figure 126: Co-added line profile of SR21 on 01-09-2007 with a S/N of 18.

113



Figure 127: Co-added line profile of TTauN on 11-10-2007 with a S/N of 28.

Figure 128: Co-added line profile of TTauS on 11-10-2007 with a S/N of 75.
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Figure 129: Co-added line profile of VVSer on 22-04-2007 with a S/N of 29.

Figure 130: Co-added line profile of VVSer on 06-09-2007 with a S/N of 31.
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Figure 131: Co-added line profile of VVSer on 02-05-2008 with a S/N of 27.

Figure 132: Co-added line profile of WaOph6 on 02-05-2008 with a S/N of 24.
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