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1Introduction

Every living person has at some point wondered how and why we are here. Even
without any knowledge of the universe, the big bang, and the formation of stars
and galaxies, already from ancient times people were drawn to the night skies to
find answers to these questions. Roman and Greek mythology, Norse mythology
and astrology are all examples of this. Astronomers today can point out many
conditions that are pre-requisites for the formation of life. Mainly, one needs a star
with a revolving planetary system. However a planetary system by itself does not
guarantee life; so what makes our Solar System a good place for life to evolve? To
explore this, one might want to observe and study in detail the objects within the
Solar System. Indeed, many studies have been done and are still under progress
(e.g. Pioneer, Voyager, Phoenix, Rosetta etc.). However, we can only observe The
Solar Systemas it is nowandnot how it assembled. Thus, only part of the story can
be told in this way. Today many multi-planet systems have been identified (459
systems on 3/12/2014, NASA Exoplanet Archive), but many of these are vastly
different from our own Solar System. To understand how the Solar System and
specifically the Earth became life friendly, and why many planetary systems are
not, one avenue is to study the earlier stages, progenitors of the Solar System.
Protoplanetary discs are those progenitors. By studying these young planetary
systems in the making, we can clarify parts of the history of our own Solar System
and how it formed. In protoplanetary discs planet formation can be associated
with the creation of large gaps or holes in the discs. Observations that can trace
the presence of these holes, can therefore be very useful. In addition, diagnostics
that can clarify whether the gap formation there is due to planet formation, grain
growth, or photo-evaporation, are crucial.
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Chapter 1 – Introduction

CO ro-vibrational transitions trace the hot gas, which is present in the inner
∼50 au of protoplanetary discs. This is roughly at the scale of our Solar System,
and thus corresponds to the radii where we suspect planet formation is taking
place. This thesis investigates towhich extent the CO ro-vibrational emission lines
from protoplanetary discs can be used as a diagnostic tool to trace the inner disc
geometry of protoplanetary discs, and thereby trace the presence of holes or gaps
in the discs.

1.1 Star and planet formation
In the ISM (Inter Stellar Medium) most matter is gathered in large and relatively
dense gas clouds. These clouds are of the sizes of a few pc across and they consist
of mostly hydrogen and helium, with residual amounts of other atoms, simple
molecules, and dust present as well. The formation of stars and planetary sys-
tems is still not fully understood but the generally accepted picture contains the
following five phases: (1) First dense molecular cores form in the giant clouds
that are present in the ISM. When the balance between pressure and self-gravity
breaks down, due to turbulence (e.g. shockwaves from Supernovae), these cores
will begin to collapse (cores can form at multiple locations simultaneously in the
giant cloud giving rise tomultiple individual protostars forming near each other).
(2) The rotating core collapses, thereby creating a protostar in the centre of a flat
disc of dust and gas surrounded by a large, still in-falling envelope. (3) The newly
formed protostar accretes matter through the disc and expels matter via bipolar
outflows. (4) The jet/outflows will clear the surrounding gas and dust, ending
the accretion phase. Lastly (5) remaining gas and dust will be either incorporated
into planets or expelled (for further details consult e.g. Stahler & Palla 2005). Some
of these phases can be directly identified through observations, via the Spectral
Energy Distribution (SED). From the SED, star formation is characterised through
four types of objects (see Fig. 1.1). Class 0 objects represent the second phase, with
a rotating disc still associatedwith an in-falling envelope. These objects are visible
through their far infrared (FIR) and millimetre wavelength dust emission. Class
I objects are embedded protostars (with deep absorption features in the observed
spectra, stretching from mid infrared (MIR) to millimetre wavelengths) that still
accrete matter in periodic bursts (this is also known as the FUOrionis phase, with
typical accretion rates around Ṁacc ∼ 10−4 M�yr−1, Herbig 1977, Hartmann &
Kenyon 1985). Class II objects represent the fourth phase, where the central ob-
ject, a pre-main sequence star, accreting only at very moderate rates (Ṁacc ∼ 10−7

M�yr−1), is left with an optically thick circumstellar disc. At this stage, the star is
visible and the disc is detected via dust continuum emission and gas line emis-
sion (at mid infrared (MIR) to millimetre wavelengths). Finally Class III objects
represent the stage of star formation where most of the disc has been expelled
leaving a debris disc or a newly formed planetary system (or in some cases, a
planetary system with a debris disc, interpreted as a cold outer ’Kuiper belt’).
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1.1 Star and planet formation

This results in an SED with almost no infrared (IR) excess. The Class II objects
are those most commonly addressed as protoplanetary discs and this is the phase
where planet formation needs to proceed. The objects in transition between class
II and III are usually called transitional discs. These are discs where protoplanets
might have cleared the inner regions, leaving large cavities in the discs of typi-
cally 15-75 au (Espaillat et al. 2014). For more detail and individual references see
Espaillat et al. (2014). Protoplanetary discs (Class II) that hold gaps are therefore
sometimes called pre-transitional discs.

The pre main sequence stars (PMS) are classified in three main types: The low
mass T Tauri stars (0.5-1.5 M�), the intermediate mass Herbig Ae/Be stars (1.5-8
M�) and the highmass stars (>8M�). The various types are not only separated by
mass but undergo entirely different evolutionary pathways. Objects of lowermass
than 0.5 M�, never start the hydrogen burning phase, and are therefore not stars
but brown dwarfs. Stars of smaller mass than ∼1.5 M� (T Tauri) have convective
envelopes, where stars above ∼1.5 M� have radiative envelopes. Both T Tauri
stars and Herbig stars are visible in the optical during their PMS phase, while
stars more massive than ∼10 M� are optically invisible during this phase. These
stars contract so fast that the onset of hydrogen burning will end the PMS phase
already while the star is still accreting and is obscured. Thus protoplanetary discs
aremainly observed around three types of objects: The solar type, TTauri stars, the
much smaller and less luminous, sub-stellar brown dwarfs, and lastly the more
massive and luminous Herbig Ae/Be stars. In T Tauri systems, the inner rim (the
dust sublimation radius) falls as close to the star as ∼0.05 au. For the Herbig stars
it falls around ∼ 0.5 au, thus, the surface area for emission lines is around 100
times larger and gas emission lines can therefore be more easily observable and
in some cases even spatially resolved. Pontoppidan et al. (2011) found that the
size of the emitting region of the CO ro-vibrational lines, studied in this thesis,
obeys a size to luminosity relation (R ∝ L0.5

∗ ), so that higher luminosity sources
have larger emitting regions. The CO lines are generally seen to be emitted from
larger inner radii for Herbig discs than T Tauri discs (Salyk et al. 2009). The radial
extent of the CO emission from T Tauri discs has been seen to be out to a few au
(Bast et al. 2011), while for Herbig discs it has been seen out to tens of au (e.g. van
der Plas et al. 2009, Goto et al. 2012). Thus, the emitting region for the T Tauri
discs seem to cover mostly the terrestrial planet forming region1. For Herbigs, it
can cover the entire planet forming region. In this thesis, I focus on the the CO
ro-vibrational lines from Herbig Ae/Be stars since here these lines can be used to
trace the geometry of the entire planet forming region (includingwhere gas giants
form).

1 Terrestrial planets are not massive enough to open gaps in the discs. Planets at the size of the gas
giants are necessary for gap formation by planets to occur.
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Chapter 1 – Introduction

Figure 1.1 – Overview of the various stages of star formation, with the typical SEDs next
to a sketch of the relevant object, updated by Elise Furlan based on Wilking (1989).
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1.2 Herbig Ae/Be systems

1.2 Herbig Ae/Be systems
Herbig (1960) was the first to systematically study these objects as a separate
group. From a sample of 26 stars, he listed the following, empirically defined,
main classification criteria: Hα emission, spectral type A or B, association with re-
flection nebulosity, location in star forming regions, and a surrounding accretion
disc/envelope (protoplanetary disc), which is illuminated by the star and thereby
emits at infrared (IR) wavelengths. The additional criterion, luminosity class III to
V has later been added (Waters & Waelkens 1998). When several isolated Herbig
Ae/Be stars were discovered (Hu et al. 1991, Oudmaijer et al. 1992, Hillenbrand
1994, Waelkens et al. 1998), the requirement of association with reflection nebu-
losity was discarded. With the The et al. (1994) catalogue and other (Finkenzeller
&Mundt 1984), the number, of Herbig Ae/Be candidates has expanded to contain
nearly 300 members. In addition to having protoplanetary discs/accretion discs
other phenomena are also associated with the HAeBe stars such as stellar winds,
bipolar outflows, variability (Bibo & The 1991, Sitko et al. 1994, Eiroa et al. 2002,
Brittain et al. 2013) or binarity (Leinert et al. 1997, Pirzkal et al. 1997, Baines et al.
2006).

By their observational properties, the Herbig Be stars are part of the group
of Be type stars. Be type stars show strong near or mid-infrared excess, caused
by the presence of hot circumstellar gas and dust, strong Balmer emission lines,
forbidden emission lines and low excitation permitted emission lines in their op-
tical spectra. These stars are separated into five different sub-groups that cover
a wide range of evolutionary stages: Pre-main sequence Be type stars (Herbig
Be stars), post main sequence Be supergiants, compact planetary nebula Be type
stars, symbiotic Be type stars and, unclassified Be type stars (Lamers et al. 1998).
Classification of these Be type stars can be complicated since sources may show
features connected to several of the sub-groups. Thus, many objects that have
been tentatively labeled as candidate Herbig Be stars might later be discovered,
due to additional observations, to be post main sequence stars. Thus, studies tar-
geting new or previously unstudied Herbig Be candidates might result in studies
of a mixed sample of objects instead.

1.3 Protoplanetary discs
Protoplanetary discs are the gas and dust rich circumstellar discs that surround
newly formed pre-main sequence stars (such as T Tauri stars or Herbig Ae/Be
stars) (see e.g. Williams & Cieza 2011). These discs consist of typically 99% gas
and only 1% dust by mass (over time this ratio evolves). Despite the tiny fraction
of dust mass in in the disc, the dust plays an important role in the protoplane-
tary discs. The dust dominates the opacity in the disc and thus in many regions
determines the dust and gas temperature. The material in the disc is intercepted
by the stellar UV and optical radiation causing the disc to heat up and re-emit at
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Chapter 1 – Introduction

longer wavelengths. The emission from the dust is seen as a continuous excess
of emission at infrared to millimetre wavelengths in the spectral energy distribu-
tion (SED). Thus, IR and sub-millimetre spectra observed from a HAeBe star with
a disc are dominated by this dust continuum emission from the disc. The dust
size distribution and composition determines the opacity in the disc. The overall
dust density structure determines the dust temperature, which then determines
the continuum flux. For a typical protoplanetary disc the highest temperatures
(>1000 K) are found near the star in the inner disc and the coolest temperatures
(<50 K) are found further out in the disc. The hottest dust close to the star is seen
as near-infrared (NIR) emission, while the cooler dust emits at far-infrared (FIR)
to millimetre wavelengths. In this way the overall shape of the SED is a product
of the grain size composition and the dust geometry in the disc (see Fig. 1.2).

Figure 1.2 – Sketch showing the various contributions from different regions of the disc to
the infrared excess, from Dominik et al. (2003).

1.3.1 Gas diagnostics
The sizes of these protoplanetary discs range from tens to hundreds of au (outer
radii derived from CO sub-millimetre lines, from Dent et al. 2005, Panić & Hoger-
heijde 2009). Within these radii very large ranges of temperatures and densities
are encountered. In the innermost parts of the disc, close to the star, temperatures
can reach as high as ∼ 104 K, while gas densities may reach ∼ 1014 cm−3. Mean-
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1.3 Protoplanetary discs

while the outer parts of the disc are characterised by cold gas at temperatures
around ∼20 K and densities of 106 − 104 cm−3. This means that the physics and
chemistry of the discs can be very different in the inner and outer regions. Hence,
different molecules and transitions are relevant as tracers, requiring observations
to be collected over a wide range of different wavelengths (X-ray to radio wave-
lengths).

The stellar radiation interacts with the gas in the surface layers of the disc via
photo evaporation, excitation, photo-ionisation, and -dissociation of molecules.
The radiation at the highest surface layers is so strong that all molecules will
be dissociated and only atomic gas will be present. These regions are therefore
traced by atomic emission (neutral and ionised). The deeper regions of the disc
are shielded from the stellar radiation and are consequently cooler than the sur-
face. Thus molecules can exist there. Since the regions close to the mid plane
of the disc are completely opaque, most gas emission lines are originating from
regions close to the surface.

To give an overview ofwhichmolecules tracewhich disc region, Fig. 1.3 shows
a contour plot of the total hydrogen number density in a flaring discmodel around
aHerbig Ae star (1.6·10−2 M� disc, 2.5 M� star), with various line emitting regions
(50% of the total flux) of different ions and molecules over plotted. Here the CO
ro-vibrational emission, the [O i] line at 6300 Å, and the H2 line at 2.12 µm, trace
the inner disc regions (<10 au), while the [O i] line at 63.18 µm, and the OH line
at 119.44 µm, trace the outer disc. In the following we will describe some of the
relevant tracers for different regions of the disc.

The most abundant molecule is H2 (molecular hydrogen). The rotational tran-
sitions of H2 emit in the mid-IR and trace gas at temperatures around ∼100 K. The
inner, hotter (∼1000 K) regions of the disc can be traced by the ro-vibrational tran-
sitions of H2 (at near-infrared wavelengths). However, due to the lack of a perma-
nent dipole moment, these transitions are very weak. H2 ro-vibrational emission
has been detected on several occasions from T Tauri discs (Weintraub et al. 2000,
Bary et al. 2002, 2003, Itoh et al. 2003, Carmona et al. 2007), but is only detected on
very few occasions from HAeBe discs (Bary et al. 2008, Carmona et al. 2011) (see
Fig. 1.3).

CO (carbon monoxide) is the second most abundant molecule in these discs
and is of great value as a tracer, due to the many possible transitions of the CO
molecules under the disc conditions. The pure rotational transitions (∆v=0, sub-
mm) trace gas of temperatures ∼50 to a few thousand K. Low (J<3) transitions
are detectable from the ground (Dent et al. 2005, Öberg et al. 2010, Guilloteau
et al. 2013) and trace the outer disc, while higher transitions are detected from
space (e.g. Meeus et al. 2001, 2012, 2013, van derWiel et al. 2013) and trace smaller
radii. Probing the full CO rotational ladder, one can decompose the physical disc
structure even for spatially unresolved observations (Bruderer et al. 2012, Fedele
et al. 2013). The CO ro-vibrational fundamental emission lines (∆v =1, 4.6 µm) are
often detected from HAeBe discs (Carr et al. 2001, Blake & Boogert 2004, Brittain
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Figure 1.3 – A protoplanetary disc model of a 1.6·10−2 M� disc around a 2.5 M� Herbig Ae
star, with a flaring index of 1.2. Grey contours indicate the total hydrogen number density
in the disc, and the dashed red line indicates the dust extinction Av=1. The coloured boxes
indicate the line emitting region of various transitions, defined as the region where 50% of
the emission originates (from 15% flux to 85% flux radially and vertically).

et al. 2007, 2009, van der Plas et al. 2014) and T Tauri stars (Najita et al. 2003,
Rettig et al. 2004, Salyk et al. 2007, 2009, Pontoppidan et al. 2008, 2011, Bast et al.
2011). These lines trace gas at temperatures around 1000 K, and are thus emitted
from the inner regions of the discs. The dense spacing of these lines, makes it
possible to collectmany lineswithin a single instrument setting, and thus trace the
entire inner planet forming regions of the disc. The overtone transitions (∆v =2,
2.3µm) have similar diagnostic potential, but trace regions very close to the star
(T>2000 K). Thus, due to smaller emitting areas, these CO overtone emission lines
are significantly weaker, and are consequently only observed in a small fraction of
the objects observed. For detections/non-detections fromHerbig Ae/Be stars see
Najita et al. (2007), van der Plas et al. (2014), Cowley et al. (2012), Najita et al. (1996),
Ilee et al. (2014), for detections from T Tauri stars see (Carr et al. 1993, Chandler
et al. 1993, Najita et al. 1996).
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1.3 Protoplanetary discs

High excitation ro-vibrational OH emission is also frequently observed from
both T Tauri stars (Salyk et al. 2008, Najita et al. 2007, Doppmann et al. 2011), and
Herbig Ae/Be stars (Mandell et al. 2008, Fedele et al. 2008).

The forbidden [OI] lines at 6300 Å trace hot regions of low density atomic gas.
For protoplanetary discs, this corresponds to either jets/outflows or the disc sur-
face, where gas is directly exposed to the stellarUVfield. OHandOI (and alsoCO)
emission is expected to be co-spatial, since [OI] emission is considered to arise pre-
dominantly from the photodissociation of OH (Störzer & Hollenbach 1998, 2000,
Acke& van denAncker 2006b). Thus simultaneous observations of these different
species from the same disc can be very instructivewhen attempting to understand
the structure of gas, the chemistry, and excitationmechanisms in individual discs.

In this thesis, I focus on the CO fundamental ro-vibrational lines, which com-
bine a high detection rate with a large range of emitting radii. Detection of a
whole series of these transitions give us the unique possibility to study the ge-
ometry/structure in a region key to planet formation: the inner disc.

1.3.2 Disc geometry
The discs around Herbig Ae/Be stars can be divided into two groups based on
the SED. Group I, displays a rise in the mid-infrared (see left panel of Fig. 1.4),
and group II shows no such rise (see right panel of Fig. 1.4) (Meeus et al. 2001).
This difference was interpreted as evidence for different geometries of these two
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Figure 1.4 – Examples of SEDs from two well studied protoplanetary discs. Left: A
disc classified from the SED as group I (HD100546, model and observational points, Thi
et al. 2011, Hein Bertelsen et al. 2014). Right: A disc classified form the SED as group II
(HD163296, model and observational points, Tilling et al. 2012).

groups of discs. Group II discs were expected to be flat discs (Fig 1.5 a), and group

9



Chapter 1 – Introduction

I were expected to be flaring discs (Fig 1.5 b). However, recently a different expla-
nation for the two SED groups has been presented. Maaskant et al. (2013) used Q-
and N-band imaging together with SEDs from four typical group I HAeBe discs
to fit disc models with the radiative transfer code MCMax. The conclusion for all
four discs was that solutions with large dust gaps separating the inner and outer
discs were required. Thus, a new interpretation of group I discs could be that they
are discs with gaps, i.e. pre-transitional discs (Fig 1.5 c). The CO ro-vibrational
lines from both group I and group II discs around HAeBe stars have been the
topic of several earlier studies and investigations Blake & Boogert (2004), Brittain
et al. (2007), Salyk et al. (2011), Pontoppidan et al. (2011), van der Plas et al. (2014).
Latest, van der Plas et al. (2014) attempted to extract overall trends from CO ro-
vibrational lines observed from HAeBe discs, and pointed out a possible relation
between group I/group II classification and emitting radius: Group I discs emit
CO further out in the discs. The very limited sample size of particularly the group
I discs hampered any strong conclusions. However, this would support the inter-
pretation where the group I discs are in fact discs with gaps. Currently, many
group I discs do in fact have confirmed gaps, while in the literature, no group II
disc has yet been shown to hold gaps. In the earlier scenario, the two types of

  

a

b

c

Group I

Group I

Group II

Figure 1.5 – Sketch showing various possible disc geometries.

discs (flat and flaring) were part of the same star and planet formation process:
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1.3 Protoplanetary discs

The discs were expected to be initially flaring and to then eventually evolve into
the flat discs via dust settling (Dullemond & Dominik 2004). With the new inter-
pretation of group I discs as discs with gaps, there could be two possible evolu-
tionary schemes: 1) The two groups of discs could be two completely independent
evolutionary pathways from a common ancestor. 2) Discs could all evolve from
gap-free group II discs into group I discs, through the gradual formation of gaps
in the inner disc.

1.3.2.1 Gap formation

There are three main mechanisms that can lead to gap formation: Photo evapora-
tion, grain growth, and planet formation.

Photo-evaporation proceeds to remove small dust andgas simultaneously. The
central star heats the gas in the disc to temperatures that allow thermal escape. For
photo-evaporation, mass loss happens primarily in a region within several au of
the characteristic gravitational radius (rg=8.9(M∗/M�)). The gravitational radius
is where the internal energy of the gas exceeds the escape potential Hollenbach
et al. (1994), Font et al. (2004). Photo-evaporation is considered to be one of the
main disc dispersal mechanisms (e.g. Hollenbach et al. 2000, Gorti & Hollenbach
2009, Owen et al. 2010). However, based on observed ratios of inner disc gas mass
to accretion rate (TW Hydra and GM Auriga), photo-evaporation models predict
unrealistically short timescales of the inner disc clearing phase (Owen et al. 2010).
Thus, photo evaporation on its own fails to explain the large inner cavities of tran-
sition discs.

Contrary to photo evaporation, grain growth creates cavities only in the dust.
However, the gas can be indirectly affected since the dust opacity will change,
which will affect the gas heating and the chemistry. Many authors have sug-
gested that grain growth could indeed explain the observed signatures of tran-
sition discs, namely the large inner holes (Dullemond & Dominik 2005, Tanaka
et al. 2005, Najita et al. 2008, Pontoppidan et al. 2008). Grain growth can lead to
the creation of gaps or holes in the disc in twoways: 1) The gradual growth of dust
grains will lead to a depletion of small dust grains. Since dust grains larger than a
few centimetres are invisible even to mm-observations, a region depleted of small
grains will be observed as a gap (Birnstiel et al. 2012). 2) Dust particles decouple
from the gas as they grow in size, causing them to spiral inwards (Weidenschilling
1977, Nakagawa et al. 1986). Thus, the dust optical depth is in this case reduced
by direct removal of dust mass from a certain region. A recent study by Birn-
stiel et al. (2012) investigated whether grain growth on its own could explain the
observed cavities in transitional discs. The authors of this study concluded that
grain growth could indeed produce dips in the SED similar to those found for
many transition discs. Meanwhile, they could not reproduce the same cavities as
seen in (sub-)millimetre emission observations of transitional discs by e.g. Brown
et al. (2009), Andrews et al. (2011) and Lyo et al. (2011). The mechanism was able
to remove the small dust, but only by locking it up in larger dust particles, yield-
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Chapter 1 – Introduction

ing a populations that still containing enough centimetre sized objects, to show
up in the (sub-)millimetre observations. Thus, these large inner cavities cannot be
caused by grain growth alone either.

With grain growth and photo evaporation not able to explain the observed gap
sizes and SED signatures, planet formation, is left as the most viable explanation.
When a planet is present in the disc, tidal torques exerted by the planet (if it is
sufficiently massive, ∼1MJup ), can open up a gap in the disc (Takeuchi et al. 1996).
These tidal torques have to overcome the local viscous torques in the disc and
the radius where the gravitation of the planet is greater than that of the star (Hill
radius), must be comparable to the thickness of the disc (Takeuchi et al. 1996).
Models of discs with gaps opened by planets predict SEDs that are indeed consis-
tent with observed transition objects (e.g. Rice et al. 2003, Quillen et al. 2004). For
reviews of planetesimal formation and disc evolution see e.g, Alexander (2008),
Klahr (2008). Pinilla et al. (2012) showed that a one Jupiter mass planet at 20 au
can, after 1000 orbits, carve out a gap with a depletion factor of 10 to 1000 in gas
surface density (depending on the viscosity parameter). Gap sizes are found to be
∼10 au for a one Jupiter mass planet and ∼30 au for a nine Jupiter mass planet (at
20 au, 1000 orbits). Recently, Bruderer et al. (2014) studied the cavity in the disc
around Oph IRS 48, with gas emission lines, and found that photo evaporation
or grain-growth alone could not explain the derived gas surface density profile.
The observed cavity would thus rather be due to the effects of a massive planet or
companion.

A main question in the context of gap formation is, whether gas and dust stay
coupled or de-couple. To explore this, one needs to compare the dust observations
from the inner discswhere the gaps resides (SED, near/mid infrared images) with
gas emission lines from the same region (e.g. CO ro-vibrational emission).

1.4 Emission lines
Emission lines observed from an astronomical object that is either moving away
from us or towards us, will be either red- or blue-shifted due to the radial velocity
of the object. This is called a Doppler shift and in the case of gas in protoplanetary
discs with regular Keplerian rotation, where the stellar mass (M∗) of the central
star and the inclination of the disc (i) is known, this presents the unique oppor-
tunity to indirectly infer the radial location of the various gas species from their
Doppler shift.

1.4.1 Keplerian line profiles
An observer will view one half of the rotating disc moving towards her and the
other half moving away from her. Thus, emission lines will be broadened by red-
and blue-shifted emission contributed from these two sides. The wavelength shift
corresponds to a certain velocity in the disc. Thus from the spectra we can create
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1.4 Emission lines

so called velocity profiles or line profiles, using the Doppler equation

v =
λobs − λline

λline
· c . (1.1)

with λobs, the observed wavelength, λline, the emitted or laboratory wavelength,
and c, the speed of light. A visualisation of which radial regimes in the disc con-
tribute to which velocity channels in the line profile can be seen in Fig. 1.6. Larger
radii in the disc represent larger surface areas for emission. Hence, a large con-
tribution to the line flux often comes from these outermost areas, and two peaks
are often seen in the profile (peak locations ±vpeak) corresponding to the outer-
most radius of the emission. When the stellar mass, M∗, and the disc inclination,
i, is known, these peaks can be used to give an estimate of the outer radius of the
emitting region

Rout =
G · M∗
v2

peak

sin2i . (1.2)

with G, the gravitational constant. These double peaked profiles are called Kep-
lerian profiles, due to their connection to the Keplerian rotation. In these discs,
the highest velocities are obtained closest to the star. Thus transitions originating
from the inner disc will display very broad line profiles, while transitions origi-
nating in the outer disc will display narrow line profiles (profile a and b in Fig.
1.7 show examples of this for CO ro-vibrational emission lines). Thus, the width
of the line profile, or the half width at zero intensity (HWZI) represents the inner
radius of the emitting region

Rin =
G · M∗
HWZI2 sin2i . (1.3)

If the line is optically thick, the peaks, width, and line wings of these profiles,
combined with knowledge of the stellar mass and the inclination of the system,
can provide us with an estimate of the inner and outer radius of the line emitting
region. However, these quantities do not capture all details of the line profile
shape. The cumulative line flux determines the overall shape of the profile (the
percentage of the flux emittedwithin a certain radius as a function of that radius)2.
To exemplify the link between cumulative line flux and line profile shape, the left
frames in Fig. 1.7 show various possible CO ro-vibrational line profile shapes,
while the right frames show the corresponding cumulative line flux. In the case
of profiles a and b, we see that the FWZI and vpeak represent good measures of
the inner and outer radius of the line emitting region. How steep the onset of
the cumulative flux is determines the shape of the line wings. If we have a steady
increase over a large range of radii, the resulting line profile will have broadwings
(e.g. as seen in profile c in Fig. 1.7). If instead the flux builds up sharply with a
2 The shape of the cumulative line flux is then in turn determined by the interplay between the gas
temperature profile, the gas (and dust) distribution, and the abundance of the relevant molecule.

13



Chapter 1 – Introduction

Figure 1.6 – Sketch linking radial locations in the disc to the relevant velocity channels in
a Keplerian line profile. Inspired by Beckwith & Sargent (1993).

very steep gradient, the resulting line profile will have essentially no wings but
simply vertical sides (e.g. as seen in profile d of Fig.1.7). In that case, the inner
and outer radius are almost equal resulting in FWZI∼ ∆vpeak. These quantities
still trace the emitting region very well. However, cases with more complex line
profile shapes can also occur (profile e and f in Fig. 1.7). In these cases the flux
builds up in away that causes the presence ofmultiple peaks in the profiles. Then,
measuring a peak separation can become ambiguous, since multiple peaks exist.
In profile f (Fig.1.7), the most prominent peaks are not related to the outermost
radius of the emitting region, but actually to the innermost radius (as in profile
d, FWZI∼ vpeak). The true outer radius for the emitting region can be found from
the smaller almost unseen peaks at a few km/s. In profile e, we see a very narrow
peak separation for the narrow component. This is due to emission extending
to very distant radii in the disc. From this, observed line profiles can become
essentially single peaked, in cases where spectral resolution is lower than vpeak.
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Figure 1.7 – Examples of the link between CO ro-vibrational line profile shapes (left), and
the corresponding cumulative flux (right). The vertical dotted lines indicate the radii,
within which 15% and 85% of the total flux is emitted. a) A broad line with emitting region
nearby the star. b) A narrow line emitted from further out in the disc. c) A line emitted over
an extended region. d) A line emitted over a narrow region. e) A line with emission con-
tributions from the entire disc out to 100 au. f) A line with the main contribution emitted
nearby the star, but with an additional smaller contribution from a more extended region.
Profiles a though d are from optically thick lines while profiles e and f are from optically
thin lines.
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High resolution NIR instruments offer spectral resolution down to 3 km/s (see
Sect. 1.4.3), with this, emission that extends to radii ∼90 au, will be observed as
single peaks (for i ∼ 40◦ and M∗ ∼ 2M�)3.

1.4.2 Non Keplerian features
The previous section showed that already simple Keplerian rotation can cause
complex line profiles beyond the usual double-peaks. Line profiles can also dis-
play various non-Keplerian features, either directly related to the disc and/or to
other bodies in the disc.

It has been shown (Regály et al. 2010, 2011, 2014) that the presence of proto-
planets of a certain size and radial location would impose eccentricities on the
velocity and density field in the disc. An example of a line profile distorted by
such effects is shown in upper panel of Fig. 1.8.

There could also be emission contributed from additional components that
are part of the system but not part of the normal Keplerian velocity field. Brittain
et al. (2013) suspected that a variable component of the observedCO ro-vibrational
emission lines from HD100546 is due to additional CO emission from material
orbiting a protoplanet in the outer disc (see lower panel of Fig. 1.8).

Several CO ro-vibrational lines have been observed to display very broad-based,
single peaked emission lines (see panel a in Fig. 1.9). The most likely explanation
for these line shapes were found to be a combination of emission from the inner
part of a rotating disc (broad line) and slowmoving disc winds launched by either
EUV (Extreme Ultraviolet) emission or soft X-rays (Bast et al. 2011, Pontoppidan
et al. 2011). Thesewinds add an extra low velocity component to the Keplerian ve-
locity profiles, and the region where the depression between double peaks might
normally have been seen, is thereby ’filled in’ with a narrow single peak.

The above effects are all related to the disc, meanwhile emission lines have also
been observed with superposed absorption due to the emission traveling through
foreground material (e.g. an interstellar cloud in the line of sight, see Fig. 1.10).
This can create a very deep depression or even clear absorption between the dou-
ble peaks that would have been otherwise observed (see panel b of Fig. 1.9). Even
worse, velocity profiles that were originally single peaked can look like double
peaks due to a moderate foreground absorption component.

1.4.3 Observing CO ro-vibrational line profiles
To thoroughly analyse the line shapes and unravel the details of these CO ro-
vibrational emission lines, one needs high spectral resolution instruments. The
emitting wavelength region of these lines (∼4.3-5.7 µm) is covered by a few high
resolution near-infrared (NIR) instruments. TheCRIRES (CRyogenic high-resolution

3 Depending on the size of the instrument PSF (point spread function), even emission extending to
smaller radii than this could be observed as single peaks
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Figure 1.8 – Examples of non-Keplerian line profiles: The upper panel, shows a simulated
emission line from an asymmetrical eccentric disc, caused by the presence of a protoplanet.
Examples are shown for various planetary orbits ap (from Regály et al. 2014). The lower
panel shows the average profile of the hot band CO ro-vibrational lines (near 2033 and
2144 cm−1, corresponding to 4919 and 4664 nm) from the disc around HD 100546, collected
at different epochs (2003-2010), with a variable component possibly related to material in
orbit around a protoplanet (from Brittain et al. 2013).
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Figure 1.9 – Examples of non-Keplerian line profile shapes: a) Line with a central contri-
bution from a slow moving disc wind (mock-up profile). b) Line with central absorption
from the disc or from foreground material (from Hen 2-80 in Chapter 3).

� �

�������� ��������

Figure 1.10 – Simple sketch showing a cloud absorbing part of the emission from a disc in
the line of sight towards the observer.

InfraRed Echelle Spectrograph) at the VLT (Very Large Telescope) had the high-
est spectral resolution (R=100000) available in this wavelength region4. With high
S/N spectra, CRIRES can, in most cases, fully resolve the detailed shape of the CO
ro-vibrational emission lines.

The NIRSPEC (Near-Infrared Spectrograph) at the Keck telescope has a some-
what lower resolution (R=25000). This means that complex features, narrow dou-
ble peaks, or broad wings, can be lost.

Compared to the theoretical line profiles shown in the previous sections, obser-
vationswill also adddistortions to the shape of the lines. Asmentioned above, low
spectral resolution will smoothen out the line profile shape which can cause the
4 This instrument is taken off the telescope for the next two years due to the commissioning of NAOS-
CONICA (Nasmyth Adaptive Optics System Near-Infrared Imager and Spectrograph)
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loss of weaker features. In panel a of Fig. 1.11, a black line represents the theoreti-
cal line profile, a red line represents the line convolvedwith the CRIRES/VLT res-
olution, and a blue line represents the line convolvedwith theNIRSPEC/Keck res-
olution. Both the CRIRES/VLT and the NIRSPEC/Keck resolution is enough to
identify thewidth and the peak separation of this simple Keplerian profile. Mean-
while, NIRSPEC/Keck does not reveal the full depression between the peaks,
whereas CRIRES/VLT resolves all details in the shape of this line.

Furthermore, all observations will have noise. In panel b of Fig. 1.11, the
theoretical line profile (black) is shown together with a line convolved with the
CRIRES/VLT resolution and with a S/N=100 (signal to noise) on the continuum
(red), and with a line convolved with the NIRSPEC/Keck resolution and with a
S/N=100 (blue). This kind of noise level can be problematic for NIRSPEC/Keck
observations since, the noise spikes are of the size of the peaks and can therefore
be confused with these.

These type of observations are oftenmade through a narrow slit (CRIRES: 0.2"-
0.4", NIRSPEC: 0.38"-0.43"). If the observed disc is close enough to be spatially
resolved, parts of the disc might fall outside the slit, causing flux loss in the ob-
served spectra. Thus if the CO ro-vibrational emission lines (or any other lines) are
spatially resolved this will represent an additional challenge in the line profile in-
terpretation. In these cases, the slit will be ’cutting’ away parts of certain velocity
channels (Fig. 1.12) and thus reduce the amount of emission seen at that velocity.
The observed line profile shape will then vary depending on the width of the slit,
the position angle of the slit, and the centring or offset of the slit. Furthermore, the
general slit loss might also affect the continuum measurement, yielding a lower
continuum flux than without a slit. In panel c of Fig. 1.11, a few examples of the
effect, on the observed line profile, of changing the position angle or the offset of
the slit are shown.

1.4.4 Observational quantities
When comparing many lines collected from one disc or samples of lines collected
from several protoplanetary discs, it is useful to derivemeasurable quantities, that
describe the overall appearance of the profile, and can be extracted from the line
profiles in a semi-automated manner.

The peak separation and FWZI have already been mentioned. For observed
lines, the FWZI can often be difficult to determine accurately since noise in the
spectrum will make it hard to recognise the exact location of the continuum, es-
pecially in the case of broad line wings. Thus this can lead to large uncertainties.
In its place, the full width at 10 % intensity can be used if the noise level allows
that. One can thus derive a 10 % radius instead of an inner radius. This still gives
a good indication of the location of the emitting region.

Noise is also a problem for the measurement of peak separation. A high noise
level can falsely induce a double peak on a single peaked or flat topped line profile
or push the true double peaks further apart or closer together. Furthermore, as
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Figure 1.11 –Various observational effects on line profiles: a) Theoretical line profile (black)
convolved with the resolution of CRIRES/VLT (red) and NIRSPEC/Keck (blue). b) Same
line (black) convolvedwith the resolution of CRIRES/VLT (red) andNIRSPEC/Keck (blue)
and with added noise corresponding to S/N=100 (on the continuum). c) Theoretical line
profile (black) observed with a narrow slit from a disc (at P.A.=145◦) that is spatially re-
solved, causing slit loss. The slit (width=0.2") is placed at various position angles and/or
offsets with respect to the resolved disc centre: 145◦and 0.0" (black), 125◦and 0.0" (red),
55◦and 0.0" (blue), 55◦and 0.2" (green).

Figure 1.12 – Sketch to illustrate how observing through a slit can cause certain velocity
channels to be blocked out when observing spatially resolved emission, resulting in an
altered line profile shape.
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mentioned in Sect. 1.4.1; a measurement of the separation of strong broad double
peaksmightmiss aminor double peak at lower velocities (as seen in Fig.1.7 f). An-
other double peak impostor, that was already mentioned in Sect. 1.4.2, is the case
of superposed absorption (as shown in Fig. 1.9 b). Absorption can not only occur
from a foreground interstellar cloud in the line of sight, but also from our own
atmosphere. Many CO ro-vibrational and other telluric absorption lines are seen
from the atmosphere. In order to remove these telluric (atmospheric) absorption
lines from science spectra, a spectrum from a telluric standard star is collected
together with the science spectrum (telluric standard stars are bright stars where
the spectral type is known and the intrinsic stellar features are small or easily re-
movable usingmodel spectra). However, even using a telluric standard spectrum,
the removal of telluric lines from a science spectrum is never perfect (due to dif-
ferent airmass). Residual telluric lines are often still present in the final spectra.
One can try to optimise the observation dates so that the barycentric velocity com-
bined with the systemic velocity is as high as possible. This will shift the telluric
absorption lines away from the centre of the CO ro-vibrational emission lines.

The full width at half maximum (FWHM) is frequently used as an overall line
shape parameter, since this can almost always be measured despite very noisy
lines or lack of double peak. However this quantity bears limited information, es-
pecially in the case of more complex emission lines (multiple double peaks, single
peaks, broad based etc.). For profiles with strong shoulders, the FWHM could in
some cases be measured just above the appearance of the shoulders or just below,
giving radically different values: the broad component can have a width that is
two or three times thewidth of the narrow component. Hence, the physical mean-
ing of this quantity becomes somewhat unclear. For consistency, rather thanmea-
suring the FWHM manually, we decided to fit a Gaussian and derive the FWHM
of the fitted Gaussian. In this way, the whole profile shape is considered in the
FWHMmeasurement, and issues like uneven double peaks, noisy profile tops, or
uncertainties in continuumplacement (and therebymaximumvalue), become less
problematic. Moreover, the FWHM measurement can then be partially automa-
tised. However, complex lines, e.g. lines with broad strong shoulders, remain
poorly fitted by a Gaussian, and the physical meaning remains in these cases un-
clear.

1.4.5 Diagnostic diagrams
An interesting newdiagnostic connected to themeasurement of the FWHM, that I
develop in this thesis, is the FWHMversus Jup behaviour. It can be very instructive
to plot the measured FWHM as a function of the upper J-level of the transition.
This type of plot should (in case of good quality data) show a FWHM either con-
stant or increasing with Jup, revealing whether higher J transitions are emitted
systematically closer to the star or whether all lines are emitted from the same
region This could be related to physical conditions in the disc such as geometry
(presence of gaps) or excitation mechanisms.
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The most straightforward measured quantity is the line flux (the integrated
area under the line profile). Extracting the line flux of complex line profiles con-
stitutes no problem in itself. However broad wings can be hidden in the noise,
and thus cause errors in the line flux calculation. Additional components to the
line profile, that are not related to the disc, are not easily left out. Also, the con-
tinuum placement again adds uncertainty to the derived flux values. The largest
uncertainty in the measure of the line flux is the flux calibration of the continuum
itself. However, this last mentioned is only a systematic uncertainty that all line
fluxes derived from the same spectra will have. Their relative line fluxes are thus
not affected by the flux calibration.

For an observed sample of lines, with transitions between different rotational
and vibrational levels, the strength and ratio of the various rotational and vibra-
tional bands are products of the temperature and the gas column density in the
disc. To quantify this relationship, one can compile a so called Boltzmann dia-
gram. Through this thesis I use a similar approach as in van der Plas et al. (2014).
Usually, when compiling such a diagram, the following assumptions are made:
Local Thermodynamic Equilibrium (LTE), all emission originating from a single
temperature region, and optically thin lines. Then, we can write the Boltzmann
equation as

FvJ

gvJνvJ AvJ
=

1
4πd2

hBNtot

Trot
eEv/kTrot , (1.4)

where FvJ is the observed line flux, Ev is the energy of the transition, gvJ its statis-
tical weight, νvJ is the frequency, AvJ is the Einstein A coefficient, d is the distance
to the emitting source, B is the rotational constant, and Ntot is the total amount of
emitting CO gas. With this, the slope in a diagram of ln( 4πFvJ

hνvJ AvJg ) as a function of
Eu reveals the so called rotational temperature 1/Trot. This temperature does not
necessarily correspond to the physical gas temperature. In observations a curva-
ture is usually seen in these diagrams at low J due to optical thickness, and thus
make our initial assumptions invalid. Furthermore, Thi et al. (2013) showed that
the rotational diagrams can have a second curvature at high J values (40<J<60),
where lines become optically thin. These high J levels are rarely observed due to
limited sensitivity and/or limited wavelength coverage.

Summing over the population in each vibrational band, it is also possible to
construct a vibrational diagram. When an incomplete sample of lines is consid-
ered (not all J levels are observed for each vibrational level), one can use the par-
tition function to estimate the full population of each v-band. However, the esti-
mated full v-band populationwill differ if predominantly higher or lower J transi-
tions are observed. Vibrational diagrams are thus highly line sample dependent.
The usefulness and problems with both the Boltzmann and the vibrational dia-
grams are discussed in more detail in Chapters 2 and 4. Here, it is simply noted
that the temperatures derived from these diagrams are mainly useful for com-
parative purposes, between observed discs with similar line samples or between
observed and modelled lines, and less for determining the physical gas tempera-
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tures in the discs.

1.5 Modelling
The CO ro-vibrational emission lines can be of high diagnostic value for the gas
geometry, and perhaps even dust geometry in protoplanetary discs. The various
complications in the interpretation of these lines have been presented in the pre-
vious sections. For observed line profile samples, line shapes, strengths, ratios,
and/or emitting region can vary widely between discs. This can happen even
in cases where the disc and stellar parameters from previous literature do not
differ significantly. Hence, it would be great to have a kind of test lab for disc
geometry, line shapes and strengths, flux build up, etc., to see how the geometry,
physics, and chemistry of the discs impact the line profiles. Models can do exactly
this for us. In this thesis, we mainly use ProDiMo (Protoplanetary Disc Model).
ProDiMo is a thermo-chemical disc code that solves the gas heating and cooling,
the gas chemistry and the disc vertical structure self-consistently through global
iterations (Woitke et al. 2009).

An overview of the general modelling approach in this thesis is shown in Fig.
1.13. The code solves the continuum radiative transfer in 2D, using a band ap-
proach5, and determines the dust temperature from radiative equilibrium. Here-
after, the chemistry and the heating and cooling balance of the gas in the disc is
solved based on the calculated local continuum radiation field. For the chemistry
calculations, selection of elements, chemical species and reactions have to bemade
by the user. The last step is the detailed line radiative transfer (described in Kamp
et al. 2010), where line profiles and fluxes are calculated for user selected transi-
tions. For more details on ProDiMo, see Woitke et al. (2009). For the modelling
done in this thesis, we either use a fixed parameterised disc structure as input
(chapter 4 and 5), or couple ProDiMo with the radiative transfer codes MCFOST
Pinte et al. (2006, 2009) (chapter 2 and 3) or MCMax (Min et al. 2009) (chapter
3). MCFOST and MCMax are both three dimensional Monte Carlo continuum
radiative transfer codes that calculate the dust temperature and continuum radi-
ation field in the disc. The coupling between ProDiMo and MCFOST or MCMax
is explained in Woitke et al. (2010). As a last step after the calculation of the user
selected line profiles, instrumental effects are added to the lines, such as convolu-
tion with instrumental spectral resolution, noise, and slit loss (discussed in Sect.
1.4.3).

The main focus of this thesis are the CO ro-vibrational lines emitted from pro-
toplanetary discs. To model these lines with ProDiMo we use the complete CO
ro-vibrational molecular model described in Thi et al. (2013). Since fluorescence
has been shown to be important for these lines (Brittain et al. 2007, van der Plas
et al. 2009, 2014), we include fluorescence pumping to the A1Π electronic level.

5 Band- averaged continuum radiative transfer is used, for more details see Woitke et al. (2009).
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Figure 1.13 – Overview of the general approach in this thesis for modelling the CO ro-
vibrational lines with ProDiMo.

Ourmolecule comprises 60 rotational levels within 7 vibrational levels of both the
ground electronic state X1Σ+ and the excited state A1Π. In Fig. 1.14, a ProDiMo
spectrum of the modelled CO ro-vibrational lines is shown.
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Figure 1.14 – Example of the full CO ro-vibrational spectrum (with a few H2 and Fe+ lines
also present), produced from a ProDiMo model (HD 100546, Chapter 2).

1.6 This thesis

In this thesis we investigate the following questions:
1) What does CO ro-vibrational emission lines reveal about the geometry of the
gas (and dust) in the inner disc?
2) Why is there an apparent difference in CO emitting region (inner and outer ra-
dius) for group I versus group II discs?
3) Do different excitation mechanisms dominate for different disc geometries, UV
fluorescence versus thermal excitation?

In Chapter 2, we study observed CO ro-vibrational emission from one partic-
ularly well observed disc with a well documented gap (HD100546). We compare
the observed emission lines to lines collected from an already published model of
the same disc. The model has been fitted to all available observational data except
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the CO ro-vibrational lines. We investigate here the diagnostic capabilities of the
lines in the context of excitation mechanism, line emitting region and possible in-
strumental complications in line shape interpretation. Furthermore, some of the
basic tools used in this thesis are developed in this chapter.

In chapter 3, we study CO ro-vibrational emission from a new sample of pro-
toplanetary discs collected with the CRIRES instrument at the VLT. We discuss
line shapes, FWHM versus Jup behaviour (constant or increasing), and rotational
temperatures in the context of disc geometry for the individual discs. Addition-
ally, we discuss the implication for the full existing sample of HAeBe discs with
CO ro-vibrational emission line detections from the literature. We develop ideas
for a more general picture and for further studies to test them.

In chapter 4, we study in more detail a sample of CO ro-vibrational lines col-
lected for one of the discs in chapter 3 with CRIRES (HD163296). The lines from
this disc show inconsistencies with previously collected CO ro-vibrational lines
from NIRSPEC. Variability has in fact been noted for this disc in the near-IR con-
tinuum and in the optical (Sitko et al. 2008, Ellerbroek et al. 2014). We also present
CO ro-vibrational emission produced from a published model that was fitted
to observed emission lines (not the CO ro-vibrational lines) and the SED from
HD163296. In this chapter, we make a thorough comparison of the various ob-
served datasets and the sample of modelled emission lines. In this manner, we
investigate possible causes for the differences between the multiple datasets, i.e.
instrumental differences and/or variable emission. We also investigate the mean-
ing of observationally derived rotational temperatures.

In chapter 5, we present CO ro-vibrational lines from a grid of ProDiMo mod-
els designed to tackle the questions regarding CO ro-vibrational emission line
shapes and their overall behaviour in connection with dust geometry, gas geom-
etry, and the presence of gaps. We derive from this grid, new avenues for the
interpretation of CO ro-vibrational line shapes and behaviour. We suggest future
follow up on these inner disc geometries and the potential gas/dust de-coupling
once CRIRES will be back on the VLT.

In the final chapter (Chapter 6), I summarise the previous chapters and present
my final conclusions. Furthermore, I give an outlook for the study for CO ro-
vibrational emission from HAeBe discs.
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