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Introduction

Questions about our origin have always fascinated humankind. Where do we come
from? How did life arise from the beginning? Is the origin of life something specific
to our own planet? Indeed, can life exist elsewhere? Many of these questions will
remain unanswered for many more generations to come and require progress in
many small steps. In this thesis one of these smalls steps towards answering the
question about the origin of life is taken by studying the regions around stars
where terrestrial, hence Earth like, planets are thought to be forming. These
are the planets that today we think would be the best candidates for having life
supporting conditions.



1 Introduction

1.1  The formation of planetary systems

The formation of a planetary system starts with the formation of substructures
in molecular clouds that can contract under their own gravity. These parts of the
molecular cloud get more and more dense until their cores reach such high densities
that stars are born there (see reviews by Bergin & Tafalla 2007, di Francesco et
al. 2007). Because of angular momentum, the collapsing core will rapidly form a
circumstellar disk around the star. The most deeply embedded phase is called a
class 0 object or protostar. The material from the collapsing envelope will start
to accrete onto the star through the disk. The star in turn will heat up the
surrounding disk and envelope. Some of the material will be ejected in the form of
a stellar jet or disk wind along the rotational axis. This will disrupt and clear away
the envelope. This phase of the still young protostar is called the class I stage, see
Adams et al. (1987) and André et al. (1993) for further details on classification.
Once most of the envelope has accreted onto the disk or been blown away by
the wind, only the disk is left around the star. The disk is the location where
planets are thought to be formed and is therefore called a protoplanetary disk.
The object is a T Tauri star if the stellar mass is < 2 Mg,, and a Herbig AeBe
star if the mass is within the range 2 — 8 Mg. The formation and evolution of
the pre-main sequence star and a protoplanetary disk is summarised in Fig. 1.1.
That these protoplanetary disks indeed exist in reality and not just in theory
has been confirmed by the detection of an infrared access in their spectral energy
distribution (SED) that could only be explained by a disk around the star (Kenyon
& Hartmann 1987, Calvet et al. 1992, Chiang & Goldreich 1997, Men’shchikov &
Henning 1997, D’Alessio et al. 1998). Later on direct observations done by for
example the Hubble Space Telescope of circumstellar disks or proplyds, as they
also can be called when an external light source illuminates them on the sky, could
further prove their existence (see Fig 1.2) (O’Dell et al. 1993). In addition these
disks can be detected by observing scattered stellar light on the dust grains located
in the disk (Grady et al. 2005, Fukagawa et al. 2004, Clampin et al. 2003, Heap et
al. 2000, Augereau et al. 2001, Grady et al. 1999).

In the early stages of the protoplanetary disk the temperature in the inner
disk is hot enough so that all primordial grains are sublimated. Once the gas cools
down, various compounds can start to condense. Which species condense out, and
hence the chemical composition of the inner disk, will vary with the temperature
and the cooling time which are both very dependent on the radial and vertical
location of the gas. At this point, planets can start to form. The type of planets,
their atmospheres and their radial location and their mass distribution will then
strongly depend on the chemical and physical structure of the disk (see reviews
by Prinn 1993, Ehrenfreund & Charnley 2000, Markwick & Charnley 2004, Bergin
2009). How this planet formation process proceeds and what will be its products
can be better understood by studying the physical and chemical evolution models
of the gas and dust in these disks. Fig. 1.3 shows an overview of typical chemical
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Figure 1.1 The formation and evolution of a protoplanetary disk. The different
stages are shown, going from the dark cloud core, through the embedded proto
star phase, with its circumstellar disk and outflow that carves out the envelope,
until the protoplanetary disk becomes visible and a planetary system can form

(Hogerheijde 1998).
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Figure 1.2 Direct observations of protoplanetary disks in the Orion nebula using
the Hubble space telescope. Note how the disk is shown as a darker shadow
surrounding the stars in front of the bright nebula. These protoplanetary disks
have radii ranging from 100 — 300 AU (McCaughrean & O’Dell 1995, Bally et al.
2000).

conditions and physical processes in a protoplanetary disk.

The habitable zone of protoplanetary disks is especially interesting to study.
This region is the zone in which a planet can have the proper conditions to be
able to form or at least maintain life. One of the requirements is that the planet
can have a temperature than permits liquid water on its surface. All life - as we
know it - needs liquid water, so this is often considered a necessary condition for
life. This habitable zone is in our own solar system estimated to be between 0.95
- 1.37 AU (Kasting et al. 1993). However, this radial range varies with different
planetary and stellar properties. One factor is the luminosity of the star. For
higher stellar luminosities, the habitable zone will move further away from the
star and broaden. For example, the habitable zone is larger around F stars than
around our Sun (a G star) and it is smaller around K and M stars.

Circumstellar chemical and physical evolution disk models start with initial
conditions such as the temperature and density distribution and kinematics of
the gas, chemical composition and gas/dust ratio of the disk. The chemical and
physical structures that the models produce can then be compared with the ob-
servations of the gas and dust in protoplanetary disks (Natta et al. 2007, Bergin
et al. 2007b). the next step is to compare with existing and future even more
detailed observations of exoplanets and their atmosphere (e.g., Mayor & Queloz
1995, Borucki et al. 2011, Madhusudhan et al. 2011, Désert et al. 2011, Brogi et
al. 2012).

4



1.2 A chemical and physical inventory of planet-forming zones

1.2 A chemical and physical inventory of planet-forming
zones

As discussed in Section 1.1 it is very important to understand the different physical
and chemical properties of the protoplanetary disk to be able to understand how
and which type of planets that form there. It is especially interesting to be able
to define these properties in the inner regions of these disks since this is where
the habitable zone is located. These parameters will not just help constraining
the chemical evolution disk models but also the planet-formation models. These
chemical disk models can then simulate and address the evolution of the organic
inventory with characteristics such as temperature structure, different radiation
fields and different molecular abundances.

It is for example interesting to study which types of more complex organic
molecules can be constructed. It is observationally difficult to determine the in-
ventory of large complex molecules as their abundance is expected to be low.
Hence chemical models are required to predict abundances of complex molecules
and these models have to be based upon observations of simple molecules. These
more complex molecules are very interesting to study since they are considered to
be the most important ones in being able to form planets with preferable conditions
for life.

There are several different types of chemical evolution disk models. What
mainly separate them are their different ways of breaking carbon out of CO and
nitrogen out of N,. The Najita et al. (2011) model for example include a X-
ray field and the Agindez et al. (2008), Woitke et al. (2009), Willacy & Woods
(2009), Vasyunin et al. (2011), Walsh et al. (2012) models include an UV-field
and photo-ionisation and photo-dissociation processes. The Walsh et al. (2012)
model takes both the X-ray and UV-fields into account. There are also other
important parameters such as cosmic ray ionisation, gas versus dust temperatures
and the settling of the disk. Models also differ in the size of the chemical networks
considered and the types of chemical reactions included. Molecular observations
of protoplanetary disks can provide key tests of such models.

As circumstellar disks are small and not very luminous, good telescope and
spectrometers with both very high spatial and spectral resolution are required in
order to study chemistry and physical conditions in the inner regions of disks.
The first observations of these sources were done at submillimeter and radio wave-
lengths since at these wavelengths high spectral and spatial resolution can be
achieved by the use of single dish and interferometry. Molecules such as CO, H,O,
HCO*, H,CO, HCN, N,H*, CN, C,H, SO, DCO* and DCN have been detected
in this way (Dutrey et al. 1997, Kastner et al. 1997, Thi et al. 2004, Fuente et al.
2010, Henning et al. 2010, Oberg et al. 2011, Hogerheijde et al. 2011). However
these observations cover the colder gas which is mainly located > 100 AU in the
disk which is not where most planets are thought to be forming. Only in the last
15 years have telescopes become sensitive enough to study the chemistry in the
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Figure 1.3 An overview of the different physical processes in a protoplanetary disk
and its chemical structure; Material is accreted from the envelope and transported
through the disk to the inner regions where accretion onto the star can occur. The
gas gets photo-evaporated further out in the disk since the thermal speed of the gas
can more easily exceed the escape velocity in these regions than in the inner disk
(Storzer & Hollenbach 1999). Young stellar objects often have stellar winds which
may impact the disk. Stellar UV and X-ray photons produce a photodissociation
region on the surface of the disk. In the midplane there is ongoing ice accretion.
Photo-desorption causes sublimation from ices in the surface layers of the disk.
Warm chemistry in the inner regions (< a few AU) or in the surface layers produces
more complex molecules at a few hundred up to a few thousand Kelvin.
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inner regions (< 10 AU) of the circumstellar disks.

CO was the first molecule observed to originate from the hot inner disk (e.g.,
Najita et al. 2003, Brittain et al. 2003, 2007, 2009, Blake & Boogert 2004, Pon-
toppidan et al. 2008, Salyk et al. 2009, 2011b, Brown et al. subm.) and this was
quickly followed by observations of H,O, OH, CO,, C,H, and HCN (Carr et al.
2004, Lahuis et al. 2006, Gibb et al. 2007, Carr & Najita 2008, Salyk et al. 2008,
Pascucci et al. 2009, Najita et al. 2010, Pontoppidan et al. 2010, Carr & Najita
2011, Kruger et al. 2011, Salyk et al. 2011). A very important milestone was the
first detection of water (Carr & Najita 2008, Salyk et al. 2008) in these regions.
This is because the presence of water is generally considered to be a necessary
condition for life. Today we know that water and also other pre-biotic molecules
such as HCN seem to be abundant in these regions and hence the warm gas in
the planet forming zones of these disks seems to nourish a rich organic inventory.
There are therefore many reasons to continue to gather even more information
about these regions to be able to improve our knowledge about the physical and
chemical conditions of these planet-forming zones.

1.2.1 Probing planet-forming regions with infrared obser-
vations

Near infrared and mid infrared observations around 1 — 30 ym are the best way
to study the gas in the inner planet-forming zones of circumstellar disks. This is
because the gas in these regions is warm, ranging from a few hundred to several
thousand Kelvin, and therefore emits copiously in this wavelength region. In the
near-infrared, around 1 — 5 um, observations can be done from the ground and
this allows the use of large spectrometers with high spectral and spatial resolu-
tion. Such instruments cannot be included in space-based observatories because of
space and weight limitations. The best spectrometers today that can be used for
observations within this wavelength range are NIRSPEC with a spectral resolving
power of R = 64/4 = 25,000 at the Keck telescope and the CRIRES spectrometer
(R = 10°) at the Very Large Telescope (VLT). This high spectral resolution means
that the spectral lines can be individually resolved and even details of the line pro-
files can be detected. Most of the mid infrared lines from 5 — 30 um cannot be
observed on Earth because the atmosphere that is opaque at these wavelengths.
The spectrometer IRS at the Spitzer Space Telescope is the instrument that has
been primarily used within this wavelength range. Observations from all of these
three telescopes are presented in this thesis. In particular, this thesis makes use of
data from a large VLT-CRIRES program surveying ~70 disks around T Tauri and
Herbig Ae stars (Pontoppidan et al. 2011b, Brown et al. subm.) For an overview of
the various kinds of observations used for studying the emission from the relevant
regions see Fig. 1.4.

The main focus of this thesis is to study emission and absorption lines from the
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observations cover. In addition the type of continuum plus molecular emission that

can be expected from different parts of the disk are presented here (Dullemond &
Monnier 2010).
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molecules H,O, OH, CO,, C,H,; and HCN. These molecules are all important pre-
biotic molecules and are also building blocks of more complex species. In addition,
these molecules are sensitive tracers for the temperature and the different radiation
fields in the disk. Their sensitivity as tracers means that by studying for example
their relative and absolute amounts one can decide which the main reaction routes
within a chemical network must have been to form them. These reaction routes
are often controlled by an activation barrier that requires high temperatures to
proceed. Reaction routes can also be affected by the local radiation field as that
sets the level of ionisation and ions may react much more quickly than neutral
species. These observations can also address evolutionary questions related to the
origin of the relevant species. Specifically, are these molecules formed in the very
early class 0 stage on the colder dust grains or later during the class II stage in the
hot chemistry in the upper layers of the disk. It will also contribute to the more
general astrochemical understanding of which type of chemical processes that play
an important role in the formation/destruction reactions for different molecules in
these environments.

In this thesis the focus is on ro-vibrational transitions of molecules. Unlike pure
rotational transitions, which are predominantly emitted by cold gas far out in the
disk, mid-IR ro-vibrational lines originate in the warm gas in the inner disks. These
type of molecules can go through both vibrational and rotational transitions which
do impact each other. This interaction is however so small that it can be omitted
at a first order approximation when estimating the total ro-vibrational energy for
one transition level. The total energy E,p,r of a ro-vibrational transition can
therefore be calculated using equation:

1 -
Eyibror = Evip + Evor = (v + z)hvo +hcBJ(J + 1) (1.1)

where v is the vibrational quantum number, J is the rotational quantum num-
ber, h is Planck’s constant, vy is the frequency of the vibration, ¢ is the speed of
light, and B is the rotational constant. Due to quantum mechanical selection rules,
only transitions where AJ is 0, £1 are allowed. The transitions will split out into R,
Q and P-branches characterised by AJ = 1, 0 and -1 (see Fig 1.5). Note that some
molecules (e.g.., CO) do not have a Q-branch e.g., AJ = 0 is not allowed. As an
example the spectrum of the v3 mode of the C-H stretch at 3.019 ym of HCN has
been plotted in the middle panel of Fig. 1.6 where the R, P and Q branches can be
clearly seen. The overall extent of the P and R branches will depend on the level
populations, in v=1 for emission and v=0 for absorption. These level populations
are set by collisions - and hence are sensitive to the density and temperature of
the emitting gas - as well as by the radiation field that can excite levels as well.
Thus, the envelope of the P and the R branches will be broader for warmer gas,
for denser gas and for gas that is pumped by a radiation field (see Fig. 1.6). The
individual lines in the Q branch will generally blend into one broad feature. The
profile of this feature will however still be set by the level populations and this
can be used to derive the physical conditions in the emitting or absorbing gas.
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Figure 1.6 Absorption spectra of the v3 mode of HCN at the temperatures 200 and
1000 K and column densities 3.0-10'® (left and middle panel) and 7.0-10'¢ cm™
(right panel).

1.3 This thesis

We now know that by studying the physical and chemical conditions in protoplan-
etary disks we can better understand how planetary systems are formed. These
studies provide input for studies of planet-formation. They are what we can call
the recipe for planets. However we also know that in order to use these mod-
els we need the parameters, hence the ingredients, for these recipes. The goal of
this thesis is to provides these physical and chemical ingredients by using obser-
vations. The main questions together with short explanations for how we can use
observations to answer these question are summarized here:

e Which molecules can be found in these regions? - Trying to detect different
molecules by using observations.

o What is the temperature of the gas where we detect the molecules? - The
comparison between the relative strengths of lines of a molecule provides a
probe of the temperature of the gas where these molecules are excited.

e Which type of excitation processes dominate? By relating the observed exci-
tation of these molecules to the local physical conditions (density, tempera-
ture, and radiation field), the dominant excitation process - collisions versus
radiation - can be studied.

e What is the spatial location of these molecules? - The use of radiative transfer
disk models can analyze line profiles of spectrally resolved lines to determine
their spatial location. Different spatial distributions of a certain molecule
will have different types of line profiles.

11
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o What are the chemical processes that form these molecules? - By modeling
the different intensities of the different molecular line profiles relative abun-
dances can be estimated. These abundances can in turn be compared to the
expected relative abundances that different chemical disk models predict
depending on their different dominating chemical processes.

The four following chapters summarise the work that has been done addressing
these questions. The main content of each chapter is described here:

Chapter 2: The origin of unexpected CO line profiles

During the investigation of CO emission line profiles, 8 out of ~50 T Tauri stars
showed a broad based single peaked line profile. This type of line profile does
not agree well with the expected line profile from Keplerian rotating gas in the
inner region of a protoplanetary disk. An investigation was therefore done using
the high spectral resolution CO 4.7 um lines to see if the origin of these types
of line profiles could be explained. The investigation showed that all of the 8
sources have in common that they have high mass accretion rates and have higher
line to continuum ratios than their parent sample. In addition their CO lines are
excited to higher vibrational states up to v = 2, and 4 out of 8 sources up to v
= 4, and their rotational excitation temperature (~300 — 800 K) is lower than
their vibrational temperature (~ 1700 K). This tells us that their CO lines are UV
- pumped and hence exposed to a strong UV-field. The observations also show
that the emission comes from within a few AU and has a velocity shift of < 5 km
s~ relative to the radial velocity of their parent star. Omne of the main results
from this investigation is that these line profiles could not solely originate from a
Keplerian rotating disk as was earlier expected. In addition an origin in a funnel
flow and in magnetically, FUV or X - driven winds could also be ruled out. The
results show that a combination of a disk plus a slow EUV launched disk wind
is the most probable explanation of the birth place for these broad based single
peaked line profiles.

Chapter 3: First detections of near infrared emission from organics

Only three molecules H;O, OH and CO have previously been detected in near-
infrared emission from the innermost regions of protoplanetary disks. The diffi-
culty in detecting more molecules has to do with the large amount of the same
molecules in the atmosphere of the Earth. The atmospheric molecules create very
broad saturated absorption lines in the spectra that totally dominate the much
weaker emission lines from the circumstellar disks. By observing the disks while
they are having an as high as possible relative radial velocity shift to the Earth,
combined with a very precise modeling of the atmospheric absorption lines, we
are able to present the first detections of HCN near-infrared emission lines in 3/3
observed sources and C,H; emission lines in one source as well as very stringent

12



1.3 This thesis

upper limits on both NH3 and CHy4. Relative abundances of these molecules as well
as of H,O and OH are presented and their excitation temperatures are extracted
by using both a radiative transfer slab model and a more precise disk model to
compare the results with each other. Both models give comparable results. These
3 protoplanetary disks, which all belong to the same sample of the 8 disks dis-
cussed in Chapter 2 with single peaked broad based CO line profiles, also show the
same type of line profiles for these organic molecules. Hence the origin of these
organics may as well be linked to a disk + disk wind.

Chapter 4: Investigation of HCN excitation in protoplanetary disks

Earlier radiative transfer slab and disk models used local thermodynamic equi-
librium (LTE) as an approximation in their models when trying to fit observed
near- and mid-infrared line fluxes from the planet-forming zones of the disks. This
approximation is done since implementing non-LTE in those models is a cum-
bersome and time consuming task. The main problem is however that the line
emission from these regions is thought to come from gas that does not achieve
high enough densities to be well described by LTE. A study is therefore presented
in this chapter to investigate how the 3 and 14 um emission from these regions
will change using non-LTE in a slab model relative to LTE conditions and also
to include radiative pumping in the excitation process of the HCN molecule. We
conclude that the 3 pym line fluxes will be overestimated and hence the column
density of HCN underestimated when using a LTE model. In addition it is shown
that a slab model including both non-LTE and in addition radiative pumping will
much better describe the excitation at 3 um and hence derive better estimates of
the HCN abundance. The 14 um line emission is however not as much affected by
non-LTE excitation since it reaches LTE at much lower densities than the 3 um
emission due to its lower critical density.

Chapter 5: Exploring organic chemistry in planet-forming zones

An investigation using high S/N Spitzer data was performed here for the first
time to look for the most abundant more complex organic molecules in the inner
regions of disks predicted by chemical models. This was done by studying two
edge-on disks which show absorption lines instead of emission lines. Absorption
lines have the main advantage that they have a much stronger line to continuum
ratio compared to emission lines and hence much less abundant molecules can be
studied. We have detected absorption lines of CO,, HCN and C,H,. Analysis
of the observations reveals similar abundances as observed for deeply embedded
protostars as well as for comets in our own Solar system. This intriguing result
suggests that (part of the) cometary material originates from the inner warm
regions of the Solar Nebula. We also establish 30~ upper limits for the abundance
ratios of 02H4, CzH6, C6Hf,7 03H4, C4H2, CH3, HNC, HC3N, CH3CN, NH3 and SOZ
relative to C,H,; and HCN. A comparison shows that the upper molecular limits

13
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relative to C;H, and HCN agree much better with high temperature chemistry
disk models including both UV and X-ray irradiation rather than just a X-ray
irradiation. Also, the NH3/HCN abundance tells us that the NH; molecules must
have been formed in the warm chemistry of the disk atmospheres instead of being
evaporated from the icy mantles of dust grains coming from the earlier stages
of the disk evolution. In addition, simulations for future instruments like JWST,
SOFIA, SPICA and ELTs show that molecules with at least one order of magnitude
lower abundances relative to Spitzer observations can be detected with these future
instruments. This would mean that much more strict constraints can be put on
future chemical disk models.

1.4 Main conclusions

The main aim of this thesis is to contribute to the understanding of the physi-
cal and chemical conditions in regions of planet formation. This has been done
by extracting physical and chemical parameters of the gas in the inner regions of
protoplanetary disks by using infrared observations to better constrain planet for-
mation and chemical disk evolution models. The extracted parameters and their
resulting conclusions that could be drawn from this work are as follows:

o Detections and molecular abundances: HCN and C,H, have been detected in
the innermost disk (< 1 AU) and their relative column densities extracted
using the high spectral resolution CRIRES data in combination with our
newly developed observational tools. In addition strict upper limits on NH;
and CH4 were found using CRIRES and for the first time upper limits on
the organics and sulfur bearing molecules C,Hy, C,Hg, C¢Hg, C3Hy, C4H,,
CHj;, HNC, HC3N, CH3CN, NH3; and SO, have been made using the Spitzer
telescope.

e Temperatures: Excitation temperatures and temperature structures have
been estimated for CO, H,O, OH, C,H,, HCN and CO, using both slab and
disk radiative transfer models, modeling both emission and absorption line
profiles.

¢ Origin of emission: Evidence has been found for a non-Keplerian origin from
detected CO, H,O and HCN emission lines. The origin of the emission is
concluded to come from a disk 4 disk wind. We have shown that modeling
of line profiles is important to be able to constrain the spatial distribution
of the gas.

« Excitation and chemistry: We have shown that emission from the inner region
of a protoplanetary disk is not well described using a LTE slab model. It is
therefore very important to include non-LTE, radiative pumping and both
UV irradiation and X-rays in future radiative transfer and chemical evolution
disk models.
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1.5 Future prospects and outlook

This thesis shows that, today, we can start to get detailed information about the
chemical and physical structure of the planet-forming zones which was earlier only
possible in the outer regions by using millimeter observations.

Instruments like CRIRES could for the first time provide us with details of the
line profiles in these regions and reveal the importance of being able to describe
these line profiles. This is and will be a very exciting challenge for future modelers.
It is not enough any longer to just model the intensities and excitation tempera-
tures of the lines and assume simple approximations such as a spatial distribution
consisting of gas in Keplerian rotation around a star. Future radiative transfer
models need to include a combination of origins of the gas, such as different types
of disk winds, funnel flows and the disk itself. In addition different types of ra-
diation fields, non-LTE excitation and the gas/dust ratio are very important to
include to get more detailed information about the excitation processes of these
molecules. Chemical disk evolution models also need to include different types of
radiation fields and expand their chemical networks with even more molecules and
their different types of formation and destruction routes both on dust grains and
in the warm gas.

New and even more detailed observations is the only way to provide the mod-
elers with the necessary information they need to be able to improve their models.
Telescopes such as JWST, SOFIA, SPICA and ELTs will be able to both push the
detection limits for the less abundant and more complex organic molecules and
in addition give even more detailed line profile or spatial information. It is espe-
cially interesting to compare these results with the upcoming observations done
by ALMA of the outer cooler regions in the disk. These comparisons will provide
us with a much more complete picture of protoplanetary disks and their evolution.
This information will in the end help us to understand how such a wide variety
of planets can form and, at least in one case, provide such favourable conditions
that even life itself could evolve there.
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Single peaked CO emission line profiles
from the inner regions of protoplanetary
disks!

Context Protoplanetary disks generally exhibit strong line emission from the CO
fundamental v=1-0 ro-vibrational band around 4.7 um. The lines are usually
interpreted as being formed in the Keplerian disk, as opposed to other kinematic
components of the young stellar system.

Aim This paper investigates a set of disks that show CO emission line profiles
characterized by a single, narrow peak and a broad base extending to > 50kms™!,
not readily explained by just Keplerian motions of gas in the inner disk.

Methods High resolution (R = 10%) M-band spectroscopy has been obtained using
CRIRES at the Very Large Telescope in order to fully resolve fundamental ro-
vibrational CO emission line profiles around 4.7 ym.

Results Line profiles with a narrow peak and broad wings are found for 8 disks
among a sample of ~50 disks around T Tauri stars with CO emission. The lines are
very symmetric, have high line/continuum ratios and have central velocity shifts
of < 5 kms™! relative to the stellar radial velocity. The disks in this subsample
are accreting onto their central stars at high rates relative to the parent sample.
All 8 disks show CO emission lines from the v = 2 vibrational state and 4/8 disks
show emission up to v = 4. Excitation analyses of the integrated line fluxes reveal
a significant difference between typical rotational (~300-800 K) and vibrational
(~1700 K) temperatures, suggesting that the lines are excited, at least in part,
by UV-fluorescence. For at least one source, the narrow and broad components
show different excitation temperatures, but generally the two component fits have

1Based on: J.E. Bast, J.M. Brown, G.J. Herczeg, E.F. van Dishoeck and K.M. Pontoppidan,
2011, A&A, 527, A119
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2 Single peaked CO emission line profiles from the inner regions of
protoplanetary disks

similar central velocities and temperature. Analysis of their spatial distribution
shows that the lines are formed within a few AU of the central star.

Conclusions It is concluded that these broad centrally peaked line profiles are
inconsistent with the double peaked profiles expected from just an inclined disk
in Keplerian rotation. Models in which the low velocity emission arises from
large disk radii are excluded based on the small spatial distribution. Alternative
non-Keplerian line formation mechanisms are discussed, including thermally and
magnetically launched winds and funnel flows. The most likely interpretation is
that the broad-based centrally peaked line profiles originate from a combination
of emission from the inner part (< a few AU) of a circumstellar disk, perhaps
with enhanced turbulence, and a slow moving disk wind, launched by either EUV
emission or soft X-rays.
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2.1 Introduction

It is generally thought that planets form in the inner regions of protoplanetary
disks (510 AU Lissauer 1993). Information on the physical structure, gas dynamics
and chemical composition of the planet-forming region is essential to constrain
models of planet formation. Processes like planet migration, which can change the
orbits of newly formed planets, depend sensitively on the presence of gas in the disk
(e.g., Ward 1997, Kley et al. 2009). The planetary mass distributions (Ida & Lin
2004) and planetary orbits (Kominami & Ida 2002, Trilling et al. 2002) resulting
from planet formation models can eventually be tested against recent observations
of exo-planetary systems (e.g., Mordasini et al. 2009a,b). Observations of line
emission from disks at high spectral and spatial resolution are needed to provide
the initial conditions for these models. Gas-phase tracers of the disk surface can
also be used to probe photo-evaporation processes (Gorti et al. 2009, Gorti &
Hollenbach 2009). More generally, these observations provide constraints on the
lifetime of the gas in the inner part of the disk and thus its ability to form giant
gaseous planets.

The bulk of the gas mass in protoplanetary disks is in H, but this molecule
is difficult to observe since its rotational quadrupole transitions from low-energy
levels are intrinsically weak and lie in wavelength ranges with no or poor at-
mospheric transmission (e.g., Carmona et al. 2007). In contrast, the next most
abundant molecule, CO, has ro-vibrational lines which can be readily detected
from the ground. This makes CO an optimal tracer of the characteristics of the
warm gas in the inner regions of disks (see Najita et al. 2007 for overview). CO
overtone emission (Av = 2) was detected for the first time in low and high mass
young stellar objects by Thompson (1985) and was attributed to circumstellar
disks by Carr (1989).

Overtone emission lines at 2.3 uym from disks around T Tauri stars, when
present, have been fitted with double peaked line profiles with a FWHM of around
100 km s7!, which suggests an origin in the innermost part (0.05-0.3 AU) of the
disk under the assumption of Keplerian rotation (Carr et al. 1993, Chandler et al.
1993, Najita et al. 1996). The relative intensities of the ro-vibrational lines can
be used to determine characteristic CO excitation temperatures (rotational and
vibrational), which, in turn, provide constraints on the kinetic temperatures and
densities in the line-forming region. The overtone data resulted in temperature
estimates in the 1500-4000 K range and with densities of >10'° cm™ (Chandler et
al. 1993, Najita et al. 2000, 2007).

Fundamental CO v = 1 — 0 emission at 4.7 um has been observed both from
disks around T Tauri stars (e.g., Najita et al. 2003, Rettig et al. 2004, Salyk et al.
2007, Pontoppidan et al. 2008, Salyk et al. 2009) and around Herbig Ae/Be stars
(e.g., Brittain et al. 2003, Blake & Boogert 2004, Brittain et al. 2007, 2009, van der
Plas et al. 2009). The fundamental ro-vibrational lines are excited at lower tem-
peratures (1000-1500 K) than the overtone lines (Najita et al. 2007). Fundamental
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2 Single peaked CO emission line profiles from the inner regions of
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CO emission lines are usually fitted with double peaked or narrow single-peaked
line profiles that can be described by a Keplerian model. Single-peaked line pro-
files with broad wings (up to 100 km s~') in T Tauri disks have been seen by Najita
et al. (2003), who also discussed their origin. Three possible formation scenarios
were mentioned: disk winds, funnel flows or gas in the rotating disk. The latter
option was favored, and the lack of a double peak was ascribed to the relatively low
(R=1/AA=25000) spectral resolving power of the data. Alternative explanations
such as an origin in disk winds and funnel flows were ruled out mainly because of
the lack of asymmetry in the line profiles.

The high resolution (R = 103) spectrometer CRIRES (CRyogenic InfraRed
Echelle Spectrograph) fed by the MACAO (Multi - Application Curvature Adap-
tive Optics) adaptive optics system on the Very Large Telescope offers the op-
portunity to observe molecular gas emission from T-Tauri disks with unsurpassed
spectral and spatial resolution. A sample of ~70 disks was observed in the fun-
damental CO band around 4.7 um as part of an extensive survey of molecular
emission from young stellar objects. In total, 12 of the 70 T Tauri stars show CO
emission lines with a broad base and a narrow central peak, from now on called
broad-based single peaked line profiles. Eight of the 12 T Tauri stars are selected
for detailed analysis in this paper, based on criteria discussed in §2.3.5. Because
the lines remain single peaked even when observed at 4 times higher spectral res-
olution than previous observations, the lack of a double peak can no longer be
explained by the limited resolution in Najita et al. (2003). Hence the modeled
double peaked lines in Najita et al. (2003) are not a plausible explanation for the
centrally peaked line profiles in T Tauri disks. The aim of this paper is to classify
these broad centrally peaked lines and to constrain their origin. Since many of
these sources have high line to continuum ratios and are prime targets to search
for molecules other than CO (e.g. Salyk et al. 2008), a better understanding of
these sources is also warranted from the perspective of disk chemistry studies.

The observations and sample are presented in §3.2. In section §2.3 the line
profiles are modeled using a Keplerian disk model where it is concluded that a
model with a standard power-law temperature structure does not provide a good
fit to the broad-based single peaked line profiles. The profiles are subsequently
inverted to determine what temperature distribution would be consistent with the
spectra. The origin of the emission is then further constrained in §2.4 by extracting
radial velocity shifts between the gas and the star, determining rotational and
vibrational temperatures and investigating the extent of the emission. In §5.4 the
results are discussed and they are summarized in §5.5.
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Table 2.2 Journal of observations.

Source Obs. time  Settings (um)? Standard star Spectral type
standard star
AS 205 A Apr 07 4.760, 4.662, 4.676, 4.773  BS 4757 A0
Aug 07 4.730 BS 5812 B2.5
Apr 08 4.730 BS 6084 B1
Aug 09 5100, 5115 BS 5984 B0.5
DR Tau Oct 07 4.716, 4.730, 4.833, 4.868 BS 3117, BS 838 B3, BS
Dec 08 4.716, 4.946 BS 1791 B7
RU Lup Apr 07 4.716, 4.730, 4.833, 4.929  BS 5883 B9
Apr 08 4.730 BS 6084 B1
S CrA Apr 07 4.730, 4.716 BS 6084 Bl
Aug 07 4.730 BS 7235, BS 7920 A0, A9
Aug 08 4.868, 4.946 BS 6084, BS 7236  B1, B9
VV CrA A Apr 07 4.716, 4.730, 4.840 BS 7362 A4
Aug 07 4.770, 4.779 BS 7236 B9
Aug 08 4.946 BS 7236 B9
VW Cha Dec 08 4.716, 4.800, 4.820, 4.946  BS 5571, HR 4467 B2, B9
VZ Cha Dec 08 4.716, 4.800, 4.820, 4.946 BS 5571, HR 4467 B2, B9

2The reference wavelength of a given setting is centered on the third detector.

2.2 Observations and sample

A sample of 70 disks around low-mass pre-main sequence stars was observed at
high spectral resolving power (1/A1 = 10° or 3 km s7!) with CRIRES mounted on
UT1 at the Very Large Telescope (VLT) of the European Southern Observatory,
Paranal, Chile. The CRIRES instrument (K&ufl et al. 2004) is fed by an adaptive
optics system (MACAO, Paufique et al. 2004), resulting in a typical spatial reso-
lution of ~160-200 milli-arcsec along the slit. CRIRES has 4 detectors that each
cover about 0.02 — 0.03 um with gaps of about 0.006 ym at 4.7 um. Staggered
pairs of settings shifted in wavelength are observed to cover the detector gaps and
produce continuous spectra.

The observations were taken during a period from April 21 2007 to January 3
2009. The parent sample is a broad selection of low-mass young stellar objects,
consisting mostly of T Tauri stars and a few Herbig Ae stars. The full data set
will be published in a future study (Brown et al. in prep.). Of the 70 sources,
about 50 disks around T Tauri stars show clear CO emission lines. This paper
focuses on a subsample of 8 of the 12 objects that show broad-based single peaked
CO ro-vibrational line profiles. Their names and characteristic parameters are
presented in Table 3.4, and their selection is justified in §3.2 and §4. Inclinations
are unknown for the majority of the sources. Several of the sources in the sample
are binaries, with the primary and secondary defined as A and B, respectively.
The specific definition for each source’s primary and secondary is taken from the
literature, see Table 3.4. For S CrA, both A and B components show broad-based
centrally peaked line profiles. For AS 205 and VV CrA, only the A component



2.2 Observations and sample

has such single-peaked emission profiles. The B components show CO absorption
(see Smith et al. 2009 for the case of VV CrA B). Thus, there is no obvious trend
of the presence of these profiles with binarity of the system.

Ground-based M-band spectroscopy is usually dominated by strong sky emis-
sion lines (including CO itself) superimposed on a thermal continuum. Nodding
with a throw of 10” was performed to correct for both the sky emission and the
thermal continuum. In addition jittering with a random offset within a radius
of (0’5 was used to decrease systematics and to remove bad pixels. The weather
conditions during the observations were usually good with optical seeing varying
typically between 0”5 — 1”5. Even at times when the seeing was higher most of
the light still passed through the 0”2 slit because of the adaptive optics system.
Observations of standard stars were done close in time to each science target with
airmass differences of typically 0.05-0.1 in order to correct for telluric features.

The observations typically covered CO v = 1 —0: R(8)-P(32) lines, where the
notation indicates that most lines between R(8) and P(32) are observed, including,
for example, the R(0) and P(1) lines. Lines from vibrationally excited levels as
well as isotopologues are also included, specifically: CO v =2 —1: R(17)-P(26);
CO v =3-2: R(26)-P (21); CO v = 4 —3: R(37)-P(15); 3CO: R(24)-P(23);
C0: R (17)-P(27); and C'70: R(26)-P(22).

The wavelengths and dates of the observations can be found in Table 2.2. Each
wavelength setting is centered on the third, in order of increasing wavelength,
of the four detectors. As an example, the setting at 4.730 um corresponds to a
spectral range of 4.660 — 4.769 um. Observations were sometimes taken during
different seasons to shift the telluric lines relative to the source spectrum due to
the reflex motion of the Earth. Combination of the two data sets then allows the
reconstruction of the complete line profile, whereas a single epoch would have a gap
due to the presence of a saturated telluric CO line. For 6 of the sources presented
here, no evidence has been found that the line fluxes and profiles changed within
this 1-1.5 yr period. For VW Cha and VZ Cha this information is not available
since they were only observed once.

2.2.1 Data reduction

The spectra were reduced using standard methods for infrared spectroscopy (see
Pontoppidan et al. 2008,for details). Dome flats were used for each setting to
correct the images for pixel-to-pixel sensitivity differences in the detectors. A
linearity correction was applied to the frames using the parametrization given in
the CRIRES documentation. The nod pairs were then differenced to subtract the
background. The data stack was co-added after correction for field distortion.
Extraction of the 2-dimensional images to 1 dimensional spectra was done after
the subtraction and combination of the 2-D frames tracing the source in the 2-
D spectra. Additional spectra of well separated binaries were extracted as well
during this procedure.
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Figure 2.1 Part of the VLT-CRIRES spectrum of AS 205 A. The strong '>CO lines
are labelled with their R-band lower J-transition number and the other marked
lines show detections of 2CO v = 2-1, v = 3-2, 3CO, and the Pfund-g line. The
gaps in the spectrum are excised telluric features. For other parts of the AS 205 A
spectrum, these gaps have been filled in by observations at different times of the
year (see Fig. 2.2).
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The spectra were subsequently wavelength calibrated by fitting the standard
star atmospheric lines to an atmospheric model generated using the Reference
Forward Model (RFM) code. This model is a line-by-line radiative transfer model
developed at Oxford University based on Clough et al. (1982)'. The typical
velocity accuracy is about 0.1-1 km s~!, but can vary between settings, depending
on the density of telluric lines. The last step in the reduction process was to
correct for the strong telluric absorption lines in the spectra, by dividing the
science spectra with the spectra taken of early-type photospheric standard stars.
These hot stars have a strong hydrogen Pfund g (7-5) absorption line at 4.654 pm.
Division by the standard star therefore introduces an artificial contribution to the
emission line in the science spectra. However, Pfund B is detected in emission
towards most of the sources prior to telluric correction. Early-type photospheric
standard stars are otherwise rather featureless throughout the spectral band. Flux
calibration was carried out by scaling to photometry from the Spitzer IRAC band
2 (see Table 3.4).

In Fig. 2.1 part of the reduced spectrum for the northern of the binary com-
ponents of AS 205 is presented. This spectrum shows highly resolved '>CO line
profiles for the v = 1-0 transitions R(8)-R(0) and clear detections of 3CO v= 1-0,
CO v=2-1and v =3-2 lines and the Pfund g line. An overview of parts of the
spectra of the 8 single peaked sources is presented in Fig. 2.2.

2.3 Line profiles

2.3.1 '2CO line profiles

The spectrally resolved fundamental CO emission lines from the sample of T Tauri
stars observed with CRIRES show a broad variety of profiles. Often, the line pro-
files can be explained by Keplerian rotation, absorption by the disk or absorption
by a foreground cloud (Brown et al., in prep). Fig. 2.3 shows a selection of emission
line profiles of three basic shapes: A) narrow single-peaked, matched by a single
Gaussian, B) double-peaked line profiles and C) single-peaked with broad wings.
Lines that show absorption are not included due to the difficulty in determining
the profile close to line center.

The CO line profiles of TW Hya fall in category A and likely arise from gas in
a face-on disk in Keplerian rotation (e.g. Pontoppidan et al. 2008). Prototypical
for category C are the line profiles of the source AS 205 A, which are by inspection
qualitatively different from the double peaked profiles of sources like AA Tau and
VV Ser (category B) because of their single narrow peak relative to a broad base.
While categories A and B appear to be well understood (see below), the question
is what the origin of the broad centrally peaked line profiles of category C is.

Lhttp://www.atm.ox.ac.uk/RFM/
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Figure 2.2 Partial spectra for the entire sample of sources with single peaked >CO
lines. The HI Pfund S line at 4.655 ym and the Humphrey’s line at 4.675 ym are
included. The spikes seen in spectra of S CrA A, B and VV CrA A are narrow
(self) absorption lines visible in the low J lines.
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Figure 2.3 Modeled lines, plotted in red, are fitted to observed spectral lines in
black of TW Hya, VV Ser and AS 205 A. Good fits could be found for VV Ser
and TW Hya using a Keplerian model with a power-law temperature profile. No
good fits could be found for AS 205 A. The optimal fit to the total line profile
(red) using extended emission out to 10 AU, to the narrow inner part (green) and
to the outer broader wings (blue) are presented in the right figure. See text for
model parameters.

2.3.2 Keplerian disk model

To investigate to what extent the broad centrally peaked (category C) line pro-
files can be described by emission originating from gas circulating in the inner
parts of the disk, a simple disk model of gas in Keplerian rotation adopted from
Pontoppidan et al. (2008) is used.

Description of the model

The model includes a flat disk with constant radial surface density. The motions
of the gas in the disk are described by Kepler’s law. The disk is divided into
emitting rings with radial sizes that are increasing logarithmically with radius.
Each ring has a specific temperature. Local thermal equilibrium (LTE) is used as
an approximation for describing the excitation of the emitting molecules, which
means that the relative populations in a ro-vibrational level can be derived using
the Boltzmann distribution at the given temperature in each emitting ring.

In the standard formulation, a power law is used to describe the temperature
gradient throughout the disk, T = To(R/Ry)™, where T is the gas temperature,
R is the radius and Ty is the temperature at the inner radius Ry. The other
parameters are: the mass of the star M,; the inclination of the disk i; the outer
radius of the disk Rp,x; and a line broadening parameter AVy,,q which combines the
instrumental broadening and any turbulent broadening. Several parameters are
degenerate, including the stellar mass and disk inclination. Thus, this model is not
used to derive the best estimates of the characteristic parameters of the sources.
The aim is instead to explore the parameter space to see whether good fits can be
found for the category C line profiles using basic Keplerian physics. The local line
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profile is convolved with a Gaussian turbulent line FWHM broadening (AViuw)
which describes the local turbulence of the gas in the disk. The instrumental
broadening (AVjs) can also be represented by a Gaussian, which has a FWHM
value of 3 km s™! for CRIRES. The lowest value for AVyoq = (AVEu . AVizn Str)l/ 2 g
therefore set to 3 km s™' and any additional broadening represents an increase in
the value of AVy. For temperatures up to 1000 K, typical of the molecular gas
in the inner disk, the thermal broadening of the CO lines of up to 1.3 km s7' is

negligible.

Fits with a Keplerian model with a power-law temperature profile

The sources TW Hya, VV Ser and AS 205 A were chosen as illustration since
their fundamental CO emission lines represent the three main different types of
line profiles in our large sample. Each of these sources and their fits are presented
here and shown in Fig. 2.3.

Single peaked narrow line profile -- TW Hya: A good fit was found to the nar-
row single peaked line profile of the TW Hya disk. This fit was achieved by using
a low inclination angle of i = 4.3°, @ = 0.4, a stellar mass of 0.7 Mg, Ry = 0.1 AU,
To = 1100 K, Rmax = 1.5 AU and AVpeq =3 km s7!, see the left plot in Fig. 2.3.
The adopted stellar mass and disk inclination are taken from Pontoppidan et al.
(2008). For this source, CO emission from the Keplerian disk model described
above, convolved to the 3 km s~ instrumental resolution of CRIRES, provides a
good fit to all lines. Additional line broadening from turbulence is not needed to
explain the line profiles. This low turbulence is consistent with the low turbulent
velocity of ~0.1 km s~! inferred for the outer disk of TW Hya by Qi et al. (2006),
although that value refers to much cooler gas at large radii in the disk.

Double peaked line profile -- VV Ser: VV Ser is an example of a disk with dou-
ble peaked line profiles extending out to velocities of + 40 km s™'. VV Ser is a
Herbig Ae/Be star of spectral type A2-B6 with a mass of 2.6 + 0.2 My and an
inclination of 65-75° (Pontoppidan et al. 2007). A good fit between the model and
the data is shown in the center panel in Fig 2.3. The estimated parameters are

x = 2.6 Mg, i =70° Ty = 3500 K, @ = 0.45, Ry = 0.08 AU, Ryax = 11 AU and
AVipod =3 km s7!. However in this case the parameter space is rather large since
smaller inclination angles will give equally good fits if a higher stellar mass is used.
The main point here is that a good fit can readily be obtained with reasonable
parameters for a Keplerian model.

Single peaked broad-based line profile -- AS 205 A: No equally good fit could
be found for the emission lines from AS 205 A. An approximate fit is shown in
red in the right plot of Fig. 2.3 with a model using an inclination angle of i =
22°. Ry = 0.04 AU, Rpax = 5 AU, AVpoa =3 km 57!, Ty = 1100 K, @ = 0.3, and a
mass of 1.0 Mg. The mass is the same and the inclination angle is close to that
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given by Andrews et al. (2009,1.0 Mg and 25°, respectively). As for TW Hya, the
millimeter data of Andrews et al. (2009) refer to much larger radii (typically >50
AU) than the CRIRES observations that the model is fitted to. A lower inclination
angle of 10° gives a better fit to the narrow central part of the line but results in
poor fitting of the outer wings of the profile, as presented by the green profile in
Fig. 2.3. The blue line represents the best fit to the line wings, which is achieved
by increasing the inclination angle to 27° and taking @ to be 0.36.

AS 205 A M=1.0 M,

1.8
=)
5,
x 1.4
o

1.0

-50 0 50
Velocity [km s7']

Figure 2.4 Fit to the broad-based single peaked line of AS 205 A (black) using a
standard Keplerian model with a power-law temperature profile (red) including an
enhanced line broadening parameter (AVpoq) of 8 km s™'. The other parameters
are i = 22°, Ry = 0.04 AU, Ry« = 5 AU, Ty = 1100 K, @ = 0.3 and a mass of 1.0
M, (as in §2.3.2).

One option to improve the fit to the AS 205 A data could be to increase the
turbulent broadening so that the central dip is filled in. Indeed, increasing AVioq
to 8 km s7!, removes the central double peak (see Fig. 2.4). This fit is unable
to simultaneously match both the narrow peak and the broad base of the profile,
however.

In summary, the fits to TW Hya and VV Ser show that both narrow single
peaked and double peaked line profiles can be reproduced with a simple Keplerian
model with reasonable parameters. However a single peaked line with broad wings
cannot be well explained with this type of standard Keplerian model as long as
the temperature gradient is described by a continuous power-law.

Keplerian disk models with a non-standard temperature profile

Since disk models with a standard temperature and density power-law do not fit
the data, one complementary approach is to investigate what physical distribution
would be needed to reproduce the line profiles within a Keplerian model. For this,
an iterative approach is used in which the observed line profile is ‘inverted’ to
determine the temperature distribution that would be consistent with the data.
Specifically, the disk is divided into rings and the temperature of each ring is
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Figure 2.5 Left panel: Keplerian model (red) using an iterative inversion method
to fit the velocity profile of the AS 205 A CO v = 1 — 0 P(8) line (black). Right
panel: The excitation temperature as a function of radius needed to create the
modeled lines. The models in the upper panels include extended emission out to
30 AU, a stellar mass of 1.4 My, an inclination of 25° and AViyeq=3 km s~!'. The
models in the lower panels include emission out to 10 AU, a stellar mass of 1.0
Mo, an inclination of 22° and an increased AVpoq=7 km s7!.

adjusted to match the line profile. The left panels of Fig. 2.5 present the model
compared with the velocity profile of the AS 205 CO v = 1 — 0 P(8) line whereas
the right plots show the corresponding excitation temperature profiles with radius.
For LTE excitation and optically thin emission, the latter can also be viewed as an
intensity profile with radius. The upper plots use the same parameters as in §2.3.2
for AS 205 A but with a higher stellar mass of 1.4 Mg, a higher inclination angle
of i=25°and including extended emission out to 30 AU. The lower plots show a
model using the same parameters as in §2.3.2 but with an extended emission out
to 10 AU and increasing the AVpyoq to 7 km s™!. Both of these models fit the line
profiles well, illustrating that a Keplerian disk model with an unusual temperature
distribution can explain the data. The emission is much more extended, however,
than in the case of the standard disk models with a power-law temperature profile:
out to 30 AU in the case of no turbulence or out to 10 AU with increasing AVjoq-
These models will be further tested in §2.5.1 using the constraints on the spatial
extent of the observed emission found in §2.4.3.
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Table 2.3 The peakiness parameter Pjg, the accretion luminosity and the
line/continuum (L/C) ratio for a selected sample of protoplanetary disks.

Index number  Source Po® L/C  Acc. lum. RefP
[log(Lo)]
1 AA Tau 18(02) 15 1.6 1
2 AS 205 A 11.5 (1.0) 2.1 0.2¢ 2
3 CV Cha 41(0.8) 13 - -
4 CW Tau 3.0 (0.2) 1.4 -1.3 2
5 DF Tau 4.2 (0.5) 1.5 -0.7 3
6 DR Tau 7.7 (0.8) 2.9 -0.1 2
7 DoAr24E A 7.3 (20) 15 -16 4
8 DoAr 44 77(0.3) 14 - .
9 EX Lup 10.8 (1.0) 1.3 - -
10 FN Tau 3.3 (0.5) 1.5 - -
11 GQ Lup 3.5 (0.5) 1.4 - -
12 Haro 1-4 3.3 (0.5) 14 - -
13 Haro 1-16 3.4 (0.4) 1.3 - -
14 HD135344B 6.9 (0.3) 1.2 -0.9 5
15 HD142527 6.0 (0.5) 1.2 0.0 5
16 IRS 48 17(02) 1.2 - -
17 IRS 51 41 (0.4) 12 - -
18 LkHa 330 5.2 (0.5) 1.3 - -
19 RNO 90 4.5 (0.6) 1.5 - -
20 RU Lup 15.1 (3.5) 1.8 -04 3
21 RY Lup 3.3 (0.5) 1.2 - -
22 S CrA A 134 (25) 2.0 - -
23 S CrA B 188 (2.3) 1.8 - -
24 SR 9 2.4 (0.6) 1.1 14 4
25 SR 21 2.4 (0.3) 1.2 <-1.9 4
26 TW Hya 50 (0.5) 2.3 14 3
27 VSSG1 4.7 (1.0) 1.5 -04 4
28 VV CrA A 14.0 (3.0) 1.4 - -
29 VV Ser 1502 1.1 12 5
30 VW Cha 8.1(0.5) 2.0 -02 6
31 VZ Cha 7.7 (0.6) 2.2 - 1.1 6

2Values refer to an average of the lower J- transitions. Uncertainties are indicated in paren-
theses

PReferences - (1) Cullbring et al. (1998); (2) Valenti et al. (1993); (3) Herczeg & Hillenbrand
(2008); (4) Natta et al. (2006); (5) Garcia Lopez et al. (2006); and (6) Hartmann et al. (1998).

°For both A and B component
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Figure 2.6 The line profile parameter Pjg=AVjy/AVy is presented here for a sample
of selected sources. Note that this parameter is clearly larger for the broad-based
single peaked line profiles. The Pjy-value is an average of the lower J-transition
lines (up to P(14)). The J-transition corresponding to each plotted profile is given
in the figure. The narrow absorption line seen toward DoAr24E A is due to 3CO
absorption in the foreground cloud.

2.3.3 Line profile parameter

A parameter is defined to quantify the difference in line profiles between the broad
single peaked sources (category C) and the other sources in the sample. This so-
called line profile parameter Py describes the degree to which line profiles have
a broad base relative to their peak. The line profile parameter Pig is therefore
defined as the full width (AVjg) of the line at 10% of its height divided by the
full width at 90% (AVyg) of its height, Pyg = AV19/AVyy. The broad-based single
peaked lines (category C) have a higher value of the line profile parameter relative
to the double and narrow single peaked lines, see Fig. 2.6.

A summary of the line profile parameter values for 31 selected T Tauri stars
from the total sample of ~50 T Tauri stars with CO emission is presented in
Fig. 2.7 and Table 2.3. These 31 T Tauri stars were selected because their CO
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Figure 2.7 The line profile parameter Py for different sources. The index numbers
represent the different sources, see Table 1. Each type of line profile is given by a
specific symbol. Data points without a symbol are for sources without clearly de-
fined line profiles. The red line gives the maximum line profile parameter achieved
using a standard Keplerian disk model with a power-law temperature profile.

emission line profiles have high S/N and are not contaminated by strong telluric or
absorption lines. Figure 2.7 shows that the double peaked (turquoise diamonds)
and narrow single peaked (green stars) sources all have a line profile parameter
of <6. For reference, a Gaussian line profile has a Pjp-value of 4.7. The selected
sample of 8 broad centrally peaked sources (red triangles) all have a Pjo-value
of >6. An overview of the normalized and continuum-subtracted '2CO P(8) line
profiles of this subset is presented in Fig. 2.8. These lines are typically symmetric
around line center and have a narrow top and a very broad base that extends out
to £100 km s~ in several cases. Four other sources, DoAr24E A, DoAr44, EX
Lup and HD135344B, also have higher (>6) Pjo- values but are not selected for
our sample (see §2.3.5 for source selection criteria).
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Figure 2.8 The P(8) '2CO line is plotted for the entire sample broad-based single
peaked sources, apart from VW Cha for which the P(10) line is presented because
the P(8) line is affected by a strong telluric feature at the time of observation. The
lines have been continuum subtracted and normalized. The asymmetry of the VV
CrA A line is caused by line blending by the CO v = 3 —2 R(5) line. This line
overlap adds intensity on the blue side of the 2CO P(8) line.

2.3.4 Model line profile parameters

To derive the maximum line profile parameter consistent with a standard Keplerian
model with a power-law temperature profile, a grid of Keplerian line profiles was
constructed. Three parameters in the model were set to fixed values that give
strongly peaked line profiles; Tp = 1100 K, @ = 0.30 and AVpoq = 3 km s™'. The
following parameters were varied between M, = 0.5 — 1.0 Mg, i = 10 — 80°, Ry =
0.04 — 1.0 AU and Ry = 5 — 100 AU and the Pio- value was calculated for each
produced line profile. An overview of the Pjg-values versus inclination is shown
in Fig. 2.9. It is found that a typical standard Keplerian model with a power-
law temperature profile can achieve a maximum Pjg-value of about 6, with the
highest values found at low inclination. This conclusion is unchanged if AVj,oq is
increased to values as large as ~10 km s~'. The upper limit of Pjy = 6 that the
Keplerian model can reproduce is presented as a red line in Fig. 2.7. Figure 2.9
also indicates that the inclination of the source, invoked to explain the different
widths of Herbig Ae disk profiles (Blake & Boogert 2004), should not affect the
value of Pyq significantly except at very low inclinations, since it enters both AVjq
and AVQ().

Note that the Keplerian models always require a low inclination angle of 20° —
30° to obtain high values of the line profile parameter Pjg, regardless of whether
or not a large turbulent broadening is included. If inclination angles within 5°
of the range i = 20 — 30° are considered necessary for the broad single peaked
line profiles, then 6 + 3 sources of the total sample of 50 T Tauri stars would
have broad, single-peaked line profiles, which is consistent with our subsample
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Figure 2.9 Line profile parameter Py versus inclination for a large model grid of
standard Keplerian models with a power-law temperature profile. Note that Pq
does not become larger than 6 and shows no trend with inclination for i > 20°.

of 8 sources. Millimeter interferometry data for AS 205 A and DR Tau yield
inclinations of 25° and 37+ 3°, respectively (Andrews 2008, Andrews et al. 2009,
Isella et al. 2009), which are roughly consistent with the model requirements.

2.3.5  Pjp-value versus the line-to-continuum ratio and
source selection

The broad-based single peaked sources are also noteworthy for having high line-
to-continuum (L/C) ratios in many lines, including the resolved CO ro-vibrational
lines discussed here and H,O lines in Salyk et al. (2008). Here, the L/C-ratio is
defined as the ratio between the peak line flux relative to the continuum flux. The
L/C ratios of the '>?CO lines have been plotted against the Pj-values in Fig. 2.10.
Typical uncertainties of the line-to-continuum ratio are +0.1. Seven of the sources
stand out clearly with high line profile parameters and high line-to-continuum
ratios. Figure 2.10 is used to set the criteria (P9 > 6 and L/C > 1.6) for the
selection of the broad-based single peaked line profiles (category C). The lower
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Figure 2.10 The line to continuum ratio relative to the line profile parameter Pyg.
Each type of line profile is given by a specific symbol. Data points without a
symbol do not have a clearly defined line profile. The broad single peaked sample
includes sources with either a line/continuum ratio > 1.6 (blue line) and Pjp > 6
(red line) or solely Pyo > 10.

limit for the Pjp-value (Pyy > 6) for the sample is set to match the maximum line
profile parameter for a line that the standard Keplerian model with a power-law
temperature profile can produce (§3.4). The line-to-continuum constraint of L/C
> 1.6 is rather arbitrary, based on the observation that the majority of the sources
have a lower value. Two other sources, EX Lup and VV CrA A, have L/C ratios less
than 1.6 but have such a high line profile parameter (>10) that they are considered
to belong to the category C profile sample. However, EX Lup is a variable source
that underwent an outburst in 2008. The variation of the CO line profiles from
EX Lup during and after the outburst are discussed in Goto et al. (subm.). DoAr
44 and DoAr24E A are borderline cases and are not included here because their
profiles are contaminated by absorption, limiting the analysis. HD135344B is also
excluded from the sample due to the combination of having both a low L/C ratio
and a Pjg-value close to 6. In addition HD135344B is a well-known face-on disk
whose profile has been well fitted with a Keplerian model (Pontoppidan et al.
2008, Brown et al. 2009, Grady et al. 2009). Line profiles emitted by disks with
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Table 2.4 List of CO isotopologues and the >?COv=2-1,v=3-2and v=4-3
lines.

Source® ?CO BCO COv=2-1 COv=3-2 COv=4-3 CPBO
AS 205 A X b'd X X X X
DR Tau X X X X X X
RU Lup b'q X b'q X - -
SCrA A X, a X X X X X
SCrA B X, a X X X - -
VV CrA A X, a X, a X X X a
VW Cha X a X - - -
VZ Cha b'e - X X - -
2x = detection in emission, a = detection in absorption and - = no detection.

a low inclination angle can have a line profile parameter close to 6, as shown in
Fig. 2.9. These selection criteria yield in total 8 sources that are included in the
broad-based single peaked sample; these sources are marked with red triangles in
Fig. 2.10.

2.4 Characteristics for the sources with broad single peaked
lines

In §3, we showed that our selected sources with broad single peaked line profiles
(category C) cannot be reproduced well with a standard Keplerian model with a
power-law temperature profile. In the following sections, we analyze the observa-
tional characteristics of the emission to obtain further constraints on the origin.

2.4.1 Line profiles of CO isotopologues and the v=2-1
CO lines

Table 2.4 summarizes the lines seen in the spectra of the broad single peaked
sources, including if they are detected in absorption, emission or both. In the
richest spectrum, that of AS 205 A, lines of *CO, C80,COv=1-0,v=2-1,
v=3-2and v=4-3 are all detected. All of the sources, besides VZ Cha, have
detections of 3CO. Four sources have a C'80O detection in emission. In addition
every source in the sample has detections of CO v =2 — 1, 7 of 8 sources of CO
v =3-2 and 4 of 8 sources of CO v=4-3.

Fig. 2.11 compares the stacked, normalized and continuum-subtracted line pro-
files for B*COv=1-0,"2COv=1-0,"2COv=2-1and ?COv=3-2. All of
the isotopologues and the higher ro-vibrational transitions also show a broad-based
single peaked line profile. However, the profiles of the >CO and *CO v =1-0
lines match exactly for only one source, AS 205 A. For the other sources, DR Tau,
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Figure 2.11 3CO (red), CO v =2 -1 (green) and v = 3 — 2 (blue) line are plotted
on top of the CO v = 1 -0 lines (black) for the broad-based single peaked CO
emitting sample of T Tauri stars. Dashed lines indicate that the line profile is
constructed by stacked lines that all are to some degree affected by line overlap.
All profles have been normalized to a peak flux of unity.

RU Lup, and S CrA A, the 3CO lines are narrower than the >?CO v = 1 -0 lines.
The width of the CO v = 1-0 lines at 10% of their height (see Table 2.6) are in
general narrower than the CO v =2-1 and v = 3 -2 lines by about 60-80% which
can be seen in Fig. 2.11. Najita et al. (2003) also found a similar trend of broader
higher vibrational lines in their data. The difference in width between the lower
and higher vibrational lines in our sample may reflect a physical difference in the
location of the emitting gas. The high fraction of CO v =2-1 and 3 -2 detections
in our sample of broad-based single peaked line sources is consistent with the
Najita et al. (2003) sample, where 9 of their 12 CO sources have detections of
v =2 —1 emission and 3 out of 12 sources have v = 3 — 2 detections. However it is
difficult to categorize their line profiles due to the lower spectral resolution.

Two component fits

The line profiles shown in Fig. 2.8 are generally not well fit by a single Gaussian
profile. A good example of this is the CO emission line profiles of S CrA B,
which clearly consist of two components. An interesting aspect is that the narrow
component stands out very prominently in the low J-transitions but progressively
decreases in intensity with higher J-transitions relative to the broad component
(Fig. 2.12). The simplest explanation is that the components arise from different
locations where the narrow component has a lower rotational temperature than
the broad component. This is not as clearly seen for the other 7 sources in the
sample. However, Najita et al. (2003) see a similar phenomenon in the broad-based
single peaked source GW Ori.

The line profiles from S CrA A and GW Ori support a hypothesis in which
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Figure 2.12 Left: The higher J-transition '2CO P(32) (green) is plotted on top
of the lower J-transition 2?CO P(8) (black) for S CrA B. The narrow component
of the 12CO P(8) line decreases with increasing excitation. Right: Two Gaussian
fitted lines (in red and blue) to the CO v = 1 -0 P(7) line of DR Tau (black). The
green line represents the sum of the two Gaussian fits.

two physical components combine to form broad centrally peaked line profiles.
We therefore fit the line profiles of all sources with two Gaussians to investigate
the possibility that the broad-based centrally peaked line profiles consist of two
physical components. In the fits, all 6 Gaussian parameters (the two widths,
amplitudes and central wavelengths) are left free. For example, Fig. 2.12 shows
that the CO v =1-0 P(7) line from DR Tau is well-fit with two Gaussian profiles,
one narrow and one broad.

Two Gaussian profiles are needed for 7 of the 8 broad-based single peaked
sources to find an optimal fit to their line profiles. The resulting FWHMpg,
FWHMy, V(CO) and Vy(CO) are presented in Table 2.5. These results show
that the broad-based single peaked line profiles (category C) can be fitted using a
narrow component with a FWHM varying between ~ 10 - 26 km s™! and a broad
component with FWHM of ~ 40 - 100 km s~'. The central velocities of the two
components are generally the same within the errors. Only the line profile of VZ
Cha was adequately fit with a single Gaussian.

The results presented in Table 2.5 are based on fits to the CO v = 1 -0
lines that are chosen to be as uncontaminated from line overlap as possible. The
uncertainties in Table 2.5 are the standard deviations of the fit parameters of
individually fitted lines. The spread within a parameter for a given source is
caused by uncertainties in the Gaussian fits, by overlapping weaker lines that may
affect the width and position of the broad component, by errors of around ~1.0 km
s7! in the wavelength calibration (which can vary between different detectors, see §
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Table 2.5 The FWHM of the broad and narrow components and their average
heliocentric velocities Vg(CO) and Vy(CO) relative to literature values of the he-
liocentric velocities for the stars V,,(star).

Source FWHMp FWHMy  Vp(CO) Vn(CO) Vi (star) Ref.?
km s7! km s7! km s~/ km s7! km s7!
AS 205 A 61.3 (16.3) 14.8 (1.7) -4.4 (48) -6.2(0.3) -9.4(1.5) 1
DR Tau 39.8 (6.3) 13.1 (0.9) 26.9 (1.3) 244 (0.7) 27.6 (2.0) 3
RU Lup 96.8 (11.0) 24.0 (3.9) 0.4 (7.0) -3.9(1.1) -09(1.2) 1
S CrA A 50.2 (6.7) 10.7 (1.2) -9.2(1.4) -5.0 (0.7) 0.9 (0.9) 2
S CrA B 97.6 (17.7) 12.3 (0.5) -4.7 (3.5) -3.5 (0.3) 0.9 (0.9)® 2
VV CrA A® - 19.3 (2.0) - 0.9 (0.2) - -
VW Cha 70.6 (3.1)  26.6 (2.2) 15.4 (1.4) 15.1(1.9) 17.2(2.0) 2
VZ Chad 45.1 (2.6) - 19.1 (1.7) - 16.3 (0.6) 2

aReferences. - (1) Melo (2003); (2) Guenther et al. (2007) and (3) Ardila et al. (2002).
PTaken to be the same as S CrA A since in the literature only a value for S CrA is given
°Broad component could not be determined due to large amount of line overlap.

d0ptimal fits with one Gaussian curve, results presented in the broad component columns.

Table 2.6 The averaged line profile parameter Py for high and low J-transitions
for the sample of sources with single peaked CO v = 1 — 0 emission lines. AV is
the averaged width of the line at 10% of its height.

Pio

Source (low J) (high J) AVip [km s71]
AS205 A 115 (05)% - 62.8 (3.9)
DR Tau 7.7 (0.8) 6.6 (0.6)  40.2 (1.0)
RU Lup  15.1 (3.5)  10.5 (2.3) 109 (11.1)
SCrA A 134 (25) 7.9(0.2)  56.9 (3.4)
SCrA B 188(2.3) 125 (1.0)  102.6 (6.9)
VW Cha 8.1 (0.5)  84(0.3) 115.0 (7.0)
VZ Cha  7.7(0.6)  7.7(0.9)  79.2 (2.4)

2Value in parentheses indicates the spread in Pg for different J. Low-J includes selected lines
up to P(14). High-J includes lines from P(22) to P(32).
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2.4 Characteristics for the sources with broad single peaked lines
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Figure 2.13 Comparison of the lower J and higher J profiles. The red line represents
the stacked higher J-transitions (J = P(22)-P(32)) and the black line the lower
J-transitions (up to J = P(14)) of v = 1-0 CO. The baseline for the higher stacked
J-transitions for AS 205 A and VV CrA A (dashed red) is not straight because of
line overlap and blend. All profiles have been normalized to a peak flux of unity.

2.2.1), and degeneracies of the fits between the broad and the narrow component.
The large amount of line overlap in VV CrA A makes measurements of the broad
component highly unreliable so the fits are not presented here.

Table 2.6 and Fig. 2.13 show that the relative width of the peak and base as
represented in Py is approximately constant with increasing J for most of the
selected category C sources, with the exceptions of S CrA A and B. For these two
sources the Pjo-value decreases with increasing J (Table 2.6) and the line profiles
become dominated by the broad wings at the higher J-transitions, see Fig. 2.12.
AS 205 A and VV CrA A are excluded in the calculations of the line profile
parameter because of their large amount of overlapping lines that cause difficulties
in reliably measuring the 10% and 90% line widths (for AS 205 A, just in the
higher J-transitions, see Fig. 2.13). The lack of variation in Py towards higher
J-transitions for all sources besides S CrA A and B, combined with the absence of
a velocity shift, suggest that the broad and narrow components may be formed in
related physical regions.

Central velocities

The central velocities of the CO gas and stellar photosphere are compared to look
for differences indicative of a wind or outflow, which could explain the narrow
low velocity peak. The stellar radial velocities in Table 2.5 are taken from liter-
ature measurements of photospheric optical absorption lines. The photospheric
absorption lines for our sample of sources are generally heavily veiled by contin-
uum emission related to accretion, leading to uncertainties in the stellar velocity
measurements of the order of 1-2 km s7!.
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Figure 2.14 Velocity shifts Vg - Viar as functions of V. The gas velocity refers
to the central velocity of the narrow component of the CO v =1 -0 lines.

The differences between the molecular gas radial velocity of the narrow com-
ponent and the stellar radial velocity are small with shifts of |Vco - Vil < 5 km
s7!, see Fig. 2.14. The shifts are more commonly seen towards the blue rather
than the red, indicating that the CO gas is moving towards us relative to the star.
However, the velocity shifts are only 1- 20- and may not be significant.

The small velocity differences rule out an origin of the lines in a fast moving
disk wind or outflow. However it is still possible that the lines are emitted by gas
in a slow disk wind. Najita et al. (2003) also do not see any significant velocity
shifts between the radial velocity of the star and the gas within their few km s

uncertainties.

2.4.2 Excitation temperatures

Rotational temperatures

The extracted fluxes of the ?CO v = 1 — 0 and *CO lines are used to produce
excitation diagrams and thus calculate the gas rotational temperatures. This
calculation is done by using the Boltzmann distribution, which assumes that the
excitation in the gas can be characterized by a single excitation temperature and
that the emission is optically thin;

N; N, __Ei
e Mo (2.1)

8i O/ (Tror)
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Table 2.7 Rotational temperatures Ty derived from the '*CO lines, together with
the vibrational temperatures Typ.

Source Trot [K] Tyib K]
AS 205 A 550 = 40 1740 + 150
DR Tau 510 + 40 1680 + 140
RU Lup 360 + 20 -

S CrA A 420 + 30 1730 + 140

and where the column density N; of the upper level i is described by,

_ 471'Fi
B QAijhv

N, (2.2)

where the solid angle Q = Dem/d2 includes the emitting area D, and the
distance d to the object. The other quantities are the Einstein coefficient A;;
[s7!], the frequency v [em™!] and the measured line flux F; [W m~2], the statistical
weight g; of the upper level, the total column density N, for vibrational level v, the
excitation temperature Tex and the rotational partition function Q,(Tex). Plotting
the upper energy levels E; against {n(F;/A;;vg;) will give the rotational temperature

Tt by measuring the slope of the fitted line given by -1/Tyy.
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Figure 2.15 Rotational diagrams for T-Tauri stars AS 205 A, DR Tau, RU Lup
and S CrA A. Blue stars represent '*CO lines and green squares C'30 lines.

The rotation diagrams for the '>CO lines are not linear, which suggests that
the lines are optically thick. In addition, UV-pumping can cause non-linearity
between the different transitions (Krotkov et al. 1980). To overcome this problem,
rotational temperatures have been estimated using only the *CO emission lines
for the 4 sources, AS 205 A, DR Tau, RU Lup and S CrA A, for which sufficiently
high S/N emission lines are detected, see Fig. 2.15 and Table 2.7. The relative
error of the line fluxes is taken to be 15% based on the noise in the spectra and
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uncertainties in the baseline fits. Only lines with J, >1 are taken into account in
the fit.

While *CO is significantly less abundant than '>CO, *CO lines may also be
optically thick. '3CO lines with 7 ~1 have, for example, been seen in the disk
around Herbig star AB Aur by Blake & Boogert (2004). The inferred rotation
temperatures of the 4 sources span 300-600 K, which is lower than 1100-1300 K
found for the T Tauri sample of Najita et al. (2003) but within the temperature
interval of 250-800 K given in Salyk et al. (2009). The discrepancy with Najita et
al. (2003) may arise from differences in methodology. Najita et al. (2003) fit 2CO
data covering lines with upper energies levels of up to 10* K, which they assume to
be optically thin. They performed a linear fitting based on this assumption, but
curvature in their rotation diagrams indicates that their '>?CO lines are likely also
optically thick, leading to uncertainties in their extracted temperatures. Another
explanation for the temperature difference may be the lack of higher J-transitions
in our data set. However, AS 205 A includes *CO transitions up to E; = 4400
K, and still has a lower temperature of 550 + 40 K. The temperature estimates
by Salyk et al. (2009) based on 2CO should be more reliable since they took
optical depth effects into account. In addition, a rotational temperature of 770
+ 140 K has been estimated for DR Tau using the C'80 lines, which is close to
the temperature of 510 + 40 K given by the *CO lines (Fig. 2.15). If the two
highest-J '3CO lines are excluded from the fit, the 3CO rotational temperature
increases to 610 + 70 K, which is consistent with the C'30 temperature within the
error bars. These two high-J '3*CO lines are very weak and their fluxes may have
been underestimated.

We determine the *CO/C"0 ratio for DR Tau to examine whether the *CO
emission is indeed optically thin. The ratio is calculated by comparing the fluxes in
the R(5) and P(16) lines for *CO with the R(5) and P(17) lines for C'80, chosen
because they are not blended and have similar J. This gives *CO/C80 = 6.3
+ 1.0 which is close to the overall abundance ratio of *CO/C!80 = 8.5 observed
in the solar neighborhood (Wilson & Rood 1994). The optical depth of *CO is
estimated to be 7 = 0.3 £ 0.2. Inferred column densities and emitting areas will
be presented in Brown et al. (in prep.), based on combined fits to the '?CO and
3CO lines.

Vibrational temperatures

Vibrational temperatures are determined for the three sources, AS 205 A, DR
Tau and S CrA A, for which high S/N '2CO data exist for several vibrational
transitions (see Fig. 2.16). The vibrational temperatures are calculated using the
same relation between the flux of the lines and the upper energy levels as presented
in equations 2.1 and 2.2. The assumption made here is that every vibrational
level has the same rotational temperature. The only difference is that ¢n(F;/A;;v)
instead of ¢n(F;/A;jvg;), is plotted vs the upper energy levels E; to extract the
vibrational temperature Ty;, since the statistical weights of the vibrational levels
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Figure 2.16 Vibrational diagrams for AS 205 A, DR Tau and S CrA A. Triangles
represents upper limits.

are the same. One clear line, close in J-level and without strong line overlap, is
chosen per ro-vibrational level (CO v =1-0, v =2 -1 etc.) to extract the line
fluxes.

The inferred vibrational temperatures are 1740 + 150 K for AS 205 A, 1680 +
140 K for DR Tau and 1730 + 140 K for S CrA A. The same fits have been done
without including the '*CO v = 1 - 0 lines since the lines within this band can be
more optically thick than those for the higher vibrational transitions. However,
excluding the ?CO v = 1 - 0 lines does not significantly change the results within
the uncertainties. The upper limits of the v = 5—4 flux have been estimated using
F = 1.065 Ipear AV, where the AV is taken to be the same as that of a CO v =3-2
line and the amplitude I,.x = 307/ bin'? where the parameter bin is the number
of pixels within AV and o is the rms of a clean part of the spectrum where the
line of interest is expected. The detection level is set to 30

The vibrational temperatures of ~1700 K are in general higher than the ro-
tational temperatures derived from the '3CO lines of 300-600 K. The inferred
temperatures can be compared to Brittain et al. (2007) who find a lower rota-
tional excitation temperature of ~200 K compared with a vibrational temperature
of 5600 + 800 K for the disk around the Herbig Ae star HD 141569. Similarly, van
der Plas et al. (subm.) detect lower rotational temperatures of ~1000 K relative
to vibrational values of ~6000 — 9000 K for three other Herbig Ae/Be stars. Both
papers interpret the higher vibrational temperatures as caused by UV-pumping
into the higher vibrational levels.

The results presented here indicate that UV-pumping may also be an important
process for populating the higher vibrational levels in disks around T Tauri stars,
especially for the broad-based single peaked sources. The rotation/vibration tem-
perature differences in Brittain et al. (2007) and van der Plas et al. (subm.) are,
however, much larger than those derived here. This may be due to the stronger
UV fields from Herbig Ae/Be stars than T Tauri stars in the wavelength range
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Table 2.8 The upper limit on the projected radial extent ARy, of the line emission,
together with AR;,s;.

Source ARinsiy® [AU] ARy [AU]
AS 205 A 15.1 £ 0.1 <2.1
DR Tau 14.5 £ 0.1 <1.7
RU Lup 17.9 + 0.2 <2.5

S CrA A 15.9 + 0.2 <2.0

S CrA BP - -

VV CrA A 16.6 + 0.5 -
VW Cha 23.4 + 2.3 <10.4
VZ Cha 20.7 + 1.0 <6.3

2See text for definition
bContamination by companion star.

where CO is UV-pumped.

Additional UV flux above the stellar photosphere can be produced by accre-
tion (Valenti et al. 2000). Table 2.3 includes accretion luminosities taken from the
literature for our T Tauri stars. These accretion luminosities are based on mea-
surements of the hydrogen continua or Ha line emission from the sources. The
average accretion luminosity for those broad-based single peaked lines for which
accretion luminosities have been measured, is 0.5 Lg. This value is higher than
the average accretion luminosity of 0.1 Ly which is calculated for the rest of the
sample of disks that are shown in Table 2.3. The strong Pfund-g lines observed
in our data provide an additional confirmation of ongoing strong accretion (see
Fig. 2.2). Higher accretion rates lead to higher UV fluxes, which, in turn, increase
the UV pumping rate of CO into higher vibrational states. Quantitative estimates
of the effect have been made by Brown et al. (in prep.) using the actual observed
UV spectra for stars with spectral types A—K in an UV excitation model. Even
if the enhanced UV from accretion for the T Tauri stars is included, however,
the resulting vibrational excitation temperatures for a K-type star with additional
UV due to accretion are still lower than those using an A-star spectrum. For the
v = 1 — 0 emission, the question remains how much UV-fluorescence contributes
relative to thermal excitation.

2.4.3 Lack of extended emission

Information about the spatial extent of the CO emission from broad-based single
peaked sources is an important ingredient for constraining models of their origin.
The variance or formal second moment u;, of the spectral trace is calculated at each
wavelength from the 2-dimensional spectrum, according to the following equation.

wy = X(x; — C)* x Fi/<F; (2.3)



2.4 Characteristics for the sources with broad single peaked lines
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Figure 2.17 Top: The spectral line CO v =1 -0 P(8) for AS 205. Bottom: The
FWHM of the spatial profile of the above spectrum at each individual wavelength
point. No increase in FWHM is seen at the position of the line.

where x; is the spatial position, F; is the flux at that point and C is the centroid
position computed from C = Xx; X F;/ZF;.

For continuum emission, the average value of the second moment reflects the
spatial resolution provided by the AO system, assuming that the continuum is not
spatially extended. If the line emission is spatially extented, the values of u, will
be larger than the noise in the continuum u, signal at wavelengths where the line
emits. There is no significant detection of extended line emission for any of our
sources, see Fig. 2.17 and Fig. 2.18. An upper limit on the radial extent of the line
emission, AR}, is therefore calculated using the formula ARji.> < (ARjpgr + 0 ar)?
—ARips”, where ARian is equal to the mean of u;/2 of the continuum and oag
is the standard deviation of (u2/2)!/2. The values listed in Table 2.8 include an
additional correction factor (1 + C/L), where C/L is the continuum/line flux ratio,
because the total centroid is diluted by the continuum flux. These results show
that most of the projected CO emission must originate from within a few AU
for AS 205 A, DR Tau, RU Lup and S CrA A. S CrA B and VV CrA A (not
shown) have a feature close to the central velocity of the line, however this can
be explained by contamination from the companion star. The small feature seen
for S CrA A may be a detection of extended line emission. VW Cha and VZ
Cha have higher upper limits of the projected radial line extent of 10.4 and 6.3
AU respectively which is caused by a higher noise in the second moment of the
continuum emission.

Since the position angle of the slit is arbitrary with respect to that of the disks
in our observations, an additional check on the lack of radial extended emission is
provided by the different spatial line profiles of the stacked CO v =1 — 0 lines of
AS 205 A, DR Tau and S CrA A taken at 3 different rotational angles. All three
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Figure 2.18 The stacked square root of the formal second moment (u)'/? of the
spectral trace for the >CO emission lines. About 5-10 clean lines for each source
were used for stacking. The square root of the second moment (u)'/? is multiplied
with * = 0.2 for sources with a larger uncertainty in the second moment. The
vertical shift for respective source is: AS 205 A = 0 AU, DR Tau = -3.4 AU, RU
Lup =-7.0 AU, S CrA A = -7.2 AU. For VW Cha and VZ Cha the shifts are 5.5
and 3.7 AU after multiplication with 0.2.

show exactly the same profile. This means that the CO emission originates from
within a few AU at many different angles around the sources.

2.5  Discussion

Three possibilities for the origin of broad-based single peaked profiles are discussed
below: a Keplerian rotating disk, a disk wind or a funnel flow.
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Figure 2.19 The second moment of the modeled spatial line profile for AS 205 (10
AU = 0708 at a distance of 125 pc). The model in the left plot includes extended
emission out to 30 AU and AVyeq=3 km s~'. The model in the right plot includes
emission out to 10 AU and an increased AVipoq=7 km s™!' (see Fig. 2.5). Error
bars represent the 30~ noise limit for AS 205 A in Fig. 2.18. Both models use the
observed position angle of 115° which is 50° off from the position angle of 165° of
the AS 205 A disk (Andrews et al. 2009).

2.5.1 Rotating disk

The results presented in §2.3.2 show that broad-based single peaked lines (category
C) cannot be reproduced using a Keplerian model with a power-law temperature
profile. Increasing the local line broadening parameter AVpog to ~8 km s~! removes
the double peak, but a larger local line broadening is not sufficient to give a good fit
between the disk model and the data. Asseen in § 2.3.2 a Keplerian disk model can
fit the data by solving for a temperature structure. The best fits have a plausible
temperature structure but require extended emission, possibly in combination with
an increase in the local broadening parameter.

The results of § 2.4.3 show that the bulk of the emission comes from within
a few AU which means that a Keplerian model with a non-standard temperature
profile including extended emission out to 30 AU cannot explain the broad-based
single peaked line profiles. Even the model with enhanced turbulence and emission
out to 10 AU becomes marginal, as illustrated by the expected second moments in
these non-standard cases (Fig. 2.19). The vertical error bars in Fig. 2.19 represent
the 30 noise limit in AU for AS 205 A. Similar results hold for most of the other
sources, although the Keplerian models with a non-standard temperature profile
including an enhanced turbulence cannot be fully ruled out for sources like VW
Cha and VZ Cha, for which the limits on the spatial extent are larger.

Carr et al. (2004) invoked a larger local line broadening of 7-15 km s~! in their
disk models to obtain a better fit to CO v = 2 — 0 band head profiles observed
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toward various young stellar objects. As discussed in their paper, such values are
much larger than the sound speed of a few km s~! in the inner disk, whereas models
of turbulence in disks typically give velocities that are less than the sound speed
(e.g., Klahr & Bodenheimer 2006). In addition, these turbulent values are much
higher than those inferred from observations of gas in the outer disk (Qi et al.
2006, Hughes et al. 2009), although the turbulence in a warm surface layer near
the star may differ from that in the outer regions. A more extended discussion of
turbulence in inner disks is given in Carr et al. (2004). Even though we cannot fully
exclude an increased level of turbulence for some of our sources, this is unlikely
to be the sole explanation for the broad-based single peaked line profiles observed
here.

In summary, the above discussion shows that a pure Keplerian disk model
does not fit the data. However, the estimated rotational temperatures of 300 to
800 K for the broad centrally peaked sources are consistent with the temperature
expected for the inner parts of a disk. The symmetry of the lines and the small
radial velocity shift between the gas and the star (a maximum of ~5 km s7!) are
additional indications that the emission may originate in a disk. Therefore, it is
likely that at least part of the emission originates from the disk but some additional
process must contribute to these line profiles as well.

2.5.2 Disk wind

Thermally launched winds

Strong outflows are excluded due to the small velocity shifts of the molecular
gas relative to the central star. Thermally launched winds are driven by irradia-
tion of either FUV (far-ultraviolet), EUV (extreme ultraviolet), or X-ray photons
(Alexander 2008, Gorti & Hollenbach 2009, Ercolano & Owen subm.). Irradiation
of the upper layers of the disk heats the gas to such high temperatures that the
thermal energy exceeds the gravitational potential, leading to a flow off the disk
surface. The launching radius is roughly given by R, = GM,/ Vgrb, where Vg, is
the orbital speed of the gas. The wind retains the Keplerian rotational velocity of
the launch radius.

If the disk is illuminated by EUV radiation, an HII region forms in the upper
layer of the disk atmosphere. The ionized gas reaches a temperature of 10* K,
which corresponds to V ~10 km s™'. For a 1 M, star, the launching radius is
then R,~ 5 —10 AU, and the wind is launched with a velocity of ~ 5 — 10 km s7!
(Alexander 2008). This small velocity shift is consistent with the small velocity
shifts we see in the CO gas emission relative to the stellar radial velocity. However,
an EUV-driven wind consists mostly of ionized gas, so that CO may be photodis-
sociated. Detailed models of the CO chemistry are needed to test whether enough
CO can survive in such a wind to produce the observed CO line profiles.

In the X-ray and FUV photoevaporation models of Gorti & Hollenbach (2009),
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the evaporating gas is cooler than the EUV-irradiated gas. The expected launching
radii of 10-50 AU for X-ray photoevaporation and >50 AU for FUV photoevapora-
tion are inconsistent with the lack of spatially-extended emission in our CO spec-
tra. However, in models of photoevaporation by soft X-ray emission by Ercolano
& Owen (subm.), the launching radius is closer to the star. Ercolano & Owen
(subm.) calculate profiles for atomic and ionized species within this model and
predict symmetric, broad-based, single-peaked line profiles with small blueshifts
of 0-5 km s7!.

As for the EUV models, a detailed CO chemistry needs to be coupled with the
wind model to test this scenario, but the fact that the wind is mostly neutral will
help in maintaining some CO in the flow.

In summary, EUV and soft-X-ray photoevaporation of the disk might produce
some CO emission at low velocities. More detailed studies of the CO chemistry
and velocity fields in the thermally-launched wind are needed to determine where
CO can survive in the wind and the resulting emission line profile.

Magnetically launched winds

Magnetic fields of Classical T Tauri stars exert torques that are thought to be
strong enough to launch powerful winds. Edwards et al. (2006) describe two types
of winds that are seen in absorption in the He 1 210830 line, one with velocities of
around 250 km s~ and another with lower speeds up to 50 km s~'. These velocity
shifts are also commonly observed in optical forbidden lines, such as [O T] 6300 A.
The high velocities are not consistent with the velocities seen in the broad-based
single peaked CO emission, making this scenario highly unlikely.

2.5.3  Funnel flow

Accretion from the disk onto the star is thought to occur in a funnel flow along
strong dipolar field lines (e.g., Hartmann et al. 1994, Bouvier et al. 2007, Yang
et al. 2007, Gregory et al. 2008). Najita et al. (2003) rule out the possibility
that the funnel flow could produce some CO emission because the temperatures
in the funnel flow are expected to be ~ 3000 — 6000 K (Martin 1997), higher than
the measured temperatures of the CO-emitting gas. Models of observed hydrogen
emission line profiles are consistent with these temperatures (Muzerolle et al. 2001,
Kurosawa et al. 2006). However, Bary et al. (2008) suggest that the relative
hydrogen emission line fluxes may also be consistent with cooler temperatures of
~ 1000 — 1500 K, and cooler temperatures may be present where the funnel flow
connects with the disk. Najita et al. (2003) show that a modeled CO emission line
profile from a funnel flow would have a double peaked line profile with no velocity
shift (see Fig. 10b in their paper), which disagrees with the presence of the narrow
emission peak seen in the line profiles discussed here. Thus, funnel flows are also
not likely to be the origin of the observed emission.
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2.6  Conclusions

Using CRIRES spectroscopy of CO (Av = 1) ro-vibrational emission lines around
4.7 ym from a sample of 50 T Tauri stars, we find that the line profiles can be
divided into three basic categories: A) narrow single peaked profiles, B) double
peaked profiles and C) single peaked profiles with a narrow peak (~ 10—20kms™!),
but broad wings, sometimes extending out to 100kms~'. The broad-based single
peaked line profiles are rather common, since they were detected in 8 sources in
a sample of about 50 T Tauri stars. These 8 sources have preferentially high
accretion rates, show detections of higher vibrational emission lines (up to v = 4)
and have CO lines with unusually-high line-to-continuum ratios relative to all other
sources within our sample. For at least one of the disks (S CrA B), the narrow
component decreases faster for higher J lines than the broad component, implying
that the narrow component is colder. Generally, however, the two component fits
give similar temperatures and central velocities.

The broad-based single peaked emission originates within a few AU of the
star with gas temperatures of ~300 — 800 K. The line profiles are symmetric and
the gas radial velocity is close to the stellar radial velocity. These characteristics
point toward an origin in a disk. However, unlike the CO profiles from other
objects that are double-peaked or have only one narrow peak, the broad-based
single peaked line profiles could not be well fit using a Keplerian model with a
power-law temperature profile. The fits are improved if a large turbulent width
of ~ 8 km s7! is invoked, but the overall profile fit is still poor. Models with an
unusual temperature distribution, perhaps with enhanced turbulence, provide a
much better fit to the line profiles but require emission out to larger distances than
observed. Thus, the hypothesis that this emission originates in a pure Keplerian
disk needs to be questioned and an additional physical component needs to be
considered.

Several other scenarios are also ruled out. FUV radiation-driven winds have a
launching radius of > 50 AU that is inconsistent with the lack of spatially-extended
emission in our data. Magneto-centrifrugal winds are observed to have blueshifts
of 50 — 250 km s~', which are inconsistent with the lack of a significant velocity
shift in the symmetric CO emission lines. A funnel flow is also unlikely because
emission near the inner rim of the disk should have a double-peaked line profile,
and because the temperatures in the funnel flow are expected to be higher than
the calculated CO rotational temperatures.

The most plausible explanation for the broad-based single-peaked line profiles
is therefore some combination of emission from the warm surface layers of the inner
disk, contributing to the broad component through Keplerian rotation, and a disk
wind, responsible for the narrow component. A thermally launched disk wind,
perhaps driven by EUV radiation or soft X-rays will have a small velocity shift
of AV of 0-10 km s~!, which is marginally consistent with the maximum detected
velocity shift of AV ~5 km s~!.
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2.6 Conclusions

More information, including independent estimates of inclination angles, de-
tailed models of CO chemistry and line profiles that originates in disk winds and
the inner regions of disks, and spectro-astrometry of emission from these sources,
is needed to distinguish the contributions from a disk (perhaps with enhanced
turbulence) and a disk wind. These line profiles will be further discussed by Pon-
toppidan, Blake & Smette (subm.) using a combined disk and slow molecular disk
wind model to analyze the spectro-astrometric data of these sources.
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First detection of near-infrared line
emission from organics in young
circumstellar disks!

We present an analysis of high-resolution spectroscopy of several bright T Tauri
stars using the VLT /CRIRES and Keck/NIRSPEC spectrographs, revealing the
first detections of emission from HCN and C,H, in circumstellar disks at near-
infrared wavelengths. Using advanced data reduction techniques we achieve a
dynamic range with respect to the disk continuum of ~ 500 at 3 um, revealing
multiple emission features of H,O, OH, HCN, and C,H,. We also present strin-
gent upper limits for two other molecules thought to be abundant in the inner
disk, CH4 and NHj. Line profiles for the different detected molecules are broad
but centrally peaked in most cases, even for disks with previously determined incli-
nations of greater than 20°, suggesting that the emission has both a Keplerian and
non-Keplerian component as observed previously for CO emission. We apply two
different modeling strategies to constrain the molecular abundances and tempera-
tures: we use a simplified single-temperature LTE slab model with a Gaussian line
profile to make line identifications and determine a best-fit temperature and ini-
tial abundance ratios, and we compare these values with constraints derived from
a detailed disk radiative transfer model assuming LTE excitation but utilizing a
realistic temperature and density structure. Abundance ratios from both sets of
models are consistent with each other and consistent with expected values from
theoretical chemical models, and analysis of the line shapes suggests the molecular

1Based on: A.M. Mandell, J.E. Bast, E.F. van Dishoeck, G.A. Blake, C. Salyk, M.J. Mumma,
and G. Villanueva, 2012, Ap.J., 747, 92
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3 First detection of near-infrared line emission from organics in young
circumstellar disks

emission originates from within a narrow region in the inner disk (R <1 AU). !

1Based partially on observations collected at the European Southern Observatory Very Large
Telescope under program ID 179.C-0151, program ID 283.C-5016, and program ID 082.C-0432
(PI: Pontoppidan).
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3.1 Introduction

3.1 Introduction

The chemical and thermal distribution of the warm gas in the inner regions of
protoplanetary disks provides important diagnostics related to the composition
of the material that formed into planets around nearby stars. With the recent
discovery of surprisingly large numbers of super-Earths (planets with masses of
1-10 MEgg,) within a few AU of their parent stars, significant questions have been
raised concerning their origin and composition (Borucki et al. 2011). Spectroscopy
of the atmospheres of a few such super-Earth and mini-Neptune planets show large
variations in composition from object to object (Madhusudhan & Seager 2011,
Désert et al. 2011), and it is clearly important to constrain the chemistry of the
gas in the inner regions of protoplanetary disks in order to better understand the
origin of the atmospheres and interiors of these planets.

With improved infrared instrumentation on ground- and space-based tele-
scopes, various molecules can now be observed in the warm irradiated surface
layers of disks, allowing us to determine their chemistry and dynamics. CO ro-
vibrational emission at 4.7 um has been extensively surveyed in both Herbig Ae
(HAe) and T Tauri stars (Brittain et al. 2003, Najita et al. 2003, Blake & Boogert
2004, Pontoppidan et al. 2008, Salyk et al. 2009, Pontoppidan et al. 2011, Bast et
al. 2011), H,O emission has been detected in both the overtone (Carr et al. 2004)
and fundamental bands (Salyk et al. 2008), and there have been early detections
of additional tracers such as warm H, (Bitner et al. 2007) and OH (Mandell et al.
2008, Fedele et al. 2011). Just in the last few years, there have been surprising
detections of absorption by C;H,, HCN and CO, in systems with unique viewing
geometries (Lahuis et al. 2006, Gibb et al. 2007), and high S/N data from Spitzer
are now revealing an extraordinarily rich mid-IR spectrum in emission containing
lines of water, OH and organics (Carr & Najita 2008, 2011, Pascucci et al. 2009,
Pontoppidan et al. 2010, Salyk et al. 2011). Overall, we are moving toward a com-
prehensive picture of the disk chemistry and temperature structure in the region
of the disk in which planets form; these results will aid in understanding processes
such as planetary migration, disk turbulence and the accretion of volatiles. How-
ever, to accurately constrain the physical structure and chemical balance among
different molecular species in different regions of the disk we must analyze a full
suite of molecular tracers, with transitions excited at both high and low tempera-
tures, using instruments with sufficient resolving power to constrain different line
shapes indicative of different Keplerian velocities (i.e., different source regions).

In this paper we present high-resolution (R = 25,000-95,000) L-band (3—4 pm)
observations of three bright T Tauri stars using the CRIRES instrument on the
Very Large Telescope and the NIRSPEC instrument on the Keck II telescope, with
the goal of further characterizing molecular emission from gas tracers that have
been detected with the IRS instrument on Spitzer (primarily HCN) and to search
for new species not covered by the Spitzer bandpass, specifically CH4. The latter
two molecules are observed to be significant components of interstellar ices (Oberg
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et al. 2008, Bottinelli et al. 2010) and of comets (Mumma & Charnley 2011), with
typical abundances of a few percent with respect to H,O. If incorporated unaltered
into icy planetesimals in the cold outer regions and subsequently transported in-
ward across the snow line, they become part of the gas in the planet-forming zones.
Observations of CHy are of particular interest because of the recent controversies
on the CH,4/CO abundance ratios in exoplanetary atmospheres (Madhusudhan et
al. 2011, Madhusudhan & Seager 2011).

The search for new molecules is best done toward sources which show high
fluxes of common molecules and high line-to-continuum ratios. The three stars
observed for this study have all been identified through their unusually bright CO
emission (Bast et al. 2011), and two of them (AS 205 A and DR Tau) have been
shown to have bright water emission at 3.0 um (Salyk et al. 2008). AS 205 A is a
Kb star within a triple system in the constellation of Ophiuchus. With an age of
0.5 Myr and a disk inner radius of 0.07 to 0.14 AU, the system is the archetype
of a young gas-rich accreting primordial disk (Andrews et al. 2009, Eisner et al.
2005). DR Tau is a K7 star, while RU Lup is a G5 star; these disks are less bright
at NIR wavelengths than AS 205 A but similar in their rich molecular emission
characteristics. We present a preliminary analysis of the detected molecular disk
tracers using several different molecular emission models, discuss our results in the
context of recent observations of mid-IR emission from the same objects as well as
theoretical models of disk chemistry, and describe future work required to improve
our constraints on the abundance and distribution of these molecular gas tracers
of the warm inner disk.

3.2 Observations and data reduction

Spectra were acquired over several observing epochs using the CRIRES instrument
on the VLT (1/Ad ~ 96,000) as part of our large program to study primordial
circumstellar disks (Pontoppidan et al. 2011b), and additional data were acquired
with the NIRSPEC instrument on Keck (1/A1 = 25,000). Comparison stars were
also observed as close in time and airmass to the science targets as possible; a full
list of targets is listed in Table 3.1. Both telescopes were nodded in an ABBA
sequence with a throw of 10 — 12 arcseconds between nods, with a 60-second
integration time per image (or combination of co-adds). The CRIRES observations
for DR Tau and RU Lup were taken using two different wavelength settings in order
to cover the gaps between the instrument detectors, while only a single setting was
used for AS 205 A; a single echelle and cross-disperser setting was used for the
NIRSPEC observations of DR Tau. In total, we analysed 48 CRIRES spectra and
28 NIRSPEC spectra of DR Tau, 32 CRIRES spectra of RU Lup, and 36 CRIRES
spectra of AS 205 A.
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3 First detection of near-infrared line emission from organics in young
circumstellar disks

We utilized custom data reduction algorithms, previously used to detect new
molecular emission features from warm gas in circumstellar disks (Mandell et al.
2008, Mandell et al. 2011) to extract and process spectra for each echelle order in
each ABBA set. We reduced the initial 2D spectral-spatial images to 1D spectra
after first correcting for the slope of the beam due to cross-dispersion and subtract-
ing A- and B-beam images to remove the contribution from telluric radiance. We
identified bad pixels and cosmic ray hits in each raw pixel column by comparing
the beam profile to an average beam profile for nearby columns, allowing us to
identify and replace single-pixel events without removing any enhancements due
to emission or absorption features.

AS 205 A
1'Od....,.........,.... ...,.........,.........,....b.rjgj.n.alb.at.a...u
05 5 ¥ I P
L HR LA & 0 I N S 1 S A ]
005 F A\, ,Science Star Residuals |
z 005F -
§ 005 F Calibration Star Residuals |
= - —
£ 005 1
<
Z o015t Sci. - Calib. Residuals |
0.05: :
"b‘b - hm ) | by -
0051 A H 1 Emission N
005F Sci. - Calib. , Baseline Removed |
R ISRV W NPy W STOPR N R S Aot
LU A T I PR B P S
3.00 301 3.02 3.03 3.04 3.05

Wavelength (microns)

Figure 3.1 Data for AS 205 A, with the original data plotted in the first panel and
subsequent residuals plotted below. The Science and Calibration Star Residuals
are produced by removing a best-fit atmospheric model for each star separately; the
two residuals are then differenced to produce the Science - Calibration Residuals.
A segmented baseline composed of several polynomial fits is then used to remove
broad features such as the H 1 emission line.

We corrected for changing airmass and telluric atmospheric conditions by fit-
ting the data with a terrestrial spectral transmittance model synthesized with the
LBLRTM atmospheric code (Clough et al. 2005) based on line parameters from
the HITRAN 2008 molecular database with updates from 2009 (Rothman et al.
2009). The telluric models were optimized to fit the observational data by varying
the abundances of the primary atmospheric constituents (H,O, CO,, CHy, O3, and
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3.3 Line identification and LTE slab modeling

N,O), with the resolving power of the model set by the width of the narrowest
telluric features. Atmospheric models were fitted for wavelength sub-sections of
each AB set, and the telluric model was subtracted from the stellar data to pro-
duce a first set of residuals. We performed the same telluric removal routine on
the comparison star, and the post-telluric residuals of the science and compari-
son stars were then differenced to remove remnant fringes and other instrumental
artifacts, as well as minor errors in the telluric model such as improper pressure
broadening and isotopic ratios. The residuals for all sections were then combined,
and the complete spectrum was then fit with a new segmented continuum model
to remove obvious broad emission features, most notably the H 1 emission line at
3.04 um. The new continuum baseline matched a polynomial fit to individual seg-
ments of the spectrum whose length was defined interactively (but not less than
100 pixels), allowing us to fit sections of the spectrum with a complex morphology.
The different steps of the reduction process are illustrated in Figure 3.1.

The reduction process yields spectra with S/N on the stellar continuum corre-
sponding to an rms noise only slightly larger (by 20%) than that expected from the
photon statistics, reaching ~ 500 for AS 205 A. These are the deepest disk spectra
obtained in this wavelength range with CRIRES to date. Data with remaining
bad pixels and other artifacts (such as several unidentified stellar features in the
comparison star for AS 205 A) were removed; the regions were 5 pixels or less,
and did not affect the processing or analysis of nearby pixels. Flux calibration was
performed by normalizing the observed continuum flux to the predicted flux based
on the K-band stellar magnitude (Cutri et al. 2003), which was then converted
to L-band magnitudes using colors from the literature (Glass & Penston 1974,
Hartigan et al. 1990, Appenzeller et al. 1983). The flux was further adjusted for a
wavelength-specific flux assuming a continuum blackbody temperature of 1500 K,
which is the standard temperature for the veiling continuum of T Tauri stars;
however, since the stellar magnitudes were converted to L-band magnitudes using
observed colors, this correction was relatively minor.

3.3 Line identification and LTE slab modeling

The final spectral residuals for each star revealing disk emission are shown in Fig-
ures 3.2 - 3.5. The data for AS 205 A and RU Lup cover the spectral region
between 2.995 um and 3.071 um, allowing us to search for multiple transitions of
HCN, H,0, OH, and C,;H;, and emission from the v; band of NH3;. The NIRSPEC
data for DR Tau cover the spectral region between 2.947 um and 2.987 um (span-
ning transitions of HCN, H,O and OH), while the CRIRES data for DR, Tau cover
the region between 3.333 um and 3.414 ym, allowing us to search for emission from
OH and the P branch of the 2v, band of CH4 (Table 3.1).

Initial identifications of emission features in the residual spectra were assigned
using data from the HITRAN 2008 molecular database with updates from 2009
(Rothman et al. 2009). We conclusively detect emission from H,O, OH, and HCN
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Table 3.2 Line Intensities for Selected Molecular Features

Source Molecule  Ayes(um) Transition® Intensity (W /cm?)
AS205 A HCN 3.00155  (vi +va +v3)-(v2+3), R13 e 2.1x10722
3.00158 v, R6 4.7x10722
H,0 3.02066 (100)6s; - (000)762 1.4x10722
3.02067 (100)651 - (000)7¢; 4.3x107%
OH 2.99995 X1y, (1-0), P5.5 f 1.2x1072!
3.00022 X2, (1-0), P5.5 e 1.2x1072!
CyH, 2.99800 V2 + vy +vs, R23e 1.4x10722
2.99801 vz, R17 e 1.4x10722
RU Lup HCN 3.00155  (vi +va+v3)-(v2+v3), R13 e 1.5x107%2
3.00158 v, R6 3.4x10722
H,O 3.02066 (100)65; - (000)7¢2 6.7x10723
3.02067 (100)65; - (000)76) 2.1x107%
OH 2.99995 X1y, (1-0), P5.5 f 2.5x1072!
3.00022 X, (1-0), P5.5 e 2.5x10721
CyH, 2.99800 V2 +vs+vs, R23 e 1.5x10722
2.99801 vz, R17 e 1.3x10722
DR Tau HCN 2.97525 vi, R17 1.4x10722
2.97528 (vi +2m)-(2n2), R 33 4.1x107%
H,0 2.95642 (001)1266 - (000)13¢7 1.4x10722
OoH 2.96043 X1y, (1-0), P4.5 e 3.1x107%
2.96026 X1y, (1-0), P4.5 £ 3.1x107%
CHy4 3.38053 v3, P6 (F2-F1) <6.0x 1072
3.38040 v3, P6 (F1-F2) <6.0x 1072

#Multiple transitions are listed if a single molecular feature is an unresolved blend or a doublet

in the spectra of all three stars, with multiple strong features of each molecule
detected. We also detect several low-amplitude features due to C,H; in AS 205 A;
there is one clean feature at 3.0137 um and several blended features (2.9981 um,
3.0021 um, 3.0177um) that require C,H, for a decent fit. Part of the blend at
2.9981 um in the RU Lup spectrum may also be due to C,H;, but no other fea-
tures are detectable. We can place an upper limit on CH4 emission from DR Tau
based on the CRIRES data; even though a weak feature is visible at 3.381 um, no
corresponding lines are present at 3.393 yum and 3.405um that could be ascribed
convincingly to CHy. We also place upper limits on the presence of NH3 emission
from AS 205 A and RU Lup. The contribution of NH3 at 2.9995 um and 3.0015 um
improves the model fit, but there are several other locations where the fit is de-
graded (see Figure 3.6). A list of selected lines for each molecule and the derived
intensities for each star are listed in Table 3.2.



3.3 Line identification and LTE slab modeling
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Figure 3.2 VLT-CRIRES data for AS 205 A overplotted with model spectra of
LTE molecular emission from a simple slab model convolved with a Gaussian line
shape.
from C,H, are also detected but the lines are weaker and blending with other
features makes the detection less secure.

Emission from H,O, OH, and HCN is clearly detected; emission features
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Figure 3.3 VLT-CRIRES data for RU Lup overplotted with model spectra from
an LTE slab model. Emission from H,O, OH, and HCN is present, but emission
features from C,H, are less secure than for AS 205 A.
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3.3 Line identification and LTE slab modeling
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Figure 3.4 VLT-CRIRES data for DR Tau overplotted with model spectra for OH
and CHy from an LTE slab model. Several high-J OH lines are clearly detected,
but the evidence for CHy is not conclusive. There is a possible features at 3.346 and
3.381 um, but other features at 3.358 and 3.393 um are not present. We therefore
only list an upper limit for the abundance of CHy.
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Figure 3.5 Keck-NIRSPEC Data for DR Tau overplotted with model spectra from
an LTE slab model. Emission from H,O, OH, and HCN is present, but emission
features from C,H, are too weak to be detected.
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Initial abundance ratios for the molecules sampled in each spectrum were deter-
mined using a simple model of molecular gas in local thermal equilibrium (LTE),
which approximates an optically thin medium where the line intensities are defined
purely by the temperature of the emitting gas (i.e., a Boltzmann distribution) and
the relative probability of each transition; this methodology is commonly known as
a “slab” model. We calculated the best-fit common temperature for the detected
molecular features by varying the characteristic temperature between 300 K and
2000 K with a step of 50 K; we chose to use a common temperature in these fits
due to the extensive blending of features and the narrow wavelength range being
investigated. A temperature of 900 K was found to fit the relative line strengths
for all species to within the uncertainties related to the complexity of the spec-
trum. Abundances for each molecule were then varied to fit the equivalent widths
of the strongest lines. The ratio of the abundance of each molecule relative to H,O
is listed in Table 3.3. It can be seen from Figures 3.2 - 3.5 that the basic LTE
models do quite well in modeling the line positions and intensities, and very few
features in the observed spectrum were left unidentified. Several residual features
close to 3.035 um in both AS 205 A and RU Lup are due to the difficulty in fitting
the broad H 1 emission feature seen in Figure 3.1. The feature at 3.0315 ym in the
spectrum of AS 205 A has no identification, and the features between 3.025 and
3.032 micron in both RU Lup and AS 205 A are also unidentified.

A list of molecular ratios and upper limits referenced to H,O are listed in Table
3.3. We choose H,O as the reference for the abundances because the features for
all three molecules occur in the same wavelength region and the similar line shapes
suggest they trace approximately the same region of the disk. We also include the
ratio of CO to H;O, calculated by fitting our LTE slab model to previously reduced
CO spectra from CRIRES reported in Bast et al. (2011). Our slab modeling is
very similar to the methodology used in Bast et al. (2011), and we refer the reader
to that paper for figures and additional details. We derived our CO abundance by
fitting lines of *CO and then multiplied the value by 65 (Langer & Penzias 1990)
to derive the overall CO abundance; the *CO were explicitly shown to be optically
thin for DR Tau Bast et al. (2011), and we maintain the same assumption for AS
205 A and RU Lup (the CO data for these sources does not allow for confirmation of
the optical depth, as discussed in Bast et al. (2011)). We use a common rotational
temperature of 600 K (close to the values found for AS 205 A and DR Tau by ) for
consistency with the common temperature derived for the other molecules. The
difference in the best-fit temperatures for CO compared with the other molecules
is robust and may be related to differences in emitting location (see §3.4.1), but a
detailed analysis of the molecular distributions is reserved for future work.

Previously determined inclinations for these objects from spectroastrometry
range from 10° to 35° (Pontoppidan et al. 2011; see Table 3.4), and the spectra
therefore should show Keplerian line shapes if the outer radius of the emitting gas
is restricted to the inner disk. However, the line shapes for the newly detected
molecules can be approximated quite well with a Gaussian profile, similar to the
cores of the CO lines fit by Bast et al. (2011). Figure 3.7 shows single lines of
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Figure 3.6 VLT-CRIRES data for AS 205 A, with best-fit models plotted both
with and without the contribution from NH3. The arrows identify locations where
the models diverge, but the evidence is inconclusive as to whether emission from
NHj; is detected; we therefore only quote an upper limit.

HCN, H,O and CO for AS 205 A normalized and plotted on top of each other.
The HCN and H,O lines are noisier due to their lower S/N but it can clearly be
seen that the central regions of the three lines all have a similar single peaked line
shape (we cannot stack features for improved S/N due to the extensive blending
of features). Assuming a Gaussian line shape including thermal broadening and
convolved with the instrumental profile, we find best-fit FWHM values between
10 km s7! and 22.5 km s~ for the strongest H,O and HCN transitions in the
three stars (see Table 3.3). The one exception to the single-peaked profile is the
OH emission from RU Lup, whose features are clearly not fit well by a Gaussian
model. Figure 3.8 demonstrates that a simple disk profile using an inner and
outer radius (0.05-0.5 AU) and an exponential drop-off in flux (7 o< R=3) provides
a much better fit than the best-fit Gaussian profile for this OH line, suggesting a
distribution limited to the very inner regions of the disk. This corresponds well
with the limit on the outer radius of 0.5 AU for OH and H,O emission from AS
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Table 3.4 Parameters used in each specific fiducial disk model.

Parameters?® Source
AS 205 A DR Tau RU Lup

My [Mo) 1.0! 0.82 0.77
Ry [Ro] 3.7! 2.1? 1.38
Tt [K] 4250" 4060” 40608
Mgk [Mo) 0.029! 0.01° 0.03°
Rou [AU] 200! 1003 100*
R; [AU] 0.14! 0.05* 0.2"
hy/R 0.21! 0.15% 0.208
@ 0.11! 0.078 0.098
B -0.9! -0.5° -0.910
i [°] 207 97 357

aReferences: (1) Andrews et al. (2009) ; (2) Ricci et al. (2010); (3) Andrews & Williams (2007);
(4) Schegerer et al. (2009); (5) Robitaille et al. (2007); (6) Isella et al. (2009), (7) Pontoppidan
et al. (2011), (8) Herczeg & Hillenbrand (2008), (9) Lommen et al. (2007), (10) set to be the
same as for AS 205 A however this parameter do not impact strongly on the line intensities, (11)
Increased from 0.1 AU as found by Schegerer et al. (2009) in order to fit the narrow line shapes
with the published inclination

205 A determined by Pontoppidan et al. (2011), and a similar result was found by
Fedele et al. (2011) for the OH lines from at least one HAe star.

As mentioned above, in the context of a Keplerian model the lack of a re-
solved double peak within the central core of most of the emission features in the
CRIRES data would suggest significant emission from the outer disk (especially
for disks with higher inclination such as RU Lup), and with the high spatial res-
olution of the VLT this emission would be detectable as an enhanced PSF size
within the molecular line core compared with the continuum region outside the
line. The line-to-continuum ratio for the H;O and HCN features in our own spec-
trum is too low to allow a measurement of any deviations in the spatial profile due
to extended emission, but both Bast et al. (2011) and Pontoppidan et al. (2011)
demonstrate that the measurements of the CO lines show no such emission. These
authors also show that the CO line shapes can actually be optimally modeled using
a combination of a broad, low-amplitude (double-peaked) profile and a stronger
single-peaked line core, suggesting a two-component profile. Recent spectroastro-
metric modeling of the CO features suggests that emission from a slow disk wind
may account for the sub-Keplerian velocity profile of the central core of the line
Pontoppidan et al. (2011). The disk wind explanation for the bulk of our emission
is further supported by the fact that the emission features in each star appear
to be shifted from the predicted position based on the stellar radial velocity by
~ 5 km s7! (red-shifted for AS 205 A, blue-shifted for RU Lup), matching the
shifts calculated for the narrow component of the CO profile in Bast et al. (2011);
however, line blending and uncertainties in line positions make the determination
of velocity shifts difficult to confirm. Since the line profile will be determined by
a combination of emission from both the disk and the wind, the similarity in line
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Normalized Flux

Velocity (km'l )

Figure 3.7 Ro-vibrational emission lines from three different molecules observed in
AS 205 A. The different J-transitions are: P(8) (CO), P(11) (HCN) and (100)84s
- (000)9s4 (H,O). All three lines show the same shape to within measurement
uncertainties, suggesting a common emitting distribution in the disk and/or the
disk wind.

profiles of all three molecules suggests that the abundance ratios do not vary much
between the disk and wind. We discuss the quantitative application of the disk
wind model to our data in more detail in the following sections.

The HCN/H,0, OH/H,0 and CO/H,0 ratios derived here are all approx-
imately an order of magnitude higher than the values derived by Salyk et al.
(2011; hereafter S11) for the same sources using mid-infrared spectra taken with
IRS/Spitzer. Our upper limits for NH; with respect to water are also at least
an order of magnitude higher than the Spitzer-based upper limits of < 0.01 re-
ported by S11. However, the usefulness of a direct comparison between the values
derived by both slab model-based analyses is limited by several factors. First,
it is important to note that emission from molecular gas originates from a range
of radial and vertical positions in the disk, and that a different portion of this
range is probed by each wavelength regime. Thus, there is no requirement that
the molecular abundance ratios remain the same at each wavelength observed,
and we could, in theory, observe radial variation in disk chemistry. Nevertheless,
one obvious limitation of both studies may resolve much of the discrepancy - the
assumption of a common emitting location for all molecules. This may especially
affect the mid-IR abundance ratios, in which the pure-rotational water lines appear
to probe lower temperatures (300 — 500 K), and hence larger disk radii, than the
other molecules observed in the Spitzer spectra (700— 1100 K). Indeed, analyses of
IRS/Spitzer data by Carr & Najita (2008, 2011) find smaller emitting areas for all
molecules relative to H,O and derive abundance ratios closer to those found here.
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Figure 3.8 Profile for the OH transitions at 3.0 um for RU Lup, with two different
models for the line shape overplotted. A Keplerian profile with a steep decline in
surface density and an outer radius of 0.5 AU clearly fits better than the simple
Gaussian profile.

Similarly, the IRS/Spitzer wavelength range covers transitions with much lower
excitation energies than the transitions probed by NIR observations, and therefore
the optical depths measured will be different. Even at the same radial location the
Spitzer observations may probe a different vertical location of the disk than the
NIR observations. The abundance ratios for the different wavelength regions are
also affected differently by the contribution of non-LTE excitation, since radiative
pumping and collisional excitation processes can affect different transitions of var-
ious molecules in different ways. The OH/H,O ratio is particularly uncertain since
some of the OH emission may be radiatively excited and/or due to direct produc-
tion into an excited state following photodissociation of H,O (Bonev & Mumma
2006); the H,O pure rotational mid-infrared lines are likely to be dominated by
collisional excitation whereas the near-infrared lines are likely to be dominated by
radiative excitation.

The limitations of the slab model approach highlight the need for proper treat-
ment of the disk geometry and line radiative transfer. In the next section, we
address the first slab-model limitation by modeling the near-infrared emission
with a disk model including line radiative transfer, in which the emission derives
from a range of disk radii and depths. Non-LTE excitation requires a much more
sophisticated approach, and we leave this analysis for future work.
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3.4 Disk radiative transfer modeling

Since disks are not single-temperature slabs, we have also investigated the molec-
ular emission from a two-dimensional radiative transfer disk model that takes into
account both radial and vertical temperature and density variations, the motion
of the gas, and the geometry of the disk. The modeling procedure for producing
the line intensities and profiles centers around the axisymmetric ray-tracing code
called RADLite, the details of which are described extensively in Pontoppidan et
al. (2009). RADLite calculates the emission intensity and the spectral line profile
for a specific molecular transition by combining the emission from a grid of points
across the projected surface of the disk. This allows us to accurately reproduce
the effects of the Keplerian rotation of the disk and the radial surface density and
temperature profiles of each molecular tracer. The initial temperature and density
structure for the disk is calculated using the two-dimensional Monte-Carlo radia-
tive transfer code called RADMC (Dullemond & Dominik 2004), and the dust
temperature and source functions for each grid point are generated and then used
as input for RADLite. In addition RADMC also calculates the continuum of the
source.

RADLite and RADMC offer the opportunity to test a number of different
parameters that may affect the disk structure and resulting spectral model, and
we present results from models that incorporate several different molecular abun-
dance distributions. Our fiducial model (Model 1) assumes a constant radial and
vertical abundance for every molecule, with disk parameters taken from previous
observational constraints, primarily from spectral energy distribution fits and sub-
millimeter observations. The exact values of the parameters used for the model for
each source are presented in Table 3.4. The model parameters used in RADMC
are the mass of the central source (M, ), its radius (R,) and effective temperature
(Teff), the mass of the disk (Mg ), outer radius of the disk (Ro), a flaring pa-
rameter H/R o R®, an outer pressure scale height (h,/R), radial surface density
¥ = R and an inner radius (R;) which sets the inner temperature. The thermal
broadening is assumed to dominate the intrinsic line width with the turbulent
velocity vy set to vy, = ecy with € = 0.03. The inclination of the disk i is taken
from spectro-astrometry of Pontoppidan et al. (2011) and is slightly adjusted (by
less than 10°) so a good fit can be found between the model and the data. Model
1 also assumes an effective gas-to-dust ratio of 12800, based on previous modeling
of water emission for T Tauri stars using RADLite (Meijerink et al. 2009). This
is much higher than the canonical value of 100, but can be explained by the de-
pletion of small dust grains from the surface layers of the disk where our detected
emission originates from.

In addition to our fiducial disk model, we varied the abundance structure in
RADMC in three different ways in order to test the effects of freeze-out and dust
settling. The freeze-out of molecules from the gas to the solid phase may play
a role in defining the location and intensity of emission from different molecules
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(Meijerink et al. 2008), and the settling of dust to the midplane of the disk can
lead to drastic differences in the gas-to-dust ratio in the surface regions of disks
at different evolutionary stages. We first tested a density-dependent freeze-out
scenario (Model 2), where the molecules are assumed to freeze out on dust grains
at a specific temperature which depends on the density of the gas, as described
by Pontoppidan (2006). The freeze-out usually starts at ~1 AU, depending on
which type of disk is modeled, and the boundary follows the disk horizontally out
to large radii. Additionally, we tested an enhanced freeze-out model known as the
“vertical cold-finger effect” (Meijerink et al. (2009); Model 3) which models the
diffusion of gas to below a horizontal freeze-out boundary by setting the freeze-out
location based on the vertical disk temperature structure at a specific radius (see
Figure 10 in that paper). In Model 4 we decreased the gas-to-dust ratio by an
order of magnitude from 12800 to 1280.

The final model we examine is a disk + disk wind model, which is based
on the results presented by Pontoppidan et al. (2011) showing that a Keplerian
disk + disk wind can better describe both the line profiles of the broad-based
single-peaked CO emission lines observed in a number of bright T Tauri stars,
as well as their asymmetric spectro-astrometry signal. The disk wind is a wide-
angle non-collimated wind flowing over the surface of the disk that adds a sub-
Keplerian velocity distribution to the standard Keplerian disk profile, which mainly
contributes an approximately Gaussian core in the inner region of the line profile.
The disk wind model consists of gas flowing off of the disk along a set of streamlines
with a locus point below the disk at a distance d from the centre of the star (see
Figure 10 in Pontoppidan et al. (2011)); this distance d as well as the other specific
parameters for the structure of the disk wind are taken from values derived by
Pontoppidan et al. (2011) to reproduce the 4.7um CO emission line profiles for
AS 205 A (for a detailed description of the disk + disk wind model see Pontoppidan
et al. (2011) and Kurosawa et al. (2006)). We keep two parameters, the mass loss
rate from the disk and effective temperature for the central star (which sets the
irradiating flux onto the disk surface), as free parameters in order to allow us to
reproduce the central peak of the observed molecular line shapes properly (see the
discussion of the modeling results below for more details).

Several additional components for accurately calculating molecular abundances
and temperatures are not yet included in our modeling. The disk gas is currently
assumed to be coupled with the dust, i.e. the gas temperature is set to be the
same as the dust temperature; however, the gas and dust temperatures may be
significantly different, although this is difficult to model properly (e.g., Woitke et
al. 2009, Gorti & Hollenbach 2008, Glassgold et al. 2009). Also, to calculate the
emission intensity for each transition of a specific molecule, the level populations
must first be calculated assuming a specific excitation mechanism. The standard
formulation assumes local thermodynamic equilibrium (LTE), in which all the level
populations are defined by the local temperature at that grid point. However,
non-LTE excitation processes such as radiative excitation due to the central star
have been shown to be important for OH (Mandell et al. 2008) whereas collisional
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excitation controls the H,O rotational level populations (Meijerink et al. 2009).
Such processes will be described for HCN in Bast et al. 2011 (in prep). However,
a non-LTE formulation for multiple molecules is time-consuming and difficult to
implement. Moreover, collisional rate coefficients for vibration-rotation transitions
are largely unknown. We therefore use only LTE excitation in our modeling and
reserve the implementation of non-LTE excitation for a future analysis. Since
our model is incomplete, we leave an exhaustive parameter study for future work;
however, we can begin to compare line intensities and profiles with the data and
derive preliminary molecular mixing ratios based on a realistic disk structure.

3.4.1 Disk modeling results

The top and bottom panels in Figure 3.9 present the best fit models for AS 205
A and RU Lup for HCN, H,O and OH using Model 1 for a constant abundance
distribution; Figure 3.10 presents HCN and OH models for DR Tau. The fiducial
model produces a double-peaked line profile for all of the molecular species since
the bulk of the line intensity originates from the hot inner disk (see Figure 3.11).
Since the double-peaked model line profile clearly cannot fit the observed single-
peaked line shapes, molecular abundances using the disk-only model are therefore
obtained by matching the integrated intensity of the model lines with those of
the observed lines; relative abundance ratios (compared with H,O) are presented
in Table 3.3. The best fit for the constant abundance model for AS 205 A re-
sulted in abundances (with respect to Hy) of xpen = 2x1077, xop = 6x1077 and
xm,0 = 3%107%; however, due to uncertainties in the emission mechanism and the
sensitivity of absolute abundances to specific model parameters, abundance ratios
provide a more reliable measure for comparison between different objects. Our
model as presented in Figure 3.9 does not include higher vibrational excitation
lines (v > 1) for HCN from the line list - the LTE model produces detectable
lines for excited vibrational transitions but these are not observed for any of these
sources. This is likely due to non-LTE excitation of the emitting gas, which pro-
duces sub-thermal intensities for higher-energy transitions as shown, for example,
for water in Meijerink et al. (2009).

The CO abundance was once again derived by fitting the '*CO lines from
our previous CRIRES observations and then multiplying the inferred abundance
by 65; for AS 205 A we find xco = 1.95x1073. For CHy, an upper limit was
obtained for DR Tau, but upper limits were not calculated for NH3 and C,H, due
to the complexity of the spectral region where these molecules are present and the
uncertainties in factors such as the line intensities of components within the NH;
Q branch. Considering the similarity in the abundance ratios for the detected
molecules using the slab model compared with the full disk model, we determined
that any upper limits calculated for these molecules using the full disk model did
not add useful information and might produce spurious results.

As mentioned previously, we tested three disk models in addition to our fiducial
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Figure 3.9 RADLite disk model results overplotted on the CRIRES data of AS
205 A (top and middle panels) and RU Lup (bottom planel). The top and bottom
panels show results for the disk model only; the middle shows the disk + disk wind
model. The disk + disk wind model clearly fits the centrally peaked line shape for
AS 205 A much better than the disk-only model.

constant abundance disk model: temperature- and density-dependent freeze-out
(Model 2), a vertical cold finger effect (Model 3), and a lowered gas-to-dust ratio
(Model 4). Fig 3.12 demonstrates that the line shapes for Models 1 — 3 are very
similar, due to the fact that the detected line emission in this wavelength region
originates from within a few AU and is not modified by either the vertical cold
finger effect or the freeze-out (i.e. the molecular condensation fronts), which only
affect emission from the outer disk. The HCN line shows a slight decrease in depth
for the cold finger model due to the reduced self-absorption of the colder gas; this
effect is not seen for the H,O and OH since the near-IR emission originates from gas
within a radius which is smaller than the condensation radius for these molecules
even when using the constant abundance model (this is in contrast with the mid-
IR lines modeled by Meijerink et al. (2009)). Lowering the gas-to-dust ratio from
12800 to 1280 (Model 4) clearly decreases the line intensity due to the decrease in
the amount of emitting gas present above the optically thick dust layer, therefore
requiring higher molecular abundances to fit the data. The final abundance ratios
between H,O and OH, HCN, C,H, are not affected by the lowered gas-to-dust ratio
but the CO abundances is more sensitive, most likely due to the higher abundance
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Figure 3.10 RADLite disk model results overplotted on the CRIRES (top) and
NIRSPEC (bottom) data for DR Tau. Note that at the NIRSPEC resolution the
discrepancy between model and observed line shapes is less noticeable.

of CO across a large vertical scale height (i.e. Walsh et al. (2010)).

The middle panel in Figure 3.9 show the disk + disk wind model for AS 205
A, as discussed above. We originally calculated a model using the parameters for
the disk wind derived by Pontoppidan et al. (2011) for these sources from spectro-
astrometry of the strong CO features at 4.7 um. We expected this combined model
to produce the most accurate match to the single-peaked line profiles seen in the
data. Interestingly, while the fit was better than the disk-only models, this model
still produces a double-peaked line profile for HCN and H,O, while the CO line
profile has a central single peak, as illustrated in Figure 3.13. This most likely
indicates that the temperature in the disk wind model derived from the CO lines is
too low to excite HCN and H,O sufficiently. We were able to produce an adequate
fit to the HCN and H,O features using a wind model with either an enhanced
mass loss rate (x3) or an increased effective temperature for the central star (x2);
however, these solutions are clearly ad-hoc and only further emphasize the need for
an improved treatment of the disk temperature structure (taking into account the
different types of cooling and heating mechanisms) and the chemistry and infrared
pumping of the wind. In addition to modeling the line shapes, spectro-astrometry
of the HCN, OH and H,O lines would help to further constrain the location and
temperature of the emitting gas.

The molecular abundance ratios of ~0.05 for HCN/H,0 and C,H,/H,0 and
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Figure 3.11 Distributions of the four primary molecules derived from disk modeling
with RADLite. All of the molecules emit primarily from within 0.2 AU, and only
CO has emission extending out to 0.5 AU.

0.2 — 0.3 for OH/H,0 extracted from the models show little difference between
the 3 sources, suggesting a common origin for the molecular material and similar
excitation conditions. This is not surprising, since we have chosen these three
objects due to their similarly bright CO emission and centrally peaked line shape.
The relatively good agreement between the slab and disk models reinforces the
conclusion by Meijerink et al. (2009) that a slab model can produce reliable results
because the emission arises from only a very narrow range of radii (and thus
limited range of temperatures) in the disk model and because the emission is
largely optically thin (the one exception is the OH line in RU Lup, which shows a
complex line shape and therefore leads to somewhat divergent results between the
two models). The most dissimilar abundance ratio between the different objects is
CO/H,0, which varies by a factor of 3 between the different sources. The fact that
this ratio is larger than unity indicates that H,O is not the major oxygen reservoir
in the surface regions of the inner disk, assuming solar abundance ratios, but the
derived values for the CO/H,0 ratio are dependent on the detailed temperature
and density structure of the gas and the SED of the underlying dust continuum,
and a more comprehensive modeling strategy utilizing a consistent model over a
wide range of transition energies is needed to improve these constraints.

3.5 Comparison with chemical models
A number of models of inner disk chemistry exist in the literature, each with dif-
ferent levels of sophistication and each one taking different physical and chemical

processes into account (Markwick et al. 2002, Agtndez et al. 2008, Willacy &
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Figure 3.12 Radiative transfer disk models of HCN, OH and H,O including pa-
rameters for AS 205 A. Black = constant abundance (Model 1), red = freeze out
(Model 2), blue = “vertical cold finger” model (Model 3) and green = gas-to-dust
ratio of 1280 (Model 4; all other models using gas/dust = 12800). The HCN line
shows a slight variation for Models 2 and 3 in the line core due to freeze-out at
large distances, but emission from the other molecules originates from within the
freeze-out distance (the red and black lines underlie the blue line). The emission
for the low gas-to-dust model is decreased in amplitude but the line shape does
not change.

Woods 2009, Glassgold et al. 2009, Walsh et al. 2010, Najita et al. 2011). The
models show a range of molecular ratios; typical HCN column densities relative
to H,O vary from 107 - 107! for the warm (T > 200 K) molecular atmosphere
of the disk, which agrees well with our results, while OH values relative to H,O
vary between 107> - 1072, which is more than an order of magnitude below what
we find. Bethell & Bergin (2009) and Najita et al. (2011) have shown that the
OH abundance is sensitive to photodissociation of parent molecules by both UV
and X-rays, but detailed models including a complete treatment of the radia-
tive environment have not been developed. Additionally, as mentioned above,
abundances from both our slab model and disk model are calculated using the as-
sumption that the emission originates from an environment that can be described
by LTE, but it has been proven previously by both observations (Mandell et al.
2008, Pontoppidan et al. 2010) and by modeling (Meijerink et al. 2009) that H,O
and OH ro-vibrational line emission in particular are almost certainly enhanced
by radiative pumping from the central star, therefore making direct comparisons
with models premature. The relative importance of LTE versus non-LTE exci-
tation and de-excitation for all the relevant molecules requires detailed modeling
and availability of collisional rate coefficients, and we leave these calculations to
future work.

Najita et al. (2011) also explore the effects of larger dust grain sizes, lower
accretion-related heating in the disk interior, and differing C/O ratios on the rela-
tive molecular abundances. In particular, the ratios for carbon-bearing molecules
are especially sensitive to the C/O ratio - values for the HCN/H,O ratio vary
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Figure 3.13 A CO (black) and HCN (red) line modeled using the disk wind model
parameters for AS 205 A found by Pontoppidan et al. (2011). The HCN line should
show a double-peaked profile, but our data clearly shows a profile very similar to
the CO line profile. To achieve a centrally-peaked profile (green), we require either
a higher mass-loss rate or increased stellar irradiation compared with the values
derived for the CO lines.

dramatically from O/C = 0.25 (5 x 10°) to O/C = 2.0 (1x1073). Our abundance
ratios most closely match their calculated values for O/C = 1.5, with O/C =1
producing values that are clearly larger than what we find. C,H, abundances vary
across an even wider range, and additional processes such as the destruction of
PAHs at high temperatures (Kress et al. 2010) may also affect the abundance of
acetylene. The detailed impact of processes such as grain destruction and trans-
port on the local O/C ratio and molecular abundances is still largely unexplored,
and we leave any additional analysis to future work.

Our reported upper limits for CH4 and NHj provide complementary infor-
mation to the abundance ratios derived for the simpler organic species. If these
molecules are formed primarily through grain surface chemistry in cold gas and
then transported to warmer regions, they should then exhibit a different radial and
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vertical profile compared with HCN and C,H,. Our observed limit on CHy/H,O
of < 0.07-0.09 is close to the average CHy/H,O ice abundance ratio of 0.05 found
toward low-mass protostars, whereas our NH3/H,O limits are a factor of 3 — 4
larger (Oberg et al. 2011). Our limits for CH4/CO for DR Tau are also similar
to upper limits found by Gibb et al. (2004) and Gibb et al. (2007) in an edge-on
disk, suggesting that thermal desorption of CHy from grains is not efficient in the
surface regions of the disk or that CH4 has been transformed into other species.
However, both C,H,, HCN and CHy4 can also be produced effectively by high-
temperature gas-phase reactions above ~ 600 K (Doty et al. 2002). Agtndez et al.
(2008) predict large CH4 and NH; abundances very close to the star (R < 0.5 AU),
with a sharp drop-off as the gas temperature decreases. Their model ratios with
respect to HCN or H,O are consistent with our observed upper limits except for
the innermost rim at ~0.1 AU where the model CH4 abundance becomes higher
than that of HCN. Willacy & Woods (2009) predict similarly low abundance ratios
of both CH4 and NHj3, and attribute the low NHj values to efficient conversion to
HCN in the warm inner disk.

In future work we will expand our modeling with RADLite to explore additional
parameter space with regard to these disk characteristics. We will also augment
our radiative transfer modeling to include the contribution from non-LTE radiative
pumping, in order to allow us to model both the NIR and MIR emission in a self-
consistent manner. Another important constraint when modeling emission lines
is the gas temperature, which here is set to be the same as the dust temperature.
Both Glassgold & Najita (2001) and Kamp & Dullemond (2004) show that the
gas is decoupled from the dust, hence future models that can include different
temperatures for the dust and the gas would be better able to model the molecular
line emission from T Tauri stars.

3.6  Conclusions

We have successfully detected emission from organic molecular gas tracers in T
Tauri disks in the NIR for the first time. Emission from HCN as well as H,O and
OH was detected from all three sources, and we detected emission from several
transitions of C;H,; in AS 205 A. Strong upper limits were placed on emission
from CH4 in DR Tau and on NHj3 in AS 205 A and RU Lup. Based on models,
the emission likely arises from the inner 0.1 — 1 AU of the disk. These first detec-
tions demonstrate the feasibility of constraining molecular abundance ratios and
temperatures for organic molecules in the planet-forming regions of circumstellar
disks using spectrally resolved NIR transitions, and allow us to begin to constrain
models of disk chemistry, dynamics and structure. These results provide a direct
comparison to observations of unresolved emission from the same molecules ob-
served in the same sources with the Spitzer telescope and upcoming observations
with the Atacama Large Millimeter Array (ALMA).
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Investigation of HCN excitation in
protoplanetary disks'

Context HCN absorption and emission vibration-rotation lines originating from
inner planet-forming zones of protoplanetary disks have so far been modeled using
local thermodynamical equilibrium (LTE) slab and disk models. However, it has
not yet been investigated whether LTE is a good approximation for these HCN
emitting regions.

Aim This study investigates how the HCN excitation at 3 and 14 um is impacted
by non-LTE conditions and radiative pumping.

Methods Observed line fluxes at 3 and 14 ym are compared with modeled line fluxes
by using a radiative transfer slab and disk model assuming LTE. These line fluxes
are then compared to the modeled line fluxes using a non-LTE slab model with
different excitation temperatures, volume densities and column densities of HCN.
An infrared radiation field is also included to see how the line fluxes are impacted
by radiative pumping.

Results The 3 um line flux reaches LTE at a much higher density of around 10'#
cm™? relative to the 14 um line fluxes which reaches LTE at around 10° cm™3.
This means that the 3 um line fluxes are much less well modeled by assuming
LTE. In addition it is shown that radiative pumping can significantly impact the
line fluxes, especially of the 3 ym lines. The observed 3 ym /14 um flux ratio
cannot be modeled by a LTE slab model unless the volume density is 10'* — 104
cm™3 at a temperature of ~ 900 K which is at least 1 to 2 magnitudes higher than
the expected volume density in the region from which this emission is assumed to
originate. However, the observed flux ratio can be modeled when including non-
LTE and radiative pumping using densities as low as 10° cm™ at a temperature

1J.E. Bast, S. Bruderer, D. Harsono, B. Brandl, A.G.G.M. Tielens and E. F. van Dishoeck
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4 Investigation of HCN excitation in protoplanetary disks

of 900 — 1200 K.

Conclusions Both LTE slab and disk models overestimate the 3 ym and to some
extent the 14 ym HCN line fluxes and hence underestimate the HCN abundance.
The conclusion can therefore be made that non-LTE conditions and radiative
pumping are important to implement in future protoplanetary disk models.

4.1 Introduction

The first million years of a low mass star’s life is an exciting period since this
is the time when the gas and dust, mainly in the inner part (< 10 AU) of the
disk around the star, transforms into building blocks for new planets. It is im-
portant to determine the chemical composition and evolution of the gas in these
parts of the circumstellar disks since they provide the initial conditions for the
type of atmospheres, surfaces and structures that these planets will consist of.
One way to extract information about the chemistry in these disks is to observe
which molecules are present and determine their relative abundances. In addition
information about the physical conditions such as the temperature, which type
of radiation dominates in different regions, the density of the gas and the ratio
between the gas and dust will decide the chemical evolution of the gas in the disks.
Several studies have been done of different molecules by detecting their emission
lines in the planet-forming regions of disks, such as CO (e.g., Najita et al. 2003,
Brittain et al. 2003, 2007, 2009, Blake & Boogert 2004, Pontoppidan et al. 2008,
Salyk et al. 2011b, Brown et al. subm.); OH, H,O (Carr et al. 2004, Carr & Najita
2008, Mandell et al. 2008, Salyk et al. 2008, Najita et al. 2010, Pontoppidan et
al. 2010, Salyk et al. 2011, Carr & Najita 2011, Fedele et al. 2011); and HCN,
CyH,, and CO, (Carr & Najita 2008, 2011, Najita et al. 2010, Salyk et al. 2011,
Mandell et al. 2012). In some cases also absorption in edge-on disks has been used
to detect HCN, C;H,, and CO, (Lahuis et al. 2006, Gibb et al. 2007, Doppmann
et al. 2008, Kruger et al. 2011, Bast et al. subm.).

These studies use observations of molecular lines to infer the abundance struc-
ture of the molecule of interest by adopting either a slab or disk model. By mod-
elling the lines also physical conditions such as the temperature of the emitting
gas can be estimated. However these models mainly use local thermodynamical
equilibrium (LTE) as an approximation to model the lines. This means that a
single temperature sets the population of the excitation levels of the molecule by
using the Boltzmann equation and that by implication the density is very high in
order to thermalize the levels. This assumption is used since including non-LTE
processes, especially in radiative transfer disk models, is complicated. In addi-
tion in many cases collisional rate coefficients for the specific molecule of interest
have yet not been measured or calculated which are needed to model the lines
under non-LTE conditions. The inner regions of protoplanetary disks have so far
been assumed to have such high temperatures and densities so that LTE is a good
approximation. However a recent study of water emission lines originating from
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4.1 Introduction

within 0.2 AU of the disk done by Meijerink et al. (2009) shows that using LTE
in a disk model can introduce large errors in both the H,O abundance and tem-
perature structure of the emitting gas. That LTE is not a good approximation
can be explained by the fact that the main part of the IR emission from the water
lines arises in the surface of the disk where the densities are too low to provide
the conditions needed for LTE. The errors in the estimated water abundance will
also impact the entire view of the chemistry and chemical evolution of the disks.
Since water is such an important molecule in the reaction network to form many
other molecules in the disk, it is very important to have a correct determination
of its abundance.

HCN is another important reactant in the chemical network of these disks
(Agtundez et al. 2008, Walsh et al. 2012). Besides its role in the chemistry, HCN
has another valuable characteristic, namely a dipole moment. The dipole mo-
ment means that it can be observed both at infrared wavelengths, through its ro-
vibrational transitions, and at millimeter wavelengths, through its pure rotational
transitions. This means that HCN is one of the few molecules that simultaneously
can probe both the inner and outer parts of the disk and therefore can help to
understand how the chemical structure of the disk changes with radius.

Observations of HCN suggest that the infrared emission from this molecule has a
very similar origin as the water infrared emission (Salyk et al. 2011, Mandell et al.
2012). Salyk et al. (2011) used a LTE slab model to model the HCN Q-branch lines
of the unresolved v, mode at 14 pum observed using Spitzer. Mandell et al. (2012)
modeled their observed HCN v3 mode emission lines at 3 ym by using both a LTE
slab model and a radiative transfer disk model assuming LTE in each grid point
of the disk. It was shown that the inferred abundance ratios of HCN relative to
other observed molecules did not differ much between the two methods, probably
because the errors introduced by the LTE assumption are comparable for the
various species. However, the absolute abundances depend much more sensitively
on the adopted method. HCN has also been detected through absorption lines in
two sources at 14 um by Lahuis et al. (2006) and Bast et al. (subm.) and one
source at 3 um by Gibb et al. (2007) and Doppmann et al. (2008) using a LTE
absorption slab model. Again, only abundances relative to other molecules have
been derived. Neither the emission nor the absorption observations of HCN have
ever been modeled using a non-LTE slab or disk model.

Since describing the water emission using a non-LTE disk model has been proven
to be a better approach than assuming LTE a similar investigation is performed
here for HCN. As a first step, we investigate here the non-LTE effects on the 3 and
14 pm lines by comparing a LTE and non-LTE slab model rather than a full disk
model. This will allow us to obtain insight into how non-LTE excitation impacts
the line fluxes and whether this translates into different conclusions between line
emission at 3 and 14 micron. A disk model is used to determine the typical tem-
peratures and densities in the regions from which the 3 and 14 um lines originate
and to provide a reference for comparison with LTE excitation. In addition the
impact of an infrared radiation field inducing radiative pumping is studied to see
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4 Investigation of HCN excitation in protoplanetary disks

which type of excitation processes of HCN are important in these regions. These
results will decide if non-LTE and radiative pumping effects are important to in-
clude in the development of future radiative transfer models of protoplanetary
disks (Bruderer et al., in prep.) and therefore also in the determination of the
HCN abundance structure in the disks.

The different vibrational modes of the HCN molecule and the observations of
HCN emission at 3 are 14 um that the models will be compared with are presented
in Sections 4.2 and 5.2. Section 4.4 starts with a description of the LTE radiative
transfer disk model to determine the HCN emitting regions. Subsequently, the
non-LTE radiative transfer slab model with and without radiative pumping and
their results are presented and compared. The results and their conclusions are
summarized in Section 5.5.

4.2 HCN emission at 3 and 14 um

HCN is a linear tri-atomic molecule with three rotational-vibrational modes. These
three modes are:

e v; — the C-N stretch at 4.786 um.
e v; —a doubly degenerate bending at 14.043 ym at E,=1025 K.
e v3 — the C-H stretch at 3.019 um at E,=4765 K.

The two modes that will be further investigated here are the v, and v; modes
since they are observable at NIR and MIR wavelengths. The ro-vibrational transi-
tions of the v; mode have very low Einstein A coefficients and have so far not been
observed so this mode will therefore not be further investigated. The v, mode is a
IT - X*-transition which has a P-,Q- and R-branch following the selection rules.
The vz mode is a X* — X* transition which only allows AJ = +1, so it has a P-
and R-branch but no Q-branch.

4.3 Observations

Observations of the v3 mode at 3 um in emission have been presented by Mandell
et al. (2012), where they show detections of HCN for 3 different T Tauri stars, AS
205 N (the northern component), DR Tau and RU Lup. AS 205 N and RU Lup
were observed using the spectrometer CRIRES at the Very Large Telescope (VLT)
at a spectral resolving power of R = A / Al = 96,000, whereas the HCN detection
in DR Tau was done with the spectrometer NIRSPEC at the Keck telescope with
R = 25,000.

The v, mode at about 14 um was detected in 24 out 48 T Tauri stars (Salyk et
al. 2011) using Spitzer. All three T Tauri stars, AS 205, DR Tau and RU Lup,
that show HCN detections at 3 ym also have detections at 14 ym. In this article,
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Table 4.1 Parameters used in the specific fiducial disk model for AS 205.

Parameters Ref.®
M, [Mo) 1.0 1
R« [Ro] 3.7 1
T.rr [K] 4250 1
Myisk [Mo) 0.029 1
Rour [AU] 200 1
R; [AU] 0.14 1
hy/R 0.21 1
a 0.11 1
-0.9 1
i[°] 20 2

2References: (1) Andrews et al. (2009) and (2) Pontoppidan et al. (2011)

AS 205 will be taken as the standard disk for which models of the HCN lines will
be made and compared with the observations. Our observations of AS 205 at 3 um
(Mandell et al. 2012) show that the P(11) line at 3.0508 um has an absolute flux
of 5.6 1075 erg cm™2 s7! with a calibration uncertainty of about 30%. This can
be compared with the total absolute line flux between 13.837 — 14.075 yum of 2.2
1071 erg cm™2 s7! taken from Salyk et al. (2011). The flux ratio F3/F4 between
the line fluxes at 3 and 14 um is therefore 2.5 1072 with an uncertainty of about
40%. Tt is important to note that AS 205 is a binary and that the P(11) 3 ym
line observed with CRIRES resolves the binary, with the reported flux consisting
of just the emission from AS 205 N. In contrast, the 14 um line flux applies to
both sources since Spitzer cannot resolve the binary. The assumption is that the
majority of the 14 ym line flux comes from AS 205 N. This seems to be a reasonable
assumption since the F3/F4 flux ratio is 9.0 ‘1072 and 1.1 -1072 for RU Lup and
DR Tau respectively based on using the R(6) and R(17) lines at 3 pum for these
sources.

4.4 Radiative transfer models and their results

Three different types of models will be used to simulate the excitation of HCN
to investigate which model can best describe the observed line emission. These
models are a LTE radiative transfer disk model, a non - LTE radiative transfer slab
model and a non-LTE radiative transfer slab model including radiative pumping.

4.4.1 A standard disk model using LTE

As a first step, a LTE disk model is run to investigate how the HCN flux ratios
from such a model compare with the observations. In addition this model provides
an indication of the regions of the disk from which the 3 and 14 pum lines originate
and their physical conditions. The continuum radiative transfer disk model called
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Figure 4.1 Modeled HCN emission using the radiative transfer disk model RADLite
for AS 205 N at two different spectral resolving power R=600 (Spitzer) and 10°
(CRIRES-VLT). In the upper figure the P(11) line at 3 ym is shown and in the
lower figure the HCN emission lines between 13.837 — 14.075 pum.

RADMC (Dullemond & Dominik 2004) was used together with the line raytracing
code RADLite (Pontoppidan et al. 2009) to model the 3 ym P(11) line and the 14
um line emission between 13.837 — 14.075 um, see Fig. 4.1. This model takes into
account both radial and vertical temperature and density variations, the motion
of the gas, the continuum opacity and the geometry of the disk.

The disk model parameters used in RADMC are those appropriate for the cir-
cumstellar disk of AS 205 N. This disk is chosen to be a good model for a typical
protoplanetary disk since it has been modeled in detail before and its disk param-
eters are reasonably well known (Andrews et al. 2009, Pontoppidan et al. 2011).
The different parameters are: the mass of the central source (M, ), its radius (Ry)
and effective temperature (T.;/), the mass of the disk (M), outer radius of the
disk (Rou), & flaring parameter H/R o« R*, an outer pressure scale height (h,/R),
radial surface density £ = R? and an inner radius (R;) which sets the inner temper-
ature, see Table 1. The initial values for these parameters are taken from previous
observational constraints, primarily from sub-millimeter observations (Andrews et
al. 2009), and are the same as adopted in (Mandell et al. 2012). Figure 4.2 shows
the density and temperature structure of the modeled disk.

The modeling procedure for estimating the line intensities centers around the
axisymmetric ray-tracing code called RADLite, the details of which are described
extensively in Pontoppidan et al. (2009). RADLite calculates the emission inten-
sity and the spectral line profile for a specific molecular transition by combining
the emission from a grid of points across the projected surface of the disk. This al-
lows us to accurately reproduce the effects of the Keplerian rotation of the disk and
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Figure 4.2 Upper panel: Contour plot of the adopted density distribution in the AS
205 N protoplanetary disk. The dark red solid lines mark the densities 108, 10'° and
10'? ¢cm™3 and illustrate the region in the disk where the HCN emission originates.
The red and black broader solid lines represent where the dust reaches an optical
depth of T = 1 for 14 um and 3 um lines, respectively. Lower panel: Contour plot
of the adopted temperature distribution in the AS 205 N protoplanetary disk. The
black solid lines mark the temperature range between 850 — 1150 K and illustrates
the region in the disk where most of the HCN emission originates.
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Table 4.2 Observations of the R(11) line flux at 3 ym and the 14 pm total line flux
between 13.837 — 14.075 um and their modeled fluxes using a LTE protoplanetary
disk model.

Observations LTE disk Model*

3 um P(11) line [erg cm™2 s71] 5.6 1071 3.510°°
14 line emission (13.837 — 14.075 um) [erg cm™2 s7!]  2.2-10713 5.1 10713
3/14 um flux ratio 2.5 1072 6.8 1073

aA relative HCN abundance of 2.0 ‘1077 to H, is used in the models.

the radial surface density and temperature profiles. The initial temperature and
density structure of the disk is calculated using the RADMC two-dimensional con-
tinuum Monte-Carlo radiative transfer code using standard dust opacities (Dulle-
mond & Dominik 2004), and the dust temperature and source functions for each
grid point are generated and then used as input for RADLite. The gas is currently
assumed to be coupled with the dust, i.e., the gas temperature is set to be the
same as the dust temperature. The gas/dust ratio is set to 12,800 which is based
on earlier modeling of water emission lines in T Tauri stars using RADLite (Mei-
jerink et al. 2009) To calculate the emission intensity, the level populations must
first be calculated assuming a specific excitation mechanism. The standard for-
mulation assumes local thermodynamic equilibrium (LTE), in which all the level
populations are defined by the local temperature at that grid point.

LTE line fluxes and ratio

A relative HON abundance of 2.0 1077 to H, was used to model the P(11) line at 3
pm and the lines between 13.837 — 14.075 um since this was the relative abundance
that Mandell et al. (2012) found when they fitted the 3 um lines for AS 205 using
LTE excitation. The modeled lines can be seen in Fig. 4.1. The line flux of the
P(11) line is about 3.5 ‘107" erg em™ s7! which is close to the observed flux of
5.6 1071 erg ecm™? s7!. The modeled lines between 13.837 — 14.075 um have a
total flux of 5.1 -107!% erg cm™2 s~! which is about a factor of two higher than the
observed total line flux of 2.2 :107!3 erg cm™ s7!. The 3 /14 um flux ratio in this
model is inferred to be 6.8 - 1073, about a factor of 4 lower than the observed flux
ratio of 2.5 + 1072, see Table 4.2. Hence either the 3 um flux is underestimated
or the 14 pum flux is overestimated when using the LTE radiative transfer disk
model. This may reflect that the disk photosphere, which is the region assumed
to be the origin of both the 3 and 14 pum line emission, has a range of densities
below the critical densities of these two transitions. Densities below the critical
density means that collisions cannot maintain the level populations and, hence,
a LTE model will not describe the emission well. In addition, the lines may be
radiatively pumped by the stellar or disk radiation field. Radiative pumping will
also drive the populations on the different excitation levels away from LTE values.
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Figure 4.3 The spatial extent of HCN at 3 um and 14 pym based on characteristics
of AS 205 N LTE model (see Table 4.1). The inclination is set to 45° for illustration
purposes.

Spatial extent of 3 versus 14 ym emission

The spatial extent of the 3 relative to the 14 ym emission is important to investigate
since this will help to understand the HCN excitation processes that dominate in
different regions of the disk. An estimate of the distribution of the 3 and 14 um
emission is therefore made using the raytracing code RADLite, which can, by using
the temperature and density structure from RADMC, calculate an intensity image
containing an isovelocity curve for a given line and velocity. An isovelocity curve
consists of the emission for a specific line at a certain velocity which originates
alongside the curve of the disk for which the projected velocity is constant. For
more details see Pontoppidan et al. (2009). An image cube consisting of a sample
of intensity images within a velocity range of =100 — +100 km s~! with a sampling
of 0.5 km s7! was made for the 3 um P(11) line and for the 14 ym R(17f) line.
The disk parameters used are those given in Table 4.1. However, an inclination
45 is used to get a symmetric distribution in the intensity map along the cut
through the center of the disk. The intensity map accounts only for emission from
the upper surface of the disk which is directed toward the observer since the other
side is not seen due to the fact that the disk is optically thick to the continuum
photons and hence the view from the other side of the disk is blocked by the dust.

The images in the intensity maps in the image cube were then added and the
total intensity along a cut through the disk times R? is plotted in Fig. 4.3, where
R is the radius of the disk. The intensity times R? is chosen since the integrated
area of the curve will give the contribution of that region to the flux of the line.
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4 Investigation of HCN excitation in protoplanetary disks

As can be seen in Fig. 4.3 both lines show two peaks. The primary peak close to
the star is the emission which comes from the hot inner rim of the disk where it
is hit directly by the radiation from the star and the secondary peak represents
the emission originating a bit further out in the flared disk where the gas is warm
enough to excite and emit the 3 and 14 um line emission, respectively. More than
50% of the 3 um line emission originates from within 0.2 AU (for an inner radius
of 0.14 AU), whereas about 50% of the 14 ym line emission originates within 0.4
AU. The 14 uym emission is therefore, as expected, excited in a somewhat colder
gas region of the disk than the 3 um emission. Based on these results, we will
assume that most of the HCN emission comes from a region in the disk within a
temperature range of 850 — 1150 K and volume density range of 10 ~10'> cm™
(Fig. 4.2). The density estimate is in addition based on the fact that the dust
reaches 7 = 1 within that density range for the 3 and 14 ym continuum emission.
This is specified in Fig. 4.2 where 7 = 1 is emphasized with a black and red line for
3 respectively 14 um. It is important to note however that the spatial distributions
are based on the temperature and density structure estimated by RADMC, which
does not separate the gas and dust temperatures in the disk surface, so it will
underestimate the contribution from hot material at larger distances.

4.4.2 Non-LTE excitation of HCN using a slab model

The non-LTE radiative transfer slab model RADEX (van der Tak et al. 2007)
is used to model both the 3 ym (in the P(11) line) and 14 pm (the integrated
intensity between 13.837 — 14.075 um) line emission fluxes to investigate how the
fluxes change with the column density of HCN, the kinetic temperature and the
volume density of Hy. Other input parameters, which we will keep fixed in our
analysis, are the width of the molecular line AV which is here set to 1 km s7!, the
cosmic microwave background radiation which is set to be the same as that from
a blackbody with a temperature of 2.73 K and the characteristics of the collisional
partners for which we will adopt H,. All results scale as N/AV. The molecular
data for HCN include the statistical weights and energies for all levels and the
Einstein A coefficients for all radiative transitions.

For pure rotational transitions within the ground vibrational state, the colli-
sional de-excitation rate coefficients were taken from the Leiden atomic and molec-
ular database (Schéier et al. 2005) based on the data from Dumouchel et al. (2010).
Data are only available for temperatures up to 500 K. For temperatures above 500
K, the collisional de-exciation rate coefficients have been set equal to those at 500
K for the different line transitions and the mean velocity dependence on temper-
ature is ignored. To obtain rate coefficients for pure rotational transitions within
the excited vibrational states, the v=0 values were scaled using the formulation
of Chandra & Sharma (2001). For transitions between vibrational states, exper-
imental measurements at 300 K have been made by Smith & Warr (1991,their
Table 2). These values apply to the vibrational bands as a whole. Collisional rate
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coefficients for individual vibration-rotation transitions have been derived by D.
Harsono using a modified version of the formulation of Clary (1983).
The upward collisional rate coefficients (Cy,) are determined using Equation 4.1,

Ch = E4Cuexpl—E /KT, (4.1)
81

where E,; is the energy difference between the two levels and g, and g; are the
statistical weights for the upper and lower level.

The experimental data of Smith & Warr (1991) show that collisional de-excitation
of the v, band at 14 ym by H, is much more rapid (by a factor of ~300) than that
of the v3 band at 3 um. Typical values are 1.5 ~ 10" and 5x 10™'* ecm3s™'. Since
the Einstein A coefficients of the two bands are 3.3 and 81.7 s™!, respectively, this
means that the critical densities A,;/C,y are 2x 10! and 1.6x 10" cm™3. Thus, the
densities needed to excite the 3 um band are roughly 4 orders of magnitude larger
than those for the 14 ym band. Results of the non-LTE calculations are presented
below in §4.4.

4.4.3 Non-LTE slab model including radiative pumping

Besides collisions, the HCN lines can also be radiatively pumped. To investigate
how this will affect the line fluxes for the 3 and 14 pum emission, an IR radiation
field was added in the non-LTE slab model simulated by RADEX. The radiation
field is estimated using the RADMC radiative transfer code for the AS 205 disk
model using the parameters given in Table 1. Using the resulting dust temperature
and density structure, a radiation field in each grid point in the modeled disk is
computed. The radiation field in the grid points within the temperature range
850 — 1150 K and volume densities of 10%, 10'© and 10'> cm™3 has been extracted.
These temperature and density ranges were selected because the LTE analysis in
Section 4.4.1 shows them to be typical for the region from where the HCN line
emission originates. At wavelengths larger than a few micron the photon noise
in this Monte Carlo method is considerable and we have smoothed these results.
The radiation field does not change much within the volume density range of 108
~ 10" cm™. Hence we have adopted the average radiation field indicated by the
red line. The blue line shows a blackbody for 1000 K which is clearly not a good
approximation for the averaged radiation field. However, the green line shows a
blackbody for 1000 K, scaled with the dilution factor W set to 0.2, which provides
a fair fit to the radiation field at wavelengths > 3 micron. In these calculations, we
will adopt a blackbody at 1000 K with a dilution factor of 0.02 and 0.2 to estimate
the effect of a radiation field on the HCN line emission (see Fig. 4.4).
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Figure 4.4 The extracted radiation field (in black) using the radiative transfer
model RADMC of the standard AS 205 disk for three different volume densities:
10® (solid), 10'° (dotted) and 10" cm™ (dashed). Their average radiation field is
plotted in red. The radiation from a blackbody at 1000 K is plotted in blue and
the same blackbody with a dilution factor of 0.2 is presented in green.

94



4.4 Radiative transfer models and their results

4.4.4 Results introducing non-LTE and radiative pump-
ing of HCN

Figure 4.5 shows the 3 and 14 pm line fluxes as a function of the volume density
of H, for four different temperatures, 300, 600, 900 and 1200 K, and two different
HCN column densities 10" (black line) and 10> em™ (red line). The ratio of
the 3 and 14 um fluxes is shown in the bottom 4 panels shown in Fig. 4.5. In
addition, the computed fluxes including the radiation field with a dilution factor
of 0.2 (dashed lines) and a radiation field including a dilution factor of 0.02 (dashed
dotted lines) are plotted in the figure.

Fig. 4.5 shows, as expected, that the flux (not including a radiation field) in-
creases with both the volume density and the column density. At low density, the
line flux increases with n(H,)N(HCN) and hence, for constant column density, the
line flux scales linearly with density. At high densities (n >> n,,), the line fluxes
scale with N(HCN) and becomes independent of n(H). The main difference be-
tween the 3 and 14 um lines is that the 14 um flux starts to flatten out at around
10° cm™ while the 3 um flux keeps increasing until a much higher density of 10'4
cm™. Essentially the 14 ym flux reaches LTE, hence collisional excitation takes
over, at a much lower density than the 3 um flux. This reflects the much higher
critical density for the 3 pum line (10'5 ¢cm™) than the 14 ym emission lines (10!
cm™). It can clearly be seen in the figure that the 3/14 um flux ratio is sensitive to
density between 10° and 10 ¢cm™, i.e., the density range where the 14 um levels
have reached LTE while the 3 um flux still increases. However, as expected, no
difference in the 3/14 uym flux ratio is apparent between the two different column
densities of 10" and 10" ¢cm™ since both types of lines are optically thin.

Another way to plot these results is shown in the left and middle panel of Fig. 4.6
which presents loci in the n — T plane of a constant flux (1078, 1077 and 107% erg
em™2 57! for the 3 um line P(11) and 0.01, 0.05 and 0.1 erg cm™2 s7! for the 14 um
flux) for the two different HCN column densities 10'* and 10'3 cm™3. These figures
illustrate that when the density is lowered a higher gas temperature is needed to
give the same flux of the line and that this effect is stronger for the 3 ym emission
than the 14 ym emission. Essentially, the line flux scales with the Planck function
at the excitation temperature of the levels. For a two level system, the excitation
temperature, T, is given by

-1
I _ [1+k—T1n(1 +&)] (4.2)
T EM[ n

Thus for a lower density a higher temperature is needed to collisionally excite
the lines to achieve the same intensity in the lines. Only when the density exceeds
the critical density will (T,) approach T and will the line flux become constant.
Because E,; is larger for the emission at 3 ym than for the emission at 14 pm,
the 14 pum lines need less of a temperature change to compensate for a change in
the volume density as the 3 ym emission. The right panel of Fig 4.6 shows the
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Flux 3 um [erg/cm?/s]
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Figure 4.5 The modeled line flux of the HCN P(11) line (3.0305 um), the total
HCN line flux between 13.837 — 14.075 um and the 3/14 ym line flux ratio as a
function of density using a slab model at four different temperatures 300, 600, 900
and 1200 K and for two different column densities. The dashed lines represent
a slab model for a HCN column density of 10!'* cm~? including a radiation field
using a blackbody of 1000 K which is scaled with a dilution factor of 0.2 and the
dashed-dotted line includes a radiation field using a blackbody for 1000 K which
is scaled with a dilution factor of 0.02. The two different HCN column densities
(10" and 10" ¢cm™2) are represented by the black and red color on the different
types of lines. The observed 3/14 um line flux ratio for AS 205 N is shown in the
four lower panels (green dashed line).
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Figure 4.6 Curves of constant P(11) HCN line flux, 13.837 — 14.075 um total HCN
line flux and 3/14 ym HCN flux ratios are plotted as a function of density and
temperature for models without radiative excitation. Black (red) lines are for a
column density of 10'* (10'%) em™. Left panel: The three different fluxes are 1076
(dashed line), 107> (dotted line) and 10™* (solid line) erg cm™2 s~!. Middle panel:
The three different fluxes are 0.1 (dashed line), 1.0 (dotted line) and 10.0 (solid
line) erg cm™2 s~!'. Right panel: The three different ratios are 107* (dashed line),
1072 (dotted line) and 1072 (solid line).

temperature and volume density that are needed to get three different 3/14 pum
flux ratios 1072, 1073 and 10™*. There is no difference in this curve between the
different HCN column densities 10'* and 10" cm™2.

As can be seen the observed flux ratio of 2.5 - 1072 can only be reached with a
minimum volume density of 5.0 - 10'2 cm™ at temperatures >900 K if no radiative
pumping is included. However, at a temperature of 900 K, which is also close
to what is estimated for three different T Tauri stars using a LTE slab model
for HCN (Mandell et al. 2012), the emission would originate in a region with
a volume density of around 10" - 10'* cm™ according to Fig. 4.5. These high
densities are only reached below the limit where the 3 and 14 ym continuum
emission becomes optically thick. Based on Fig. 4.2, the HCN emission is expected
to arise in a region with densities of 10% — 10" em™. Hence, including non-LTE
without radiative pumping cannot re-produce the observed flux ratio. Therefore
an infrared radiation field is included in the non-LTE slab model to see if this may
be able to explain the observed flux ratio.

Including the radiation field leads to higher line fluxes. The radiation field will
dominate over collisions when

Nerit w

_— 1 4.
n explhv/kTg] —1 >z (4.3)

where Ty is the temperature of the radiation field (1000 K in our case). This
happens when the volume density is much lower than the critical density or when
hv/kTr <<1. When the radiation field dominates, the line fluxes scale with the
dilution factor times the Planck function at the excitation (=radiation) temper-

97



4 Investigation of HCN excitation in protoplanetary disks

ature. As a result, at low densities and temperatures, the calculated line flux is
much higher than expected from a pure collisional model (Fig. 4.5). At densities
above the critical density, the ‘collisional’ results are recovered. Again, the effects
are larger at shorter than at longer wavelengths because of the higher critical den-
sities for the 3 um lines. This explains why the flux ratio is higher at the lower
volume densities and temperatures, since this is the region where the radiation
field dominates over the collisions and the excitation temperature is close to the
radiation temperature.

The green line in Fig. 4.5 indicates the observed 3/14 um flux ratio. It is
seen that the models including radiative pumping at a dilution factor of 0.2 now
reproduce the observed flux ratio (within a factor of a few) over a very wide range
of densities and temperatures, including the range of densities of 10% — 10> cm™3
appropriate for the upper disk layers from which the HCN emission is thought to
originate. For the smaller dilution factor of 0.02, the flux ratio drops somewhat
below the observed value in the relevant density range, but still provides a closer
match to the observational data than the model without a radiation field. That the
flux ratio is getting closer to the observed flux ratio over a wide range of densities
when including an infrared radiation field demonstrates that infrared radiative
pumping may play an important role when exciting the HCN molecules in the
inner region of a protoplanetary disk atmosphere.

Note that the flux ratio is not sensitive to the HCN column density: only the
absolute fluxes can give estimates of the HCN column density and thus its abun-
dance.

4.5 Summary and conclusions

The excitation processes leading to the observed HCN emission from circumstellar
disks around T Tauri stars have been studied to investigate which type of slab or
disk model can best describe the observations that have been made so far. This
work shows that the 3 um HCN emission is not well described with a LTE slab
or disk model and that these type of models will overestimate the flux of the
lines, hence underestimate the abundance of HCN. As an example, judging from
Fig. 4.5, assuming LTE, the line fluxes are overestimated by about an order of
a magnitude at a temperature of 900 K and a volume density of 10'> cm™ if no
radiative pumping is included. Hence, the derived column density (eg., the HCN
abundance) would be underestimated by about an order of magnitude. For lower
densities, the effect would be proportionally larger. This is because the critical
density for the 3 um emission is much higher than the density of the inner (<0.2
AU) regions of the upper parts of the disks from which the emission is thought
to arise. LTE is a better approximation for the 14 um HCN emission due to its
lower critical density. Non-LTE models are better at describing the observed 3 um
emission if infrared radiative pumping is included in the models.

These results can be compared to the work done on H,O emission originating
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from the same region in protoplanetary disks by Meijerink et al. (2009). They
show that also water emission coming from <0.2 AU is not well modeled using
LTE slab or disk models. The water emission lines are also better described when
including non-LTE excitation in their disk model. They in addition show that the
higher vibrational band lines are even more sensitive to non-LTE effects. Mandell
et al. (2012) illustrate that the line fluxes of the higher ro-vibrational band v =
2—-1 of HCN is overestimated in their LTE disk model compared with the observed
upper limits. This can be explained by the fact that the higher ro-vibrational line
fluxes, as for HCN nuz and the H,O lines, are lowered when introducing non-LTE
in the models. Future work investigating the impact on the higher ro-vibrational
lines when including non-LTE and radiative pumping in a full disk model would
therefore be interesting.
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Exploring organic chemistry in
planet-forming zones!

Context. Over the last few years, the chemistry of molecules other than CO in
the planet-forming zones of disks is starting to be explored with Spitzer and high-
resolution ground-based data. However, these studies have focused only on a few
simple molecules.

Aim. The aim of this study is to put observational constraints on the presence of
more complex organic and sulfur-bearing molecules predicted to be abundant in
chemical models of disks.

Methods. High S/N Spitzer spectra at 10-30 um of the near edge-on disks IRS
46 and GV Tau are used to search for mid-infrared absorption bands of various
molecules. These disks are good laboratories because absorption studies do not
suffer from low line/continuum ratios that plague emission data. Simple LTE slab
models are used to infer column densities and excitation temperatures for detected
lines and upper limits for non-detections.

Results. Mid-infrared bands of HCN, C,H, and CO, are clearly detected toward
both sources. As found previously for IRS 46 by Lahuis et al. (2006), the HCN and
C,H, absorption arises in warm gas with excitation temperatures of 400-700 K,
whereas the CO, absorption originates in cooler gas of ~250 K. Absolute column
densities and their ratios are comparable for the two sources. No other absorption
features are detected at the 30 level. Column density limits of the majority of
molecules predicted to be abundant in the inner disk — C,Hy4, C;Hg, CgHg, C3Hy,
C4H,, CH;, HNC, HC3N, CH3CN, NHj3 and SO,—are determined. Simulations
are also performed for future higher spectral resolution instruments such as on

1Based on: J.E. Bast, F. Lahuis, E.F Dishoeck and A.G.G.M. Tielens, 2012, submitted to
A&A.
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JWST, SOFIA, SPICA or ELTs.

Conclusions. The inferred abundance ratios and limits with respect to C,H, and
HCN are roughly consistent with models of the chemistry in high temperature
gas. Models of UV irradiated disk surfaces generally agree better with the data
than pure X-ray models. The limit on NH;/HCN implies that evaporation of
NH;-containing ices is only a minor contributor. The inferred abundances and
their limits also compare well with those found in comets, suggesting that part of
the cometary material derives from warm inner disk gas. Future higher resolution
data will provide up to an order of magnitude deeper tests of the models.
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5.1 Introduction

The chemical composition of the gas in the inner regions of circumstellar disks
plays an important role in determining the eventual composition of the comets
and atmospheres of any planets that may form from that gas (see reviews by
Prinn 1993, Ehrenfreund & Charnley 2000, Markwick & Charnley 2004, Bergin
2009). In the last few years, observations with the Spitzer Space Telescope have
revealed a rich chemistry in the inner few AU of disks around low-mass stars,
containing high abundances of HCN, C,H,, CO,, H,O and OH (Lahuis et al.
2006, Carr & Najita 2008, Salyk et al. 2008, Pascucci et al. 2009, Carr & Najita
2011, Kruger et al. 2011, Najita et al. 2010, Pontoppidan et al. 2010, Salyk et al.
2011). Spectrally and spatially resolved data of CO using ground-based infrared
telescopes at 4.7 um show that the warm molecular gas is indeed associated with
the disk (e.g., Najita et al. 2003, Brittain et al. 2003, 2007, 2009, Blake & Boogert
2004, Pontoppidan et al. 2008, Salyk et al. 2011b, Brown et al. subm.), with in some
cases an additional contribution from a disk wind (Bast et al. 2011, Pontoppidan et
al. 2011). Spectrally resolved ground-based observations have also been obtained of
OH and H,0 at 3 um (Carr et al. 2004, Mandell et al. 2008, Salyk et al. 2008, Fedele
et al. 2011), and most recently of HCN and C,H, (Gibb et al. 2007, Doppmann et
al. 2008, Mandell et al. 2012). All of these data testify to the presence of an active
high-temperature chemistry in the upper layers of disks that drives the formation
of OH, H,O and small organic molecules. However, it is currently not known
whether this gas contains more complex organic molecules which may eventually
become part of exoplanetary atmospheres.

Observations of large interstellar molecules are usually carried out using (sub-
Jmillimeter telescopes. A wide variety of complex organic species have been found
in low- and high-mass protostars at the stage when the source is still embedded in
a dense envelope (see Herbst & van Dishoeck 2009,for review). For disks, the pure
rotational lines of CO, H,O, HCO™*, H,CO, HCN, N,H*, CN, C,H, SO, DCO™* and
DCN have been reported but more complex molecules have not yet been detected
(e.g., Dutrey et al. 1997, Kastner et al. 1997, Thi et al. 2004, Fuente et al. 2010,
Henning et al. 2010, Oberg et al. 2011, Hogerheijde et al. 2011). Although these
millimeter data have the advantage that they do not suffer from dust extinction
and can thus probe down to the midplane, current facilities are only sensitive
to the cooler gas in the outer disk (> 50AU). Even the Atacama Large Millime-
ter /submillimeter Array (ALMA) with its much improved spatial resolution and
sensitivity can only readily image molecules at ~5 AU or larger in the nearest disks.
Moreover, ALMA cannot detect molecules without a permanent dipole moment
such as C,H,; and CHy4, which are among the most abundant species in the inner
disk. Results so far show that there is no clear correlation between the chemistry
in the inner and outer parts of the disk (Oberg et al. 2011). The chemistry in the
inner regions seems to be sensitive to different shapes of radiation fields and the
accretion luminosities (Pascucci et al. 2009, Pontoppidan et al. 2010), but these
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quantities do not seem to have an impact on the chemical composition of the colder
gas further out in the disk.

Searches for more complex molecules in the inner few AU must therefore rely
on infrared techniques. However, the strong mid-infrared continuum implies very
low line/continuum ratios for emission lines, even at high spectral resolution. In-
deed, the recent VLT-CRIRES (R = 1/AA = 10°) searches in the 3 yum atmospheric
window show that lines of molecules other than CO have line/continuum ratios of
typically only a few %, and that even relatively simple species like CHy are not
detected at the ~1% level (Mandell et al. 2012). On the other hand, absorption
lines offer a much better chance of detecting minor species for a variety of rea-
sons. First, absorption occurs from the ground vibrational level where the bulk
of the population resides, so that the signal is much less sensitive to tempera-
ture. Another advantage is that absorption lines are relative in strength to the
continuum whereas emission lines are absolute. So the strength of the absorption
lines relative to the continuum will stay the same in sources which have a stronger
continuum whereas the emission lines will be dominated by the continuum. Both
these advantages imply that absorption lines are easier to detect for less abundant
molecular species than emission lines.

Detection of absorption lines requires, however, a special orientation of the disk
close to edge-on, so that the line of sight to the continuum passes through the inner
disk. Only a few disks have so far been found with such a favorable geometry: that
around Oph-TRS46 (Lahuis et al. 2006), GV Tau N (Gibb et al. 2007, Doppmann
et al. 2008) and DG Tau B (Kruger et al. 2011). In all cases, the mid-infrared
absorption bands of HCN, C,H, and CO; have depths of 5-15%, even at the low
spectral resolution R ~ 600 of Spitzer. For high S/N > 100 spectra, detection of
absorption features of order 1% should be feasible, providing a dynamic range of
up to an order of magnitude in abundances to search for other molecules. With
increased spectral resolution and sensitivity offered by future mid-infrared instru-
ments such JWST-MIRI (R =3000), and SOFIA, SPICA and ELTs (R > 50000),
another order of dynamic range will be opened up.

A large variety of increasingly sophisticated physico-chemical models of the inner
regions of disks exist (e.g., Willacy et al. 1998, Aikawa et al. 1999, Markwick et al.
2002, Nomura et al. 2007, Agundez et al. 2008, Gorti & Hollenbach 2008, Glassgold
et al. 2009, Nomura et al. 2009, Willacy & Woods 2009, Woitke et al. 2009, Kamp
et al. 2010, Walsh et al. 2010, Aresu et al. 2011, Gorti et al. 2011, Heinzeller et
al. 2011, Najita et al. 2011, Vasyunin et al. 2011, Walsh et al. 2012). The models
differ in their treatments of radiation fields (UV and/or X-rays), the gas heating
and resulting disk structure, dynamical processes such as accretion flows and disk
winds, grain properties and chemical networks (e.g., grain opacities, treatment of
gas-grain chemistry including H, formation at high temperature). Some models
consider only the simplest molecules in the chemistry, others have a large chemical
network but publish primarily results for species that can be observed at millimeter
wavelengths. Only Markwick et al. (2002) list the most abundant species, including
complex molecules that do not have a dipole moment, at 1, 5 and 10 AU as
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obtained from vertically integrated column densities. Since infrared observations
probe only part of the disk down to where the continuum becomes optically thick,
these models may not be representative of the surface layers. Column densities
appropriate for comparison with infrared data have been presented by Agtundez et
al. (2008), Najita et al. (2011) but do not provide data for more complex molecules.
Woods & Willacy (2007) and Kress et al. (2010) consider PAH processing in the
inner disk and study its impact on the abundances of related species like benzene
and C,H,. Note that PAHs are generally not detected in disks around T Tauri
stars, including the two disks studied here, at levels a factor of 10-100 lower than
found in the interstellar medium (Geers et al. 2006, Oliveira et al. 2010).

Observations of molecules in comets provide another interesting data set for
comparison with protoplanetary disks. Solar system comets were likely formed
at distances of about 5-30 AU in the protosolar nebula. Many volatile molecules
are now routinely observed in cometary atmospheres at infrared and millimeter
wavelengths, including species as complex as C,;Hg, CH30H, and even (CH,OH),
(see Mumma & Charnley 2011, Bockelée-Morvan 2011,for reviews). It is still
debated whether the abundances measured in comets directly reflect those found
in the dense envelopes around protostars or whether they result from processing
and mixing material from the inner and outer disk into the comet-forming zone.
Putting constraints on the inner disks abundances of these molecules will be im-
portant to probe the evolution of material from the natal protosolar nebula to the
formation of icy bodies.

In this study we use the existing high S/N Spitzer spectra of IRS 46 and GV
Tau to, for the first time, put upper limits on various molecules in the inner disk:
HNC, CH3, CzH4, CzHG, C3H4, HC3N, C6H6, NH3, C4H2, CH3CN, HQS and SOZ
These molecules were selected to include most of the top 15 highest vertical column
density molecules at 1 and 5 AU by Markwick et al. (2002). The selected species
can in principle directly test the predictions of models of inner disk chemistry.
The list also contains several molecules observed in cometary atmospheres and
two more molecules with a permanent dipole moment, HNC and HC;N, which
together with HCN can be observed at both infrared and millimeter wavelengths
and can thus be used to connect the inner and outer disk chemistries through
ALMA imaging.

The mid-infrared spectra of IRS 46 and GV Tau contain detections of C,H,, CO,
and HCN which are analyzed here in terms of column densities and abundances,
following the same strategy as for IRS46 in Lahuis et al. (2007). The earlier
detections of HCN and C,H,; toward GV Tau were performed in the 3 yum window
with higher spectral resolution (Gibb et al. 2007).

A description of the observations and the reduction of the data for IRS 46 and
GV Tau is presented in Section 5.2 together with some information about these
two protoplanetary disks. Section 5.3.1 presents an overview of the observed and
modeled spectra, whereas 5.3.2 uses a synthetic local thermodynamic equilibrium
(LTE) model to estimate column densities and excitation temperatures for HCN,
C,H, and CO, toward GV Tau and compares the results with those for IRS 46.
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Section 5.3.3 presents the upper limits for the various molecules toward the two
sources and Section 5.3.4 shows how future instruments can provide more stringent
limits. Discussion and comparison to chemical models is performed in Section 5.4.
A summary of the main conclusions is found in Section 5.5.

5.2  Observations

5.2.1 IRS 46 and GV Tau

The observations of IRS 46 and GV Tau were made using Spitzer-IRS in both the
Short-High (SH; 9.9 — 19.6 um) and Long-High (LH; 18.7 — 37.2 ym) modes with a
spectral resolving power of R = 1/64 = 600.

Oph-IRS 46 was observed at @ = 16"27"29°4 and § = -24°39'16".3 (J2000),
located in the Ophiuchus molecular cloud at a distance of around 120 pc (Loinard
et al. 2008). IRS46 was initially observed in 2004 as part of the Cores to Disks
Spitzer legacy program (Evans et al. 2003) and in 2008 and 2009 at multiple epochs
to search for variability. Its mid-infrared spectral energy distribution rises strongly
with wavelength, as expected for a near edge-on disk (Crapsi et al. 2008). Strong
HCN, C,H; and CO; absorption has been detected with Spitzer and attributed to
arise from warm gas in the surface layers of the inner few AU of the disk, seen in
absorption against the continuum produced by the hot inner rim on the near and
far side of the star (Lahuis et al. 2006). Lahuis et al. (2011,and in prep.) show that
hot water emission lines are also detected. More interestingly, strong variation in
the depth of the molecular absorption bands as well as in the strength of the water
emission lines and the mid-IR contiuum is observed on timescales of a few years.
The data used here are the original observations obtained on August 29, 2004 as
part of AOR# 0009829888 and published by Lahuis et al. (2006). These show
the deepest molecular absorptions, thus providing the best upper limits of column
densities of other species relative to the observed C,H,, HCN and CO, column
densities.

GV Tau is a T Tauri star that is partly embedded in the L1524 molecular cloud.
Its observations were positioned at a = 4"29"25%.8 and § = +24°33’00”5 (J2000).
It has an infrared companion about 1.2 to the north. The companion is named
GV Tau N and the primary optical source is called GV Tau S. Gibb et al. (2007)
detected HCN and C,H; toward GV Tau N using Keck-NIRSPEC at L-band, how-
ever, no such detections were made toward GV Tau S. GV Tau has subsequently
been observed using the IRS SH mode at multiple epochs with Spitzer in a GO4
program (PI, F.Lahuis; program ID 50532). For the SH part of the spectrum the
GO4 data (AOR # 0022351616, 0028247808, 0028247552 and 0031618304) were
used. For the LH part, data from the Spitzer GTO program observed on 02 March
2004 as part of AOR # 0003531008 were adopted. Note that the Spitzer-IRS aper-
ture does not resolve the GV Tau binary, in contrast to NIRSPEC. The Spitzer
spectra therefore combine emission and absorption of GV Tau N and GV Tau S.
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Both GV Tau N and GV Tau S are variable at 2 um (Leinert et al. 2001, Koresko
et al. 1999) and at 8 — 13 um (Przygodda 2004, Roccatagliata et al. 2011). This
variability has been attributed to variable accretion mechanisms for GV Tau N
and variation in the extinction due to inhomogeneities in the circumstellar mate-
rial for GV Tau S (Leinert et al. 2001). However, the multi-epoch Spitzer data do
not show significant mid-infrared variation on timescales of a few months up to
a few years, in contrast with IRS 46. The continuum of GV Tau N is about an
order of magnitude brighter than the continuum of GV Tau S between 8 — 13 ym
(Przygodda 2004, Roccatagliata et al. 2011). The factor changes between 5 — 10
due to variations in the continuum emission from both the northern and south-
ern source. Since no absorption was seen in GV Tau S in Gibb et al. (2007),
Doppmann et al. (2008) it is assumed that the majority of the absorption arises
toward GV Tau N. However, the continuum emission from the southern source
captured in the Spitzer-IRS aperture slightly reduces the total optical depth of the
absorption lines in the spectrum. To put an upper limit on the added uncertainty
caused by the additional continuum emission from GV Tau S, it is assumed that
the mid-IR continuum of GV Tau N is at least 5 times stronger than that of GV
Tau S, resulting in an additional uncertainty of ~ 1 — 4% for features that are
~ 5-=20% deep. Since the effect is minor, no correction is made for the column
densities derived here.

H.2.2  Data reduction

The data reduction started with the BCD (Basic Calibrated Data) images from
the Spitzer archive processed through S18 pipeline. The BCD images were then
processed using the Cores to Disks (c2d) analysis pipeline (Lahuis et al. 2006b,
Kessler-Silacci et al. 2006). The main processing steps are background correction,
bad-pixel removal, spectral extraction, defringing, order matching and spectral
averaging. Two extraction methods were used; 1) a full aperture extraction from
the BCD images and 2) an optimal extraction using an analytical psf (Lahuis et
al. 2007) defined using a set of high S/N calibration stars. For both extractions
a relative spectral response function (RSRF) calibration is applied with & Dra as
the main reference star using MARCS models taken from the Spitzer science center
(Decin et al. 2004).

For all observations the extraction method giving the best S/N was used to pro-
duce the final spectra. The two (partly) independent extraction methods further
allow to better discriminate between artifacts and true science features.
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Figure 5.1 Spectra of the protoplanetary disks around IRS 46 and GV Tau taken
with the Spitzer-IRS.

5.3 Results

5.3.1 Spectra

Figure 5.1 shows the spectra of IRS46 and GV Tau over the 10 — 37 um region.
The absorption bands of gaseous C,H, vs, HCN v, and CO, v, can be clearly seen
at 13.7, 14.0 and 15.0 um, together with the solid CO, feature at 15 — 16 um. To
search for other molecules, a local continuum has been fitted to the broad spectral
features and divided out. The S/N on the continuum is typically 100 or better.
No other obvious absorption features are detected at the few % absorption level.
The model spectra with derived column densities and upper limits are described
below.

5.3.2 CQHQ, HCN and COz

To extract quantitative information from the spectra, a simple local thermody-
namical equilibrium (LTE) absorption slab model has been used to fit the data.
The free parameters in the model are the excitation temperature, the integrated
column density along the line of sight and the intrinsic line width, characterized by
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the Doppler b-value. The excitation temperature sets the level populations of the
molecule using the Boltzmann distribution. The lack of collisional rate coefficients
for many of the species considered here prevents non-LTE analyses. The model
spectrum is convolved with the spectral resolution of the instrument and resam-
pled to the observed spectra. More details about the model and the molecular
parameters and data that are used for the three detected molecules can be found
in Lahuis & van Dishoeck (2000), Lahuis et al. (2007), Boonman et al. (2003) and
in Table 1.
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Figure 5.2 Continuum normalized spectra of GV Tau and IRS 46. Plotted in black
are the observed spectra and overplotted in red the best-fit synthetic spectra to the
absorption bands of C,H, vs=1-0, HCN v,=1-0 and CO; v,=1-0. See Table 5.2
for best fit model parameters.

Figure 5.2 presents a blow-up of the 13 — 15 um range of the GV Tau and IRS 46
spectra with the continuum divided out. Included are the best-fitting model spec-
tra. The figure clearly shows that the P- and R-branch lines are difficult to detect
at the Spitzer-IRS spectral resolution of R = 600, however the Q-branches of C,Hj,
HCN and CO; are easily seen. In addition the Q-branch changes its form and
depth with excitation temperature and column density. In particular, the depth
of the Q-branch decreases with increased excitation temperature for the same total
column density and broadens to the blue side due to an increase in the popula-
tion of the higher rotational levels. A higher column density on the other hand
increases the central depth of the Q-branch since more molecules absorb photons.
As can be seen in Lahuis & van Dishoeck (2000) the Q-branch is sensitive to the
adopted Doppler b-value with the magnitude of the effect depending on the tem-
perature and column density. The C,H, lines become more easily optically thick
than those of the other molecules at lower temperatures so care should be taken.
Spectrally resolved data obtained with Keck-NIRSPEC (Salyk et al. 2011b, Lahuis
et al. 2006) and within our VLT-CRIRES survey (Pontoppidan et al. 2011b, Brown
et al. subm.) show that the HCN and CO lines have b ~ 12 km s™!'. In our analysis
we therefore adopt a Doppler b-value of 10 km s~'. This means that at typical
temperatures of ~400 K saturation plays a role for column densities above 4 and
15 x10'® cm™2 for C,H, and HCN, respectively. For CO, the saturation limit is
significantly higher.

A grid of synthetic spectra of C,H,;, HCN and CO, was made for a range of
column densities and temperatures and fitted to the data obtained for GV Tau.
The best fit as presented in Fig. 5.2 was determined by finding the minimum differ-
ence between data and model as measured by the y? values. The derived column
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Table 5.2 Results from molecular fits to GV Tau and IRS 46 absorption features

Temperature [K] ~ Column density [10'® cm™]
Source IRS46 GV Tau IRS 46 GV Tau
G, 4903 720+g 21204 11203
HCN 4202 %0 440+ % 37108  18+04
CO, 250+% 250+% 84x11 5107

densities and excitation temperatures for the different molecules are summarized
in Table 5.2. For IRS 46, the values are consistent with those of Lahuis et al.
(2006) within the error bars. It is seen that the temperatures of the different
molecules and their column density ratios are comparable between GV Tau and
IRS 46. This supports the hypotheses that both sources are inclined disks with
similar characteristics. In both sources CO, has the highest column density but
the lowest temperature, whereas the HCN/C,H, ratio is slightly above unity. In
their 2 — 5 um study, Gibb et al. (2007) however find significantly lower temper-
atures for C;H, (170 £ 20 K) and HCN (115 + 20 K) compared to our estimated
temperatures of about 400 to 700 K. However in later Keck-NIRSPEC L-band
observations, Doppmann et al. (2008), Gibb & Troutman (2011) detect lines out
to much higher J values, indicating warmer gas around 500 K. Our mid-infrared
results are therefore not inconsistent with the near-IR data.

The high resolution near-IR data for IRS 46 and GV Tau N show that the
spectral lines are shifted in velocity. For IRS46, CO and HCN are blueshifted by
about 24 km s™! with respect to the cloud (Lahuis et al. 2006) whereas for GV
Tau the HCN lines are redshifted by about 13 km s™' compared with the star
(Doppmann et al. 2008). This could indicate that the observed HCN, C,H, and
CO, absorption originates in a disk wind or infalling envelope rather than the disk
itself. However, the high densities needed to excite these higher J-transitions as
well as the constraints on the size of the high abundance region (<11 AU) imply
that the absorption lines have an origin in outflowing or infalling gas that must be
very closely related to the disk itself with a chemistry similar to that of the disk.
This is further discussed in Lahuis et al. (2006), Gibb et al. (2007), Doppmann
et al. (2008), Kruger et al. (2011) and Mandell et al. (2012). Fuente et al. (2012)
recently imaged the warm HCN associated with the disk of GV Tau N at millimeter
wavelengths and found an emitting radius of less than 12 AU.

Figures 10, 11 and 12 in the Appendix present C;H,, HCN and CO, absorption
spectra at higher spectral resolution for R = 3000, as appropriate for the JWST-
MIRI instrument, and at R ~ 50000, as typical for future mid-infrared spectrome-
ters on an Extremely Large Telescope (ELT) (e.g., METIS on the E-ELT, Brandl
et al. 2010). The latter spectrum is also characteristic (within a factor of 2) of
the spectral resolution of R = 100000 of EXES on SOFIA (Richter et al. 2006)
or a potential high resolution spectrometer on the SPICA mission (Goicoechea &
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Nakagawa 2011). As expected, the central Q branch becomes deeper with higher
spectral resolution and the P— and R-branches become readily detectable, allow-
ing a more accurate model fit to the data. The inferred column density, however,
should not change beyond the error bars derived from the low resolution data.

5.3.3 Other molecules

Overview

Table 5.1 summarizes the molecular data (vibrational mode, line positions, band
strengths) used for all molecules for which searches have been made toward IRS
46 and GV Tau in the 10-30 ym wavelength range, together with the main ref-
erences from which they have been extracted. Only the intrinsically strongest
bands of each molecule have been chosen; weaker bands are ignored. Note that
isotopologues and vibrationally excited states or ‘hot bands’ are not included in
the data sets, except in the fitting of the observed spectra of HCN, CO, and C,H,.
Hot bands are expected to be suppressed in full non-LTE calculations, where the
excitation of the higher vibrational levels is subthermal at densities below ~ 10'°
cm™>. Synthetic spectra are generated following the procedures as described in
Helmich (1996), Lahuis & van Dishoeck (2000).

Our spectra use molecular data from various databases listed in Table 5.1. To
assess their reliability, we have computed the integrated absorption band strengths
of the simulated spectra and compared them with independent band strengths
tabulated in the literature (columns 5 and 6 of Table 5.1. This table shows that the
band strengths of all species agree to within factor of ~ 3 and in most cases much
better. For the purpose of this paper this accuracy is sufficient and differences
between databases and other literature values are not pursued here. It should be
noted, however, that there are (sometimes significant) differences between line lists
and not all line lists are complete.

Figure 5.3 presents an overview of the simulated LTE spectra for all molecules
considered here at T = 500 K, R = 50,000 and a column density of 1-10'% cm2.
A variety of absorption patterns is seen, depending on the characteristics and
symmetries of the individual bands involved. Together, they span most of the
medium resolution wavelength range observed by Spitzer.

Upper limits from Spitzer data

To estimate the upper limits of non-detected molecules, first the rms was calculated
over the region where the spectral band of the molecule of interest is expected to
be. The wavelength range of this region was set to be 10 times the FWHM of the
Q-branch of the molecule, except for SO, where the P and R-branches were taken
as a reference point. The rms was then multiplied by 3 to assume a 30 limit. The
absorption LTE model was subsequently used to determine the maximum column
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1:10'6 cm™? which is the same as in Fig. 10-22
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density that fits the data within the 30 range. Three different temperatures of
200, 500 and 1000 are adopted, using b = 5 km s~! throughout.

Plots with parts of the observed spectra for GV Tau and IRS 46 including the
synthetic spectra of the different molecules set so that their O-branch has a depth of
30 at a temperature of 500 K are presented in Fig. 5.4 and Fig. 5.5. For reference,
Figures 10 — 23 in the Appendix present an overview of the simulated LTE spectra
at R = 600 for all the molecules considered here at additional temperatures of 200
and 1000 K.

The derived 30 upper limits on the column densities are presented in Table 5.3
and 5.4. In addition Fig. 5.6 shows how the relative intensity in percent changes
with temperature and column density for each molecule. Not all column densities
follow the expected trend of a higher upper limit on the column density at a higher
temperature because of a decrease in the depth of the Q-branch. This tendency
can be explained when looking at the different spectra. For example, HNC follows
the expected trend (Fig. 13), but not C¢Hg (Fig. 20). The latter behavior is due to
the low spectral resolving power R = 600 which does not resolve the intrinsically
narrow Q—branch of this heavy molecule. At higher resolving power, however, the
strength of Q-branch does in fact decrease with the temperature as expected.

Tables 5.5 and 5.6 present the upper limits on the column densities relative
to C,H; and HCN, respectively, for both IRS 46 and GV Tau. Abundance ratios
relative to C,H, and HCN are typically of order unity, except for CH;CN and C,Hg
which have particularly low band strengths (see Table 5.1). The most stringent
ratios of <0.2-0.5 are obtained for C4H, and CgHg. The ratios are also graphically
displayed in Figures 5.7 and 5.8 where they are compared with model results.
These results will be further discussed in §5.4.

5.3.4 High resolution spectra

Figures 13 — 21 present the higher resolution spectra of all molecules at R=3000
and 50,000 at Tex = 200,500 and 1000 K using » = 5 km s~! and a column density
of 1'10' ¢cm™2. The improved detectability of the molecules at higher spectral
resolution is obvious. The resulting 30 limits are included in Table 5.3 for IRS 46.
For GV Tau, the limits at higher resolution scale similarly. The column density
limits are lower by factors of 2-10. They do not decrease linearly with increasing
resolving power, however, because the strong Q—branches used to set the limits are
blends of many lines at low resolution which become separated at higher resolving
power. In some cases (C,Hg, CH3CN), the gain is very small because the molecule
absorbs less than 0.1% of the continuum for the adopted column density, which
remains undetectable at §/N=100 even at high spectral resolution.

Tables 5.5 and 5.6 include the column density ratios with respect to C,;H, and
HCN at higher resolving power. Since the C;H; and HCN column densities remain
the same, the abundance ratio limits are now up to an order of magnitude lower,
thus bringing the limits in a more interesting regime where they provide more
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Figure 5.7 Comparison of the abundances of various species relative to Co;H, be-
tween inner disk observations, chemical models (upper panel) and cometary ob-
servations (lower panel). The observed upper limits for IRS 46 (black arrows) and
GV Tau (red arrows) and their respective detections (black and red diamonds)
are indicated. Upper panel: Abundance ratios in the disk model by Markwick et
al. (2002) at 5 AU (green triangle), from the reference disk model (blue square)
and for O/C = 1 (blue cross) at 1 AU by Najita et al. (2011) and from the disk
model by Agtindez et al. (2008) at 1 AU (green square) and 3 AU (green cross).
Lower panel: the abundance ratios detected in comets (the detection range for
each molecule is indicated with 2 green stars) (Mumma & Charnley 2011).
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Figure 5.8 Comparison of the abundances of various species relative to HCN be-
tween inner disk observations, chemical models (upper panel) and cometary ob-
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are indicated. Upper panel: Abundance ratios in the disk model by Markwick et
al. (2002) at 5 AU (green triangle), from the reference disk model (blue square)
and for O/C = 1 (blue cross) at 1 AU by Najita et al. (2011) and from the disk
model by Agtundez et al. (2008) at 1 AU (green square) and 3 AU (green cross).
Lower panel: the abundance ratios detected in comets (the detection range for
each molecule is indicated with 2 green stars) (Mumma & Charnley 2011).
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Table 5.3 Inferred upper limits of column densities [10'® ¢cm™] toward IRS 46 at
different excitation temperatures and spectral resolving powers.
C,Hy CyHg CeHg CH; HNC C;3Hy
R=600, 200 K <5.1 <69 <0.7 <0.6 <0.6 <2.0
500 K <3.2 <110 <0.5 <1.6 <12 <6.2
1000 K <4.3 <170 <0.5 <2.6 <2.2 <13

R=3000* <1.8 <50 <0.2 <0.4 <0.9 <3.1
R=50,000¢ <0.6 <29 <0.09 <0.06 <0.09 <1.8
30 [%]b 0.03 0.03 0.02 0.02 0.05 0.02

HC;N CyH, CH3CN SO, NH;

R=600, 200 K <1.1 <0.7 <660 <19 <2.0
500 K <1.2 <0.7 <780 <25 <3.9

1000 K <14 <0.9 <180 <46 <7.7

R = 3000 <04 <0.3 <310 <8.5 <14
R = 50,000 <0.3 <0.2 <46 <2.6 <0.3
3o [%) 0.02 0.03 0.03 0.02 0.03

aThe upper limits at spectral resolving powers of R = 3000 and 50,000 are for a maximum of
30 absorption at T = 500 K.
bThe actual 30 limit in % absorption at the location of the molecular band.

stringent tests of chemical models.

Note that these limits do not take the transmission of the Earth’s atmosphere
into account but assume that the strong Q-branches can be observed unobscured.
For ground-based instruments, this is often not the case and detectability depends
both on the transmission and on the radial velocity shifts of the sources with
respect to atmospheric lines (Lacy et al. 1989).
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Table 5.4 Inferred upper limits of column densities [10' ¢cm™] toward GV Tau at
different excitation temperatures at a resolving power of R=600.
CHs CyHg CeHe CH; HNC CsHy
200 K <1.2 <23 <0.3 <04 <06 <20
500 K <0.9 <38 <0.3 <l.2 <12 <6.2
1000 K <0.9 <57 <0.3 <1.8 <22 <13
30 [%]® 0.010 0.010 0.010 0.015 0.050 0.020
HC;N C4H, CH3;CN SO, NH;j
200 K <1.1 <0.2 <230 <14 <09
500 K <1.2 <0.2 <260 <19 <19
1000 K <14 <0.3 <50 <34 <3.7
3o (%] 0.020 0.010 0.010 0.015 0.015

2The actual 30 limit in % absorption at the location of the molecular band.
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5.4 Discussion

5.4  Discussion

Tables 5.5 and 5.6 and Figures 5.7 and 5.8 compare our limits with a variety
of chemical models. There are two distinct routes towards molecular complexity
in regions of star- and planet formation. First, at elevated temperatures such
as found in the inner disks, various reactions with activation barriers open up.
If atomic carbon can be liberated from CO and atomic nitrogen from Nj, high
abundances of CHy, C;H; and HCN can be produced. The second route starts
in the pre-stellar cores where ices are formed through grain surface reactions. At
a later stage, these ices can be transported into the disk and evaporate so that
a chemistry rich in hydrogenated molecules can ensue. We review each of these
classes of models and then discuss our observations in the light of these models
and in comparison with cometary and other data.

5.4.1 Warm chemistry

The warm gas chemistry in the photospheres of disks follows a similar chemical
scheme as that in other interstellar regions with high temperature gas such as the
inner envelopes of massive protostars (e.g., Doty et al. 2002, Rodgers & Charnley
2003, Stauber et al. 2005), high density photodissociation regions (PDRs) (e.g.,
Sternberg & Dalgarno 1995) and shocks (e.g., Mitchell 1984, Pineau des Foréts et
al. 1987, Viti et al. 2011). In fact, high abundances of C,H,, HCN and CO, were
first found in gas with temperatures of several hundred K near massive protostars
(Lacy et al. 1989, Evans et al. 1991, Lahuis & van Dishoeck 2000). The chemical
scheme starts with separating C or C* from CO and N from N, see Fig. 5.9
(adapted from Agundez et al. 2008). This can be done either by UV photons,
cosmic rays or X-rays. A UV-dominated region will produce comparable amounts
of C* and C, whereas cosmic rays and X-rays produce He* which will react with
CO to produce primarily C*.

For carbon-bearing species, the rate limiting steps of this scheme are the re-
actions of C and C* with H, which have activation barriers E, of ~12,000 and
4,000 K, respectively. At temperatures of a few hundred K, the C* channel leads
to CHy and C,H, while at high temperatures (>800 K), the C-channel becomes
active. Reactions of C, with H, have activation barriers of ~1500 K and form an-
other route to produce C,H and subsequently C,H,. For nitrogen-bearing species,
the reactions of NH with H, (E, ~ 7800 K) to form NH; and of CN with H,
(E, ~ 820 K) to form HCN also require high temperatures. At low temperatures
< 200 K, the above reactions are closed and C*, C and N will be driven back to
CO and N, through reactions involving OH. Hence, the higher the temperature
the more C,H,, CH4 and HCN will be produced.

Similar arguments apply to the more complex hydrocarbons studied here. In
fact, high temperature, high density chemistry starting with high abundances of
C,H; and HCN resembles the chemistry of the atmospheres of carbon-rich evolved
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Figure 5.9 Chemical diagram describing the main reaction routes to form HCN,
C,H,, CH4 and NH;3 in warm gas in protoplanetary disks or hot cores depending
on the radiation fields, temperature and different molecular abundances, adapted
from Agindez et al. (2008). At high temperatures of several hundred K the re-
action routes (in red) starting with C reacting with H, to CH and NH to NH;
dominate over lower temperature chemical routes (in blue) of C* going to CH*
and NH} and NH}. The different activation energy (E,) barriers for the chemical
reactions are represented by different types of arrows; the thicker the arrow, the
higher the activation energy.
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stars, which has been studied for decades (e.g., Cherchneff & Glassgold 1993,
Millar & Herbst 1994). For example, C,H, reacts with CHj to produce C3;Hy,
with C,H to C4H,, and with NH;3 to CH3CN. If C,H is sufficiently abundant (due
to photodissociation of C,H,, for example), subsequent reactions may lead to large
unsaturated carbon chains. More saturated molecules such as C,Hy and C,Hg need
CH,4 as their starting point. Finally, nitrogen-containing species are produced by
reactions of HCN or N with hydrocarbons. For example, C,H, and C,H react
with HCN to form HC;N. It is now well established that many of these neutral-
neutral reactions actually have substantial rates even at low temperatures (<100
K) (Smith 2011). Thus, the bottleneck in producing the more complex organic
molecules is the formation of the chemical precursors C,H,, HCN and CHy.

Benzene is the most complex molecule probed here and is a precursor for build-
ing larger PAHs. One route to form benzene is through the reaction of C;Hy
and its ion, found to be important in the inner disk chemistry in some models
(Woods & Willacy 2007). Alternatively, the destruction of PAHs by high temper-
ature gas-phase reactions inside the ‘soot line’ can lead to the production of small
hydrocarbons, including C,H, and perhaps C¢Hg (Kress et al. 2010).

CO;, is the product of the reaction of OH with CO. Models show that all atomic
O is driven into H,O at temperatures above ~230 K if there are no rapid H,O
destruction routes (e.g., Draine et al. 1983, Charnley 1997). The formation of OH
also needs elevated temperatures, but peaks in the 100-200 K range because of
the rapid reactions of OH with H; to form H,O at higher temperatures. In warm
gas, the CO, abundance follows that of OH and also peaks at 100-200 K, with a
strong decrease toward higher temperatures.

In the following sections, more detailed descriptions of a few specific protoplan-
etary disk models are given, focussing on the simpler species.

X-ray dominated region (XDR) surface layers

Najita et al. (2011) have analyzed the chemistry of the inner (0.25-20 AU) portions
of protoplanetary disks exposed to X rays. The physical structure derives from
the thermochemical model developed by Glassgold et al. (2009). The thermal
structure is evaluated separately for dust and gas and the surface gas temperature
significantly exceeds that of the dust in the upper layers. In their model, gas and
dust temperatures are decoupled for column densities less than 10?> cm™2. If only
the disk surface is considered (N < 3:10?! cm™2), gas temperatures of 300 K are
reached out to radial distances of 4 AU.

The formation of hydrocarbons in this model is triggered by X-rays which pro-
duce He' which liberates the C* from CO and N from N,. Acetylene is subse-
quently produced by C and C* insertion reactions with small hydrocarbon radicals
(Fig. 5.9). Hence, the C,;H, abundance is sensitive to the X-ray ionization rate.
Radicals such as OH are also sensitive to X-rays. At low temperature, OH re-
sults from the recombination of H;O* produced by ion-molecule reactions and its
abundance scales directly with the ionization rate. The formation rate of daughter
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species of OH such as NO, SO, SO, and CO; is similarly increased by X-ray ioniza-
tion. However, if their destruction is also dominated by He*, their abundances are
not sensitive to the X-ray ionization flux. This is the case for CO,, for example.
Note that the models of Najita et al. (2011) do not include UV photodissociation
and may thus underestimate the amount of OH that could be produced from H,O
in the upper layers.

The transformation of N back to N, is mediated by neutral reactions and is
accompanied by significant column densities of warm nitrogen-bearing molecules
such as HCN and NHj in these models. Specifically, HCN is influenced by X-ray
ionization in its formation route because it liberates N from N, and then N reacts
with OH to form NO, with NO subsequently reacting with C to form CN. HCN is
then formed through reactions of CN with H,. Because of lack of photodissociation
in the model, HCN is destroyed by He* and hence destruction is also sensitive to
the X-ray. In the end, the HCN decreases slightly with X-ray luminosity in the
models by Najita et al. (2011).

Photodissociation region (PDR) surface layers

Various recent models have analyzed the gas phase chemistry of hot inner regions
of protoplanetary disks including UV radiation for the chemistry and heating of
the gas (Agtndez et al. 2008, Woitke et al. 2009, Willacy & Woods 2009, Vasyunin
et al. 2011, Walsh et al. 2012). The Agtndez et al. (2008) study is particularly
instructive because they present models for just the photosphere of the disk, down
to H, column densities of 5 x 10>! cm™ to which the UV penetrates. In their
models, FUV photons and cosmic rays produce C, C* and N. Atomic N is then
channeled to HCN through a similar reaction routine as that described in Fig. 5.9.
The C* leads to a rich hydrocarbon radical chemistry. However, the formation of
high abundances of C;H, and CHy requires the reaction of atomic C with H; to
proceed which has a very high activation barrier. This reaction only proceeds in
very warm gas (T > 500 K) forming CH. This is reflected in the radial dependence
of the C,H, and CH, columns, which reach values of ~10'¢ cm™2 out to radii of ~1
AU, but then drop by orders of magnitude in the colder gas. This rapid drop with
disk radius is also seen in models by other authors. In contrast, the CO; column
increases with radius in the inner 1 AU since it favors somewhat colder gas.

Walsh et al. (2012) present a combined UV + X-ray model which shows that
a correct treatment of the photodissociation is generally more important than
including X-rays. For the important species considered here —C,H,, HCN, CO,,
CH4 and NH3;— the column densities in the inner disk do not change measurably
when X-rays are added to the UV model.

The O/C ratio and hydrocarbon abundances

There have been suggestions that the O/C ratio in the gas changes with disk
radius due to migration of icy planetesimals containing a large fraction of the
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oxygen (Ciesla & Cuzzi 2006). Hydrocarbon abundances are very sensitive to
the O/C ratio (Langer & Graedel 1989, Bettens et al. 1995, Najita et al. 2011).
As expected, oxygen-bearing species such as HyO and O, decrease dramatically
in abundance when O/C is less than 1 because all volatile oxygen (rather than
all carbon) is locked up in CO. Pure carbon species such as C,H, increase in
abundance by orders of magnitude while nitrogen species only change appreciably
when they contain C (e.g., HCN). All of this reflects the presence of excess amounts
of carbon that is available for hydrocarbon formation when O/C< 1. Since both
IRS 46 and GV Tau show large columns of gaseous CO,, the lines of sight through
the disks probed by the mid-infrared data must pass through gas with O/C> 1.

Another parameter that may affect the abundances and the O/C ratio is the
overall gas/dust ratio (e.g., Najita et al. 2011, Bruderer et al. 2012). However,
comparison of the CO column density with the extinction measured from the
silicate optical depth shows that this ratio is close to the interstellar value for
both IRS 46 and GV Tau, indicating no significant grain growth and settling
along the lines of sight through these disks (Kruger et al. 2011).

5.4.2 Surface chemistry

The more complex organic molecules such as dimethyl ether seen toward protostars
are the product of an active gas-grain interaction (see Tielens & Charnley 1997,
Herbst & van Dishoeck 2009,for reviews). Recent models produce these species
on the grains rather than in hot gas-phase chemistry, either through direct grain
surface chemistry or through mild photolysis of simple ice species resulting in
radicals which then react with each other to form more complex species (Garrod
et al. 2008, Oberg et al. 2009). These types of grain chemistry — either direct
surface reactions or photolysis — will not result in high abundances of C,H, and
HCN because these species will be readily hydrogenated by H. On grain surfaces,
N is quickly converted to NHj, while in the gas phase, N flows through NO to N,
with a slight detour to HCN. Grain surface reactions lead to very high abundances
of NHj, especially in relation to HCN. Observations and comparisons with model
predictions show that also CHy formation is very efficient on dust grains (Oberg
et al. 2008).

5.4.3 Comparison of models with observations

Table 5.5 and Figures 5.7 and 5.8 show that warm chemistry can explain the
observed abundance ratios of HCN, C,H, and CO, as well as most limits. In the
Markwick et al. (2002) models, all abundance ratios are close to unity, but these
ratios refer to the entire disk rather than just the surface layers. It is therefore
not possible to properly test these models. The models of Agindez et al. (2008)
and Najita et al. (2011) provide column densities for just the warm surface layers,
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5 Exploring organic chemistry in planet-forming zones

but tabulate only a limited number of species.

The inner disk models of Agindez et al. (2008) provide the correct range of
column densities and abundance ratios in the surface layers around 1 AU. At 3
AU, the C,H; column has dropped dramatically due to the lower temperature and
the model overproduces the CO,/C,H, ratio by a factor >100. The XDR model
results given by Najita et al. (2011), for the reference case of a disk at 1 AU,
agree less well with the observations than the PDR model results at 1 AU. For
example the SO,, NH3 and CO, model ratios relative to C,H, are several orders
of magnitude higher than our observed upper limits and detections. Lowering the
O/C ratio to 1 instead of 2.5 decreases the difference between the observations
and the pure X-ray models but now underproduces CO,. Further examination of
chemistry in the surface layers of combined UV + X-ray models such as produced
by Walsh et al. (2012) are needed to better test their effects.

The importance of grain-gas interaction for the composition of the inner regions
of the disk may well be revealed by NH; and CHy4 searches. As mentioned in
section 5.4.2, high abundances of CH4 and NH; relative to HCN and C,H; indicate
that the chemistry in the inner part of disks could be reset due to evaporation of
ices from dust grains. Table 5.6 includes the results from model M of Garrod
et al. (2008). The efficiency to form NHjz on dust grains is the main reason why
NH;/HCN and CH3CN/NH; are so different in the grain surface models of Garrod
et al. (2008) compared with the warm chemistry models developed by Najita et
al. (2011) and Agundez et al. (2008). Our CH3;CN/NHj ratio derives from two
upper limits and is thus of limited value for testing models. However, our observed
limit on NH;3/HCN clearly favors a low ratio for the abundances of these species,
inconsistent with a significant contribution from pure grain chemistry.

The observed upper limits on the other species investigated here are often higher
or comparable to what the chemical models predict. Thus, a firm conclusion from
our data is that the molecular abundance ratios cannot be higher than what is
predicted in the current models. However they can be lower by up to an order of
magnitude, and future observations with MIRI or ELT with their higher spectral
resolution can in several cases directly test the ratios given by the chemical models
(see Table 5.5). Specifically, deep searches for HNC, HC3N, C¢Hg, SO, and NH;
should distinguish between models.

5.4.4 Comparison with protostars, other disks and comets

The abundance ratios of the detected molecules —HCN, C,H, and CO,— are
remarkably close (within factors of two) to those observed toward high-mass pro-
tostars (Lahuis & van Dishoeck 2000), which have been interpreted with high tem-
perature gas-phase chemistry models (Doty et al. 2002). Since our NH3; /HCN lim-
its of <1.1 are close to the detected NH3; /HCN ratio of ~1.2 toward one high-mass
protostar (Knez et al. 2009), this suggests that deeper high resolution searches for
NH; may be fruitful.
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It is also interesting to compare the two observed C,H,/HCN abundance ratios
of 0.6 and 0.8 for IRS 46 and GV Tau respectively with the one order of magni-
tude lower values presented in Carr & Najita (2011) for 5 protoplanetary disks in
Taurus. Those ratios have been inferred from emission lines, whereas ours come
from absorption data and thus probe a different part of the disk. This would imply
that the C,H, /HCN abundance ratios probed through our edge-on disks presented
are more similar to the hot cores and comets in Fig. 12 of Carr & Najita (2011)
than to their protoplanetary disks. However, Salyk et al. (2011) and Mandell et
al. (2012) present C,H,/HCN abundance ratios of ~1 for several protoplanetary
disks derived from emission data, which is about the same abundance ratio as the
comet and hot core observations. Thus, different analysis methods of emission
data can lead to an order of magnitude different abundance ratios.

It is interesting to further compare our inferred molecular ratios to those ob-
served in comets, see Table 5.5 and Figures 5.7 and 5.8. The ratios tabulated for
comets are presented as ranges between the highest and lowest observed ratios
(Mumma & Charnley 2011), and are all within our observed upper limits and de-
tections. This comparison suggests that some of the HCN and C,H; produced by
warm chemistry in the inner disk is incorporated into cold comets. However, the
presence of complex organics such as dimethyl ether in high abundances in comets
(see Bockelée-Morvan 2011,for a recent review) suggests that the ice chemistry
route is also important for their organic inventory.

In summary, our observed ratios suggest that warm chemistry models are most
relevant for explaining the observed abundance patterns. Future higher resolution
observations of these molecules with JWST-MIRI and other facilities can help
in answering the question to what extent warm chemistry and surface chemistry
contribute to the chemical composition of the gas in the planet- and comet-forming
zones of disks.

5.5 Conclusions

In this paper, mid-infrared spectra of HCN, C,H, and CO, have been analyzed for
two edge-on disks, IRS 46 and GV Tau. The high S/N data have also been used to
put upper limits on the abundances of other molecules predicted to be abundant
in the inner disk. The main conclusions are:

e The two disks have similar column densities and similar abundance ratios of
warm HCN, C,H; and CO,. The first two molecules probe gas with excita-
tion temperatures T ~ 400 — 700 K, whereas CO, probes somewhat cooler
gas. These results are similar to those found toward massive protostars.

e No other absorption features are detected above 30 in either source, provid-

ing upper limits on a variety of hydrocarbon molecules, NH; and SO, that
are of order unity or less with respect to C,H; or HCN.
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5 Exploring organic chemistry in planet-forming zones

The upper limits relative to C,H, and HCN are either higher or close to
values given by high temperature chemistry models of protoplanetary disks.
The observed NH3/HCN limit is much lower than would be expected if the
chemistry in disks would have been reset due to evaporation of icy mantles
on dust grains.

Hot chemistry disk models including both X-ray and UV radiation produce
abundance ratios in better agreement with our observations than pure X-ray
models.

The observed abundance ratios in comets are within the same range as our
observed ratios or upper limits. The composition of comets could therefore
be partly build up from gas in the inner regions of protoplanetary disks
mixed outward to the comet-forming zone.

Future observations using higher resolution instruments on SOFIA, JWST-
MIRI, SPICA or ELT will be able to detect column densities which are an
order of magnitude lower than the upper limits extracted from the Spitzer-
IRS data. Such data would provide much better constraints of the hot gas
phase chemical models of the inner disk. Edge-on systems such as IRS 46
and GV Tau remain uniquely suited for this purpose.
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Appendix

Auxiliary figures

This appendix presents simulations of the spectra of all molecules considered here
at higher spectral resolving power of R = 3000 and R = 50000, appropriate for
future instruments. In addition, spectra at the Spitzer resolving power of R = 600
are included. All spectra are computed for Tex = 200, 500 and 1000K, b = 5 km
s~! and a column density of 1:10'® cm™2.
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excitation temperatures of 200 (top), 500 (middle) and 1000 K (bottom), and
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1.00 ——-\,\ [\f 1.00
| 0.95}
0.98f
0.90f
CHe |
o 0.98 [T = 200 K R ~6007 085 R ~ 30007 oo R ~ 50,000 4
S 10— 100 \ 10
2 \
= | “
o L | ] L ]
8 H 0.95 0.9
N o098 1
© “ 0.90} 1 osf ]
: |
0.96 1 F 1
2 T=50K | 0.65 07F
100 — ———— 1.00 1.0 T \
| |
095} | 1 o9}
0.98f I
i 0.90 1 os8F
|
096 1 _ 1000 K 1 ossf 1 onf
155 16.0 16.5 155 18.0 16.5 15.5 16.0 185

Wavelength [um]
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Figure 21 The synthetic spectrum of C3Hy at a column density of 1.0°10' cm™2,
excitation temperatures of 200 (top), 500 (middle) and 1000 K (bottom), and
spectral resolving powers of 600 (left), 3000 (middle) and 50,000 (right).
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Wavelength [um]

1.0000 W — e ] 1.000
0.9998 1 oossl
0.9999 ’
0.996|
0.9994
0.9998 CH;CN 1
o T = 200 K R ~ 600 0.994f R ~ 50,000 1
5 1.0000f > ] 1.000
= SV VoV ‘
frmd %Y \/ ~
0.9998] ]
o L
O o.9999f 0998
N
© 0.996 [
g 0.9994 |
£ o.9908f E
ZO T = 500 K 0.994
1.0000F - m 1.000 ‘ ‘“
! :
0.9998} ‘ \“ 1 osssl ‘
0.9999 ’
‘ 0.096|
0.9994
0.9998 3 |
T = 1000 K 0.994|
10.7 10.9 11.1 10.7 10.9 11.1 10.9 11.1

Figure 23 The synthetic spectrum of CH3CN at a column density of 1.0-10'¢ cm™2,
excitation temperatures of 200 (top), 500 (middle) and 1000 K (bottom), and
spectral resolving powers of 600 (left), 3000 (middle) and 50,000 (right).
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Nederlandse samenvatting'

Er worden voortdurend nieuwe planeten geboren en we kunnen bijna wekelijks
lezen over nieuwe planetenstelsels die worden ontdekt. Met dit in het achterhoofd,
is het wonderbaarlijk hoe de menselijke wil om nieuwe werelden te verkennen de
sterrenkunde een impuls heeft gegeven. Zo kunnen we, binnen 20 jaar na het
detecteren van de eerste planeet buiten ons eigen zonnestelsel, bepalen welk type
atmosferen deze planeten hebben en zelfs of ze aan voorwaarden voor mogelijk
leven voldoen. Dit soort ontdekkingen leiden echter tot nog meer vragen dan
antwoorden. Vragen als: Zijn planetenstelsels zoals ons zonnestelsel gangbaar, en
zijn er andere planeten die op de Aarde lijken? Zijn wij en andere levensvormen
op deze planeet ontstaan door puur toeval, en kan zoiets ook ontstaan op andere
plaatsen in het heelal? Om deze vragen te kunnen beantwoorden is het van belang
te begrijpen hoe verschillende soorten planeten kunnen vormen. Het belangrijkste
doel van dit proefschrift is dan ook om bij te dragen aan de kennis over het ontstaan
van verschillende soorten, en in het bijzonder dat van aardachtige, planeten.

Planeetvorming

Om het onderzoek in dit proefschrift te begrijpen, zullen we met wat achtergrond-
informatie beginnen over wat we momenteel weten over planeetvorming. In alle
sterrenstelsels, waaronder ons eigen, zijn er vele grote wolken van gas en stof met
diameters tot 300 lichtjaar. Deze wolken worden koude moleculaire wolken ge-
noemd, omdat ze temperaturen hebben rond -250 graden Celsius. Wanneer zo’n
wolk begint te krimpen onder zijn eigen zwaartekracht, zal de dichtheid ervan
hoger en hoger worden totdat de binnenste delen ervan zo dicht en warm zijn, dat
er een ster wordt geboren. Het overblijvende gas en stof zal dan een schijf beginnen
te vormen die draait rond de ster. In de loop van de tijd zal een deel van het stof
en gas in de schijf aan elkaar beginnen te plakken. Zo kunnen steeds grotere klon-
ten ontstaan, totdat enkele ervan groot genoeg zijn om van een planeet te kunnen
spreken. Aangezien deze schijf de geboorteplaats is van de planeten, wordt het

ITranslation from English to Dutch made by R.F.J. van der Burg.
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Figure 1 Een jonge ster met zijn protoplanetaire schijf waarin planeten worden
gevormd (een artistieke voorstelling, © David A. Hardy /www.astroart.org).

wel een protoplanetaire schijf genoemd. Fig. 1 laat een artistieke voorstelling van
zo'n protoplanetaire schijf zien.

De verschillende stadia van planeetvorming kunnen worden gesimuleerd in een
planeetformatie model, en de evolutie van het gas en stof in de schijf door een
schijfevolutie model. Er zijn vandaag de dag verschillende soorten planeetvorming
en schijfevolutie modellen en het is nog onduidelijk welke het meest correct zijn.
Een andere manier om naar deze modellen te kijken is om ze te beschouwen als
recept voor het maken van planeten. De invoerwaarden in het model, bijvoorbeeld
de temperatuur en dichtheid van het gas op verschillende afstanden van de ster,
kunnen worden gezien als de ingrediénten in het recept voor het maken van een
planetenstelsel. Het is ook interessant om te zien wat voor soort moleculen zich
bevinden in de zones van schijven waar planeten vormen, omdat moleculen de
bouwstenen van het leven zijn.

Een molecuul is een groep van verbonden atomen. Zo is water bijvoorbeeld een
molecuul dat bestaat uit twee waterstofatomen en een zuurstofatoom. Omdat alles
is opgebouwd uit moleculen is het zo belangrijk om te zien welke moleculen er in
deze protoplanetaire schijven voorkomen. Hieruit kunnen we voorspellen waar de
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planeten en hun atmosferen uit zullen gaan bestaan. Bovendien is het interessant
om te onderzoeken hoeveel je van elk molecuul op verschillende plaatsen in de
schijf aantreft. Als je bijvoorbeeld weet dat er veel water in de binnenste delen
van deze protoplanetaire schijven voorkomt, dan kunnen we afleiden dat er een
grote kans is dat hier ook planeten vormen met water erop. Hoe kunnen we dus
helpen deze modellen te verbeteren en controleren of ze juist zijn of niet?

De eerste stap om deze modellen te verbeteren is om limieten te bepalen voor de
invoerparameters, ofwel de ingrediénten, van de modellen. Dit kan worden gedaan
door uit waarnemingen van het gas in deze schijven bijvoorbeeld de temperaturen
en dichtheden van het gas in deze regio te schatten. Een alternatief is om de
verschillende soorten moleculen die hier voorkomen op te sporen en hun relatieve
hoeveelheden te schatten. Deze resultaten kunnen dan worden vergeleken met de
exoplaneten die we momenteel ontdekt hebben. Voorspellen deze modellen bij-
voorbeeld planeetstelsels met grote gasplaneten dicht bij de ster, zoals in sommige
gevallen in de waarnemingen gevonden is? Of is het gebruikelijk dat deze regio-
nen aan de juiste fysieke voorwaarden voldoen, zoals de juiste temperatuur en de
aanwezigheid van voldoende basale organische moleculen, om complexe organische
moleculen zoals aminozuren te kunnen produceren die belangrijke ingrediénten zijn
voor het ontstaan van leven?

Waarnemingen van protoplanetaire schijven

Het belangrijkste doel van dit proefschrift is het verstrekken van de invoerpa-
rameters voor schijfevolutie en de planeetformatie modellen, en hier limieten op
te stellen door de eigenschappen van gas in protoplanetaire schijven te bepalen.
Door gebruik te maken van waarnemingen willen we een aantal specifieke vragen
beantwoorden, zoals:

o Welk type moleculen vinden we in deze gebieden?
e Wat zijn de temperaturen en dichtheden van het moleculaire gas?
e Wat is de oorsprong van deze moleculen?

Waarnemingen van protoplanetaire schijven kunnen op verschillende manieren
gedaan worden, afthankelijk van het deel van de protoplanetaire schijf dat we willen
onderzoeken. Onze grootste interesse is om de binnenste gebieden van de schijf te
onderzoeken, die op dezelfde afstand van de ster liggen als Aarde, Mars en Venus
ten opzichte van de Zon. Dit is dus het gebied binnen protoplanetaire schijven
waar meer aardachtige planeten gevormd zouden kunnen worden, of tenminste, in
tegenstelling tot Jupiter en Saturnus die voornamelijk uit gas bestaan, planeten
met een vaste ondergrond. Dit betekent dat we door het bestuderen van deze
gebieden beter kunnen begrijpen hoe onze eigen planeet ongeveer 4,6 miljard jaar
geleden gevormd is. Bovendien krijgen we zo meer informatie of andere sterren
aan goede voorwaarden voldoen om aardachtige planeten te kunnen vormen.
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Figure 2 De Very Large Telescope (VLT) op Paranal in Chili. De telescopen zijn
geplaatst op één van de bergtoppen van de Atacama woestijn op 2635 meter boven
zeeniveau (ESO/G.Gillet).
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Omdat dit gebied van een protoplanetaire schijf behoorlijk dicht bij de ster staat,
is het gas dat we bestuderen zeer warm, met temperaturen variérend van enkele
honderden tot enkele duizenden graden Celsius. Dergelijk warm gas zendt infrar-
ode straling uit (hetzelfde type straling als andere warme voorwerpen uitstralen,
en wat we voelen als warmte). Dit soort straling kan worden waargenomen met
behulp van één van de Very Large Telescopen (VLT), die liggen in de Atacama
woestijn in Chili (zie Fig. 2). Deze 4 telescopen hebben spiegels met een diameter
van 8,2 meter en bevinden zich op 2635 meter boven zeeniveau. De belangrijk-
ste resultaten van dit proefschrift kwamen tot stand uit een groot waarneempro-
gramma van 24 nachten met één van deze telescopen bestaande uit waarnemingen
van meer dan 50 protoplanetaire schrijven. Het voordeel van een dergelijke grote
steekproef is dat we schijven met verschillende leeftijden kunnen bestuderen, wat
ons informatie verschaft over de wijze waarop het gas in deze schijven evolueert
met de tijd.

Hoe een astronoom temperaturen en dichtheden van gas
kan schatten op lichtjaren afstand.

Dan rest ons toch nog één centrale vraag. Hoe kunnen we bijvoorbeeld de temper-
atuur en de dichtheid van het gas schatten, zonder de mogelijkheid er heen te gaan
om het te meten? Dit is het grootste probleem voor een astronoom, we kunnen
niet naar de objecten die we bestuderen reizen om onze theorieén te testen. De
oplossing is om in plaats daarvan het licht van deze objecten te bestuderen, en te
bepalen hoe dit licht wordt beinvloed door fysische omstandigheden op de plaats
waar het wordt uitgezonden. De belangrijkste methode om dit licht te meten en
om informatie te extraheren heet spectroscopie.

Een manier om spectroscopie uit te leggen is om eerst te realiseren dat wit licht
bestaat uit veel verschillende kleuren. Dat blijkt wanneer je wit licht door een
prisma laat vallen. Dan kun je zien hoe het licht van wit naar alle kleuren van de
regenboog gaat. Wat een spectrometer doet is meten hoeveel van elk soort kleur
aanwezig is in het licht dat wordt waargenomen, dus bijvoorbeeld of het meer rood
licht heeft dan blauw. De verdeling van de verschillende kleuren is gerelateerd aan
de temperatuur van de lichtbron.

In dit geval kunnen we de ster beschouwen als een lamp die wit licht uitzendt.
Als we dit licht met een telescoop verzamelen en door een spectrometer laten
gaan, zouden we een regenboog zien. Maar als het licht een wolk van gas zou
passeren, dat zich tussen ons en de ster bevindt, zou een deel van het licht worden
geabsorbeerd door de gaswolk. Afhankelijk van het soort gas in de wolk, wor-
den bepaalde kleuren geabsorbeerd en deze kleuren worden dan niet gezien in de
spectrometer op Aarde. Op deze manier zie je een regenboog patroon met zwarte
lijnen op plaatsen waar de kleuren geabsorbeerd zijn. Zo heeft elk type gas zijn
eigen vingerafdruk. Dus door het sterlicht dat een gasschijf rond de ster passeert
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te meten, kunnen we zien of er zich water bevindt of niet. We kunnen dan ook
meten hoeveel water er aanwezig is, en een schatting maken van de temperatuur
van zowel de ster als de waterdamp in de schijf. Dit is één van de belangrijkste
methoden die in dit proefschrift wordt gebruikt voor het bestuderen van proto-
planetaire schijven.

De belangrijkste ontdekkingen in dit proefschrift

Een nieuwe onverwachte locatie van koolmonoxide en water.

De detectie van water in de binnenste zones van protoplanetaire schijven was een
grote ontdekking in 2008 (Carr & Najita 2008, Salyk et al. 2008). Deze ontdekking,
plus daaropvolgende waarnemingen, laten zien dat water een veelvoorkomend
molecuul is op plaatsen waar planeten ontstaan. Dit proefschrift laat echter
zien dat deze analyses, waaruit wordt opgemaakt dat het water zich in een schijf
bevindt, niet altijd het water en andere moleculen zoals koolmonoxide en het hy-
droxyl radicaal op een juiste manier lokaliseren. Deze moleculen lijken namelijk
zowel in een roterende schijf als een schijfwind voor te komen. Een schijfwind
wordt veroorzaakt door gas dat uit de schijf wordt geworpen doordat het wordt
opgewarmd door straling afkomstig van de ster. Het is belangrijk om rekening
te houden met de verschillende locaties van de moleculen. Anders zullen we de
moleculaire abundanties verkeerd schatten, wat zou leiden tot verkeerde resultaten
over de soorten planeten die kunnen vormen, of over hoe de chemie zal evolueren
in de protoplanetaire schijven.

Detecties van nieuwe moleculen

In vorige studies werden uitsluitend water, koolmonoxide en hydroxyl-radicalen
gedetecteerd in de warme binnengebieden van de schijf. Nu detecteren we echter
ook blauwzuur en acetyleen met een nieuwe waarnemingstechniek die we hebben
ontwikkeld. We laten zien dat deze methode kan worden gebruikt om naar nog
meer moleculen te zoeken, zoals ammoniak en methaan. Omdat dit cruciale bouw-
stenen zijn voor complexere organische moleculen is het van belang om al deze
moleculen te detecteren en om een schatting te maken van hun hoeveelheden.
Bovendien wordt de temperatuur van het gas waarin ze zich bevinden, geschat op
ongeveer 800 — 1200 graden Celsius, wat zal helpen om limieten te stellen op de
temperatuurverdeling van de schijfevolutie modellen in deze gebieden.

Stralingsvelden in protoplanetaire schijf modellen

Wanneer sterrenkundigen het licht van de sterren dat door het gas is gegaan
detecteren, moeten ze verschillende benaderingen maken om de temperatuur en
dichtheid van het gas te kunnen schatten. Dit wordt gedaan om de berekeningen
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makkelijker te maken, aangezien ze al zeer complex zijn. In dit proefschrift wordt
aangetoond dat het belangrijk is om zowel de UV- als de Rontgen-straling van de
ster mee te nemen in de modellen. Echter, in het algemeen wordt slechts met één
van de twee rekening gehouden, wat onjuiste schattingen geeft voor de moleculaire
abundanties.

Een inventarisatie van organische moleculen in schijven

Er zijn nog maar weinig moleculen ontdekt in de binnenste regionen rond sterren
waar planeten vormen. De modellen voorspellen dat er daar ook grotere organische
moleculen voor zouden moeten komen die belangrijk zijn voor het vormen van
planeten die omgeven worden door een atmosfeer met goede leefomstandigheden.
Een zoektocht naar deze grotere organische moleculen werd daarom uitgevoerd
omdat dit nog niet eerder is gedaan. De resultaten toonden slechts bovengrenzen
aan in plaats van duidelijke detecties. Dit komt doordat de huidige telescopen nog
niet krachtig genoeg zijn. Echter, onze resultaten laten zien dat nieuwe telescopen
die nu worden gebouwd deze moleculen wel kunnen gaan detecteren. We tonen
ook aan dat de moleculaire abundanties in kometen vergelijkbaar zijn met die
in de protoplanetaire schijven zijn waargenomen, wat de theorie ondersteunt dat
kometen worden gevormd in dezelfde chemische omgeving als de planeten.

Laatste woorden

Zoals eerder vermeld, kan een planeetformatie of schijfevolutie model gezien wor-
den als een recept over hoe we verschillende soorten planeetstelsels kunnen bouwen,
waar de specifieke uitkomst afhankelijk is van de ingrediénten in het recept. Dit
proefschrift heeft bijgedragen door ons veel meer van deze ingrediénten te verschaf-
fen, door detecties van nieuwe moleculen, door het bepalen van hun locaties, door
het meten van de temperatuurvariatie binnen de schijf, en door te verduidelijken
hoe we verschillen soorten straling van de sterren in rekening moeten brengen. Dit
toont aan hoe we met de huidige waarnemingen niet alleen kunnen leren begrijpen
hoe andere planeetstelsels gevormd zijn, maar ook hoe onze naburige planeten
gevormd zijn en of er andere werelden zoals de onze zijn.
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English summary

Right now new planets are born and we can read almost weekly about new plane-
tary systems that are discovered. Having that in mind it is amazing how the human
quest to explore new worlds has pushed astronomy, within 20 years from detecting
the first planet outside of our own solar system to being able to determine which
type of atmospheres these planets have and if they may have conditions which
are even suitable for life. These types of discoveries however lead to even more
questions than answers. Questions such as: Are planetary systems like our own
common and are there other Earth-like planets out there? Are we and other life
forms on this planet just a pure coincidence or something that can also be created
in other places in the Universe? One important part of being able to answer these
questions is to understand how different types of planets can form. The main goal
of this thesis is therefore to contribute to the understanding of how different types
of planets form and then especially the formation of Earth-like planets.

Planet-formation

To be able to understand the studies in this thesis we will start with some back-
ground on what we know today about planet-formation. In all galaxies, including
our own, there are many large clouds of gas and dust with diameters up to 300
light years. These clouds are called cold molecular clouds, since they have temper-
atures of around -250 degrees Celsius. Such a cloud can suddenly start to contract
under its own gravity so parts of it will get more and more dense, until the inner
parts of it becomes so dense and warm that a star is born there. The rest of the
gas and dust will then start building a disk that is spinning around the star. With
time, part of the dust and gas in the disk will start to stick together and build up
larger clumps until some of the clumps in the end evolve into being large enough
to be called a planet. Since this disk is the birth place of planets it is called a
protoplanetary disk. In Fig. 1 an artist’s impression of such a protoplanetary disk
is presented.

The different stages of planet-formation can be simulated in a planet-formation
model and the evolution of the gas and dust in the disk is described in a disk
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Figure 1 A young star with its protoplanetary disk around it that is in the process
of forming planets (An artist’s impression, © David A. Hardy/www.astroart.org).
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evolution model. There are today several different kinds of planet-formation and
disk evolution models and we still do not know which of them are the most correct
ones. Another way to look at these models can be to see them as recipes for how
to form planets. The input values in the model, for example the temperatures and
densities of the gas at different radii can be seen as the ingredients in the recipe
for making a planetary system. It is also interesting to see what type of molecules
you have in the planet-forming zones of disks, since molecules are the building
blocks of life.

A molecule is a group of atoms that are bound together. For example, water is
a molecule that consists of two hydrogen atoms and one oxygen atom. Everything
is built up by molecules which is why it is so important to see which molecules you
have in these protoplanetary disks since this will tell us what the planets and their
atmospheres will consist of. In addition it is interesting to investigate how much
you have of each molecule at different radii of the disk. For example if you know
that there is a lot of water in the inner parts of these protoplanetary disks then
you can conclude that there is a high probability that you can also form planets
with water on them in these regions. So how can we help to improve these models
and check if they are correct or not?

The first step to be able to improve these models is to help constrain the input
parameters, hence the ingredients, to the models. This can be done by using
observations of the gas in the disks to estimate, for example, which temperatures
and densities the gas has in these regions. Another way is to detect the different
types of molecules that exist there and calculate their relative abundances. These
results can then be compared to the exoplanets that we see today. Hence, do
these models predict, for example, planetary systems with giant gaseous planets
close to the star, as in some cases have been detected already during observations?
Or is it common that these regions have good physical conditions such as the
right temperatures and enough amounts of basic organic molecules to be able to
produce more complex organic molecules, such as amino acids, that are important
ingredients for building life on a planet?

Observations of protoplanetary disks
The main goal of this thesis is to provide and constrain the input parameters for
disk evolution and the planet-formation models by determining the characteristics
of gas in protoplanetary disks. By using observations we want to answer some
specific questions such as for example:

e Which type of molecules can we find in these regions?

e What are the temperatures and densities of molecular gas?

e What is the origin of these molecules?
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Figure 2 The Very Large Telescope (VLT) at Paranal in Chile. These telescopes
are placed on one of the mountains peaks in the Atacama desert at 2,635 meters
above sea level (ESO/G.Gillet).

The observations of protoplanetary disks can be done in several different ways
depending on which part of the protoplanetary disk we want to study. Our main
interest was to probe the inner regions of the disk which lie within the same
distance from the star as Earth, Mars and Venus are from the Sun. Hence this is
the zone in a protoplanetary disks where more Earth-like planets could be forming
or at least planets which have a solid surface and in contrast to Jupiter and Saturn
do not consist primarily of gas. This means that by studying these regions we can
better understand how our own planet formed around 4.6 billion years ago and
also get more information about if other stars have good conditions for Earth-like
planets to be able to form.

Since this region of a protoplanetary disk is rather close to the star it means
that the gas that we are studying is very warm, ranging from temperatures of a
few hundred to a few thousand degrees Celsius. Such warm gas emits infrared
radiation (which is the same type of radiation that other warm bodies emit and
we feel as heat). This type of radiation can be observed using one of the Very
Large Telescopes (VLT) which lie in the Atacama desert in Chile (see Fig. 2).
These 4 telescopes have mirrors with a diameter of 8.2 meters and are positioned
at 2,635 meters above sea level. The main results of this thesis come from a
large observational program of 24 nights of observations of a sample of over 50
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protoplanetary disks using one of these telescopes. The advantage of having such
a large sample is that we can study disks with different ages and therefore giving
us information about how the gas within the disks evolves with time.

How an astronomer can estimate temperatures and densi-
ties of gas light years away from Earth.

So one main question remains, though. How can we estimate for example the
temperature and the density of the gas without being able to go there and measure
it. This is the main problem for an astronomer, we cannot go to the objects
we study to test our theories. The solution is to instead study the light these
objects emit and how this light is affected by physical conditions in the place it
is emitted. The main method to measure this light and to extract information is
called spectroscopy.

One way to explain spectroscopy is to first understand that white light consist
of many different colours. That can be seen when you let white light go through
a prism. Then you can see how the light goes from white light to all the colours
of the rainbow. What a spectrometer does is to measure how much of each kind
of colour is present in the light that is observed, hence if it, for example, has more
red light than blue. The variations of the different amounts of colour are related
to which temperature the source of the light has.

In this case, we can see the star as a lamp that emits white light. If we would
gather this light with a telescope on Earth and let the light go through a spectrom-
eter we would see a rainbow. However if we would have a cloud of gas between us
and the star, that the light would pass on its way to us, some of the light would be
absorbed by the gas cloud. Depending on which type of gas it is, different colours
gets absorbed and this colour will not be seen in the spectrometer at Earth. Hence
you will see a rainbow pattern with black lines in it where the colour should have
been which got absorbed. Hence, each type of gas has its own finger print. So by
just measuring the light from a star which goes through the gas which lies in the
disk around the star we can see for example if there is water or not. We can also
then measure how much water is present and estimate which temperatures both
the star and the water vapour in the disk have. This is one of the main methods
used in this thesis for studying protoplanetary disks.

The main discoveries in this thesis

New unexpected location of carbon monoxide and water.

Detection of water in the inner zones of protoplanetary disks was a big discovery
in 2008 (Carr & Najita 2008, Salyk et al. 2008). This discovery plus subsequent
detections showed that water seems to be a common molecule in regions where
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planets form. What this thesis shows however is that their analysis, which con-
cludes the water to be in the disk, does not always correctly locate the water and
some of the other detected molecules such as carbon monoxide, hydroxyl radical,
and prussic acid. These molecules instead seem to be located both in a rotating
disk and in a disk wind. A disk wind is caused by gas thrown off from the disk
due to radiation from the star that heats of the gas so it leaves the disk. It is
important to be aware of these different origins of the molecules since it means
that if we are not doing this, we will estimate the wrong molecular abundances
which will lead to the wrong results of which type of planets can form there or
how the chemistry will evolve in the protoplanetary disks.

Detections of new molecules

In previous studies just water, carbon monoxide and hydroxyl radical molecules
were detected in the inner warm regions of the disk. However, we now also detect
prussic acid and acetylene using a new observational tool that we developed. We
show that this tool can also be used to detect even more molecules such as for
example ammonia and methane. All of these molecules are important to detect
and estimate their abundances since they are crucial building blocks for more
complex organic molecules. In addition the temperatures of the gas in which they
are located are estimated to be around 800 — 1200 degrees Celsius which will
help to constrain the temperature structure in the disk evolution models of these
regions.

Radiation fields in protoplanetary disk models

When astronomers detect the light from the stars that has gone through the gas
in the disks they have to make several approximations to be able to estimate the
temperatures and densities of the gas. This is done to make the calculations easier
since they are already very complex. What is shown in this thesis is that it is
important to take both the UV-field and X-rays from the star into account in
the models and not just one of them as is usually done. Not doing this will give
incorrect estimates of the molecular abundances.

An organic inventory of protoplanetary disks

There are still very few molecules detected in these inner planet-forming zones
around stars. Models predict that there should also be other larger organic
molecules in these regions which are very important for building up planets with
atmospheres which provide good conditions for life. A search for these larger or-
ganic molecules was therefore performed since this has not been done before. The
results gave only upper limits rather than clear detections. This is because the
telescopes today are still not powerful enough. However, our results show that
new telescopes that are being built now will be able to detect these molecules. We
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also show that the molecular abundances in comets are similar to those detected
in the protoplanetary disks which supports the theory that comets are formed in
the same chemical environment as the planets.

Final words

As was stated earlier, a planet-formation or disk evolution model can be seen
as a recipe on how to build different kinds of planetary systems and the spe-
cific outcomes depend on the ingredients we put into this recipe. This thesis has
contributed by giving us many more of these ingredients, such as for example
detections of new molecules by improving the knowledge of their location, by de-
termining the temperature variation within the disk, and by clarifying how we
should include different types of radiation fields from the star. This shows how
with today’s observations we can start to understand not just how other planetary
systems form, but also how our neighbouring planets one time formed and if it is
possible that other worlds like ours are out there.
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I was born on the Swedish summer day of the 25th of July 1979 in Stockholm.
Nineteen years later I graduated from Sjodalsgymnasiet, finishing the science pro-
gram. After my studies at the gymnasium, I worked for 7 months at an asphalt
and stone laboratory. During the evenings, I took an introductory course in as-
tronomy at Stockholm University. This course started my interest in astronomy
since my professor Gosta Gahm so enthusiastically shared his knowledge. How-
ever, at this time my mind was set to become a doctor in medicine. The only
obstacle to do this was that I needed to upgrade my grades, since you have to
have absolute top grades in all topics before can get admitted to any program
in medicine in Sweden. While studying to improve my grades, I decided to take
chemistry courses for one year at Stockholm University since it would be useful
knowledge to have as a doctor. After a year of chemistry studies, I decided to
continue with studies in physiotherapy since it would provide a job similar to a
doctor but it would be easier to get accepted to. The next 6 months, I studied
physiotherapy at the Karolinska Institute. While doing so, I read about a sum-
mer science school at Karolinska Institute for medicine students. I applied to this
school, and I got accepted, even though I was not a student in medicine, since my
chemistry studies compensated for this. For 10 weeks I worked on a pilot project
doing research studying the sensitivity of insulin producing cells to a specific toxin.
The project turned out very well so it resulted in a larger research project which
I was offered to continue working on. I declined, since I now knew that I really
wanted to go for science, but instead within astronomy, since I already fell in love
with it 2 years earlier. It just took me some time to accept it and give up my
original dream to study medicine. A few weeks later I started the physics program
at Stockholm university and I felt directly that my choice was right. However life
wanted something differently so I had to interrupt my studies after one month
for family reasons and wait another year to start things over again. So that year,
I worked as a kindergarten teacher instead. I started my studies again one year
later and got my Masters degree in astronomy 2007 at Stockholm university.

I was very active in both the social and political student association life during
my studies. My larger responsibilities were to be working as the vice president
for the social student association for physics students and to be president of the
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political student association for the natural sciences faculty. As their president, I
was in charge of managing people within the organisation and its sub-organisations
plus being the main driver of many projects or causes to maintain or improve
the quality of student life and education for around 10,000 undergraduate and
graduate students. I was in addition working extra as a teaching assistant for
an introductory course in Astronomy. During my studies, I took part in one
graduate and two master science schools in Finland, Denmark and France, within
the topics of astrobiology and particle physics. I also got a scholarship to take part
in a workshop, about ALMA, in Denmark. During this workshop I met graduate
students from Ewine van Dishoeck’s research group, which made me curious about
doing a PhD with her as a supervisor. Just a few months later, still early in my
diploma thesis work, a PhD position opened up in her group and I applied and
got offered the position. Suddenly I was faced with the choice to leave my country
for 4 years. It was not an easy decision since I had not really seriously thought
about leaving my country or even my home city, but I took it, which I am very
grateful for today.

I started my PhD in the spring of 2007 with Ewine van Dishoeck as my su-
pervisor. Besides Leiden, during the next few years, I worked and lived about 5
months at Caltech in Pasadena (U.S.A.) and 8 months at the Max Planck Insti-
tute for Extraterrestrial Physics in Garching (Germany). A big dream came true
when I went for a work visit to NASA Goddard Space Flight Center, Washington
(U.S.A.). T have given talks at NASA GSFC (U.S.A.), ESTEC (Netherlands),
at Universidad Nacional de Colombia, Bogotd (Colombia) and at a conference in
Glasgow (Scottland). I have presented posters at conferences in Vienna (Austria),
Paris (France), Pasadena (U.S.A.), Toledo (Spain) and Gothenburg (Sweden), I
attended two graduate science schools, one in Rome (Italy) and one in Téllberg
(Sweden). I have always loved to teach, so I was very happy to be a teaching assis-
tant for three different courses; The interstellar medium, the bachelor thesis course
in astronomy and Detection of light. As a fun side step to my work I was part of
an art installation here in Leiden, relating childrens’ thoughts about space travel
to the scientists’ views. During my stay in Garching I also helped out to arrange
an exhibition in astronomy at the Deutsches museum in Munich.

My goal during these years has more and more developed into working towards a
position where I can combine all my interests in science, management and lobbying
politics both within academia and in the space industry. I therefore decided to
apply for a position as a contractor at SRON with the consultancy firm Science and
Technology as my employer, which offers me many opportunities in the directions
I want to develop. I started this job in August, 2012, and I am so far very pleased
with my new work and really looking forward to all the new challenges it offers
me.
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