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ABSTRACT

In this Bachelor thesis I present new APEX data on the two group II circumstellar disks HD104237 and HD142666. The
aim is to infer the radial temperature distribution using the peak separation of the double-peaked Keplerian rotation
line profiles of our data on the CO 6-5 rotational line, and literature data on lower rotational lines. After rebinning the
data to a much lower spectral resolution, we find for HD104237 a 30 detection. The analysis of the line profile gives a
full width at half maximum of 8.6 + 1.4 km/s, an integrated intensity of 0.25 + 0.02 K km/s, a peak-to-peak separation
of 4.4 + 0.9 km/s, and a peak intensity of 0.034 + 0.005 K. The inferred temperature distribution is T~ 116 K at a
distance of 85 + 50 au and T~ 33 K at a distance of 112 + 51 au. For HD142666 the line is only detected at 2.5¢ or less,
which is below the threshold for a reliable result. Instead, by integrating the noise in the expected velocity range we
find an upper limit of the integrated intensity of 0.20 + 0.07 K km/s.
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1 INTRODUCTION

1.1 A BRIEF HISTORY OF DISKS

The first hypothesis of a flattened disk as precursor to
planet formation was thought up by Kant and was fur-
ther developed by LaPlace already in the late 18th century.
Their hypothesis arose from the structure of our own solar
system, and their theory explained the observed flattened
geometry and the aligned angular momenta of the Sun
and the orbits of the by then known planets. Even though
their theory had many flaws, their central idea still stands
today. The first observational evidence of a disk structure
around a star was found with mm imaging by e.g. Beck-
with et al. (1986), Beckwith and Sargent (1987). The
images showed an extended structure around young stars
and the double peaked line profiles that were found are
proof of a Keplerian rotation pattern. When the Hub-
ble Space Telescope finally launched in 1990, it opened
a new window to observe protoplanetary disks. Without
the issues that are faced by ground-based observatories
and with an impeccable spatial resolution, it was possi-
ble to make scattered light images of nearby disks, and
even detect the proplyds in the Orion nebula. With the ar-
rival of the Atacama Large Millimeter/submillimeter Ar-
ray (ALMA) in 2013 the field of protoplanetary disks is
going through a revolution. Consisting of 66 twelve me-
ter dishes combined together in an interferometric array, it
provides means to spatially resolve disks on the au-scale,
which will give great insight into gap-, planet-, and com-
plex organic molecule-formation (e.g. Lee et al. 2017, No-
mura et al. 2016).

1.2 STAR AND DISK FORMATION

An interstellar cloud of gas will be in hydrostatic equi-
librium for as long as outward gas pressure is equal to
the inward gravitational force. The condition for gravita-
tional collapse is described by the Jeans criteria, for exam-
ple the Jeans mass describes the mass above which a cloud
will undergo gravitational collapse for a certain density
and temperature. In an interstellar molecular cloud the
Jeans mass has typical values of tens to hundreds of solar
masses. This mass has to be confined inside the volume
dictated by the Jeans radius. In a Giant Molecular Cloud
(GMC) there are self-gravitating regions with masses up
to 103 Mg, called clumps. These clumps contain several
cores. Cores are density peaks that are likely to become
a star or binary star and have masses of 0.3-10 M. The
exact way how a core collapses is not known in full detail.
In the first stage of collapse the material moves almost in
free-fall. In general, cores have a non-zero angular mo-
mentum, as well as a non-negligible magnetic field. These
two processes make understanding and modeling the col-
lapse much harder. The non-zero angular momentum of
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Figure 1.1: Collapse of a spherical gas envelope around a newly
formed star. The arrows indicate the path of a gas parcel from
different starting locations according to their specific angular mo-
mentum. Figure adopted from Dominik (2015).

the core makes the material collapse to form a rota-
tionally supported disk, see Fig. 1.1. Material on the ro-
tational axis has the lowest specific angular momentum
and will accrete onto the center of the disk, now called a
protostar. Material that is farther away from the rotation
axis will instead accrete onto the disk. The gravitational
energy is in this stage the main heating mechanism, until
the protostar has a central temperature hot enough to start
fusion reactions. We can classify protostars based on the
spectral index of the overall shape of the IR spectrum,

d log(AF))
dlogh
For low mass protostars (< 3Mg) a common classification

is the observed flux densities in the K band (2.2 um) and
the N band (10 um), giving a spectral index of

u _ Log[(AFA)10um] —108[(AF))2.20m]
KN = 10g(10/2.2)

We distinguish four types of protostars:

[24

(1.1)

(1.2)

¢ Class 0 protostars are completely embedded and are
thus heavily obscured. Their spectra therefore peak
at wavelengths A > 100um. Because of the high ob-
scuration, a characterisation by the spectral index
ag N is not meaningful.

* Class I protostars are still embedded, but have stel-
lar outflows and jets. This causes more power being
radiated at 10um than 2um, giving ax Ny > 0.

e Class II protostars consist of a star and a disk and
are named T Tauri stars. Their spectral index is
-1L.5<agN <0.

* Class IIT protostars consist of a star and a debris
disk. They are still undergoing gravitational col-
lapse, but the accretion disk is weak. They have a
spectral index of ax y <-1.5.
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Figure 1.2: Flaring disk (left) vs. flat i.e. self-shadowed disk (right). The outer surface layers of flared disks have an increased heat
absorption in comparison to self-shadowed disks. Figure adopted from Dullemond and Dominik (2004).

1.3 HERBIG DISKS

While in the process of collapse, the protostar is not yet
hot enough to fuse hydrogen. Instead, it gains heat from
the collapsing material. While in the pre-main sequence,
we distinguish three types of protostars:

T-Tauri stars (M. <2Mp)
Herbig Ae/Be stars (M, ~2—8Mg)
Massive protostars (M, > 8Mg)

The distinction in mass made above is of importance for
the development of the star. T-Tauri stars are the least
massive and therefore require more time for fusion to take
place. For Herbig Ae/Be stars (first classification by Her-
big 1960) hydrogen fusion will take place much sooner,
making them much brighter than T-Tauri stars. From the
Spectral Energy Distribution (SED) that we detect from
these Herbig disks, we distinguish two main kinds of pro-
toplanetary disks: Group I and Group II disks. Group I
is often referred to as flaring, whereas group II disks are
usually called flat or cold i.e. self-shadowing. The clas-
sification is based on the SED we detect in the mid IR. It
was found by Meeus et al. (2001) that the SED of proto-
planetary disks in this wavelength range could be fit with
either a power-law, or a power-law and a black body (BB)
combined. Group I disks require a BB and a power-law,
whereas group II disks only need a power-law. These can
be further divided into groups Ia/Ila, which contain solid
state bands, and groups Ib/IIb that lack solid state bands.

The interpretation of these SEDs is however degener-
ate. One possible explanation is the different geometry
which allows for more heat absorption in flaring disks, see
Fig. 1.2. Another is that planet formation causes gaps
in the disk, where self-shadowing causes the disk to be
colder, see Fig. 1.3. Group II disks have for a long time
eluded direct imaging from e.g. scattered light. This in-
dicated that they are either very small, or large but cold.
In a recent study by Garufi et al. (2017) it is shown that
the dichotomy between the SEDs of group I and group II
disks could be due to the absence or presence of a large
inner cavity in the disk.

The temperature distribution in circumstellar disks
can be found from the SED with numerical efforts, which
can then be used to find the location of e.g. the CO ice

line. The CO ice line is a region in the disk beyond which
the temperature is cold enough such that CO can freeze
out onto solids. Ice lines exist for several elements (e.g.
H,O, CO;, NHs, etc.). Icelines are of importance in the
process of planet formation. Frozen out water-ice is e.g.
believed to enhance the stickiness of dust grains, which
can increase the rate of particle growth (e.g. Gundlach
and Blum 2015). The increased stickiness goes hand in
hand with dust coagulation, as the collisional velocities of
dust grains are sufficiently low to make them stick to ea-
chother after colliding (e.g. Testi et al. 2014). These pro-
cesses are the first step in the formation of planetesimals
and ultimately planets.

Previous work onN HD104237 AND
HD142666

1.4

The two sources that we have data on for this thesis are
the group II disks HD104237 (DX Cha) and HD142666 (V
1026 Sco). The first evidence of HD104237 being a Herbig
Ae star was found by Hu et al. (1989, 1991). HD104237
is the optically brightest Herbig Ae star (A4-A8Ve), and
is as such an interesting object in the sky. It is at a dis-
tance of 116 + 5 pc (Knude and Hog 1998), with a lumi-
nosity of 26 Ly (Grady et al. 2004) and is accompanied
by 5 other stars of which 2 show the characteristic IR ex-
cess associated with T Tauri stars, and has an age ~ 5 Myr.
It is still actively accreting, meaning it is highly variable
in luminosity, and is one of the few Herbig stars where a
bipolar microjet is observed (Grady et al. 2004). The in-
clination of the disk (i=0 is face-on) is 21 + 4 deg (Pogodin
et al. 2015), or 31 deg from the disk model of Hales et al.
(2014). HD104237 shows a very close companion at a dis-
tance of 0.2 AU, so it is in fact a binary star. The mass of
the primary (HD104237A) is 2.2 +0.2Mg, and the mass of
the approximate spectral type K3 secondary (HD104237b)
is 1.4 £0.3M, (Bohm et al. 2004, Garcia et al. 2013). Sim-
ulations of the evolution of the binary system show the
chaotic nature of this system in the inner 2 AU (Dunhill
et al. 2015). The SED of HD104237 can be fit well with
a non-flaring i.e. cold disk model with a radius of 90 AU
and a total mass 4-1072M, (Hales et al. 2014). The pre-
dicted flatness of recent modelling of the optical to mid-IR
SED of the disk by Fang et al. (2013) supports the classi-
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Figure 1.3: The effect of gap formation (left) on the SED (right). The gaps in the disk cause a dip in the SED at the wavelengths
corresponding to the temperature the dust grains would have at that location in the disk. Figure adopted from Waters (2015).

fication by Meeus et al. (2001) of being a group II disk. A
previous detection of a CO rotational line was performed
by Hales et al. (2014), on the J=3-2 line.

HD142666 was first found to harbor a circumstellar
disk by Meeus et al. (1998). It is classified as a type II
(i.e. it displays double-peaked H, emission lines) Herbig
Ae star with spectral type A7 III (Vieira et al. 2003, Blon-
del and Djie 2006). Its mass is 1.8 + 0.3M, it is at a dis-
tance of 116 pc, and it has a luminosity of 11 Lg (Dominik
et al. 2003). The inner disk has an inclination of 48:%:2
deg (Vural et al. 2014), and the outer disk of 18 + 5 deg
(Dent et al. 2005), and a radius of the outer disk < 100 AU
(Garufi et al. 2017). HD142666 is also actively pulsating.
Even at the peak brightness of one such pulse, the red-
dening due to dust is significant (Meeus et al. 1998). This
means that there must be a dusty environment around the
star. Previous detections of CO rotational lines were per-
formed by Pani¢ and Hogerheijde (2009) (CO J=2-1) and
by Dent et al. (2005) (CO J=3-2).

1.5 AIM OF THIS RESEARCH

The goal of this thesis is to analyse the data of HD104237
and HD142666. For both of these stars we want to ob-
tain reliable line profiles that show the typical double-
peaked structure from their Keplerian motion. From the
line profiles we can deduce valuable parameters such as
the FWHM, integrated intensity, peak intensity, and the
peak-to-peak separation (Aveq). The peak-to-peak sepa-
ration can be used to find the maximum radius of emis-
sion of the CO J=6-5 line. Using the maximum radius
and the excitation temperature of the line as a measure
of gas temperature, this can be compared to literature re-
sults of other CO rotational lines to directly infer to first
order the temperature distribution in the disk. A reliable
result would be a perfect way to test models like ProDiMo

(Woitke et al. 2009). Furthermore, the temperature distri-
bution found can be used in a much more advanced step
to analyse the location of the snowlines in the disk with
complex numerical codes. This can tell us much about the
planet-forming capabilities of the system.

2 THEORY

This chapter will go through the basic theory of the CO
molecule and its transitions, primarily the rotational lines.
It will also explain the characteristic Keplerian line profile
and its significance.

2.1 Tae CO MOLECULE

The CO molecule, after Hj, is the most abundant species
in circumstellar disks which makes it a prime observa-
tional target to map the column densities throughout the
disk. Another important feature of the CO molecule is
that under certain conditions it can freeze out onto dust
grains. This growth of dust grains is the first step in the
formation of planetesimals and ultimately planets. As
such, it is a key element in understanding the nature of
circumstellar disks.

2.1.1 DIPOLE MOMENT

Since the CO molecule consists of two atoms with a dif-
ferent number of protons and electrons, the molecule will
have an asymmetrical charge distribution. It will therefore
have a permanent dipole moment. This allows for dipole
transitions to occur. Hy has no permanent dipole moment,
so dipole transitions are forbidden and are thus much less
likely.



Figure 2.1: Isovelocity contours relating the peak-to-peak separation (right) to the projected velocity for an optically thick disk (left).
The colours on the left indicate where (with the samen colours) the intensity is seen on the right. Figure from Dionatos (2015).

2.1.2 ROTATIONAL LINE TRANSITIONS

A molecule such as CO has the freedom to undergo rota-
tional and vibrational motion. These motions are quan-
tized and results in emission with typical frequencies in
the near IR and (sub) mm regime. Electronic transitions
are also possible, but they occur in the optical and UV
regime due to higher ionization energy requirements. The
total excitation energy of a molecule can thus, in terms of
lowest to highest contributor, be written as
Etot = Erot + Eyip + Ee (2.1)
For this thesis, we are interested in the CO rotational lines
only.
The level energies in the rigid-rotor approximation are

h2
E=——J(J+1) ,
]I+ 1)
where E is the level energy, h is Plancks constant, I the in-
ertia and J the rotational quantum number. The constants
are then grouped together in a parameter By called the ro-

tational constant: By = # such that

(2.2)

E=hBoJ(J+1) (2.3)

The frequency of allowed transitions is then given by the
equation

v(] > J-1)=2ByJ (2.4)

For CO, we have

v(J >J-1)=115.3-] [GHz] , (2.5)

which gives for the CO J=6-5 transition a frequency of
691.473 GHz. The Einstein A coefficient giving the rate
of spontaneous decay of the CO rotational lines is given as

2w3 5, 2]

cw -1
3a3t 1 B

Ajyo = (2.6)

where w is the angular frequency, # is the reduced Planck
constant, and y is the permanent dipole moment of the CO
molecule.

When a spectral observation is performed, we detect
the intensity of the emission spread out over the telescope
beam. This intensity is rewritten in terms of the antenna
temperature as

. Ivc2

AT 2v2kg 27)
where T, is the antenna temperature, v is the observing
frequency, and kp is Boltzmanns constant. The antenna
temperature can be converted to main beam temperature
via
Feff
"Imb

where Fegr = 0.95 is the forward efficiency for APEX and
fimb = 0.60 is the main beam efficiency, calculated from
the Ruze equation given by

167262/22
1) = p(eo)e™ 1O (2.9)
where 71 (1) is the efficiency at wavelength A, 77 (co) the ef-
ficiency at infinity, o the rms surface accuracy for APEX
(17 um), and A the observing frequency.

2.2 DOPPLER SHIFT AND PEAK SEPARATION

Keplerian rotation in a circumstellar disk causes one edge
to move towards us, and the other away from us. We can
measure this effect via the Doppler shift of the emitted
photons. The Doppler shift is given as

Vemitted
—

proj
1+ c

(2.10)

Vobserved =

where v is the frequency, vy,,; is the projected velocity of
the source, c is the speed of light, and where the sign in
the denominator is positive for approaching sources, and
negative for receding sources. This can be solved for the
magnitude of the projected velocity, given the emitted and



observed frequencies. For optically thick disks, the inten-
sity of the line profile can be directly linked to the location
of the emitting region, see Fig. 2.1. The most notable im-
plication of this is that the location of the peak intensity
is related to the maximum emitting radius of the line, and
hence the projected velocity at that point. This allows us
to write the projected velocity as a function of the peak
separation as

AVpeak

Vproj = — (2.11)

For a disk in Keplerian rotation the outer radius of the
emitting area can then be found from (Beckwith and Sar-
gent 1993)

Vproj(1,0,1) = Jmsin(i)cos(e) ,
r

where r and O are the polar coordinates, G is the gravi-
tational constant, M, is the mass of the star in the center
of the system, and i is the inclination of the disk. These
parameters are often known from literature.

(2.12)

3 OBSERVATIONS

The observations for this study were carried out with the
Atacama Pathfinder EXperiment! (APEX; Giisten et al.
2006, see sect. 3.2). The signal of CO rotational lines is ex-
pected to be very weak. Hence, the observations were exe-
cuted in Beam Switch Mode. This mode measures the out-
put powers at the defined source (ON) and a nearby refer-
ence point (OFF). The ON observation will contain emis-
sion from the source and from the continuum, whereas the
OFF observation consists ideally of only continuum emis-
sion. By subtracting the OFF source from the ON source
measurements, the linear drift in receiver gain and atmo-
spheric noise are eliminated to a high degree, ensuring a
flat spectral baseline.

3.1 SOURCES AND WEATHER CONDITIONS

The original proposal considered 8 sources, where each
source would get 1.25 hours of observation time. How-
ever, a bug in the time calculation software meant that
only half of the sources could be observed. HD104237
and HD142666 were given a high priority, HD144668 a
medium priority and HD144432 a low priority, see Ta-
ble 3.1. Due to its location on the sky and the faintness
of the emission, HD104237 required much more integra-
tion time than anticipated. This meant that only the two
sources named above could be observed within the ESO
time granted. The final integration times for HD104237
and HD142666 were 3.7 hours and 1.3 hours, respectively.
The weather conditions during the observations ranged
from mediocre band 9 conditions of pwv ~0.4-0.8 [mm
H,0] to optimal conditions of pwv ~0.0-0.3 [mm H,O].

Taken together the conditions were sufficiently good to
have detected our sources. The atmospheric transmission
for the APEX site at 691 GHz is 0.5-0.6 for these values of
the pwwv.

3.2 APEX TELESCOPE

APEX is a modified ALMA prototype antenna operating as
a single dish telescope. It is often used as a precursor for
ALMA observation time. It is located on a high altitude
site close to ALMA in Llano de Chajnantor, Chile. The
dish is 12 meter in diameter and has an rms surface accu-
racy of 17 microns. The FWHM of the beam is 9.0” for our
observing frequency of 691.473 GHz. The sources that we
are observing are much smaller, so the beam encompasses
the disk.

3.2.1 SEPIA BAND 9 RECEIVER

The receiver used at APEX for this study is the SEPIA
Band 9 receiver. It is a dual polarisation, Double Side-
Band (DSB) receiver that is built to the specifications of
the ALMA band 9 with the frequency range 602-720 GHz.
The average noise temperature is well below 150 K for all
frequencies in this band. A complete technical description
is given in Baryshev et al. (2015).

3.2.2 BACK-ENDs

The back-ends of the APEX facility are 4 XFFTS (eXtended
Fast Fourier Transform Spectrometer; for a more detailed
description see Klein et al. 2012) boards. Every board
has a bandwidth of 2.5 GHz and 32768 spectral channels.
The spectral resolution around our signal is 38.2 kHz, or
1.7-1072 km/s. There are two reasons for having 4 back-
ends as opposed to 1. First, the SEPIA receiver is a dual
polarisation receiver, so each polarisation needs its own
back-end. Furthermore, since SEPIA B9 is a DSB receiver,
the boards have a fixed overlap region of 500 MHz, cen-
tered about the rest frequency of the observation. This al-
lows to observe the signal in the upper and lower sideband
simultaneously, thereby increasing the total bandwidth to
4 GHz. During an observation, each back-end is recording
the data at the same point in time. This means that the
data recorded on the lower sideband will be almost the
same as the data recorded on the upper sideband. They
are not completely the same, since there is a spectral axis
difference of half a binwidth. Since our sources are unpo-
larised, the data obtained from the two polarisations will
be effectively independent. The data from the back-ends
can therefore be added together and averaged, which en-
hances the signal-to-noise ratio significantly.

3.2.3 CALIBRATION

Raw data from the APEX facility is in the Multi-Beam FITS
(MBFITS) format, and is of limited use. For line obser-

IBased on observations with the Atacama Pathfinder EXperiment (APEX) telescope. APEX is a collaboration between the Max Planck Insitute for
Radio astronomy, the European Southern Observatory, and the Onsala Space Observatory.
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Figure 3.1: The transmission at the APEX site for the SEPIA B9 receiver for a pwv of 0.5 (mm H;O) and for different frequencies,
the light blue band being the rest frequency of the CO J=6-5 line. The green line is the tranmission at Zenith, and the blue line is
the transmission at the current elevation (shown here is 60°). The dashed line is the tuning frequency, where the dot represents a

transmission of 0.9.

vations the data is calibrated onsite with the OnlineCal-
ibrator program, using a standard pipeline. The calibra-
tion pipeline follows the method described in Polehamp-
ton and Hafok (2013). The calibrated data with intensity
units in antenna temperature (K) are uploaded to the ESO
archive.

4 DATA REDUCTION

The software used to reduce the data for this study is
GILDAS! (Grenoble Image and Line Data Analysis Soft-
ware). It is mostly used for (sub-)millimeter radioastro-
nomical applications, for both single dish telescopes and
interferometric arrays. The IRAM 30m telescope, APEX
telescope and the NOrthern Extended Millimeter Array
(NOEMA) provide data that is often reduced in GILDAS.

LGILDAS is available at http://www.iram.fr/IRAMFR/GILDAS

The software is written mainly in FORTRAN-90/95 with
some parts in C/C++. Furthermore, it provides a Python-
GILDAS binding which allows for python commands
within the GILDAS environment, or vice-versa. GILDAS
comes with multiple packages: CLASS, GreG, ASTRO,
GRAPHIC and CLIC. For our purposes, CLASS (Contin-
uum and Line Analysis Single-dish Software) and GreG
(Grenoble Graphic) are sufficient to reduce and plot the
data, respectively. After the reduction it provides sim-
ple data conversion tools to save the result to .fits format
which can be read using e.g. Python.

4.1 DATA INSPECTION

The data was downloaded from the ESO archive. The data
file contained five calibrated ’.apex’ files corresponding to

Table 3.1: Shown here is a selection of group II disks with literature data on the CO J=3-2 line from Dent et al. (2005), Pani¢ and
Hogerheijde (2009), Hales et al. (2014) that were proposed to be observed with APEX SEPIA B9. Their distance range is 115-210 pc.

Run Target a(J2000) 6(J2000) ToT  Priority  Additional info

A HD104237 120005.08 -781134.57 1.25 High PWV< 0.5mm H,O; LST=08h0016h00
A HD142666 1556 40.02 -220140.01 1.25 High PWV< 0.5mm H,O; LST=12h0020h00
A HD144432 16 0657.95 -274309.79 1.25 Low PWV< 0.5mm H,O; LST=12h0020h00
A HD144668 1608 34.29 -390618.33 1.25 Medium PWV<0.5mm H;0O; LST=12h0020h00


http://www.iram.fr/IRAMFR/GILDAS

the five days when our sources were observed. Included
were the raw uncalibrated MB-FITS files which are of lim-
ited use as described in sect. 3.2.3. The data format ".apex’
can be directly opened in CLASS. The first step is then to
inspect the data file. By using the commands

LAS >>> filein data (4.1)
LAS >>> find (4.2)
LAS >>> list (4.3)
CLASS will display a list of all observations in the cur-
rent data file. The list shows key information of the scans,
such as the source, the observed line and the back-end. A
".apex’ file contains all sources that were observed during
that particular night, including all calibration runs. Since
the data has already been calibrated (see sect. 3.2.3), we
have no need for this in the reduction process. So to make
the reduction easier, we copied only the relevant data for
each ".apex’ file to a new file. This can be done as
LAS >>> file in data
LAS >>> list
LAS >>> find \source HD104237
LAS >>> file out hd104237 single /over
LAS >>> copy
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where command 4.6 selects only the actual observations
of HD104237 excluding calibration runs. Command 4.7
opens an output file which is set to single and overwrite
mode, to where command 4.8 will copy the selected data.
After having copied all data to one file, the data can be
inspected. The reason for inspecting the data is because
there might be issues with hardware or software that leave
glitches in the spectra, or cosmic rays hitting the tele-
scope. This can be in the form of a sudden and big rise
of intensity called spikes, or otherwise clearly visible arte-
facts. The individual spectra can be easily plotted using
the commands

LAS >>> file in hd104237 (4.9)
LAS >>> find (4.10)
LAS >>> get first (4.11)
LAS >>> plot (4.12)
LAS >>> get next (4.13)
LAS >>> plot (4.14)

Where 4.13 and 4.14 are used iteratively to go through all
spectra. The data did not show any unusually large or con-
sistent deviation from the noise level. The data can also
be viewed in full (see Fig. 4.1), where the signal strength
can be visualised in a 2D color panel, where the x axis
shows the velocity, and the y axis the individual spectra. A
full spectrum has a very large frequency range of 2.5 GHz.
Therefore, before we continue we extract the relevant part
of the spectra from the full spectra. The systemic veloci-
ties with respect to the local standard of rest of our sources

are 4.2 and ~ 7.0 km/s for HD104237 and HD142666, re-
spectively. We thus expect the line to be centered about
these velocities. Furthermore, we expect the line width to
be typically around ~ 15 km/s. Therefore we take as new
bounds -60 km/s to +60 km/s. The following class com-
mands can achieve this.

LAS >>> file in hd104237 (4.15)
LAS >>> find (4.16)
LAS >>> file out hd104237 —ext single /over  (4.17)
LAS >>> extract ’0—-60" "0+ 60" v /index (4.18)

The extracted spectra are now in the new file "hd104237-
ext.30m’. A representative spectrum is shown in Fig. 4.2
for both HD104237 and HD142666.

4.2 REMOVING BASELINES

The next step in the reduction process is to remove the
baseline from all the spectra. Even though the beam
switching has removed most of the continuum drift, the
background emission is prone to change and can still leave
unwanted deviations in the spectrum that alter the shape
of the signal. First, the spectra are averaged. As explained
in sect. 3.2.2, we have in our data file a combination of
four different back-ends. These can all be averaged to-
gether to obtain the highest signal-to-noise ratio. The av-
erage spectrum (see Fig. 4.3) is then used to find the order
of the polynomial that will fit best. We avoid altering the
signal by setting a window on where we expect the signal
to be. The baseline fit will ignore all channels that are in-
side this specified window. However, the channels inside
the window will of course still be changed by subtract-
ing the baseline fit from the spectrum. The commands for
obtaining the order of the polynomial that fits the under-
lying continuum drift best are

LAS >>> file in hd104237 — ext (4.19)
LAS >>> find (4.20)
LAS >>> set unitv f (4.21)
LAS >>> average (4.22)
LAS >>> plot (4.23)
LAS >>> set window —5 15 (4.24)
LAS >>> draw window (4.25)
LAS >>> base 1 /pl (4.26)
LAS >>> swap (4.27)
LAS >>> clear segment (4.28)
LAS >>> base 2 /pl (4.29)
LAS >>>plot (4.30)

where 4.26 fits a polynomial of order 1. The baseline fit
should be a low order polynomial here, because the spec-
tra show no real sign of large continuum drifts. If however
the fit is not accurate enough, it can be removed by using
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Figure 4.1: Shown here are all the observations of HD104237 (left) and HD142666 (right). Note that the lower halves are very similar
to the upper halves due to 2 back-ends recording the data at the same instant of time, but with different polarizations. The color
scaling as indicated by the color bar is intensity in antenna temperature (K).
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Figure 4.2: Representative spectra taken from the data of both sources in native resolution of 0.017 km/s. The scaling on the x-axis is
velocity with respect to the local standard of rest, centered on the rest frequency of the CO J=6-5 line. The y-axis scaling is intensity
2

in temperature units (K) as Ty = I, ﬁ
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Figure 4.3: Averaged spectra for both sources. The red dashed line indicates the systemic velocity of the sources, on which we expect
the signal to be centered.
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Figure 4.4: An example of a representative single spectrum to which a low-order baseline subtraction is applied.
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commands 4.27 and 4.28. If the baseline fit is appropri-
ate, which was the case for a polynomial of order 1, the
baseline can be subtracted from the spectra by command
4.30.

Now that we have the order of the polynomial fit, we
can apply this to all the individual spectra. This is done as
follows.

LAS >>> filein hd104237 — ext (4.31)
LAS >>> file out hd104237 — base single /over (4.32)
LAS >>> find (4.33)
LAS >>> set unit v f (4.34)
LAS >>> set window —5 15 (4.35)
LAS >>> draw window (4.36)
LAS >>> get zero (4.37)
LAS >>> for ient 1 to found (4.38)
LAS >>>:  get next (4.39)
LAS >>>: base 2 (4.40)
LAS >>>:  write (4.41)
LAS >>> next ient (4.42)

After setting the window and drawing it, command 4.37
gets the first spectrum in the file. From here, commands
4.38-4.42 describe a for loop that iterates over each spec-
trum, applying a baseline of order 2 and writing the result
to the new file. Command 4.42 will start the iteration. The
baseline subtracted average spectra are shown in Fig. 4.4.
Since there is no sign of a signal in the native spectral res-
olution for either source, we have to apply a method called
smoothing to look for a weak signal.

4.3 SMOOTHING

CLASS has a built in smooth command. The way it works
is as follows. The native spectral resolution of the APEX
telescope is 38 kHz. By smoothing the spectrum, neigh-
bouring channels are averaged and combined into one

channel. This reduces the spectral resolution i.e. increases
the bin size. However, if there is a weak detection buried
in the noise, smoothing can enhance it due to the slightly
higher average signal strength. Furthermore, because of
the random nature of noise, averaging channels will also
decrease the overall noise level. In CLASS the commands
for smoothing a spectrum can be applied as

LAS >>> file in hd104237 — base (4.43)
LAS >>> find (4.44)
LAS >>>set unitv f (4.45)
LAS >>> average (4.46)
LAS >>>plot (4.47)
LAS >>> analyse\smooth box 50 (4.48)
LAS >>>plot (4.49)

where the command 4.48 takes as smoothing method
"box’, which is described above, and 50’ is the number of
neighbouring channels that are averaged and combined.
Any value may be chosen for the binning, as long as it is
an integer. An example of a smoothed spectrum can be
seen in Fig. 4.5. The smoothing can make some local base-
line variations more apparent. For that reason, another
baseline subtraction is done using the same commands as
before (4.19-4.30). In these cases a higher order baseline
was necessary. The order was determined by looking at
the binned spectrum. Order 2 underestimated the contin-
uum drift, whereas order 4 overestimated the continuum
drift. Hence, the best fit was a polynomial of order 3. The
baseline applied to a smoothed plot is shown in Fig. 4.5.
The final step of the data reduction is then to write the re-
sulting data to a Python friendly format (.fits) for further
processing.

LAS >>> fits write hd104237.fits /mode spectrum
(4.50)
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Figure 4.5: A smoothed spectrum from which another baseline is subtracted.
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5 DATA ANALYSIS

Due to the faintness of the detected signal, the shapes of
the smoothed spectra are highly dependent on the bin size
that is used. For this reason the best way to analyse the
results would be to investigate as many bin sizes as we
can. GILDAS CLASS only allows one to specify an inte-
ger number of neighbouring channels that will be aver-
aged together, which limits the amount of bin sizes that
can be used. Hence, to provide the best representation
of the data, a Python script was written which mimicks
CLASS but can rebin data to many more bin sizes. From
the rebinned spectrum it subtracts a baseline of order 3.
A comparison between the Python script and the method
in CLASS for the same binning is shown in Fig. 5.1. The
mean difference between the methods is ~ 8:10~% K, which
is a few percent of the noise level and a factor three less
for the signal. In general the Python script slightly under-
shoots (mean factor ~ 0.98) the CLASS method. We can
justify the use of the Python script over the CLASS method
by stating that the increase in the amount of different bin
sizes that can be analysed will give us a much better idea
of the shape of the signal.

5.1 MODEL FIT

For a disk in Keplerian rotation we expect the signal to
be Doppler shifted according to the projected velocities
away from-, and towards us, resulting in a double-peaked
profile. The magnitude of the shift for an optically thick
disk depends on the maximum radius of the emitting re-
gion, and on the inclination of the disk. A proper double-
peaked physical power-law fit was refrained from in this
case, because the resolution is too coarse and it is unsure
whether there is a double-peaked structure in the data
at all. For this same reason, it was also chosen that a
ProDiMo (Woitke et al. 2009) model fit would not be rep-
resentative of the data, since it is uncertain whether there
is something that requires detailed modeling. Instead, we
used a fit involving the sum of two Gaussians. We assume
hereby that the line shape is Gaussian in nature. The equa-
tion is written as

(x-b)2 (x+D)?

f:a.e_ 202 +a.e_ 22

(5.1)

where a is the amplitude, b the location of the center of
a peak, and c the standard deviation, see Fig. 5.2. The
location parameter b has a flipped sign for one Gaussian,
causing them to be off-center, and giving the sum a dou-
ble peak. The great feature about this fit is that if there is
no double-peaked structure, the Python package SciPy’s
curvefit will set the location parameter b to very near
zero, reducing the double-peaked fit to a regular Gaus-
sian, which will be shown to occur often in the next sec-
tion.
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Figure 5.2: A demonstration of the applied fitting method, for
parametersa=1,b=1.5c=1.

The validity of the fitting method was tested against
a ProDiMo model on HD97048 and is shown in Fig. 5.3.
The found values for the FWHM are 4.23-4.52 km/s com-
pared to their 4.10-4.23 km/s and for Avp,, we find 2.28-
2.35 km/s compared to their 2.4-2.5 km/s. Considering
the spectral resolution of the model on HD97048, the re-
sults are in close agreement. The wings of the Gaussian
profile do not match well with the ProDiMo model. How-
ever, since the signal we detect is weak, the wings of the
profile will be dominated by noise and are hence indistin-
guishable. For the coarse resolution of the weak signal,
this fit is thus sufficiently accurate.

5.2 HD104237

For HD104237, we use a simple for-loop to iterate over
bin sizes ranging from 0.5-4.1 km/s with a step size of
dv =5-10"% km/s. Under 0.5 km/s the data shows no
sign of a signal and above 4.1 km/s the signal consists of
so few points that the fit becomes inaccurate. The results
are shown in Fig. A.1, with a stepsize of 0.5 km/s. The
most common best fit model is a single Gaussian, which is
of course more likely for a larger bin size.

To assess the reliability of the detection, we can look at
the signal to noise ratio. The 30 confidence level is calcu-
lated as follows. First, the mean value of the noise outside
of the signal window is calculated, for which we assume
that the noise is normally distributed:

L DX
== 5.2
5= (5.2)

From this, the standard deviation is calculated as
-2
2 2 i(x; —X)

== 5.3
N1 (5.3)

The 30 confidence level is then three times the standard
deviation, corresponding to a 99.7% certainty that a sig-
nal above this level is not noise. We then set a threshold
in the script that saves results if the model fit is above the
30 level. The results that are saved include the FWHM,
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Figure 5.1: A comparison between Python and CLASS for a similar bin size of Av = 2.2 km/s.

integrated intensity, Avp,qk, and the peak height. In the
range of bin sizes 0.5-4.1 km/s, we find that 37% of the
model fits are at or above the 3¢ level. Of these 30 re-
sults, 22% shows a double-peak structure. That 22% show
a double-peaked structure even in this large range of bin
sizes is rather significant. Some bin sizes that show a
double-peaked structure are shown in Fig. 5.4. The re-
liability of this is however not as significant due to loss of
structure information from the large bin sizes. The values
that we find, including the 1o uncertainties are shown in
Table 5.1. The results in the table are shown for the an-
tenna temperature, and also for the main beam tempera-
ture. The reason for correcting this is because the antenna
temperature includes an integral over the main beam and
all the sidelobes, whereas typically only the main beam is
well known. Hence, using Eqn. 2.8, we find for the correc-

tion factor T, = T;% =1.58-T}.

5.2.1 (GAS TEMPERATURE DISTRIBUTION IN THE DISK

For an optically thick disk the peak-to-peak separation
provides a direct measure of the outer radius of the emis-
sion region (see section 2.2). A fraction of the possible best
fit models that display a peak separation of

3 km/s < Avpeqx < 6 km/s are shown in Fig. 5.5. Peak-
separations that are not in this range were considered as
unphysical, because at large bin sizes the amount of data
points becomes very small which makes the model fit for
certain bin sizes display obviously wrong fits. To circum-
vent this, boundaries were set on the maximum height of

the model fit and on the peak separation. If the double-
peaked model fit crossed these boundaries, a single Gaus-
sian was fit instead.

Using Eqns. 2.11, 2.12 we can estimate the maximum
radius of emission, assuming that the disk is in Keplerian
motion. This can be compared to the literature result of
the CO J=3-2 line of HD104237, see Fig. 5.6. The radii
are calculated for inclinations of i=(21,31) deg. Since the
system consists of a binary star at a very close separation
(0.2 au), where the radii of the stars are ~ 0.01 au), we
use the sum of the two masses as an approximation at the
center of mass of the system, as

Mot = M1 + My = 3.6 Mg (5.4)
We can then use the excitation temperature of the respec-
tive CO rotational lines to find the region in the disk where
the temperature is sufficiently high to excite the rotational
line. The parameters used and the results found are shown
in Table 5.2. From the disk model of Hales et al. (2014),
the characteristic radius of the disk is ~90 au. The charac-
teristic radius is where the power-law distribution in the
inner region turns over to an exponential decrease for the
outer region. Since CO requires a reasonably low column
density to become optically thick, there can still be alot
of CO emission outside the power-law region. The radii
from an inclination of 21 deg are in good agreement with
this. For 31 deg the radii seem to be very large. Since there
should be an exponential decrease of the density after 90
au, it seems unlikely that there is still CO emission at these

Table 5.1: The results of the averaging of all the bin sizes. *corrected for T,,.

Target FWHM  [Icoj=6-5dv  Avpegi Ipeak

(km/s) (K km/s) (km/s) (K)
HD104237 8.6+1.4 0.157+0.007 4.39+0.84 0.020 + 0.003
HD104237* 8.6+1.4 0.25+0.02 4.39+0.84 0.032+0.005
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Figure 5.3: A comparison of how the fitting method works for a number of CO rotational lines as taken from a radiation thermo-
chemical disk model made for the source HD97048 using ProDiMo (data courtesy of I. Kamp; see Woitke et al. 2009). The black line
is the modeled line profile, and the red dashed line is the fit. The peak flux is normalized to 1.0 to show more clearly the differences
in the fit, rather than the significant change in flux for the CO rotational lines.
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Figure 5.4: Displayed here are some bin sizes that show double-peaked fits, the y-axis shows antenna temperature (K).
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Figure 5.5: A fraction of the possible best fit models for a peak separation of 3 kn/s < Avpeqx < 6 km/s (left), and the averaged best fit
model including the 10 level (right). Note the large spread in peak height, but relatively small spread in the peak separation.
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Figure 5.6: A comparison of the CO J=3-2 spectrum (data courtesy of A. Hales, see Hales et al. 2014) to the average best fit from ~60
double-peaked plots.
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very large radii.

5.2.2 DILUTION FACTOR

The antenna temperature that we observe with the tele-
scope consists of the source and the background. How-
ever, the beam encompasses the disk which means that
the observed temperature is diluted. As a check, we can
find the brightness temperature of the emitting area of the
disk. The brightness temperature represents the tempera-
ture a black body in Thermal Equilibrium (TE) would have
to be to reach the intensity of a grey body object at a cer-
tain frequency.

We first determine the solid angle of the disk. Assum-
ing the emission we detect comes from a circular source
at an inclination i, which traces out an ellipse, we find for
the solid angle

2 . .
Qsource = "R%TW 1421071 s . (5.5)

Where R is the maximum radius of the emitting area (R
=85 AU), d is the distance to the source (d = 116 pc), and
i is the inclination (i = 21 deg). The beamsize for APEX
SEPIA B9 at an observing frequency of 691.473 GHz is
6 =9.0”. Assuming the beam is circular, we have that

2
Qbeam:n(g) =1.5-10"7 sr . (5.6)

2
Since the antenna temperature records the temperature
over the entire beam instead of just the source, we have
a dilution factor given by the ratio of the solid angle sub-
tended by the source and the beam area.

Qpeam

Ty =Tup- =34K , (5.7)

source
where T), is the peak intensity. This value is quite low
compared to the excitation temperature of the CO J=6-5
line. Since we have a large margin of uncertainty we can
use the minimal radius that is allowed (R = 35 AU). In this
case we find

T, =21K (5.8)

Which is still smaller than the expected excitation temper-
ature of 116 K. The assumptions we made (circular beam,
uncertainties in the distance, inclination and radius of the
source, sum of the masses of the sources), are quite signif-
icant for this calculation.

5.3 HD142666

The results of the analysis are shown in Fig. A.2 for several
bin sizes with a step size of 0.5 km/s. There is no 30 de-
tection of the line. This is in part attributed to the shorter
integration time as compared to HD104237, but also due
to HD142666 being a smaller disk (60-70 au, Garufi et al.
2017) than HD104237, with a characteristic radius of 90
au. A smaller disk means a smaller emitting area and
hence a weaker signal. The best fit models were fit using
lower boundaries on the width of the Gaussians of b=1.5.
The model fits best for vy gg = 7.5 km/s. To still provide
a scientific result, we determine an upper limit of the in-
tegrated intensity of this line. We do this by integrating
the noise for another large array of bin sizes, and average
the results. The integration in this case consisted of mul-
tiplying the intensity of each bin in a velocity range of -8
- 23 km/s by the bin size that was used, as illustrated in
Fig. 5.7. We have used here the velocity range implied by
Pani¢ and Hogerheijde (2009) that have succesfully de-
tected a double-peaked profile for the CO J=2-1 line. The
average value within the 30 level of the integrated inten-
sity, corrected for T,p, is 0.20 + 0.07 K km/s.

6 Discussion

In this thesis we have presented new APEX data on the
CO 6-5 rotational line on HD104237 and HD142666. The
data was analysed with a primary goal of inferring the ra-
dial temperature distributions in the disks. In addition to
this, some valuable parameters of the disks could also be
determined. The general quality of the data obtained from
APEX was good. The CO J=6-5 line emission was found to
be even lower than expected.

Table 5.2: The calculated radii for the two reported inclinations, using the total mass of the system. The uncertainty in Avjeqr was

assigned from the best-fit model on the CO J=3-2 spectrum.

HD104237 Inclination Avpegk Mass  Ryuy Toxc
(deg) (km/s)  (Mg) (au) (K)
CO J=6-5 21 44+09 3.6 85 +£50 116
CO J=6-5 31 44+09 3.6 175+ 82 116
COJ=3-2 21 3.8+£0.3 3.6 112+51 33
COJ=3-2 31 3.8+£0.3 3.6 231 +£65 33
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Figure 5.7: Shown here in red is the integrated intensity for the expected range of the signal of HD142666.

6.1 HD104237

For HD104237 we detect a signal at the 30 confidence
level when rebinned to > 1.5 km/s. The results we found
by averaging every line profile with a 3¢ result are FWHM
= 8.6 + 1.4 km/s, [Icoj=6-5dv = 0.25 + 0.02 K km/s,
Avpegk = 4.39 £ 0.84, Ipeq = 0.034 £ 0.005 K, where the
uncertainties denote the 10 values. The reliability of the
results should be interpreted with caution, due to the low
resolution. A double-peaked structure was seen in 22%
of the 30 detections. Whether there really is structure
in these detections is hard to say. From the peak separa-
tion of the CO J=3-2 line from literature of ~3.8 km/s we
would expect the peak separation of the CO J=6-5 line to
be slightly higher as it originates closer to the disk center.
What is either great coincidence, or evidence of real struc-
ture, is that when we bin to ~2.1-2.3 km/s we start seeing
clearly a doube-peak structure, see Fig. 5.4. This corre-
sponds exactly to the peak-separation that we expect from
the slight increase of the literature value of the CO J=3-2
line. So there is evidence that there is indeed structure in
the line profile, but the resolution is not good enough to
draw a reliable conclusion. Furthermore, the low resolu-
tion eliminates the structure that we can see. Therefore,
the maximum bin size that can display structure is also
~2.1-2.3 km/s, where the detection consists of three bins.
Nevertheless, we used the derived peak separation to de-
termine the outer radius of emission. The outer radii from
the CO rotational lines 6-5 and the literature data of the
3-2line are 85 + 50 au and 112 + 51 au. Comparison to the
radial gas temperature profiles from Fedele et al. (2016),
Fig. 5, upper right, we find that for the uppermost CO
emitting layer at z/r = 0.6 the temperature distribution
that we have found is best suited for a flaring angle of ¢ =

17

0.05. From the plot the temperatures at the radii 85 au and
112 au are 60 K and 40 K, respectively. A large value of the
flaring angle causes the gas temperature to remain ~100 K
for radii over 100 au, which does not seem to happen for
this disk. The uncertainties in our radii are however sig-
nificant. If we use the minimum radius allowed by the
uncertainty, 35 au, we find a gas temperature of ~100 K.
The most likely cause of this discrepancy is that we have
underestimated the peak-separation because we have lost
structure information by rebinning the data.

We have also calculated the brightness temperature of
the CO J=6-5 emitting region using the beam dilution fac-
tor and the main beam temperature. We find for a radius
of 85 au a brightness temperature of 3.4 K. This low tem-
perature makes it likely that we have indeed underesti-
mated the peak separation, as a smaller emitting region
would give a larger brightness temperature.

6.2 HD142666

The confidence levels for a detection in HD142666 were
at best ~ 2.50. Since the results would not be significant
for a full on analysis, we refrained from this. Instead, an
upper value to the integrated flux was determined within
the 30 confidence level. This was done by integrating the
noise in the expected range of the signal -8 — 23 km/s. We
find a value of 0.20 + 0.07 K km/s, where the uncertainty
is within 30, calculated for T,,;. We can compare this to
the ratio of 6-5 and 3-2 lines in literature to determine
the expected spread of change in flux, see Table 6.1. First,
we will have to convert the integrated intensities to inte-
grated flux because of the different beam sizes for other
telescopes and observing frequencies. We have used the
conversion between integrated intensity (K km/s) and in-
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Figure 6.1: Flux ratios of disk stars with known values for the CO J=6-5 and CO J=3-2 line fluxes. An apparent dichotomy is seen, as
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Table 6.1: Literature data on the CO rotational lines including the ratios, the integrated intensities have been converted to integrated

fluxes.

Target Type [Tcoj=3-2dv  [Ico j=6-5dv % [Fcoj=3-2dv [ Fcoj—e-sdv %
(K km/s) (K km/s) (10717 wm=2) (10717 wm?)

DM Tau T Tauri 5.434 0.5? 0.09 0.019 0.029 1.5
HD100546 Herbig GI ~ 4.0" 17.7h 4.0 0.15 1.3 8.7
HD104237 Herbig GII  0.11¢ 0.25% 25 0.0040 0.018 4.5
HD142527 HerbigGl 1.7 1.5% 0.88 0.062 0.086 1.4
HD142666 Herbig GII  0.72¢ - - 0.016 - -
HD144668 Herbig GII =~ 7.2° 2.2b 0.31 0.026 0.13 5.0
HD169142 Herbig GI  1.7¢ 1.1° 0.65 0.038 0.063 1.7
HD97048  Herbig GI 1.4 7.0° 5.0 0.051 0.40 7.8
IM Lup T Tauri 4.7f 0.6" 0.13 0.10 0.035 0.35
TW Hya T Tauri 0.868 1.0° 1.2 0.043 0.13 3.0
V892 Tau T Tauri 6.05! 4.6b 0.76 0.13 0.65 5.0

a Oberg etal. 2011, Y Kama et al. 2016, ¢ Hales et al. 2014, ¢ This work, ¢ Dent et al. 2005,/ van Kempen et al. 2007, § Fedele et al. 2016, h Fedele

et al. 2013,/ Pani¢ and Hogerheijde 2009
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HPBW

tegrated flux (Wm~2) from Fedele et al. (2016),

[ Tusdv (K ks
—_— T,.pdv [K km/s] ,
2 ln(2)) J mb

J i
(6.1)

Tpdv = 2kaf3
c
where kg is the Boltzmann constant in Ws/K, v the ob-
serving frequency in Hz, ¢ the speed of light in m/s, and
the HPBW the beam size in radians. These ratios are plot-
ted in Fig. 6.1 to provide a better insight of the difference
of group I, group II and T Tauri disks. T Tauri stars do
not necessarily follow the same classification. It is still in-
sightful to see how they compare. Though the sample size
is too small to be decisive, an apparent dichotomy is seen.

Group II disks are self-shadowed and are thus colder
than group I disks. The excitation temperature of
CO J=6-5 is larger than for CO J=3-2. Hence, in the colder
environments of the surface layers of group II disks, there
is a smaller area where CO J=6-5 emission is probable in
comparison to a group I disk. This dichotomy is thus ex-
pected, as from Fig. 6.1 group I disks appear to have a
tendency to have a larger increase in CO J=6-5 flux with
respect to the CO J=3-2 flux.

Since HD142666 is a group II disk, we will use the ra-
tios of the available group II disks to find the expected
integrated flux range. We find an expected range of (0.05-
0.07)-10717 Wm™2. From the integrated noise we can take
the upper limit using the 3¢ level to determine an up-
per value for the integrated flux of HD142666. The upper
limit found is

J-FCO J=6-5dv <0.020-10717 wm=2 (6.2)
This value is not within the expected range. This is be-
cause our sample only contains 2 group II disks, which
is not representative. Given the short integration time on
this source, it is possible that the signal is buried in the
noise. This is most likely the case as we do see a hint of a
line, suggesting that the integrated flux cannot be unusu-
ally small.

7 CONCLUSIONS

For HD104237 we find from the 30 line profiles a FWHM
= 8.6 + 1.4 km/s, [Icoj=6-5dv = 0.25 £ 0.02 K km/s,
AVpeak = 4.39 £ 0.84, Lpeg = 0.032 £ 0.005 K. The radial
temperature distribution was determined for this disk,
with T~ 116 Kat R=85+50auand T~33KatR=112+
51 au. This temperature distribution was compared to gas
temperature radial profiles for several flaring angles from
Fedele et al. (2016). Large flaring angles (¢ = 0.15,0.25)
have a gas temperature that remains at ~100 K for radii
over 100 au, whereas with lower flaring angles (¢ = 0.05)
the gas temperature drops to 40 K at a radius of 100 au. If
we look at the minimum radius allowed by the uncertainty
(35 au), we find from the radial profile that the gas temper-
ature is ~100 K which fits much better to our inferred tem-
perature distribution. Furthermore, the brightness tem-
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perature of the source as calculated with the beam dilution
factor is 3.4 K for a CO J=6-5 emitting region within a ra-
dius of 85 au. Taking again the minimum radius allowed
(35 au), we find a brightness temperature of 27 K. This is
still very small, and is likely due to the large uncertainties
in our values for the radius, mass, distance and inclina-
tion. However, the fact that both the temperature profile
as well as the brightness temperature give a more physi-
cal result when using a smaller outer radius, leads us to
believe that we have underestimated the peak-separation
in our analysis. A larger peak-separation would decrease
the outer radius of emission leading to a higher brightness
temperature and a better agreement with the radial pro-
files from Fedele et al. (2016). It is possible that we have
underestimated the peak-saparation in our analysis. The
low resolutions that we had to bin to can diminish struc-
ture and the model fit is prone to error when applied to
only a few data points.

For HD 142666 there was no 30 detection. We did
manage to determine an upper value of the integrated flux
for this source, IFCO j=6-5dv < 0.020 - 10717 wm2,
From the ratios of CO J=6-5 over CO J=3-2 for group
IT disks we expect the integrated flux to lie in the range
(0.05-0.07)-10~17 Wm™2. The value of the integrated flux
that we found does not lie in this range, which is due to
the small sample size of group II disks. Because we do
see a hint of a line, it is likely that the signal is hidden
in the noise rather than being an unusually weak signal.
The integration time on this source was 1.3 hours, with a
Tims = 0.23 K at a binsize of 1 km/s. If we want to ob-
tain a reliable line profile with a signal-to-noise of 3 or
higher for this binsize, we will need an integration time of
7-8 hours with APEX to reduce the T;p,g to 0.01 K. At this
binning the resulting line profile should give a result reli-
able enough to be used for comparison against numerical
models.
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Figure A.1: Analysis of various bin sizes for HD104237. The green dotted line is the three sigma level, blue is the one sigma level.
The signal is in good agreement with the literature value of the velocity with respect to the local standard of rest of the system (black
dotted line).
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Figure A.2: Analysis of various bin sizes for HD142666. The green dotted line is the three sigma level. The black dotted line represents
the expected location of the signal given the vy gg range in Pani¢ and Hogerheijde 2009. No 3¢ detection is seen.
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