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Abstract
CO and H2O are two of the most abundant molecules in protoplanetary disks an therefore

they can tell a lot about the disk itself. In this thesis the correlation between CO P(6) and P(12)
ro-vibrational emission lines and the H2O 15.17 µm, 17.22 µm and 29.85 µm emission blends
as mentioned by Pontoppidan et al. (2010) and Salyk et al. (2011) is investigated. Some time
is spent on a general description of ProDiMo, a protoplanetary disk model, and on the analysis
of the data resulting from it. This analysis gives some insight on the importance of the disk
geometry on the emission intensity. The observational data of T Tauri and Herbig AeBe proto-
planetary disks comes from Pontoppidan et al. (2010) and Salyk et al. (2011) and is processed
using python.
The correlation is confirmed and the ProDiMo data agrees well with the observed data, encour-
aging further research using the model.
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1 Introduction
Ever since the universe was a billion years old stars have been forming from collapsing clouds of
gas and dust. The preliminary conditions of these clouds determine the eventual outcome of the
gravitational collapse and thus the eventual outlook of the star system.
Not all gas and dust will collapse to the center to become part of the star, but orbits around the
star at various radii. Around half of the pre main sequence (PMS) stars with an age less than 3 Myr
are surounded by circumstellar disks of gas and dust (Strom et al., 1989). These circumstellar disks
are called protoplanetary disks and they may end up being the birthplace of a complete planetary
system not unlike our own Solar System.
Before the late seventies of the twentieth century the existence of protoplanetary disks was suspected,
but not yet proven. Since then technology has avdvanced considerably, resulting in detailed studies
of these planetary birthplaces (Elsasser and Staude, 1978).
Now we know that there are different types of protoplanetary systems. The disks are categorized by
the PMS star in the center, mainly T Tauri or Herbig stars. T Tauri systems contain a star with
mass between 0.5 and 1.5 M�. Herbig stars are heavier stars with a mass of 1.5-8 M�. Additionally
there are stars with a mass larger than 8 M�, but these reach the main sequence while the star is
still accreting gas and dust, rendering the star almost invisible (Hein Bertelsen, 2015).
To understand the origin of the Solar System and the formation of planets we can study the different
types of protoplanetary systems. However, the abundance of dust inside protoplanetary disks makes
investigating these disks rather difficult. Recent advancements in technology, such as NASA’s Spitzer
telescope, have made it possible to study the IR-dust emission from protoplanetary disks.
The circumstellar disks around young stars contain many different species of molecules. The condi-
tions at different radii, such as temperature, density and radiation intensity, cause some molecules
to be more prominent in certain areas of the disk then in others. A schematic representation of this
is given in Fig. 1.
The mid-IR emission lines contain traces of many different molecules such as H2O, OH, HCN, C2H2
and CO2 (Salyk et al., 2011). Salyk et al. have found that most of the forementioned molecules are
correlated to each other suggesting a common origin of the emission lines (Salyk et al., 2011). In this
thesis the correlation between CO and H2O in protoplanetary disks is investigated. The mid-IR H2O
blends (15.17, 17.22 and 29.85 µm) and the emission of ro-vibrational CO lines (P(6) and P(12)) in
the near infrared will be used for this. An analysis of a Spitzer survey by Pontoppidan et al. (2010)
and C. Salyk et al. (2011) will be used as a basis for this investigation. Good observational data
of Herbig systems are scarce, so a protoplanetary disk model is also used. The observational data
will be used to establish the accuracy of the model, after which the model is used to give a better
understanding of the processes in place. If the model is accurate enough, the effects of different
disk structures can be analysed. A general description of this model is given in chapter 4, a more
detailed description of this specific model can be found in chapter 5 of CO ro-vibrational emission
(Hein Bertelsen, 2015).
First a short description of emission lines originating in protoplanetary disks will be given, followed
by a closer look at the compilation of the CO and H2O data from the literature. Then a summary of
the protoplanetary disk model is given, followed by the results of the investigation. In the discussion
these results will be analysed and interpreted. With the results from the disk model it should be
possible to explain the behaviour of most of the data.
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Figure 1: Radial and vertical locations where line emission from different molecules could be ex-
pected to dominate. (Dionatos, 2015)

2 Molecular line emission
CO, or carbon monoxide, is the second most abundant molecule in the universe, after H2. A carbon
and an oxygen atom are bound together by a triple covalent bond, of which one is a dative covalent
bond (two electrons from one atom form a covalent bond instead of using an electron from each
atom). It has a strong dipole moment which makes it easily detectable and is therefore used in many
different types of research concerning molecular clouds.
CO emission originates at an intermediate height in the disk, as it gets photo-ionized at larger heights.
If it gets too cold (T ∼ 20 K) in the midplane of the disk it will freeze onto dust grains (Dionatos,
2015). So the emission can only tell us about a limited region of the disk, however if this is combined
with multiple species it is a powerful way to map the structure of the protoplanetary disk (Rosenfeld
et al., 2013).
Quantum mechanics tells us that the diatomic structure allows the CO molecule to have distinct
rotational and vibrational energy levels, as well as the usual electronic energy levels. Due to symmetry
there is only one possible rotational axis and one vibrational modus, as given by this simple rule of
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Figure 2: A schematic representation of the energy states of a molecule. Transitions between elec-
tronic levels (a), between vibrational levels (b), between rotational levels (c) and between rotational
and vibrational levels (d) are possible. Figure from Poelman (2007).

thumb for linear molecules:
N = 3n− 5 (1)

where N is the number of normal vibrational modes and n is the number of atoms in the molecule.
Transitions from a higher energy state to a lower one lead to the emission of a photon. The wavelength
of that photon depends on the energy difference between those two states and between which type of
energy level it transitions. Generally rotational and vibrational transitions result in photons in the
near-infrared and up to the millimeter wavelengths. For electronic transitions the energy difference
is much larger, resulting in photons with shorter wavelengths, often visible in the optical or even UV
parts of the electromagnetic spectrum. Sometimes a transition takes place that changes both the
rotational as well as the vibrational level. These transitions are called ro-vibrational transitions and
these are the type of transitions that are studied in this thesis. A schematic representation of these
level transitions are given in Fig. 2. The energy that is released is denoted by the letter E with a
subscript describing the type of transition, e.g. Evib gives the energy released in a vibrational energy
transition. From this figure one can deduce that

Eel > Evib > Erot (2)

A short and often used way to precisely name every ro-vibrational transition follows from the electric
dipole selection rules between an upper state Ju and a lower state Jl, where J is the rotational
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quantum number of a state. Because we are talking about ro-vibrational transitions, transitions with
∆J = 0 are in some cases allowed, as well as ∆J = ±1 transitions that happen for typical rotational
transitions. Based on the change of J ro-vibrational transitions can be classified into three branches:

• P-branch: ∆J = −1 Ju = Jl − 1

• Q-branch: ∆J = 0 Ju = Jl

• R-branch: ∆J = +1 Ju = Jl + 1

So P (J + 1) denotes the transition (ν = 0, J + 1)→ (ν = 1, J) where ν is the vibrational quantum
number. This transition would be an absorption line. The two CO emission lines that play a large
role here are the CO P (6) and P (12) lines:

CO P(6): (ν = 1, J = 6)→ (ν = 0, J = 5)

CO P(12): (ν = 1, J = 12)→ (ν = 0, J = 11)

The excitation temperature (Tex) is defined with the ratio of which particles are in one state, com-
pared to another:

nu
nl

= gu
gl
exp
(
− ∆E
kTex

)
(3)

Here nu and nl are the number of particles in each respective state, gu and gl are the corresponding
statistical weights. ∆E is the energy difference between the two states and k is the Boltzmann
constant. The excitation temperature is not the same as the temperature in the region where the
emission lines corresponding to these two states originate, but it does give an indication of the
temperatures that are needed. In regions where the temperature is lower, one might still expect to
see these lines.
The excitation temperatures that correspond to the CO P(6) and P(12) lines are 3165 K and 3445 K
respectively. The emitted wavelengths are 4.7177 µm for the P (6) line and 4.7736 µm for the P (12)
line. This was found using the HITRAN database (Rothman et al., 2013). The CO P(6) and P(12)
ro-vibrational transitions of CO are observable with ground based telescopes such as Keck, because
the transmission of Earths atmosphere is good enough for the wavelengths of these ro-vibrational
lines, but unfortunately this is not true for the H2O emission.
Water emission lines can generally not be detected with ground based telescopes, due to attenuation
of the signal by atmospheric water vapor. Space based telescopes can remedy this problem, making
observations of these lines possible. We can then find that the mid infrared part of the spectrum in
protoplanetary disks is sometimes dominated by high excitation lines of H2O. These high excitation
lines originate from the inner few AU’s of a protoplanetary system (Carr and Najita, 2008; Salyk
et al., 2008). Lower excitation lines have been observed in the far infrared (Fedele et al., 2013) and
those are likely originating in the cooler more distant parts of the system (>20 AU) (Dionatos, 2015).
H2O consists of two hydrogen atoms, bonded to an oxygen atom in between. Oxygen has two ushared
electrons which makes the molecule have a dipole moment. The non-linear structure gives water three
distinct rotational modes and also three vibrational modes as given by this general rule for non-linear
molecules:

N = 3n− 6 (4)
where, again, N is the number of vibrational modes and n is the number of atoms in the molecule.
The different modes of vibration, symmetric stretch, bending and anti-symmetric stretch are given
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Figure 3: A depiction of the different vibrational and rotational modes of H2O. (Tennyson and
Polyansky, 1998)

in Fig. 3 as well as the different rotational modes. Water emission also has another very important
aspect to it. Because water contains two hydrogen atoms, each with a nuclear spin of 1/2, they
combine to either a singlet (S=0) or a triplet (S=1). This results in two distinct species between
which transitions are forbidden and therefore they can be considered two separate water molecules.
They are called para-H2O (p-H2O) for singlets and ortho-H2O (o-H2O) for triplets.
The rotational levels of H2O are described by the rotational quantum number J and its projections
on the two molecular axes A and C (see Fig. 3), Ka and Kc, where Ka + Kc = J or J + 1. The
projections are generally used as subscripts for the rotational quantum number, i.e. JKaKc

.
The water emission lines used in the following chapters are not single lines, but blends of energetically
similar lines. Modern space telescopes do not yet have the resolution to resolve a signal into single
lines. Ground based telescopes generally have a much higher resolving power, but suffer from the
atmospheric attenuation. Fortunately it is possible to use the blend flux of different lines in the same
way as normal emission line fluxes for the purposes in this thesis.
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3 Observational data from protoplanetary disks
The existence of circumstellar disks around young stars had long been suspected from the theory of
star formation, before they were first observed in the late seventies of the twentieth century (Elsasser
and Staude, 1978). Since then technology has advanced considerably resulting in many intense studies
of the properties of protoplanetary disks.
One of those studies was done by Pontoppidan et al. (2010) and Salyk et al. (2011). They investigated
a large sample of protoplanetary disks by analyzing Spitzer data from three observation programs;
cores to disks (c2d) Legacy program (Evans et al., 2003), Spitzer observing program 50641 (PI: J.
Carr) and Keck-NIRSPEC observations of CO emission from a large M-band survey obtained between
2000 and 2010 (McLean et al., 2000). H2O, OH, HCN, C2H2, CO2 and CO emission were analysed
and they found that most of these molecules were correlated with each other. As noted in chapter
2 water emission forms a line forest in the mid-infrared where it is difficult to distinguish every line
without sufficient resolution of the detector. To put things in perspective, Spitzer has a resolution
of R=600 (Houck et al., 2004), while the ground based Keck telescope on Mauna Kea, Hawaii, has
a resolution of R=25,000 (McLean et al., 1998). It is then understandable that Spitzer is not able
to resolve blends into its components. For weaker lines it may also be very difficult to separate the
line from the noise. Pontoppidan et al. therefore measured the fairly isolated blend fluxes of H2O
at 15,17 and 17,22 µm. If both blends were detected at the 3.5σ level, then the system would get a
formal water detection. The final flux values of the H2O blends that are given in appendix 7 were
calculated by fitting a Gaussian superposed on a linear continuum to the data.
CO is observed as individual emission lines. A more in depth description of the CO line detections is
available for the T Tauri stars (Salyk et al., 2008) and for the Herbig AeBe stars (Blake and Boogert,
2004). Some of the fluxes are upper limits, those are accurate to 3σ and assume a line width of
5× 10−4 µm.
The fluxes of the CO and H2O emission of the protoplanetary systems that were detected are listed
in appendix A. The fluxes of other molecules, such as OH, HCN, C2H2 or CO2 can be found in table
1 and 2 of Salyk et al. (2011).

4 A protoplanetary disk model for Herbig AeBe stars
There is a limited supply of young stars with circumstellar disks around them in which water has
been accurately measured. This is especially true for Herbig AeBe stars as we can see in chapter
5. There are many, almost all of the systems observed in Pontoppidan et al. (2010), where water is
detected. Unfortunately many of the measurements on those systems are upper limits. Untill better
observations are done it might be usefull to have a numerical playground so additional data can be
created, however one needs to take into account that our understanding of the subject might not be
perfect and thus the data from the model might not be perfect either. A radiation thermo-chemical
disk code devoloped by Woitke et al. (2009) and applied by Hein Bertelsen (2015) provides just this.
This protoplanetary disk model (called ProDiMo) is made to simulate the conditions of a circumstellar
disk around a young Herbig star. ProDiMo creates data for many different changes in parameters
concerning the mass, flaring or content of the disk in different zones. The parameters of the base
model can be found in table 1 and the changed parameters for every model, 19 in total, can be found
in table 2.
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Table 1: The parameters of the base model ProDiMo. Variations in these parameters give the
different data points used in chapter 5. See also table 2

Base Model Parameters
Inner radius Rin 0.3 au
Outer radius Rout 500 au
Stellar luminosity L∗ 40.70 L�
Stellar mass M∗ 2.5 M�
Flaring index β 1.3
Disc mass in zone 1 Mdisc,zone1 0.6 ·10−3

Disc mass in zone 2 Mdisc,zone2 8.5 ·10−3

Disc mass in zone 3 Mdisc,zone3 7 ·10−2

Dust to gas mass ratio dust/gaszone1,2,3 0.01
Minimum grain size amin 0.01
Maximum grain size amax 1000
Dust size distribution powerlaw index p -3.5
Dust grain material mass density ρgrain 2.09
Resolution grid size 100×100
Distance d 158 pc
Inclination i 43
Zone 1 0. - 2.5 au
Zone 2 2.5 - 34. au
Zone 3 34. - 500 au

The simulated disk is divided into three zones. Zone 1 goes from 0.3 au to 2.5 au, zone 2 goes
from 2.5 au to 34 au and zone 3 reaches from 34 to 500 au, see Fig. 4. For models A1 to A6 there is
a large dust hole in the disk, so only gas particles populate zone 1 and zone 2. Model A7 contains a
small dust hole, where only zone 1 is dust depleted. For model A8 zone 2 is dust depleted, creating
a dust gap. This could happen when, for example, a planet has been formed and is cleaning up its
own orbit. Models B1 to B4 have large dust and gas depletion in zone 1 and 2. Models C1 to C5 are
variations in the flaring index of the disk. Finally, models AC1 and AC2 are flat disks with a large
dust hole in zones 1 and 2.
The basis for calculating the expected line fluxes of CO is done by solving the radiative transfer,
the chemical network and the gas heating cooling balance. Then statistical equilibrium is used to
calculate the level populations and detailed line transfer calculations are performed (Woitke et al.,
2009; Kamp et al., 2010; Hein Bertelsen, 2015). To more quickly calculate thousands of line fluxes
the vertical escape probability is used. This assumes that the disk is viewed face on, so only the flux
that escapes the disk vertically needs to be calculated. This method is much quicker for many lines,
but it can be less accurate on the individual line level.
The same is done for H2O and some other molecules (Woitke et al., 2009; Kamp et al., 2013). For a
more in depth description of the ProDiMo see Woitke et al. (2009).
However, the model does show some peculiar behaviour when exposed to a flaring index <1. This
is due to the reference point Rref = 100 au. The model uses the following formula to calculate the
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Table 2: Overview of the different models. Models A are with a dust gap, models B have a gas gap,
models C have different flaring indices and models AC are a combination of A and C.

Base model
Model #0
Flaring index 1.3
dust/gaszone1 0.01
dust/gaszone2 0.01
Mdisc,zone1[M�] m1 = 0.6 · 10−3

Mdisc,zone2[M�] m2 = 8.5 · 10−3

Mdisc,zone3[M�] m3 = 7 · 10−2

Dust content (A)
Model A1 A2 A3 A4 A5 A6 A7 A8
Flaring index 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3
dust/gaszone1 10−3 10−4 10−5 10−6 10−7 10−8 10−8 0.01
dust/gaszone2 10−3 10−4 10−5 10−6 10−7 10−8 0.01 10−8

Mdisc,zone1[M�] m1 m1 m1 m1 m1 m1 m1 m1
Mdisc,zone2[M�] m2 m2 m2 m2 m2 m2 m2 m2
Gas content (B)
Model B1 B2 B3 B4
Flaring index 1.3 1.3 1.3 1.3
dust/gaszone1 0.01 0.01 0.01 0.01
dust/gaszone2 0.01 0.01 0.01 0.01
Mdisc,zone1[M�] m1 · 10−2 m1 · 10−4 m1 · 10−6 m1 · 10−6

Mdisc,zone2[M�] m2 · 10−2 m2 · 10−4 m2 · 10−6 m2
Flaring Index (C)
Model C1 C2 C3 C4 C5
Flaring index 1.4 1.2 1.1 1.0 0.9
dust/gaszone1 0.01 0.01 0.01 0.01 0.01
dust/gaszone2 0.01 0.01 0.01 0.01 0.01
Mdisc,zone1[M�] m1 m1 m1 m1 m1
Mdisc,zone2[M�] m2 m2 m2 m2 m2
Dust content and flaring index (AC)
Model AC1 AC2
Flaring index 0.9 1.0
dust/gaszone1 10−8 10−8

dust/gaszone2 10−8 10−8

Mdisc,zone1[M�] m1 m1
Mdisc,zone2[M�] m2 m2
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Figure 4: A schematic overview of the disk zones used in the ProDiMo. Figure from Hein Bertelsen
(2015).

scaleheight, the distance in the vertical direction for which the pressure decreases by a factor of e:

H = H0

(
R

Rref

)β
(5)

where β is the flaring index and H is the scaleheight.
Because Rref is large, a small flaring index results in a disk which is thicker closer to the star then
far from it. This is not a realistic result and new models where Rref = Rin are currently running and
can be expected to be available around August 2015.
The raw output files that are used here are large text files with fluxes of many different emission lines
from different molecules. The HITRAN database is used to identify the P(6) and P(12) lines for the
most abundant isotope of CO (12C16O) and with that the fluxes are extracted.
The H2O blend fluxes are less accurate, as they are a combination of different lines. In Pontoppidan
et al. (2010) it is not given how many lines are in the blends, so an educated guess needs to be taken
to get the blend fluxes of the model. ProDiMo returns the theoretical values of every line, for o-H2O
as well as p-H2O. After combining both species and plotting all the lines around 15, 17 and 30 µm
it seems reasonable to take around 5 lines for the blends.
Based on Fig. 5 it can be decided to take the lines between 15.16 and 15.18 µm for the 15.17 µm
blend. For the 17.22 µm blend all lines between 17.20 and 17.25 µm can be used. For the last blend,
29.85 µm 29.81 and and 29.89 µm seem to be reasonable choices. Summing the fluxes of the lines
between these boundaries gives the total blend flux that can be used to compare it to the data from
Pontoppidan et al. For the blend fluxes of all nineteen models, see appendix 7.

In Fig. 11, 12 and 13 the H2O blend fluxes have been plotted against the CO P(12) ro-vibrational
flux. It is apparent that the models with a similar disk geometry tend to stay together in the plot.
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Figure 5: This figure shows the different emission lines from H2O for model A7 around 15, 17 and
30 µm. With this figure a decision can be made on how many lines should be included in the blend.
The chosen lines are within the red area.

CO and H2O are in gas form in the inner regions of the disk. The dust abundance, as seen in the
A models in Fig. 11, 12 and 13, does have a large impact on the emission flux. The CO and H2O
emission intensity increases when the relative amount of dust decreases and the CO ro-vibrational
emission flux reaches a maximum when there is very little dust (a dust-to-gas ratio . 10−6). The
CO emission studied here originates close to the star in high abundance regions and close to the disks
midplane (see Fig. 1). A possible explanation for this increase is that the dust removal results in
a decrease in dust attenuation. The light of the star is able to penetrate the disk further resulting
in a larger region where the emission can take place. Water blends do not originate close to the
star in a high abundance region, but come from less dense, cooler and more distant regions. These
regions increase in size with the removal of dust because the water that was frozen onto dust grains
sublimates, resulting in an increase of the water blend fluxes for a decreasing dust-to-gas ratio. See
Fig. 6.
When both gas and dust are removed from the inner regions of the disk it can be expected that

the line intensity of the CO and H2O emission will fall. This is what happened for the B models.
At first glance model B2 behaves like an outlier, because its 15.17 µm and 17.22 µm blend flux is
much lower than those of the other B models, which is not something that would be expected solely
based on the amount of dust and gas that has been removed in this model. The CO ro-vibrational
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Figure 6: H2O abundance for model A1 (left) and A6 (right), for which the dust-to-gas ratio
decreases from A1 to A6. The gaps in the disks are places where the water freezes in.

emission flux does behave as expected, but the water emission flux requires some extra thought. In
Fig. 7 the abundance of H2O for these models can be seen. With the removal of the dust and gas,
the hot water vapor disappears from the inner disk. These hot areas are where the 15.17 and 17.22
µm blends originate. When the inner disk gets empty enough the stellar photons can easily reach
the inner edge of the outer disk and start heating the gas content here. This moves the ice line (the
region of the disk where it is cold enough for water to freeze onto dust grains) further away and melts
the ice close to the inner edge, creating an area with high water abundance and with hot water vapor
that emits at the 15 and 17 µm that we see in Fig. 11 and 12. This is what happens for models B3
and B4. The 29.85 µm blend originates in a cooler region, and thus doesn’t get affected as much as
the other blends. The B2 model is an intermediate case where not enough gas and dust has been
removed to heat the inner edge of the outer disk enough for it to start emitting in the 15 and 17 µm
range, but enough has been removed to stop the emission from the inner disk. The 29.85 µm blend
is not affected as much as it comes from cooler regions. If enough dust and gas has been removed, it
is also possible that the emission comes from beyond the inner disk.
Changing the flaring index of the disk, without changing any other parameters has a large impact on
the CO P(12) line flux, but almost has no effect on the H2O 15.17 and 17.22 µm blend flux. Because
of the problem in the code due to Rref models C4 and C5 can be disregarded. Then it can be seen that
a flatter disk generally results in lower CO P(12) fluxes. If the mass doesn’t change, then the density
will increase when the flaring index decreases making the CO gas optically thicker. It seems likely
that this is what decreases the CO P(12) line flux. However, the H2O blend fluxes do not decrease
or increase very much. This could in part be due to a different optical line depth, which limits the
total output flux to a maximum. In this case that maximum is around 4×10−13 erg cm−2 s−1.
When a disk is flat and also has a dust hole, we see that the flaring index of the disk has an almost
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neglible impact compared to the removal of the dust on the intensities of the emission lines of this
study. Keep in mind though, that both AC1 and AC2 have a small flaring index of 0.9 and 1.0
respectively, and thus may not work correctly.
The CO and H2O abundance in the disks of all the different models can be found in appendix B and
C respectively.

5 A correlation between mid-IR CO ro-vibrational and H2O
emission

The CO P(6) and P(12) line fluxes are correlated with the H2O blend fluxes at 15.17 µm, 17.22 µm
and 29.85 µm (Salyk et al., 2011). The T Tauri and Herbig AeBe fluxes are derived from Pontoppidan
et al. (2010) and Salyk et al. (2011) as described in chapter 3. The model data points are from
ProDiMo as described in chapter 4. All fluxes were normalized to 140 pc, collected and sorted into
type and whether or not there were any upper limits. All data processing was done in Python.
We plot the CO line fluxes against the H2O blend fluxes for T Tauri, Herbig AeBe and the ProDiMo
models. Using a log-scale on both axes retains a possible linearity and also reveals more details in
the regime of lower fluxes.
From Fig. 8 a linear correlation is found. No significant differences are seen between T Tauri and

Herbig systems, if one takes into account that most of the Herbig data points are upper limits and
their real values are almost certainly more to the left in the figure. This agrees with the conclusion in
Salyk et al. (2011) that the observed H2O 17.22 µm upper limits are consistent with what would be
expected based on the CO P(6) line fluxes. The model data also corresponds well with the observed
data.
To get a better look at the correlation for the observations, the upper limits can be removed and
a best fit can be applied to the data points. The best fit was calculated by using the least squares
method. The uncertainty in the coefficient of the best fit can be calculated as follows:

(∆m)2 = 1
n− 2

χ2

D
(6)

χ2 =
∑
i

axi + b− yi
σi

(7)

D =
∑
i

x2
i −

1
n

(∑
i

xi

)2
(8)

χ2 in Eq.(6) is called the residual and is a value that can be directly acquired from the polyfit fuction
in Python. The constants a and b from Eq.(7) can also be extracted. The coordinates of the data
point i are denoted by xi and yi. The weighted uncertainty of the data points is written as σi and n
is the total number of data points.
The best fit applied to the data points that didn’t contain an upper limit can be seen in Fig. 9.
Keep in mind that this method only uses the uncertainty in the y-direction of the data points to
determine the statistical weight of every data point. Here the uncertainties in CO are chosen to be
used. Because the errors in the CO line fluxes are smaller a better fit can be calculated. Removing
all the upper limits from the figure results in the removal of all but three Herbig AeBe protoplanetary
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Figure 7: The water abundance for models B1 (top left) to B4 (bottom right). Here dust and
gas are removed from the inner part of the disk, which can clearly be seen in the figures. The dark
patches inside the disk are places where the water freezes in.

systems from the plot. The best fit without the Herbig AeBe systems and the best fit through those
three Herbig systems have also been drawn to see the effect that those three points have on the
overall linear best fit.

It can also be easily checked if the correlation of every CO-H2O line combination agrees. For a
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Figure 8: The H2O blend fluxes plotted against the CO line fluxes in units of 10−14 erg cm−2 s−1.
T Tauri stars are represented by blue dots, Herbig stars are represented by red dots and the model
fluxes are green. Triangles represent upper limits in the direction they are pointing. Grey +’s
represent systems for which both CO and H2O fluxes are upper limits.
Based on the spread of the data points, a linear correlation is found.

large circumstellar disk, where many different types of emission take place, it can be expected that
such a correlation would show the same trend, irrespective of which lines are observed. Though this
is under the assumption that there are no large gaps in the disk, which could result in a large decrease
in, for example, CO flux. In Fig. 10 all the best fit lines have been drawn on top of each other. The
lines show a very similar coefficient and the average line of the six best fits gives a good general fit.

Naturally, we can also construct a best fit of the data of the ProDiMo models only. This offers a
large advantage over the observational data, as we already know the exact geometric structure of the
disk. The large difference between the groups A (diks with dust holes), B (disk with dust and gas
holes) and C (disks with different flaring indices) is very much apparent, as can be seen in Fig. 11,
12 and 13. Model B2 is an outlier of the other B models, but its place can be explained by studying
the structural geometry, more specifically the H2O abundance, of that disk (see chapter 4).
From these figures it can be seen that the structure of the disk largely determines where in the
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H2O-CO flux plot the disk will appear. Most of the space in the plot is occupied by disks with dust
holes in them. A change in the dust-to-gas ratio does have a large impact on the flux of the CO
line fluxes or the H2O blend fluxes. Only changing the flaring index of the disk also dramatically
decreases the intensities of the CO P(6) and P(12) lines as well as the H2O 29.85 µm blend. The H2O
15.17 µm and 17.22 µm blend fluxes hit a lower limit after which they don’t decrease any further.
Explanations of these observations are given in chapter 4
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Figure 9: The H2O blend fluxes plotted against the CO line fluxes in units of 10−14 erg cm−2 s−1.
T Tauri stars are represented by blue dots, Herbig stars are represented by red dots. All upper limits
have been removed and a linear fit, using the least squares method, has been applied. For the H2O
29.85 µm blends the best fit for T Tauri systems (black) and Herbig systems (red) have also been
fitted. The blue line gives the best fit overall.
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Figure 11: A least squares fit applied to the data from the disk model for the CO P(12) line and
the H2O 15.17 µm blend. The different model groups tend to stay close in the figure.
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Figure 12: A least squares fit applied to the data from the disk model for the CO P(12) line and
the H2O 17.22 µm blend flux. The different model groups tend to stay close in the figure.

Figure 13: A least squares fit applied to the data from the disk model for the CO P(12) line and
the H2O 29.85 µm blend flux. The different model groups tend to stay close in the figure.
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6 Discussion
The results seem to agree very well with the expectations concerning the correlation of CO ro-
vibrational and H2O emission. Fig. 8 shows a trend through which a linear fit can be drawn for the
fluxrange in this figure.
It is also very reassuring to see that the model behaves mostly like the other points in the figure,
except for the leftmost point in the plots with the H2O blend fluxes at 15,17 µm and 17,22 µm.
ProDiMo does seem to be an accurate model of protoplanetary disks around Herbig AeBe stars and it
even behaves not unlike most T Tauri stars. The influence of the star at the center of a protoplanetary
disk is something that has to be investigated in future research. In ProDiMo only parameters for the
structure of the disk are changed, while the star in the center remains unchanged. The mass, the
radial size and the dust composition of the disk remain the same as well. It is not yet known what
the influence of these parameters are on the ro-vibrational emission of a protoplanetary disk. As a
first step, the base parameters of ProDiMo could be changed to study the effects. More observations
would then need to confirm the results from the simulations.
In Fig. 9 it can inmediately be seen that there are only water detections for the H2O 29,85 µm
blends. It is somewhat far-fetched to draw conclusions from a best fit derived from only three data
points, but it is nonetheless good to see that it has some resemblance to the best fit of the T Tauri
systems. The remark that Herbig AeBe protoplanetary systems do not seem to behave very different
from T Tauri protoplanetary systems still holds. However, it must be noted that due to the way
polyfit works in Python, it is not possible to use a two dimensional uncertainty. It could therefore
very well be that the true best fit has a slightly different coefficient or is placed more to the left
or right. In practice the spread in the data points is such, that this would not result in a different
conclusion.
The observed Herbig systems HD163296, VV Ser and HD50138 could be expected to have a dust hole
of some sort based on Fig. 13. Unfortunately there are no mentions of dust holes in these systems,
which increases the importance of more base parameter changes in ProDiMo.
VV Ser has a dust mass of around 4 · 10−5M� and shows some δ scuti variation in its luminosity
(Ripepi et al., 2007; Alonso-Albi et al., 2008). There are also indications that this star has long term
periodicity (∼ 1000 days), which might be able to influence structure of the disk.
HD 50138 has been classified as a different spectral type many times, due to its strong spectral
variability. Most people consider it a Herbig AeBe star nowadays, but it being a binary system has
also been suggested. This has yet to be confirmed or disproven. (Borges Fernandes et al., 2009;
Ellerbroek et al., 2015)
Finally, HD 163296 is a A2Ve star of ∼ 5 Myr with a flared disk (de Gregorio-Monsalvo et al., 2013).
It would be interesting to see what kind of results would come out of ProDiMo when it was modelled
with a star like one of these three at the center of the disk.
The structure of the protoplanetary disk is a very important factor in planet formation. It was long
thought that the snow line, the radius at which water is able to freeze onto dust grains, was located
at ∼3 au (Hayashi, 1981) and that it related the distribution of gas and ice giants and terrestrial
planets in our Solar System. Presently, however, it is thought that the snow line is much further
out as the distribution of water in the asteroid belt is ambiguous (Pontoppidan et al., 2014). The
discovery of various hot-Jupiter planets, which are gas giants orbiting a star at a small distance, have
shown that this relationship seems to be merely a coincendence in our Solar System rather than a
rule. A possible solution in favor of the relation is that the large gas giants do form beyond the snow
line, but migrate inward later in their lifetime (Lin et al., 1996; Hahn and Malhotra, 1999; Fabrycky
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and Tremaine, 2007).
The presence of water frozen onto dust grains is a great catalyst in the formation of new planets.
Icy grains stick together better than grains without ice on them to form planetesimals (Wada et al.,
2009; Wettlaufer, 2010).
The high abundance of H2O and CO make them important factors in the process of planet formation.
The emission studied here originates mostly in the inner regions of the disk. A proper understanding
of the exact processes that take place is essential in order to understand how new planets can form.

7 Conclusion
In this thesis the correlation between the CO P(6) and P(12) ro-vibrational emision lines and the
H2O 15.17 µm, 17.22 µm and 29.85 µm emission blends as found by Pontoppidan et al. (2010) has
been confirmed. A simulated Herbig protoplanetary system, called ProDiMo, provided a very similar
picture of the correlation between the two elements. The model provided a good overview of the
effect of the geometry of the disk on the emission intensity, but more research on the effect on the
star in the center of the system on the emission fluxes is needed in order to know whether or not
something can be said about the structure of the circumstellar disk of an observed system based on
the observed flux of CO and H2O. An updated version of ProDiMo, of which the results are expected
around August this year, will give a better picture of the effect of flaring on the emission flux.
When accounting for the upper limits in the observed H2O blend fluxes, the observations of Herbig
AeBe systems seemed to agree very well with the correlation found for T Tauri systems. New
observations of Herbig AeBe systems to more precisely determine the H2O blend flux values could
give a better understanding of the differences between these systems and the T Tauri systems, if
there are any significant differences.
The chemical formation of the CO and H2O molecules is likely due to a common origin, which would
be the reason why we observe the correlation that we do. A more in depth theoretical description is
needed to explain the underlying fundamentals of this relationship.
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Appendices
Appendix A

CO and H2O emission fluxes of T Tauri and Herbig AeBe systems
Name Distance

(pc)
CO P (6) CO P (12) H2O 15.17

µm
H2O 17.85
µm

H2O 29.85
µm

T Tauri systems
LkHa 270 250 ns ns <0.36 <0.34 0.82±0.07
LkHa 271 250 ns ns <0.15 <0.33 <0.68
LkHa 326 250 1.21±0.1 1.30±0.1 0.47±0.05 0.62±0.05 0.30±0.04
LkHa 327 250 2.61±0.1 2.60±0.3 1.00±0.27 2.43±0.25 2.31±0.15
LkHa 330 250 1.19±0.0 1.05±0.0 <0.23 <0.29 <0.98
LkCa 8 140 ns 0.65±0.1 <0.17 0.27±0.05 0.71±0.06
V710 Tau 140 0.87±0.1 0.68±0.1 <0.17 <0.32 <0.69
AA Tau 140 0.88±0.1 0.87±0.1 0.48±0.06 1.48±0.06 0.74±0.03
CoKu Tau/4 140 <0.40 <0.10 <0.29 <0.33 <0.39
DN Tau 140 <0.39 <0.11 <0.27 <0.27 <0.59
DR Tau 140 10.40±0.1 11.54±0.6 4.53±0.19 7.13±0.19 3.73±0.10
HD 135344 B 84 ns 2.29±0.1 <0.32 <0.35 <2.11
GW Lup 150 <1.57 <0.28 <0.17 <0.18 <0.34
GQ Lup 150 5.32±0.3 6.79±0.6 0.71±0.06 1.39±0.06 1.33±0.04
AS 205 125 24.18±0.6 24.03±1.6 11.55±0.65 18.19±0.74 9.35±0.48
DoAr 24E 125 13.58±0.5 14.53±0.9 2.65±0.11 4.42±0.12 2.54±0.13
SR 21 125 0.47±0.0 0.54±0.0 <1.04 <1.29 <3.90
SR 9 125 0.77±0.1 1.05±0.2 <1.05 <0.70 1.32±0.08
V853 Oph 125 1.37±0.1 1.49±0.1 <0.28 0.55±0.08 1.14±0.05
Haro 1-16 125 1.52±0.2 2.40±0.2 0.83±0.07 1.56±0.08 1.44±0.06
RNO 90 125 20.95±0.7 22.07±0.7 5.83±0.24 10.10±0.25 5.86±0.14
Wa Oph 6 125 3.66±0.5 3.37±0.5 1.57±0.07 1.54±0.07 1.06±0.05
V1121 Oph 125 4.38±0.5 2.40±0.4 1.12±0.30 2.69±0.32 2.54±0.17
EC 82 125 4.47±0.1 4.69±0.1 <0.31 <0.35 <0.65

Notes. All fluxes are in units of 10−14 erg cm−2 s−1. Upper limits are 3,5σ and error bars are 1σ. The
table gives the fluxes of the different emission lines for T Tauri systems. Observations are from a Spitzer
survey for the H2O lines and the CO fluxes were observed with Keck-NIRSPEC. These were analysed by
Pontoppidan et al. (2010) and Salyk et al. (2011).
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Name Distance
(pc)

CO P (6) CO P (12) H2O 15.17
µm

H2O 17.85
µm

H2O 29.85
µm

Herbig AeBe systems
HD 36112 200 3.80±0.2 5.13±0.1 <1.58 <1.93 <3.84
HD 244604 400 0.66±0.1 0.43±0.1 <0.86 <0.83 <0.91
HD 36917 400 ns 3.57±0.6 <0.94 <1.01 <1.44
HD 37258 506 <1.14 <0.23 <0.80 <0.89 <0.70
BF Ori 400 <0.77 <0.20 <0.62 <0.59 <0.72
HD 37357 506 0.33±0.0 0.67±0.1 <0.78 <0.79 <1.11
HD 37411 506 <0.79 <0.28 <0.38 <0.38 <1.05
RR Tau 2000 ns 0.61±0.2 <0.69 <0.68 <0.93
HD 37806 473 1.68±0.5 2.80±0.3 <2.01 <2.09 <2.45
HD 38120 506 0.49±0.0 0.28±0.0 <2.15 <2.62 <4.36
HD 50138 290 6.72±1.1 13.86±1.2 <4.57 <4.99 7.81±0.89
HD 72106 290 <0.85 <0.13 <0.86 <0.88 <1.16
HD 149914 165 <0.81 <0.17 <0.21 <0.16 <0.36
HD 150193 150 6.98±0.4 4.74±0.3 2.35 <2.61 <4.04
VV Ser 415 3.04±0.3 2.68±0.3 <0.94 <1.15 0.99±0.14
HD 163296 122 8.50±1.2 9.06±3.1 <2.42 <2.73 4.34±0.39
HD 179218 244 ns 2.33±0.4 <3.14 <3.76 <6.26
HD 190073 767 4.15±1.3 3.00±0.7 <1.64 <1.66 <1.75
LkHa 224 980 ns ns <1.52 <1.57 <2.04

ProDiMo simulated data
Model A1 158 7.77 7.04 1.39 2.17 1.05
Model A2 158 16.57 16.21 2.33 4.30 4.65
Model A3 158 28.96 28.87 3.10 8.83 25.86
Model A4 158 37.98 38.15 7.96 21.37 44.22
Model A5 158 42.05 42.92 14.02 33.30 38.13
Model A6 158 43.02 43.63 17.03 39.02 40.79
Model A7 158 15.91 14.96 12.14 24.13 5.63
Model A8 158 10.07 10.09 0.60 1.76 35.32
Model B1 158 3.54 2.73 0.23 0.41 0.23
Model B2 158 3.96 3.17 0.01 0.05 0.20
Model B3 158 3.66 2.88 0.39 1.44 0.52
Model B4 158 5.19 4.24 0.55 1.26 0.45
Model C1 158 4.51 3.17 0.32 0.53 0.39
Model C2 158 1.65 1.31 0.27 0.50 0.28
Model C3 158 0.94 0.88 0.24 0.48 0.21
Model C4 158 0.90 0.90 0.23 0.48 0.16
Model C5 158 1.19 1.19 0.24 0.51 0.16
Model AC1 158 16.27 17.88 20.038 36.79 14.95
Model AC2 158 18.96 19.59 16.85 31.70 13.83

Notes. All fluxes are in units of 10−14 erg cm−2 s−1. Upper limits are 3,5σ and error bars are 1σ. The top
half of the table are the Herbig AeBe protoplanetary systems. Observations are from a Spitzer survey for
the H2O lines and the CO fluxes were observed with Keck-NIRSPEC. These were analysed by Pontoppidan
et al. (2010) and Salyk et al. (2011).
The second half gives the emission line fluxes that were derived for different ProDiMo models. For a more
in depth description of the ProDiMo models see chapter 5 of CO ro-vibrational emission (Hein Bertelsen,
2015).

26



Appendix B
The CO abundances of the simulated disk for models A1, A2, A3, A4, A5 and A6. Figures from Hein
Bertelsen (2015).
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The CO abundances of the simulated disk for models A7, A8, B1, B2, B3 and B4. Figures from Hein
Bertelsen (2015).

28



The CO abundances of the simulated disk for models C1, C2, C3, C4 and C5. Figures from Hein Bertelsen
(2015).

29



The CO abundances of the simulated disk for models AC1 and AC2. Figures from Hein Bertelsen (2015).
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Appendix C
The H2O abundances of the simulated disk for models A1, A2, A3, A4, A5 and A6.
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The H2O abundances of the simulated disk for models A7, A8, B1, B2, B3 and B4.
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The H2O abundances of the simulated disk for models C1, C2, C3, C4 and C5.
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The H2O abundances of the simulated disk for models AC1 and AC2.
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