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6Conclusion

6.1 Summary
In this thesis, I have investigated the diagnostic possibilities of the fundamental
CO ro-vibrational emission lines, and how these lines could be used as tracers of
the planet forming regions of protoplanetary discs. Through the combined study
of observed NIR spectra, primarily from CRIRES/VLT, and modelled lines from
ProDiMo, I have explored the relation between physical and chemical properties
on one hand (dust or dust+gas gaps, excitation mechanisms, flaring index), and
observable properties on the other hand (line profile shapes, line fluxes, and vari-
ationswith J number). In the following, I will give short summaries of the general
conclusions from the individual scientific chapters. After that, I present answers
to the three key questions posed in chapter one. Finally, I will discuss the outlook
of the study of CO ro-vibrational emission lines from Herbig discs.

6.1.1 Chapter 2
In this first scientific chapter, we studied the CO ro-vibrational lines from one
particular well studied disc (HD 100546) and we developed many of the tools or
techniques used throughout the rest of the thesis. Furthermore, we identified and
quantified slit loss effects, relevant for spatially resolved discs observed through a
narrow slit. These slit losses, can sometimes create the same type of line variations
that are otherwise caused by physical effects in or near the disc (e.g. disc winds,
outflows or distortion by planets).
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6.1.2 Chapter 3
In this chapter we studied a new sample of CO ro-vibrational lines from Herbig
discs observed with CRIRES and compared themwith other CO detected sources
from the literature. From the total collected CO ro-vibrational line sample, we
found several sources pointing toward a decoupling of the dust and the gas in the
inner disc, i.e. dust depleted regions with gas still present close to the star. We
also identified a link between increasing FWHMversus J behaviour and extended
emitting regions. A constant FWHM versus J behaviour and narrower emitting
regions are possibly linked to the presence of gaps.

6.1.3 Chapter 4
In this chapter, we studied in detail one sample of CO ro-vibrational lines from
another well studied disc, HD 163296. We studied the CRIRES data (chapter 3)
together with previously collected data sets (NIRSPEC/Keck), and line predic-
tions from a previously published thermo-chemical disc model. The comparison
with the previous data and the model makes the likeliest explanation that a non-
Keplerian component is present which causes variability in the CO ro-vibrational
lines from HD 163296.

Additionally, we fitted the fluxes from the thermo-chemical disc model with a
one dimensional slab model and derive Boltzmann diagrams and rotational tem-
peratures (using various line samples). Boltzmann diagrams compiled from line
fluxes of thermo-chemical disc models show a wave pattern which is poorly fitted
by a single temperature slab model. Hence, the rotational temperatures derived
from these simple one dimensional slab models are highly degenerate. Further-
more, we find that Boltzmann diagrams compiled from line samples with sparse
J coverage do not provide good indications of the gas temperature. We conclude
that these diagrams are best used for comparative purposes, when similar J cov-
erage is available for two discs, or between a modelled and an observed sample
of lines. Only discs with gaps (or optically thin lines) show a flatter Boltzmann
curve, and could thus be well fitted by a simple slab model (e.g. HD 100546, Hein
Bertelsen et al 2014, chapter 2).

6.1.4 Chapter 5
In chapter five, we study CO ro-vibrational lines from a grid of ProDiMo models
dedicated to tackle questions regarding CO ro-vibrational emission line shapes,
the behaviour of measurable quantities, such as FWHM, peak separation, and
line fluxes as a function of J number, and disc geometry. We sought to answer
the open questions from the previous three scientific chapters. From this grid,
we have identified new interpretation schemes that could be used in future obser-
vations of CO ro-vibrational lines. We develop three new diagnostic features for
characterising disc geometry:
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1) A constant FWHM versus J behaviour is indicative of a disc with a dust cavity,
while an increasing FWHMversus J suggests a continuous (or less depleted) disc.
2) The presence of line wings (versus vertical sides) reveals whether gas is present
in the inner regions of the disc. Hence, when a dust cavity is present, clear line
wings can be taken as evidence that gas is present in the cavity (i.e. gas and dust
is decoupled).
3) The line flux versus J behaviour can be used to identify gas depletion in the
dust cavities. Discs with continuous gas discs (no gas gaps/holes) show constant
flux versus J behaviour. On the other hand, discs with significantly gas depleted
inner regions show line fluxes that decrease strongly (factors up to 100) with J
(J>20).

The results from this grid also help us to understand some of the objects dis-
cussed in chapter 3. The new diagnostics support the interpretation that gas and
dust could be decoupled in the two discs HD 250550 and HD 97048. However, we
also conclude that dust and gas stay coupled for Hen 2-80. Additionally, our grid
predicts a difference in FWHM between group I and group II discs, due to stellar
radiation in flaring discs reaching much larger radii, where much larger surface
areas for emission are available. Hence, group I discs should show narrower lines
compared to group II discs (with outliers due to the presence of cavities). This is
a prediction that is consistent with the observed CO ro-vibrational emission from
Herbig Ae/Be discs, that can be found in the literature (e.g. Salyk et al. 2011, van
der Plas et al. 2014).

6.2 Main questions
In the introduction, I formulated the three main questions that I planned to ad-
dress in this thesis:
1) What can 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?
The following paragraphs will discuss to which extent these questions have now
been answered and sketch an updated picture of theCO ro-vibrational diagnostics
in protoplanetary discs.

6.2.1 CO ro-vibrational lines as a tracer of inner disc geometry
We have found that the CO ro-vibrational lines could indeed be very valuable as
tracers of the inner protoplanetary discs. From thermo-chemical disc models, the
line shapes of the CO ro-vibrational lines show a great variety depending of the
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geometry of the inner disc. Hence, high spectral resolution and high S/N line pro-
files could reveal important details about the inner disc geometry. As described
in Sect. 6.1.4, we derive in this thesis three new diagnostic features: The FWHM
versus J behaviour, the presence of line wings (or shoulders), and the line flux
versus J behaviour. More modelling is required, covering larger parts of the pa-
rameter space, with comparison of additional high resolution observations of CO
ro-vibrational lines, to further test these new diagnostics.

6.2.2 Emitting regions of group I and group II discs
An answer to this question is offered by the results from the modelling grid. For
flaring discs the entire surface of the disc is intercepted by stellar radiation. Hence,
the CO ro-vibrational emission in the models originates very far out in the disc.
Emission from further out comes from a larger surface area and will thus con-
tribute more to the line profile making the lines appear strong and narrow. For
flat discs the stellar radiation does not reach far beyond the inner radius of the
disc, and emission is therefore only possible from close to the star at Rin. This
leads to a difference in FWHM between group I and group II discs. Those group
I discs that do not follow this trend should then be discs with small gaps which
would yield large FWHM.

6.2.3 Excitation mechanism
Brittain et al. (2007) showed that a UV fluorescent excitation mechanism is impor-
tant in dust depleted discs (dust holes). van der Plas et al. (2014) concluded that all
group I discs in his sample of CO ro-vibrational line emitting sources, were discs
with Tvib>Trot indicating that UVfluorescence is important. The importance of dif-
ferent excitationmechanisms depends on the location in the disc and the radiation
field from the central star (Blake& Boogert 2004). For thermal excitation high tem-
peratures are required, thus we would expect this excitation mechanism to work
best in the innermost regions of the disc where Tgas is typically a few thousand
Kelvin. UV fluorescent excitation can occur at any gas temperature. However,
at high gas volume densities the levels quickly depopulate again, while at low
densities, they decay radiatively emitting the ro-vibrational lines. Thi et al. (2013)
found that the gas in the inner disc of Herbig stars is dense enough to quench UV
fluorescence by collisional de-excitation between the ro-vibrational levels. Hence,
UV fluorescence should work better at larger distances or at large scale heights
in the disc where densities are lower. This could imply that flaring discs (if they
have extended emitting regions), and discs with large gaps (emission is coming
from the disc wall well beyond the condensation radius), have a larger contribu-
tion from the UV fluorescent excitation mechanism. On the other hand, flat disc
models have noCO ro-vibrational emission contribution from large radii, and they
could therefore be dominated by the thermal excitationmechanisms since UV flu-
orescence is quenched close to the star. This would be consistent with the trends
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observed by Brittain et al. (2007) and van der Plas et al. (2014). However, this ques-
tion requires more modelling and especially additional high S/N observations to
be answered definitely.

6.3 Outlook
Wehave found that observations of CO ro-vibrational fundamental emission lines
can provide crucial information on the location of gaps both in the dust and in
the gas in protoplanetary discs. Inner disc geometries that can appear degenerate
from the SED alone, can be separated by analysing CO ro-vibrational line profiles.
Meanwhile, there aremany details to caution about when interpreting these lines,
in particular different effects can cause similar line shapes. High resolution spec-
tra are therefore absolutely necessary to clarify the cause of observed line shapes.

CRIRES at the VLT (Very Large Telescope) had the highest spectral resolution
(R=100000) available in the wavelength region where the CO ro-vibrational lines
are emitting. In almost all cases, CRIRES could fully resolve detailed shapes of
any CO ro-vibrational emission lines (with good S/N). Currently NIRSPEC at the
Keck telescope is the only available high resolution instrument that covers the
emitting region of the CO ro-vibrational lines, and has the necessary sensitivity to
detect and study the shapes of these lines. The somewhat lower resolution than
CRIRES (R=25000), means that complex features, narrow double peaks, or broad
wings, can be lost.

The EXES (Echelon-Cross -Echelle Spectrograph) instrument on board SOFIA
(Stratospheric Observatory For Infrared Astronomy) partly covers the wavelength
region where CO fundamental emission is observed. Its wavelength coverage is
4.5-28.3 µm. SOFIA is an airborne observatory, and its greatest advantage is thus
the reduced amount of telluric (atmospheric) absorption in the spectra. This is
particularly important for the CO ro-vibrational lines, since the Earth atmosphere
has strong CO ro-vibrational absorption lines by itself. However, the resolution of
EXES is not enough to resolve detailed line shapes (R=15000).

The airborne advantage of SOFIA (reducing telluric absorption)would be even
surpassed by a space telescope. However, the size of space telescopes is often
limited compared to the ground. High resolution NIR spectroscopy in space is
at the moment not possible. JWST (James Webb Space Telescope), to be launched
in 2018, has a Near-Infrared Spectrograph, NIRSpec, which covers the desired
wavelength region (0.7-5 µm), but, it will only provide R=1400-3600 or less. Thus,
for most protoplanetary disc cases, this resolution will not be enough to study the
shapes of the CO ro-vibrational lines.

A future ground based possibility is METIS, the proposed mid-infrared im-
ager and spectrograph for the E-ELT (European Extremely Large Telescope). The
E-ELT will have a 39 m primary mirror, making it the largest optical and NIR
telescope in the world. METIS will eventually offer high-resolution spectroscopy
(R=100000) in the range 3-5.3 µm.
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Meanwhile, the E-ELT will not be ready for first light until the early 2020s,
thus at the moment, the only available option is NIRSPEC/Keck, which in many
cases cannot fully resolve the detailed shape of these lines. In cases where lines
profiles are not resolved, line fluxes may still be collected. If both high and low J
lines are detected, the flux versus J behaviour can still be used to infer whether
the inner disc is gas depleted. However, for the further study of CO ro-vibrational
line profiles from protoplanetary discs, it is essential to have CRIRES back and
operational on the VLT.
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