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Abstract

Protoplanetary discs set the initial conditions for pldioemation. By combining
observations with detailed modelling, it is possible to stomn the physics and
chemistry in such discs.

| have used the detailed thermo-chemical disc modeDifMo to explore the
characteristics of the gas in protoplanetary discs, pdaity in Herbig Ae objects.
| have assessed the ability of various observational dateate the disc properties.
This has involved a number offtierent approaches. Firstly | compute a series of disc
models with increasing mass, in order to test the diagnpstiers of various emission
lines, in particular as gas mass tracers. This approackmsakpanded to a large multi-
parameter grid of 10° disc models. | have helped to develop a tool for analysing and
plotting the huge quantity of data presented by such a maael g

Following this approach | move on to a detailed study of thebiteAe star HD
163296, attempting to fit the large wealth of available obetons simultaneously.
These include new Herschel observations of the far-inframission lines, as well
as interferometric CO observations and a large number dfraaum data. This study
addresses the topical issues of the dis¢dyest ratio, and the treatment of the disc outer
edge. It explores thefiects of dust settling, UV variability and stellar X-ray esitn
on the disc chemistry and line emission. There is possihtkeace for gas-depletion
in the disc of HD 163296, with the line emission enhanced bst dettling, which
would indicate a later evolutionary stage for this disc teaggested by other studies.

Finally, 1 work to improve the treatment of the gas heatogling balance in
ProD1iMo, by introducing a non-LTE treatment of the atomic hydrogea transitions
and bound-free continuum transitions. | explore tfieas of this on the disc chemical
and thermal structure, and assess its impact in terms ofabereable quantities.
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Chapter 1

Introduction

1.1 The Importance of Protoplanetary Discs

The search for life outside our solar system is surely oneiohwost exciting scientific
endeavours. It is known already that at least 10% of nearltgr8ke stars harbour
a planetary system [Fischer and Valenti, 2005], and evemtimthe tally of detected
exoplanets creeps upwards. The prospect of discoveringitabbe Earth-like planet
seems tantalisingly close, although the likelihood of ihiill pure speculation. There
are a number of criteria we think a planet would have to sabsfore the genesis of
life. We believe it should lie in the “Goldilocks zone”, witemperatures neither too
hot nor too cold, and indeed just right for the accumulatibhouid water. Early life
would also need to avoid the myriad hazards of a young planststem, including
harmful X-rays and ultra-violet (UV) radiation from the ¢ead star, as well as potential
asteroid bombardment.

In order to begin to predict how frequently such life-frisn@onditions might
occur in our Galaxy and beyond, it is important to understdr@dprocess by which
planetary systems form. Our current view of planet formateaves many questions
unanswered, but one way in which all contemporary modelseagg that planets
were born out of a disc of gas and dust orbiting young stars [sg. 1.1). Such
“protoplanetary discs” are a key feature in our picture af $brmation, surviving for
around ten million years in the crucial intermediate phase/ben the initial collapse
of a molecular cloud to form the star, and the eventual foilonaif a stable planetary
system [Hartmann, 1998].

Protoplanetary discs are characterised observationaliylexcess emission in the



1.1. The Importance of Protoplanetary Discs

Figure 1.1: HST ACS optical image of the dust disc around thiet$D 141569A. This

is a young, 5 million year old object which appears to be ph# wiple-star system.
The disc exhibits a tightly wound spiral structure, and ¢hisrevidence that this is
associated with the nearby binary system (HD 141569BCxi@la et al., 2003].
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infra-red (IR) over that which would be expected from thdlatephotosphere (see
Fig. 1.2). Early disc models [Lynden-Bell and Pringle, 193hakura and Syunyaev,
1973] predicted such emission as a natural consequencerof diast in the discs,
heated at the disc surface by stellar radiation, and frorhiwiby viscous dissipative
processes.

One way to gather information about the structure of sucksdis to analyse
this dust emission, and compare it to that predicted by caatipmal models. While
dust observations alone can give us some insight into theigdlyconditions around
young stars, a much more powerful option is to couple thesk wbservations of
the gas in discs. The warm, bright conditions in protoplanetliscs lead to a rich
and complex chemistry, and the various chemical speciebeatudied through line
emission to build up a detailed picture of the disc compositi This is technically
quite demanding, requiring extensive chemical and themmalelling of the discs in
order to predict the extent to which the various observali@gnatures should be
detected. At present there have been many large-scaleysurf/éhe dust content of
discs, but the gas content is less well-understood. Thiespite the gas mass in discs
dominating over the dust mass by a factor of 100 or more. Eig# gives an example
of the combined modelling of gas and dust in discs. It predicith the thermal dust
emission and the gas line emission from a specific objectitzask can be compared
with observations of that object in order to constrain trse giroperties.

One important property is the amount of gas present in theatidiferent stages
in its evolution, from an initially gas-rich disc through 8 gas-poor debris disc.
Knowledge of the disc gas mass can help to distinguish betvadiEerent planet
formation models, but it is currently unclear to what extigvet observed gas emission
lines can be used to infer the gas mass. It is clear that tiversion” of observable
guantities to yield the disc properties requires a detailederstanding of the physical
processes at work in the disc, and the conditions under whebbserved emission is
formed. Observations of atomic and molecular emissiorsiumiéh a new generation of
instruments, coupled with detailed thermo-chemical disdefling, allow us to vastly
improve our understanding of the composition of discs, aeddfore constrain current
models of planet formation.
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Figure 1.2: Synthetic Spectral Energy Distribution (SE@nf the young Herbig Ae
star HD 163296, highlighting the excess emission arisingifthe circumstellar disc
(black line) relative to the stellar spectrum (red). The garssion lines from the disc
are shown in blue.
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1.2 Thesis Outline

In this thesis, | use detailed disc modelling to attempt tpriowe our understanding

of the physical and chemical processes which determine rifisseon we see from
discs. This involves a number offtBrent approaches, with a common aim to assess
the power of observations to accurately probe the disc ptiege

In Chapter 2 | summarise the major developments in disc nindelvhich are
relevant to the work described in this thesis, and outlirekigy observational studies
which have led to our current understanding of disc strectur Chapter 3 | describe
the key features of#®DiMo, a thermo-chemical disc code which has been used as the
basis for the modelling carried out in the following work.

Chapter 4 usesr8DiMo to assess the diagnostic power of various gas emission
lines, in particular attempting to determine the extent tock the line emission can
probe the gas mass present in the disc. | compute a seriesdaisnweith increasing
gas mass, to see if it is possible to infer the mass from thdigiesl line emission. In
Chapter 5 this approach is expanded to a large multi-pasarstidy, in which a grid
of ~ 300000 models spanning parameter space is computed, intorsieek trends in
the observable quantities, and so attempt to infer the dogugpties from observations.

In Chapter 6 | turn my attention to a single object, the Hedxgstar HD 163296.
| attempt simultaneous model fits to the large wealth of aléé data for this object,
in order to derive the disc properties.

In Chapter 7 | describe developing work in which | examine thmpact of
introducing the bound-free continuum and bound-bound traesitions of atomic
hydrogen as heating and cooling processes, andfibet ¢his has on the disc thermal
and chemical structure. The overall conclusions from thésis are summarised in
Chapter 8.



Chapter 2

A Review of Protoplanetary Disk
Studies

In this chapter | explore and summarise previofisrés to further our understanding
of circumstellar discs. | outline the development of disadelbng towards its current
state, as well as the key observational evidence which pideour current picture of
protoplanetary discs.

2.1 Disc Modelling

It has long been of interest to model circumstellar disecanftheir formation through
to eventual planetary systems and debris discs. As a petitostloud collapses a
shock wave is formed causing the initially supersonic ififfg gas to thermalise
and find itself in hydrostatic equilibrium in the midplane.nyinitial net angular
momentum of the collapsing molecular cloud will be consdrdeiring collapse,
resulting in a flattened disc structure [Hartmann, 1998].

Since the 1970s astronomers have been interested in thetiemobf these
circumstellar discs. Early models by Lynden-Bell and Pieng974] and Shakura
and Syunyaev [1973] treat the matter in the disc as evolVirmuigh viscous accretion.
In a disc with matter in Keplerian rotation, there is a ndtuedocity gradient between
matter in adjacent orbits. This coupled with some form otety causes angular
momentum to be transferred outwards through the disc, whdematter in the disc
accretes inwards, eventually falling onto the central star

The exact nature of this viscosity is unclear even today,amtent models often
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utilise the w-viscosity’ of Shakura and Syunyaev [1973], where the \8#goin a
steady (constant accretion ratd) disc is given byv = acsH. Herec is the sound
speed in the disd{ is the disc scale height amd<< 1 is a parameter which determines
the dficiency of angular momentum transport.

Using this formalism, as well as the assumption of a thin,diynden-Bell and
Pringle [1974], and later Pringle [1981] were able to detagranalytic expressions
describing the evolution of the disc density distributioithwtime. The thin disc
approximation assumes thet << R at all radii, so that the disc can be described
by a vertically-integrated surface densifyR). This was found to evolve according to
a viscous dtusion equation, with self-similar solutions for the diswsture.

At early stages of disc evolution matter is accreted throthghdisc, dissipating
its gravitational potential energy as it is processed atllemand smaller radii. This
heats the disc, and at early stages forms the main sourcevef fhor the emitted disc
SED. Pringle [1981] calculated analytically the shape @f éimitted spectrum for a
disc heated internally by viscous dissipation.

At later stagesM falls off, and the disc heating becomes dominated by radiation
from the central star. Circumstellar discs are chara@diy emission in the infra-red
in excess of that expected from the stellar photospheredditian, the SED shape of
this excess emission is flatter than thé/3 dependence predicted by thin disc models
[Rydgren and Zak, 1987]. This led Kenyon and Hartmann [188 pfopose a “flared”
disc structure, whereby the disc scale height increasdsnadtius. This allows the
disc to be heated mordifiently by stellar radiation than for a thin disc, and SEDs
calculated from such models are able to reproduce obsengatiOther models, such
as those by Adams et al. [1987] had to resort to large dustg aigth larger mass then
expected in order to explain the IR excess.

Chiang and Goldreich [1997] developed semi-analytical eetbr such “passive”
discs where the disc heating is dominated by stellar irtemtia They utilised an
optically thin surface layer of “superheated” dust grairtsich regulate the interior
temperature of the disc. With this simple two-layer modedytagain found that disc
heating causes the disc to flare, which in turn leads to mitig@ent irradiation and
further flaring, reproducing the observed SED slope in the IR

While early disc models treated discs as being geometichlh, with their
properties expressed as functions of radius alone, thedisicn approximation is
inherently limited when trying to probe the detailed disasture. By considering
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the disc properties (temperature, density, ionisatior) eka function of heighi, we
open up a plethora of potential observational diagnosticetstrain the structure and
composition of the disc.

Studies such as those of D’Alessio et al. [1998] and Bell et{E97] have
attempted to model the detailed vertical structure of cirstellar discs. This is
achieved by solving the equations of pressure balance edupl the equations of
radiative transfer. D’Alessio et al. [1998] considered scdieated both by viscous
dissipation and by irradiation from its central star. The gad dust in the disc
was assumed to be well mixed and thermally coupled, so tleag#s temperature
Ty and dust temperaturg; are equal at any given location in the disc. They found
that stellar irradiation was the dominant heating agenepidor in the inner disc
(R < 2AU). By comparing an irradiated model disc to the purelycuoiss case, they
found that the irradiated disc had a flatter temperatureiloigion with radius in both
the midplane and photospherg, « RY2, as well as a smaller surface density
at given radius. Stellar irradiation also had tifeeet of stabilising the disc against
gravitational perturbations, increasing the Toomre goteto a valueQ = ;g% > 1.
Here cs is the gas sound speef, the Keplerian angular frequency aldthe disc
surface density. One weakness of the D’Alessio et al. [188&]el is the assumption
of thermal coupling between gas and dust. The disc photospiwere most of the
stellar radiation is absorbed, has low pressure and deasityso coupling should not
be very dficient. Chiang and Goldreich [1997] commented that one shallbw for
different gas and dust temperatures when considering processeas molecular line

emission, and this is something that will prove key to my ectj

Another weakness of these models [D’Alessio et al., 1998, &eal., 1997] is
their simplified treatment of radiative transfer, which sisbe frequency-integrated
moment equations in the Eddington approximation with Fteared Rosseland-mean
opacities. Indeed, D’Alessio et al. [1998] found the tenapare in the upper disc
atmosphere to be very sensitive to the assumed values of apsaity. The reason
for this simplification is that solving the full angle and dreency-dependent radiative
transfer equations was (and still is, to a lesser extentpflesiging technical problem.

The Eddington approximation assumes isotropic frequémdgpendent scattering.
From the radiative intensity) one can define the angle-integrated moments of
radiation,H (first moment) andK (second moment). The Eddington approximation
assumes a constant value for the “Eddington factb#'1/3, such thak =f x J=J/3.
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This approximation makes it far easier to solve the radgatransfer, but is valid
only in the dffusion regime where >> 1. Care should be taken when attempting
to apply the Eddington approximation under standard disclitimns. An improved
version of this treatment was utilised by Malbet et al. [200he Variable Eddington
Factor method calculates the Eddington factors on the flg @sction of heightz,
as opposed to assuming one constant value. This allowedeMatbal. [2001] to
solve the angle-dependent transfer problem (instead of@eg an isotropic radiation
field), giving analytical formulae for the disc temperatulistribution as a function
of optical depth,r. They assumed a radial distribution given by a modified wersi
of the analytical Shakura and Syunyaev [1973] formulatiamd used this coupled
with their radiative transfer calculations to give two-@nsional maps of temperature,
pressure and density in the disc. From these they compugelicpgd SEDs and high
resolution images for comparison with observations, aigiothey didn’'t perform
these comparisons themselves.

While Malbet et al. [2001] took the step of including anglepdndent radiative
transfer calculations (albeit simplified) in their modéhsey were still reliant on “grey”
mean opacities. The actual dust opacities in discs are kriowary considerably
with frequency, and Dullemond et al. [2002] went one bettemtprevious studies
by including full frequency and angle-dependent radiatremsfer. They computed
the vertical temperature and density structure of passige (egligible heating by
viscous dissipation) irradiated discs around T Tauri andblgeAe/Be stars. They
found that the full radiative transfer treatment gave a lowédplane temperature
over most of the disc when compared to the previous momerdtieqs treatment,
a difference of up to 70%. The frequency dependent opacities heglohan éfect on
the results than the inclusion of angle-dependent radiatansfer, leading Dullemond
et al. [2002] to conclude that it is OK to employ the Eddingtgproximation as
long as frequency-dependent opacities are used. Malbdt gX081] argue that it
is important to consider the detailed vertical structureewinterpreting disc SED
observations, as opposed to the practice of using ad-hoerdaws to extract surface
density, scale height etc. from the data. Dullemond et @022, however, find that
their more sophisticated radiative transfer treatmentdrdg a minor €fect on the
predicted SED when compared to more basic models. This stdeke diterences in
internal structure. Their SED results are similar even és#éhof Chiang and Goldreich
[1997], with their analytical disc models. Dullemond et[2002] conclude that it is
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not possible to learn much about the vertical structure addsspe disc from its SED
alone, and suggest than molecular line emission would bé&eripgobe of the vertical
temperature and density structure.

Dullemond et al. [2002] computed predicted line fluxes ané fprofiles for CO,
13CO and GO as a way of determining the vertical temperature profilethase
species probe successively deeper disc layers. Theintegatwas illuminating as
a first order approximation, however the assumptions useddywreclude the use of
their results when interpreting real observations. Theyaed a flaring disc shape,
with the disc illuminated by its star at all radii, ignoringyaself-shadowing féects
due to a ptfed-up inner rim etc. Also they assumed constant chemicalddnces
throughout the disc, ignoring various microphysical pssas which wouldféect the
abundances of their species (e.g. photodissociation,ichéfreeze-out on grains). In
order to compute line transfer results for comparison withesvations, it is desirable
to obtain a disc model where all (or much) of the microphysosh as chemistry and
gas energy balance, is considered.

2.2 PDR Modelling

The low-density, irradiated disc surface, where most of spectral lines form,
resembles photon dominated regions or photodissociadgioms (PDRs), which are
responsible for many emission characteristics of the ISMR® are traditionally
defined as regions where hydrogen-non-ionising far-uttat photons (FUV, 6<
hy < 13.6 eV) from stellar sources control the gas heating and chligmifonising
radiation is assumed to be absorbed in a narrow ionisatoon between a H region
and a PDR. PDRs are cooled via atomic and molecular line eénigsom the gas
component, and by continuum emission from dust. There anengbar of specific
mechanisms by which the gas is heated. These include pbotoelemission from
grains, triggered by absorption of FUV photons. Photoelebeating is also provided
by polycyclic aromatic hydrocarbons (PAHS), which at présae treated simply as
microscopic dust grains, although their precise role isffam understood [Shaw,
2006, Geers et al., 2009]. Other sources of gas heating evelénce, cosmic ray
heating and chemical heating.

The chemical structure of the gas in a PDR is determined llatge the FUV
intensity. At low visual extinction 4 into the cloud, the high FUV intensity induces
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ionisation and photodissociation reactions. At largernagptdepth where the FUV
intensity drops &, more complex species can be formed without being destroyed
immediately by FUV photons. This produces the classic kyetructure of PDRs,
with transitions H— H, and C — C — CO with increasing 4 [Hollenbach et al.,
1971, Glassgold and Langer, 1975]. This in tuffieets the cooling. At low extinctions,
the gas is cooled by emission of atomic fine-structure limeginly [O1]63um and
[Cu]158um. At larger depths molecular rotational line cooling in th#limetre, sub-
millimetre and far infra-red becomes important (CO, OH,H3O etc).

In order to model a PDR it is necessary to compute all relelaua properties
of the cloud such as the gas and dust temperature, gas @essiative abundance
of each chemical species and their level populations, caraposition, as well as the
local radiation field. The local wavelength-dependentatdn intensity &ects the
gas and dust heating, photochemical reaction rates, anelcolal excitation levels.
It is coupled in general to remote parts of the cloud, and dépen the integrated
absorption (again wavelength-dependent) alorftedint lines of sight to the local
position. This non-local coupling makes numerical PDR wlattons computationally
expensive.

In order to solve for the chemical abundances throughout B, Rs necessary
to amass a database of astrochemical reactions, with ratesedctions between
the various species in the chemical network. One such dsgalsathe Wust
2006 compilation [Woodall et al., 2007]), which containstaddor 420 species,
including 4573 chemical reactions. For gas-phase reactiom rate coiicients are
parameterised as functions of temperature, in an Arrhdaius The database also
includes photoreactions, cosmic-ray ionisation and cosay-induced photoreactions
(see Chapter 3). The rate ¢beients are obtained from various sources, for instance
from direct laboratory measurement or theoretical catoada and come with an
estimate of their accuracy. This is a valuable tool whemgtteng to model chemical
networks, although care should be taken when applying tteec@dticients outside
ISM conditions. Each reaction has a temperature range fahihe given formula is
valid, and conditions in a protoplanetary disc may well @altside of this range. Itis
also important to consider non-gas-phase processes sgcaiashemistry.

The majority of PDR models feature plane-parallel geomeligminated either
from one side or both sides, and either isotropically or witlcted light perpendicular
to the slab. The latter case simplifies the problem by conisiga single line of sight

11
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Figure 2.1: Schematic diagram of a circumstellar disc, shgwhe dominant
observable gas lines in the various disc regions, and tyg@&s temperatures and
densities at each disc radius.

[Flannery et al., 1980]. Another common geometry employethe spherical case,
and there are also a number of specialist PDR models emplalgst geometry. A
schematic diagram for the disc geometry case is shown inr&igu, illustrating the
typical PDR transition from ionised gas in the disc surfemgel, through to atomic
and molecular gas at progressively greater depth. Thisf&taéion allows us to probe
conditions in diferent disc regions by observing the various gas emissi@s ljgee
Figure 2.1).

Rollig et al. [2007] carried out a comparison of 1ifdrent PDR codes, in an
attempt to determine their agreement under various benghsedtings. The codes
were designed for a wide range of specific applications, different treatments and
priorities (e.g. model geometry, detailed microphysicssue computational speed).
Even so, the models were all in reasonable agreement aftehbwrking, with a
couple of exceptions for the more ‘extreme’ conditions. rEhwas some uncertainty
in the temperature profiles at low density and high UV intgnsihere the tenuous
ionised gas can be sensitive to the assumed values of ratecerds etc. Also there
was some uncertainty in the,lensity profile at high density, where the large optical
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depth requires long integrations when calculating theatad transfer and so can be
computationally expensive.

2.3 Thermo-chemical Disc Modelling

Thermo-chemical Disc Models are a class of protoplanet&ésy thodel where the
detailed microphysics are computed, with a view to calondathe chemical and
physical composition of the gas and dust in a disc. The mammorement on previous
models is in modelling the disc properties in 2D, as opposedpproximating the
disc as a 1D structure with discrete layers. By modellingadhemical abundances
along with the temperature and density distribution, it asgble to predict the
level populations of the various chemical species in ordecdrry out line transfer
calculations for comparison with atomic and molecular eiois line observations.
This has vast potential for probing the internal structuré dynamics of discs, to a far
greater extent thanfi@red by dust continuum modelling. The ultimate aim is to wbta
a set of diagnostic gas emission lines such that observedspectra can be inverted
to reliably infer the disc composition, mass, temperatucdile etc.

Najita et al. [2007] reviewed some of the developments in ellod) the gas in
circumstellar discs, with particular reference to the mdsc R < 10AU) where
planets are likely to form. Indeed, the inner disc is a padgtfertile pasture for
the study of planet formation, since the lifetime of gas mitmer disc places an upper
limit on the timescale for planet formation. Also the amoohtesidual gas in the
terrestrial planet region may help define the final mass aoerggcity of such planets,
and so could fiect the likelihood of finding solar systems like ours. Theandisc is
difficult to model due to its high temperature and density, as agelincertainties in
the truncation of gas and dust at the inner radius. The iniserigl also too small to
resolve spatially for systems of interest, althoudfedential rotation can be utilised to
study discs using high resolution spectroscopy.

Najita et al. [2007] stress that while some conclusions @adrawn directly from
observational data combined with simple spectral synshasidelling, harnessing the
full diagnostic potential of disc observations will likelgly on detailed models of their
thermal and chemical structure.

A popular simplification is to adopt a specified density dlsttion, and to solve the
chemical rate equations assuming a vertically isothernsal dAn improved method
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(see Section 2.1) removes the assumption of vertical isoléy and calculates
the vertical thermal structure of the disc including vissaccretion heating and
stellar radiative heating under the assumption that theagdsdust temperatures are
the same [Calvet et al., 1991, D’Alessio et al., 1999]. Frdwow 2001 onwards,
theoretical models showed that the gas temperature camigecuch larger than the
dust temperature in the disc atmosphere [Kamp and van Zaffle#®01, Glassgold
and Najita, 2001], suggesting the need to treat gas and dustaindependent but
coupled thermodynamic systems.

There are a number of recurring questions hanging over thhe diethermo-
chemical disc modelling. One of these is the treatment afresiey. Our knowledge of
astrochemistry is based mainly on the ISM, whereas discitond are significantly
warmer and more dense. Itis also not obvious how much offaategrain evolution in
discs has on the grain chemistry, or to what extent vertiedlradial mixing #ects the
distribution of the diferent chemical species. The dust and gas heating and chemist
are strongly dependent on the stellar UV flux, and the datéhierare currently quite
sparse, with a need for more measurements as a functiorlaf sige and evolutionary
state. It is important to use realistic fluxes in the FUV ba@t2(- 1100 A) where C
can be photoionised and CO and photodissociated. It is currently a matter of debate
whether stellar FUV or X-rays dominate the ionisation, cletm and heating in the
gas [Meijerink et al., 2008]. This is important due to thé&elience in photon energy.
FUV photons are unable to ionise H, and are absorbed muchneadédy by dust than
X-rays.

Kamp and Bertoldi [2000] developed a thermo-chemical disdehin order to
investigate CO in the circumstellar discs of Vega gniéictoris, the most prominent
A stars with gas discs. CO radio line observations by Zuclkermt al. [1995] of
A stars had failed to detect CO in these stars, suggestinidhtbayas was dissipated
over a timescale less than 1@ears, not long enough to form a Jupiter-like planet.
In order to try and explain this apparent gas underabundatamp and Bertoldi
[2000] used a simple thin hydrostatic disc model with a dpetidensity distribution,
with the coupled dust and gas temperatures from radiativéilegum with the stellar
photospheric UV flux. They used a chemical network with 47cgselinked by 260
reactions. Their chemical modelling showed that photadisdion by stellar UV can
destroy CO, with the extent of this strongly dependent ondise mass. In Vega
the CO is completely dissociated, suggesting this is notitalde gas tracer in this
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case. In the more massiyePictoris disc, the stellar UV field alone was unable to
dissociate all of its CO, although by adding an isotropic ISM field Kamp and
Bertoldi [2000] were able to reproduce the observed CO whisrdances. They also
recognised that the midplane temperature dropped belowtk@kcritical temperature
at which CO molecules start to freeze-out on grains. Thisdcprovide another source
of CO depletion. These results indicate that the non detecti individual molecular
lines does not necessarily imply a general gas depletion.

Hersant et al. [2009] is another example of disc modellingdp@ised to study
CO, although this time to try and explain the opposite pnobl¢éhe presence of gas-
phase CO below its freezing temperature. Millimeter ir@eymetric observations of
several circumstellar discs around T Tauri stars revediat large amounts of CO
remained gaseous at these temperatures, as low as 10Kugssted that some non-
thermal desorption process was acting to remove CO frormgrand replenish the
gas-phase CO. Hersant et al. [2009] investigated two ofetipescesses: turbulent
mixing and photodesorption. They used a simple disc mod#i @il parameters
expressed as radial power laws. The vertical temperatstghdition was given two
distinct layers, a cold midplane layer with = 10K and a warm upper layer in
radiative equilibrium with the central star. The chemicablation was calculated
using a one-dimensional vertical time-dependent modefouri(® years. This was
repeated with and without photodesorption and turbulertrrgi where the latter was
implemented using a vertical viscougfdsion equation. Hersant et al. [2009] found
that photodesorption significantly enhances the gas-p6&sabundance when the
visual extinction, A < 5, whereas turbulent mixing had only a mindfeget on its
abundance. This would seem to suggest photodesorptioredkehy source of gas-
phase CO all < Tyeeze although the resulting dependence of column density,
on radius was not consistent with observations. Their tesuére also sensitive to
the choice of transition height between the warm and coldrigysuggesting a more
sophisticated model is needed in order to reliably explaangresence of this cold
gas-phase CO.

Kamp and Dullemond [2004] computed disc models where the agaks dust
temperatures were allowed to decouple, and the gas terapeigt computed in
a self-consistent manner, featuring detailed heating awdirlg mechanisms from
PDR modelling. These included photoelectric heating,atisgive heating, dust-gas
thermal heat exchange and line cooling. They found thatélseagd dust temperatures
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were equal to within 10% in the surface region where the dasticuum emission
features are produced. High above the disc, howdygncreased abové&y, as high
as~ 10°K in the inner disc. Kamp and Dullemond [2004] concluded thatrder to
accurately determine the thermal behaviour of the disc deswallowed to decouple
from the dust, it was necessary to develop models with seibistent disc structure,
where the structure and gas temperature determinatiorbedsteratively.

ProDiMo [Woitke et al., 2009a,b] is a high-level radiation thermteemical disc
model where the disc structure is solved iteratively with #D radiative transfer,
chemistry and thermal balance in order to give fully selfigistent models. #DiMo
Is used extensively throughout this thesis, and the festtmn@st relevant to this work
are outlined in Chapter 3. Firstly, however, | will reviewetkey observational studies
which have shaped our current understanding of discs, andgas.

2.4 Disc Observations

In 1985 IRAS observations yielded the first indication of pinesence of circumstellar
matter around A-type stars. Aumann [1985] reported a swamti infra-red excess
in the two bright stars Vega angl Pictoris, and this has been widely interpreted as
coming from circumstellar dust which is heated by stellaiation to temperatures of
order 100K. Many disc models have made predictions aboutdhgre of this excess
SED emission, or otherwise attempted to fit existing obgemsa [Lynden-Bell and
Pringle, 1974, Kenyon and Hartmann, 1987]. Calculationgéneral give clear IR
signatures, underpinning continuum observations. Stitoah §1989] used IR excess
emission to infer the presence of circumstellar discs atd@096 of the youngest pre-
main sequence stars in their sample.

Beckwith et al. [1990] carried out a survey for circumsteliésscs around young
stellar objects (YSOs). Their continuum observations &min in the Taurus-
Auriga dark clouds indicated that 42% of objects have dat#etemission from small
particles. They calculated dust masses in the rangg 4OMgys; < 1072 My. The
dust-to-gas ratio is usually assumed to have a value of @®ihg disc masses of
103 < Mgisc < 1 M. By observing stars with fierent ages, Beckwith et al. [1990]
concluded thatMg;s. doesn’t decrease with increasing stellar age up to at lest 1
years. However, care should be taken when trying to determisc masses from
continuum observations. Discs are opaquefog 10Qum, meaning infra-red and
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visible continuum emission are insensitiveNly,s, and are suitable for probing only
the surface temperature structure of discs. Dust emissitrowever optically thin
for A ~ 1mm, hence proportional to the dust column density, and saoldhbe a
good way to measure dust mass (though not necessarily ga3.r@aee problem with
this method, however, is its reliance on an assumed dusitp@denm wavelengths,
whereas in reality this can be a strong function of dust casttjpm, grain size etc.

Other observational signatures can indicate the presenaeciocumstellar disc.
Discs can shield receding portions of stellar mass loss friem, giving preferentially
blue-shifted lines [Reipurth et al., 1996]. Also anomalguarge extinction may be
observed for discs seen edge-on [Schneider et al., 2012}ellsas asymmetrical
scattering of visual and near infra-red from stars, andelatggrees of polarisation
of starlight [Min et al., 2012].

In general SED fits are unable to give a unique solution fortémeperature and
density structure of a disc. There are typically a numberasffigurations of dust
distribution, composition, grain size etc. that are abldit@an SED. One robust
result however is the presence of high temperature dusteansthface layers of
discs, suggesting mordheient stellar irradiation than for a thin disc. This has been
interpreted as evidence for a common flaring disc shape [g®@and Hartmann,
1987]. In order to probe the inner layers of a disc it is déd@d@o observe molecular
line transitions. By observing lines that become optic#tigk at diferent heights
in the disc, it is possible to constrain the vertical tempeeand density structure
independently. Also high resolution spectra can yield tomsal information through
interpretation of line profiles.

van Zadelh€ et al. [2001] observed the sub-mm lines of CO, HC&hd HCN
from discs around low mass pre-main sequence stars, up td=8¥® transition in
CO and #4-3 in HCO' and HCN. By interpreting the ratios between various line
fluxes, and the = 1 surfaces of the lines, van Zadethet al. [2001] proposed that
most of the observed line emission originated in an interatedlisc layer in the outer
disc regions, with moderately warm temperature and demsity 10° — 10° cm3.
The *3CO isotope lines were optically thin and so capable of prglthe cold disc
midplane, unless these molecules are frozen out compldteé/computed molecular
abundances indicated large depletions compared to dauki @bundances; 100 in
some cases. This suggests a significant freeze out of allberved species at <
22K. Depletions were also observed in the warm upper layertd photodissociation
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by stellar and interstellar UV (see Section 2.3). The higtepletions were observed
in the active X-ray and UV star TW Hya.

A more ambitious study was carried out by Thi et al. [2004jngssingle dish
millimetre and sub-mm observations to search for varioassitions around two T
Tauri and two Herbig Ae stars. Some more complex molecules weluded in the
study, with HCO lines found towards one star, however there were no detsdor
CH3;OH, SO and CS. As for the van Zadethet al. [2001] study, a lower species
abundance was observed than in the envelope around a lowpratsstar (IRAS
16293-2422), suggesting depletion due to freeze-out ong(a the midplane) and
photodissociation (in the upper layers). Thi et al. [200dgose that studying the
similarities and dierences between discs and protostellar envelopes can adldav
constrain chemical models. They also suggest comparishinoamets, as these could
give a chemical record of the primitive sola nebula due todpey most of their time
in the cold outer regions of the Solar System.

Thi et al. [2004] analysed the line profiles of the variougé$rto yield information
about the disc structure. Disc size estimates were obtdnoed model fits to the
12C0O J3-2 line profiles. This profile was observed to be double ped&ethree of
the objects, with velocity width- 2knys, interpreted as discs undergoing Keplerian
rotation viewed at an inclination angie The fourth object, TW Hya, had a single
Gaussian line profile for th&CO J3-2 line, indicating a disc seen face-on. The
absence of any extended velocity wings in the profiles suggbat no molecular
outflows are present in any of the objects. Mean kinetic teatpees were estimated
from the line ratios. For instance, tHéCO J=3-2/1-0 ratio of 135 + 0.4 gave a
temperaturd ~ 20— 40K, assuming both lines were optically thin. Thi et al. [2D0
noted that the detection of molecules in discs is often haetpby the small size of
a disc compared to the beam size of a single dish telescope.tAéd total amount of
material present is small (a fe10?M,, at most), and so observations are limited to
the most abundant species.

Piétu et al. [2007] carried out sub-arcsecond CO obsemvatf the low transition
millimeter lines. They found evidence for a vertical tengiare gradient in two of
their three objects. The data were fitted to a simple disc inetere all parameters
were expressed as power lawsRnin order to try and constrain the disc parameters.
They justified the use of this ad-hoc model, without any depece on heightz, by
the limitations of current sub-mm and millimeter arrayshatgh this will be rectified
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by upcoming instruments e.g. ALMA.
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Chapter 3

ProDiIMo

3.1 Introduction

ProDiMo (Praoplanetary Dsc Madel, Woitke et al. 2009a,b) is a radiation thermo-
chemical disc model, based on the models of Inga Kamp [Kandpvan Zadelh,
2001, Kamp and Dullemond, 2004]. It improves on previous eldy including
an option to calculate the disc structure fully self-cotesily. FroDiMo uses the
solution of radiative transfer, chemistry and thermal bedato in turn determine the
new gas sound speeds and adjust the hydrostatic disc s&uataordingly. These
global iterations allow the fully consistent calculatiohtbe physical, chemical and
thermal structure of the gas in protoplanetary discs. Aerothajor improvement of
this model is the inclusion of additional high denditigh temperature heating and
cooling processes. These are relevant to the inner paréafisic, where the conditions
are analogous to those in the tenuous atmospheres of col Bhas allows the models
to extend closer to the star and include modelling of the iiser rim.

The model iterates through the calculations of 2D dust comin radiative transfer,
solution of the chemical network, calculation of heatingl @ooling balance, before
re-calculating the hydrostatic disc structure.

| have used RODiMo extensively for the modelling fiorts described in later
chapters. | have also modified the code, introducing the tdoound and bound-
free continuum transitions of atomic hydrogen as a high taipre heating and
cooling process. The approach | have adopted for these waprents is described
in Section 3.6, but first | will briefly outline the core metrsodsed in RoDiMo.
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3.2. Hydrostatic Disc Structure

3.2 Hydrostatic Disc Structure

The disc is modelled as being in vertical hydrostatic efQtiim in axial symmetry,
with Keplerian rotation about theaxis. This ignores thefkect of self-gravity, and
assumes the radial pressure gradient is small compared tettirifugal acceleration
and gravity. The vertical component of the equation of motsthen given by

ldp___2GM.

pdz  (r2+ )32
which can be integrated from the midplane upwards by suitistit p = c2p, and
assuming the isothermal sound spegds a known function ok. The density results
are then scaled to achieve the desired column density andest

(3.1)

Zmax(r)
X(r)=2 f o(r,2)dz (3.2)
0
ProDiIMo assumes a power law distribution of the column den&ity, Xor < for
the main part of the disc, wheees specified as program input, aliglis determined
from the specified disc maddyisc:

Rout
Myisc = 27rf2(r)rdr (3.3)
Rin
Due to the artificial nature of an abrupt cfito density atR,, andR,, the model
has the option to employ ‘soft edges’, where the densityfEigemoothed in a manner
consistent with angular momentum conservation at such adzoy.

3.3 Continuum Radiative Transfer

The local continuous radiation field, (r,2) determines the local dust temperature
Tq(r,2), which in turn dfects the heating and cooling balance through gas-dust
collisions, as well as the grain surface chemistd,. itself determines the photo-
chemical reaction rate (e.g. photodissociation, phoisaiion), as well as the rate of
photoelectric heatingl, also dfects the level populations in the statistical equilibrium
calculations, through the escape probability method (setié@ 3.5.1).

The radiative transfer is solved at each grid point in the @i tracing 153 rays
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3.3. Continuum Radiative Transfer

backwards along the direction of photon propagation, whotving the radiative

transfer equation,
dl,

dr,

assuming LTE and coherent isotropic scattering,

S, -1, (3.4)

s _ K3PB,(Ty) + k54,

e (3.5)
Here, I, is the spectral intensity], = 4—1anVdQ the mean intensityS, the source
function, B, the Planck function, anef®s, «5° and«® = k3 + «5¢Jcm~1] are the dust
absorption, scattering and extinction @o®ents respectively. The dust at a given grid
point has a unique temperaturgin modified radiative equilibrium,

Cgust + f beSJVdV = f Kﬁ‘bSBV(Td)dv (3.6)

where the additional heating ralfg,s; accounts for non-radiative heating and cooling
processes such as thermal accommodation with gas partidesaccelerated\-
iteration scheme is used to achieve converged result} forz) and Ty (r, 2).

The ray directions are chosen such that there are more raysngotowards the
hot inner regions than the cool interstellar side, with ooeré ray” reserved for the
solid angle occupied by the central star as seen from a patigrid point.

From every grid pointo=(Xo, Yo, Zp) along each ray in direction = (ny, ny, n,)
ProDiMo solves the radiative transfer equation (Eq. 3.5) backwalasg the photon
propagation direction. The optical depth along the rayvegiby

S

7(s) = ffo‘(ro +sn)ds. (3.7)

0

The formal solution of the transfer equation Eq. 3.5 is
. Smax
l, = |Ncg™(mad 4 f K¥(s) S,(s)e ™ ds (3.8)
0
and this is integrated numerically using a suitable step/ss&for a ray starting as=0

with 7, =0 andl, = 0. For the core ray, the incident intensity from the end ofrtne
at Syax IS given the value of the stellar intensill;'vC = | ¥, whereas for all other rays

22



3.4. Chemistry

the interstellar intensity™ = I'SM is used. The stellar intensity is calculated using a
model spectrum from a stellar atmosphere code (eageN?x), with extra UV flux to
allow for the accretion luminosity.

Having solved all rays from all points for all frequencidse imean intensitie3, at
each point are updated. If the maximum relative changd, irs larger than some
threshold value, the source functions are re-calculatetithe radiative transfer is
solved again.

The opacities used for the radiative transfer calculatemesdefined by the dust
grain size distribution. The dust particle number denstgiven by

Amax

Ng = f f(a)da, (3.9)
min

wherea is the particle radius anfi(a) « a %o is the dust size distribution function

[cm=4]. The dust opacities are calculated as

Amax
= [ ne Qula. ) f(a)da. (3.10)

min

whereQex(a, 1) is the extinction #iciency. Similar formulae apply for the absorption
and scattering opacitiegs andxS2

The simple ray-based method used for the solution of theatiaditransfer can
lead to convergence issues at large optical depth in therdidplane. Also the
assumption of isotropic scattering, while reasonable &g wavelengths, is possibly
insuficient in the optical and near-infrared, and a more soplastt Monte Carlo
method with angle-dependent scattering and better tredtatelarge optical depth
would be preferable in these cases [Pinte et al., 2006, é&rf000, Harries et al.,
2004, Min et al., 2009].

3.4 Chemistry

The chemistry model in#®DiMo considers 992 reactions involving 10 elements and
Ns, = 76 gas phase and solid ice species. It includes a detailatheat of UV-
photorates [see Kamp et al., 2010], Fbrmation on grain surfaces, vibrationally
excited H chemistry, and ice formation (adsorption, thermal desonptphoto-
desorption and cosmic-ray desorption) for a limited nundféce species.
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3.5. Gas Thermal Balance

The net formation rate of a chemical spediescalculated as

dn
ri Z Rik=ie(Tg) Njnk + Z (R?iit’ + RN,

jke 13

_n, [Z Rl + Y (RY, + Fqijk)] (3.11)
ke ik
whereR;_,, designates (two-body) gas phase reactions between twanesgand
k, forming two products and<. Fﬂjk indicates a photo-reaction which depend on the
local strength of the UV radiation field, aff’ ;. a cosmic ray induced reaction.
Photon-induced reaction rates can generally be written as

RN = 4ﬂf0'(v)§—:/dv = %fa(/l)/luﬁd/l (3.12)

where the spectral photon energy dengity is taken from the 2D continuum radiative
transfer calculations and the cross-sectier(?) from the Leiden database [van
Dishoeck et al., 2008].

The chemical network is solved by assuming kinetic chengqallibrium such that
O(',—rt‘ =0in Eq. 3.11, giving = 1... Ns; non-linear equations for the unknown particle
densitiesn; (j = 1...Nsp). Imposing element conservation removes degeneracies
between individual reactions, and the reaction systemrbesavell-defined. The non-
linear equation system is solved using a Newton-Raphsohadgeand the resulting
particle densities are stored and used as initial guesséisgmext global iteration, in
order to improve computational speed. In cases where thadwelRaphson method
fails, the model falls back to the time-dependent case aerd as ODE solver for
10’ years. This is much slower but in practice gives the samdtseasi the Newton-
Raphson method.

3.5 Gas Thermal Balance

The net gain of thermal kinetic energy is written as

de
3 = 2 TTans) = > A(Tg. s (3.13)
k k
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3.5. Gas Thermal Balance

wherel', and Ay are the various heating and cooling rates [ergisnt]. Assuming

thermal energy balancdg/dt=0 gives an implicit equation fofy. Since the heating
and cooling rates depend on the particle densitigsis well as only, an iterative

process is required wherefy is varied and the chemistry re-solved uffjjisatisfies

Eq. 3.13.

3.5.1 Non-LTE treatment of atoms, ions and molecules

The disc gas is able to exchange energy with the local radidield through the
absorption and emission of line photons by gas particlesrder to calculate the net
gas heating or cooling rate due to such line transitions,neicessary to determine the
excitation level of the various gas particles (atoms, iomd molecules) throughout
the disc. Considering for now aN-level system with bound-bound transitions
only (bound-free transitions will be addressed in Sectidd),3ve calculate the level
populations; [cm~3] by means of the statistical equations

niZRij = anRji s (314)
j#i j#i
which are solved together with the equation for the consemvaf the total particle

density of the considered specigsn; = ng,. The rate cofficients are given by
[Mihalas, 1978]:

Aul + Buljul + CuI

BIuJuI + CIu 5 (315)

Rul
Ru

whereu and| label an upper and lower level, respectivefy,, By, By, Cy andCy,
are the Einstein cdicients for spontaneous emission, stimulated emissioonyptisn
and the rate cdicients for collisional (de-)excitation, respectively. ditionally we
have the Einstein relatiorBy /Ay =c?/(2hv?3), Bu/Bu=0u/g and the detailed balance
relationCy,/Cy =0u/0i - eXpAEw/KTy), wherevy, 94, g andAE, are the line centre
frequency, the statistical weights of the upper and lowezlland the energy fierence,
respectively. The line integrated mean intensity is given b

Ju = 4—1ﬂ f f du(v, n) 1,(n) dvdQ (3.16)
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3.5. Gas Thermal Balance

wheregy (v, n) is the line profile function in direction.

Escape-probability treatment

The spectral intensity, in Eq.(3.16) is &ected by line absorption and emission.
Assuming that the line source function (Eq. 3.18) varies/lan a local environment
where the line optical depths (Eq. 3.19) build up rapidly, ve@ approximate for a
static, plane-parallel medium

() ~ Icont(ll) (¢ul(ﬂ) ) Stl(l_ ((bul();l)T )) (3.17)

wherel°°”‘(,u) is the continuous background intensity which propagatskward
along the ray in directiom. The directionu=1 points “outward” [t = cosf). The
line source function and the perpendicular line opticaltdegpe given by [Mihalas,
1978]

2hv3 (gun -
S = Cz“'(gl“nu'—l) (3.18)
ver Aul 3 flmax Ou
= Z)= -ny(Z))dz 3.19
WS ot ), (M@g @) (3.19)

whereAvyp is the (turbulent- thermal) velocity Doppler width of the line, assumed to
be constant along the line of sight in Eq. (3.19). Equatiéhg) and (3.17) can be
combined to find

3 f PE) 1997() + (1 — pES40)) SY (3.20)
PITPI + (1-P5) Sy (3.21)

X

where the direction-dependent and the mean escape pritibalzile found to be

) = [ o0 exn(- L) ax (3.22)
P = 2 [ ol o (3.23)
-1
with  dimensionless line profile function ¢(x) = expEx2)/+/r,

X = (v — vy)/Avp and frequency widthAvp = vyAvp/c. Using EqQ.(3.21), it is
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3.5. Gas Thermal Balance

straightforward to show that the unknown line source fuorc8}, can be eliminated,
and the leading termyA,, cancels out, when considering the net natd, + (n,By —
nBy) Ju = NLAGPE+ (nyBy — niBy,) P ™I Thus, we can solve the statistical rate

Egs. (3.14) with modified rate cfiients

Ri = AuRi*+ BuR "™ + Cy
BuP) I+ Cy (3.24)

u

£
Il

which is known as escape-probability formalism [Avrett &hdnmer, 1965, Mihalas,
1978]. P;*¢is the mean probability for line photons emitted from therent position to
escape the local environment aRfi""™ the mean probability for continuum photons
to arrive at the current positionJ>" is the continuous mean intensity at line centre
frequencyy,;, as would be present if no line transféfeets took place. In semi-infinite
slab symmetry, all directions< 0 have infinite line optical depth and can be discarded

from the calculation of the escape probabilities

1 +00 1 xer X
Pilru) = Efiﬂgﬁemm—“j(%mmu (3.25)
1 +00
=3 P(X) Ex(77'¢(X)) dx (3.26)

This function is numerically fitted as

05 7=0
0.5+ (0.1995 Inr—0.2484) — 0.045942 ,0<7<0.6
PeYr) ={ 1- exp(-1.422r) < (3.27)
) 3.324 + 0.28522 ,0.6<7<9
0.1999 i
—=""(In(0.4799r)) ***%° ,9<71
.

Considering the pumping probability as defined by Eq. (3.&1s noteworthy that
PI" ~ Pe¢is only valid in an almost isotropic background radiatiordfieln disc

symmetry, much of the pumping is due to direct star light,clhihhas a very pointed
character. In the optically thick midplane, the continuoadiation field is almost
isotropic, but here the pumping is pointless, because tthatran is thermalised and
the collisional processes dominate. Considering near t&kfavavelengths at a certain
height above the midplane, the irradiation from undernguddlys a role, but these
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3.5. Gas Thermal Balance

directions are just the opposite of what is considered if&g6), and so usinB}"""~
PS> would be strongly misleading. Thus, we approximate
PI™EEY = | ¢(¥) exp(—7%(x)) dx (3.28)

—00

with r[f,‘d now being the radially inward line optical depth. This fupatis numerically
fitted as

1 ,7=0
1-0.3989 + 0091892 — 0.01497%° ,0<7<0.9
prumA(y = | 1- exp(-0.6437) 3 (3.29)
- 0.6295 + 0.070082 ,0.9<7<9
0.8204 i
———(In(0.3367%)) 04306 ,9<7

Background radiation field

The continuum background mean intensit%" have an important impact on the
gas energy balance. For example, in strong continuum radiéields, the reverse
process to line cooling, namely line absorption followedcbylisional de-excitation,
dominates.J{°" is identified to be just given by the mean intensities catealdrom
the dust continuum radiative transfer (see Section 3.3)rder to obtain the required
monochromatic mean continuum intensities at the line eeptisitions, we apply a
cubic spline interpolation to the calculated local contimuJ®"(r, 2) in frequency
space.

Solving the statistical equations

Equations (3.14, 3.19, 3.24) form a system of coupled egustior the unknown
population numbers;. Since the line optical depths (Eq. 3.19) depend partly en th
localn;, these equations must be solved iteratively. We apply g iimiplicit integration
scheme for the numerical solution of (Eq. 3.19) where the diptical depth increment
along the last downward integration step, between the pusvand the current grid
point, is given by the local populations, i. e.

Qu _
pgver = A€ Mo 70

u
= N ) — N - ) 3.30
[y R (Niry(2) = Ny (241)) (3.30)
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3.5. Gas Thermal Balance

whereN.,(z) is the vertical hydrogen column density at grid pantandn,, n; and
ney refer to the current grid point A simple A-type iteration scheme is found to
converge within typically O to 20 iterations. The outwardlied line optical depth
increments\7'* betweerr;_; andr; are calculated in a similar fully implicit fashion.

Calculation of the heating/cooling rate

Once the statistical equations (Egs. 3.14) have been sdivedadiative heating and
cooling rates can be determined. There are two valid appesac For the net
cooling rate, one can either calculate the net creationafgpdoton energy (radiative
approach), or one can calculate the total destruction fateeanal energy (collisional
approach).

Tao = ) MAE,PH™B, 0" (3.31)
>|

Arad = UZHUAEm(PSSCAm + PSIumpBwal?ln (332)
u>|

leat = ZnuCuIAEuI (3-33)
u>|

Acol = ZnICIuAEuI (3-34)

u>|

Both approaches must yield the same net reBlf— Arag = T'con — Acon, Which
can be used to check the quality of the numerical solution.prhctice, one pair
of these heatingooling rates is often huge in comparison to the other pan, e
{T'ags Arag} > {I'col, Acol} IN @ thin gas with radiatively controlled populations, and
{T'rao» Aradt < {Tcol, Acol} IN @ dense gas with close to LTE populations. Thus, it is
numerically favourable to choose

r = 1—‘col ) Iﬁrad > 1—‘col (3.35)
l—‘rad 5 1—‘rad < l—‘col

A = Acol s Irad > Teol (3.36)
Arad 5 l—‘rad < 1—‘col

There are a number of further specific heating and coolinggeses not covered
by the escape probability treatment of line transfer. Pdletdric heating, cosmic
ray ionisation, carbon photo-ionisation and photo-dissociation are still radiative
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3.6. Atomic Hydrogen bound-free transitions

heating processes, while other heating mechanisms areeafichl nature, such as
H, formation heating, or of dynamical nature, such as viscaaihg. One heating
mechanism of note is PAH heating. Very small dust grains sisgtolycyclic aromatic
hydrocarbons (PAHs) are an extremeffi@ent heating source for the gas, ejecting
super-thermal electrons via the photoelectifiiee which then thermalise through
collisions with the gas. The heating and cooling balance &kes into account the
process of thermal accommodation, which refers to the exgdhaf energy between
gas and dust particles through inelastic collisions.

After the chemistry (see Section 3.4) and the thermal gasggnalance (see
Section 3.5) have been solved throughout the disc volunhgaadicle densitied;
and the kinetic temperature of the gisare known, and ®&DiMo can update the
isothermal sound speeds on the numerical gfift;, z) as preparation for the next
iteration of the hydrostatic disc structure (see Secti@j. 3.

po= Neme+ > mm (3.37)
p = (ne+ Y m)kT, (3.38)
G = plp (3.39)

3.6 Atomic Hydrogen bound-free transitions

At present RoDiMo includes the non-LTE treatment of bound-bound line traorsst
for 47 chemical species. | have modified the code to includmat hydrogen as an
N-level system plus continuum. These modifications haveag/bt implemented for
the modelling described in Chapters 4—6, but | examinefifeets of introducing these
bound-free hydrogen transitions in Chapter 7. Previouséydnly contribution from
Hi to the gas heatirigooling was through a simple parameterisation of the Lyman-
cooling rate.

The atomic data [Cunto et al., 1993] include 140 bound-boadaitive transitions
between 36 atomic levels, up to and including principal quannumbern = 8.
The bound-bound electron collision rates are taken frormakza et al. [1981].
In addition to these bound-bound transitions, | have imgletad the bound-free
processes of photoionisation, radiative recombinatiotiistonal ionisation and three
body (dielectric) recombination.
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3.6. Atomic Hydrogen bound-free transitions

3.6.1 Rate cofficients

In addition to the rate cdkcients for bound-bound céeients (Eq. 3.24), it is
necessary to consider the ionisation and recombinaties fat the various excitation
statesj. These are formulated according to Mihalas [1978]:

R 47rf r\:—;ai(v)dv+ne,8i(Tg) (3.40)

Vinr

e < (202 ],
Rii = si?Tg) l47r f m( CV +h—v)eXp( )m(v)dv+n68.(Tg)l (3.41)

27rmek T4)3/2 :
Si(Tg) _ n:\:’\e: 2;“ ( m‘;s g) eXp(_kX_-ll-g)

(3.42)
(3.43)

where J, is the angle-averaged intensity ang(v) the ionisation cross-section at
frequencyv (taken from Cunto et al. [1993])3; is the rate coicient for collisional
ionisation. At present only collisions with electrons aomsidered, and the collisional
ionisation rates are taken from Vernazza et al. [198}].is the energy dierence
between excitation levell and the continuum, and), = xi/h the corresponding
threshold frequencyS; is the Saha functiorg; the statistical weight of level and
Z, the partition function for the ionised states, taken eqoiairtity in this case.

3.6.2 Hydrogen shielding

The background radiation field for the non-LTE calculatiames from the solution
to the dust continuum radiative transfer. In the absencefoll gas+dust continuum
calculation in RoDiMo, | have implemented the following treatment to attempt to
take into account continuum absorption by neutral hydrog€he intensities], in
Egns. 3.40 & 3.41 are attenuateddy', with an optical depth

Niev

_Z(NHI + AXNy) P,

bf nHI + Ny bf( ) (3.44)

whereNy, is the neutral hydrogen column density (taken from the ce&gnsolution),
Ny andny, are the local neutral and ionised hydrogen number densspyectively,
and pibf is the local population of levelrelative ton: = Ny + Ny . This is repeated in
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3.6. Atomic Hydrogen bound-free transitions

the radial and vertical directions, and the total shieldagjor is a scaled combination
of the two. The scaling is determined by the relative dustratation of the UV field
strength in the radial and vertical directions. Equatigi3nakes the assumption that
the local neutral hydrogen level populations are replitaleng the line of sight.

3.6.3 External chemical rates

The bound hydrogen level populations and ionisation foactre calculated simulta-
neously, relative tay = Ny + Ny, Whereny, andny,, are the abundances calculated
in the solution of the chemical network. The non-LTE treating@escribed in this
section will in general yield a éfierent hydrogen ionisation fraction to the chemistry
solution, unless some way is found to take into account thews external chemical
rates involving H and H, in addition to the bound-bound and bound-free transition
rates.

The only bound-free reaction included in theoPiMo chemical network is the
direct recombination of hydrogen, taken from thentt database [Le Tdtiet al.,
2000]:

H*+e - H+hy (3.45)

The condition of kinetic chemical equilibrium requiresttha
dr"'II
T :Z R — Rec=0, (346)

where R is the Umist recombination rate and thg are all other chemical rates
affecting the H abundance. It follows thaf,; R = R, and so the various chemical
rates can be accounted for in the non-LTE solution by de-ladipg the bound states
of hydrogen at a rate equal Ry, and populating the ionised state accordingly.

3.6.4 Heating and cooling rates

In addition to the radiative and collisional bound-boundtireycooling rates described
in Section 3.5.1, the atomic hydrogen treatment takes ctount cooling by radiative
recombination and collisional ionisation, and heating bgtpionisation and dielectric
recombination. The problem is slightly more complicateahtthe purely bound-bound
case, since the radiative processgeda both the thermal and photon energy, with an
energy deficfsurplus equal to the binding energy of the correspondingitéevel.
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3.6. Atomic Hydrogen bound-free transitions

The rate of destruction of photon energy due to photoiolisatind the corre-
sponding rate of creation of thermal energy, are given by:

Niev
Qo™ = 4n ). [ aama (3.47)
Vinr
I\|Iev )
heat = 47TZ f 3oy L7 (3.48)

The rate of creation of photon energy and rate of destructidhermal energy due to
radiative recombination are given by:

photrad o Ne « 2hV3 hy
Qcool = 4”2 S'(Tg) i 02 eXp(—T)o'. (v)dv (3.49)
i=1 : Vir
Niev 00
SN, 2hy3 ( r)
1=

thr

We also need to take into account the cooling and heating e to collisional
ionisation and dielectric recombination respectivelyegi by:

Niev

thf:;flmcol = Z neﬁi(Tg))(i (3.51)
i=1
NIev 2
Lhee;tmcol — Z 5 (Tg) Bi (Tg))(, (3_52)

The total heating and cooling rates are then given by

Mt = Traa+ Qoo + Qhter (3.53)

Alr)aid = Arag + Qgggfrad (3.54)

Thterm = Teor + Qfge+ Qo™ (3.55)
Afrerm = Acor + Qoo+ Q™™ (3.56)
(3.57)

wherel' g, Arag, 'col @NdAq are the bound-bound radiative and collisional heating and
cooling rates as defined in Eqns. 3.31—3.34,@&@;“3 the chemical heating rate from
pumping the ionised state at a rate equal to thestirecombination rate, as described
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3.6. Atomic Hydrogen bound-free transitions

in Section 3.6.3.

As in the purely bound-bound case (see Section 3.5.1), thalesnpair of
heatingcooling rates is selected, eithi@kag, Arag} OF {I'col, Acol}. The level populations
are then solved iteratively, including thi,{, + 1) ionised state, until there is no change
in the net heatingooling rate between iterations.
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Chapter 4

Line Diagnostics in Herbig Ae Discs

4.1 Introduction

The work described in this chapter aims to assess the diagpasver of various gas
emission lines, and in particular their ability to trace tlgc gas mass. This material is
taken from work published in th&stronomy& Astrophysicpaper “Radiation thermo-
chemical models of protoplanetary disks, Il. Line diagresStby Kamp, Tilling,
Woitke, Thi, and Hogerheijde [2010]. My contribution toghvork was to run all of the
described models (Sections 4.2 & 4.3), and to carry out threeing and subsequent
analysis for the CO lines (Sections 4.4.2 & 4.5.2). The ragihg and analysis of the
far-infrared Q and G fine structure lines (Sections 4.4.1 &4.5.1), and the coimpar
with observations (Section 4.5.3), were carried out by Idgenp, and so | give less
emphasis to these results, although all the key points framgKet al. [2010] are
included for purposes of context.

Observations of gas in protoplanetary discs are intritigichfficult to interpret
as they reflect the interplay between a complex chemical lamanal disc structure,
statistical equilibrium and optical depthfects. This is particularly true if non-
thermal excitation such as fluorescence or photodissoniaminate the statistical
equilibrium.

The first studies of gas in protoplanetary discs concentrate the rotational
transitions of abundant molecules such as CO, HCN and HE@. Beckwith et al.,
1986, Koerner et al., 1993, Dutrey et al., 1997, van Zad&kitoal., 2001, Thi et al.,
2004]. Those lines originate in the outer regions of discs, 100 AU, where densities
are at mosh ~ 10’ cm3. The interpretation of those lines was mainly based on tools
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and expertise developed for molecular clouds. Using the €82]line, Dent et al.
[2005] inferred for a sample of Herbig Ae and Vega-type stateend of disc outer
radius with age; on average, the outer disc radius in the YhaQrange is three times
smaller than that in the 7 Myr range. Also, the disc radii inferred from the dust
spectral energy distribution (SED) are generally smahantthose derived from the
gas line [Isella et al., 2007, Piétu et al., 2005]. Hugheal ef2008a] suggest a soft
outer edge as a solution to the discrepancy. Comparison o322 maps of four
discs to diferent types of disc models strongly supports a soft edgesor faf a sharp
cutof. Piétu et al. [2007] use the CO and HC(nes to probe the radial and vertical
temperature profile of the disc. Simple power law disc moa@eld LTE radiative
transfer provides best matching results for radial tentpezagradients arouncd°5.
The?CO J2-1 line, 3CO J=2-1 and**CO J=1-0 lines used in their analysis probe
subsequently deeper layers and reveal a vertical tempergtadient ranging from
50 K in the higher layers to below the freeze-out temperadéi@O in the midplane.
This confirms earlier findings by Dartois et al. [2003].

However, disc masses derived from the CO lines are in gefetar than disc
masses derived from dust observations [e.g. Zuckerman.etl@95, Thi et al.,
2001]. Possible explanations include CO ice formation i@ ¢old midplane and
photodissociation in the upper tenuous disc layers. Anglsigas tracer alone can
only provide gas masses of the species and volume from whaclginates, the same
way as dust masses derived from a single photometric measuatere only sensitive
to grains of a particular size range, namely those grairs$imd dominate the emission
at that photometric wavelength. Hence individual gas taeee more valuable for
probing the physical conditions of the volume where thegeathan the total disc
mass. A combination of suitable gas tracers can then allow ubaracterize the gas
properties in protoplanetary discs and study it during taegt formation process.

This work aims to explore the diagnostic power of the finectre lines of [Q]
and [Cu], in addition to the low rotational transitions of CO. It wearried out prior
to obtaining Herschel observations of the far-IR lines irrbiig Ae discs, but these
data are fully utilised in later chapters. Earlier modgjlof these lines indicated that
they should be detectable down to disc masses of W, of gas, so also in the very
gas-poor debris discs [Kamp et al., 2005]. More recent wgrkibijerink et al. [2008]
presents fine structure lines from the inner 40 AU disc of araXirradiated T Tauri
disc; the models indicate that the {[Gemission originates over a wide range of radii
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and depth and is sensitive to the X-ray luminosity. Howexrerst of the Gir and Or
line emission comes from larger radii where the gas tempexas dominated by UV
heating processes. Jonkheid et al. [2007] find from therheovical models of UV
dominated Herbig Ae discs that the {Qines are generally a factor 10 stronger that
the [Cu] line. An initial exploration of the origin of the fine strugte lines was carried
out in Woitke et al. [2009a] and it was found that Then(.57.7um line probes the
upper flared surface layers of the outer disc while the] [€8.2 um line originates
from the thermally decoupled surface layers inward of al@0tAU, aboveA, ~ 0.1.
The latter line is very sensitive to the gas temperature amdoe used to distinguish
between hot Tyas * 1000 K) and cold Tgas = Taus) disc atmospheres. Since the
fine structure lines generally originate from a wider radiadl vertical range than for
example the CO rotational lines, they are potentially moreable gas mass tracers.

This chapter usesBDiMo to study the gas line emission from discs around Herbig
Ae stars. The disc parameters were chosen to resemble thardisnd MWC480.
According to previous work by Mannings et al. [1997], Thi &t[2001] and Piétu
et al. [2007], the disc around this star extends frerd.5 AU to 700 AU. We choose
here a surface density profife~ r=10. The central star is an A2e Herbig Ae star with
a mass of 2.2 Mand an €&ective temperature of 8500 K.

4.2 Methods

| compute a series of Herbig Ae disc models with masses bet@&ex 1072 and
10% M,. The parameters are summarized in Table 4.1. The dust ugbisimodel
is typically larger than ISM dust and generates thé! opacity law as derived from
dust observations [e.g. Beckwith and Sargent, 1991, M@snamd Emerson, 1994,
Rodmann et al., 2006].

A Puoenix stellar model Brott and Hauschildt [2005] with affiextive temperature
of 8500 K is used to represent the stellar irradiation, andfaljdiluted 20000 K black
body for the interstellar radiation field, that penetratesdisc from all sides. The dust
opacities are computed using Mie theory and optical cotstiaom Draine and Lee
[1984]. The chemical network contains 71 species (builnf® elements) connected
through 950 reactions (photo reactions, CR ionizationfnaéneutral, ion-molecule,
as well as grain adsorption and desorption processes foC0&Q ,H,O, CH, and NH;
ice).
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There are a number of features not yet presenksDifMo which are utilised in
later chapters. The atomic hydrogen heating and coolinggsses outlined in Section
3.6 aren’t yet implemented. AlsarEDiMo is not yet able to perform the ray tracing
calculations to determine the line emission, and the sépdfante Carlo radiative
transfer code Rrran is used in this instance. All of the models described in thegter
have dust grains which are homogeneously mixed with theigas)o dust settling is
implemented. The code does not yet include X-ray heatirthpagh this seems a
minor issue for Herbig stars that generally have quite matéeX-ray luminosities,
Ly < 10%erg st

The disc models described here are fully converged models,which the
hydrostatic pressure balance has been solved iterativithytive radiative transfer,
chemistry and heatirigooling balance. This is in contrast to later models, forahhi
prescribed disc structures are adopted for reasonioeacy.

4.2.1 Line radiative transfer

The line emission from the disc models is computed using W dimensional
Monte Carlo radiative transfer codexiRan developed by Hogerheijde and van der
Tak [2000]. The code uses a two-step approach to solve thé hgdine radiative
transfer, Aic, and Xv. The first code solves the level population numbers for argive
model atorymolecule within an arbitrary two-dimensional density aethperature
distribution. The second one performs the ray tracing tavdahe emission for a
given line, distance and disc inclination.

RarraN requires a grid of rectangular cells in cylindrical cooatss €{r;, ri,1} and
z € {z;, zj,1} which is diferent from the grid of points used iréDiMo. It is therefore
necessary to create a suitable grid of cells farfR~ and “fill” the cells in a physically
sensible way, which will involve some kind of averaging fbetphysical quantities.
The details of this re-gridding process can be found in Katrgh.¢2010]. In addition,
the Rarran code was modified to obtain the following line transfer résuh order to
improve its performance in the context of the complex chaheovironments found
in discs. These modifications are also detailed in Kamp ¢2@1.0].
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Table 4.1: Parameters of the Herbig Ae model series.

Quantity | Symbol| Value
stellar mass M., 2.2 Mg
effective temperature Tes 8500 K
stellar luminosity L, 32L,
disc mass Mgisc | 2.2 x 1072, 107,
103,104,107,
10°%M,
inner disc radius R, 0.5 AUD
outer disc radius Rout 700 AU
radial column density power index € 1.0
dust-to-gas mass ratio pd/p 0.01
minimum dust particle radius Amin 0.05um
maximum dust particle radius Amax 200um
dust size distribution power index agow 3.5
dust material mass density Pgr 25gcm3®
strength of incident ISM UV x'SM 1@
cosmic ray ionization rate of H {cr 5x 1017 s?
abundance of PAHSs relative to ISM  fpan 0.1
a Viscosity parameter a 0.0
(1): soft inner edge applied, see Sect. 3.1 of Woitke et al.
[2009a]
(2): the dust optical properties are taken from Draine anel Le

[1984]
(3): herey'™SM = 1 corresponds to a “unit Draine field”, as
adopted by Rollig et al. [2007], Woitke et al. [2009a] etc.
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Ray tracing

We assume for our generic disc a distance of 131 pc and andatioh of 45 degrees.
The pixel size (spatial resolution) is 0.05“ and the entio& bas a size of 13 13" to
ensure that no emission is lost (disc diameter is 10”). Thecity resolution is set to
0.05 knms and the total range is from -25 to 25 Jgfor the Gi line and -40 to 40 ki
for the Or lines. The diferent velocity ranges reflect thefidirences in radial origin of
the lines. For the oxygen fine structure lines, oversamplfrige central pixels (out to
1.6") was used, i.e. an additional 2 rays generated per.pixel

The CO lines were computed within the same box o&1B3”, but with a spatial
resolution of 0.12” and a spectral resolution of 0.2/&nNo oversampling was used in
this case.

Atomic and molecular data

Energy levels, statistical weights, Einstein A ffa@ents and collision cross sections
are taken from the Leidenavspa database [Schoier et al., 2005a]. Table 4.2 provides
an overview of the C1l, Ol and CO data used in this work.

Table 4.2: Atomic and molecular data taken from theikpa database [Schoier et al.,

2005a].

Species #Lev. #Lines Collision Reference
partner

Cct 2 1 H Launay and Rou®[1977]
e Wilson and Bell [2002]
0-H, Flower and Launay [1977]
p-H, Flower and Launay [1977]

O 3 3 H Launay and Rotig[1977]
e Bell et al. [1998]
0-H, Jaquet et al. [1992]
p-H, Jaquet et al. [1992]
H* Chambaud (1986

CO 26 25 H Chu and Dalgarno [1975]
H, Schinke et al. [1985]

(1): private communication

40



4.3. The disc models

Table 4.3: Atomic and molecular data for the oxygen and aafbee structure lines
and the CO rotational lines.
Line identification Ey E Ayl Nerit
[um] Kl Kl [s7] [em™2]
Or 632 3P -°P, 227.7 0.0 8.865(-5) 5(5)
Or 441 3pP,-3%P, 326.6 0.0 1.275(-10) 0.5
O1 1455 3pP,-3P; 326.6 227.7 1.772(-5) 6(4)
Cn 157.7 ZPg —ZP% 91.2 0.0 2.300(-6)  3(3)
Line identification Ey E Ayl Nerit
[GHZ] Kl Kl [s7] [em™2]
CO 115.3 X1-0 553 0.0 7.203(-8) @ 5.0(3)Tg‘°~66
CO 2305 JX2-1 16.60 553 6.910(-7) W 1.9(4)T§;0-45
CO 3458 J}3-2 33.19 16.60 2.497(-6) W 4.6(4)T§;0-35

(1): CO critical densities from Kamp and van Zad«it{@001]
The notation 5(5) stands fors510°.

Oxygen levels 2, 1, 0 correspond P, 3P;, and 3Py,
respectively.

Dust opacities

The dust opacities used in the radiative transfer code arsistent with the opacities
used in the computation of the disc model witkoBiMo. The choice of opacities
impacts the continuum around the line, i.e. the dust theematsion. For oxygen,
the low fine structure levels can be pumped by the thermallohstground. We see
differences of up to 50 % in the continuum fluxes around thdi@ structure lines
and up to 20 % dierences in the line emission itself when we choose eithegrifie
size distribution from Table 4.1 using optical constantsrfrDraine and Lee [1984] or
opacity tables from Ossenkopf and Henning [1994]. Theraite based on an MRN
size distribution for interstellar medium grairiga) ~ a=3° with sizes 5 nm< a <
0.25um. In this paper, the possibility of icy grain mantles or repherical shapes is
not explored.

4.3 The disc models

| compute a series of six disc models witlfdrent disc masses.@x 102, 102, 1073,
1074, 10° and 10°® M) and all other parameters remaining fixed. It is important to
stress that this series of models is not intended to refleewvalutionary sequence as
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the dust properties are not changed accordingly (e.g. dast gizes, dust-to-gas mass
ratio, settling). The goal is to explore a range of physicalditions, study their impact
on the disc chemistry and analyze how this impacts the cgoédiation that will be
probed e.g. with the Herschel satellite.

4.3.1 Physical structure

Fig. 4.1 provides an overview of the computed physical gtiaatsuch as gas density,
UV radiation field strength, optical extinction, gas tengiare and dust temperature
resulting from our series of Herbig disc models; each rows@nés a model with
different mass and shows three quantities, total hydrogen mdehsity, UV radiation
field strength, and gas temperature. The white dashed Ingeisecond column of
this figure indicate thé\, = 1 andAy = 10 surfaces. The.2x 102 M, model is
optically thick in the vertical direction out te 400 AU. Reducing the disc mass by
a factor 200 leaves only a densel0 AU wide optically thick ring and the low mass
disc models £ 10* M,) have very low vertical extinctiond, < 0.1, throughout the
entire disc.

The high mass models show two verticallyfimd up regions, one around 0.5 AU
(the classical "inner rim”), the other one more radiallyanded between 5 and 10 AU.
The very low mass models (YOM, and below) do not show the typical flaring disc
structure as observed in optically thick disc models, baytare still very extended
in the vertical direction. The extreme gas temperaturekesd low mass models are
a result of direct heating by the photoelectriteet on small dust grains (PAHs) and
pumping of Far by the stellar radiation field. In these optically thin discsupling
between gas and dust grains is nffiogent.

4.3.2 Chemical structure

The patrticle densities of ionized carbon, oxygen and theddnce of CO are shown
in Fig. 4.2. The oxygen abundance is rather constant thimutghe discs (€O ratio
~ 0.45), being only lower by a factor of two where the CO and OH aauntes are
high; OH forms at high abundance inside 30 AU above arofa few, thus co-spatial
with the warm & 200 K) CO gas. Extremely low abundances occur only if sigaific
amounts of water form close to the midplane inside 1-10 A2 21072 — 103 M,
models).
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Figure 4.1: From top to bottom row: disc models witit3,0L0°3, 10-* and 10° M.,
The first column shows the total hydrogen number densitpjggvith white contours
indicating gas temperatures of 100, 300, and 1000 K. Thensecolumn shows the
UV radiation field strengtly (91.2 — 2050 nm) from full 2D radiative transfer. The
third column shows the gas temperature Tggvith white contours indicating dust

temperatures of 20, 40, 100, 300 and 1000 K.
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Figure 4.2: From top to bottom row: disc models withr3,010°3, 104 and 10° M.,
The first column shows the *Cdensity with white contours indicating the critical
density for the [Gi] line and densities of 10and 16 cm~3 and a red contour line where
the PDR parametgr/n, = 0.01. The second column shows the O density with white
contours indicating the critical densities for the two oggdines,ny, = 6 x 10* and

5x 10° cm3, and a density of 10cm3. Extinctions ofA, = 0.1 and 1 are denoted by
the red contour lines. The third column shows the CO aburelaiit white contours
indicating gas temperatures of 50, 100, and 200 K and the dda®urs indicating

dust temperatures of 50, 100, and 200 K).
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Carbon is fully ionized in the disc models with masses bel® M,. The C
abundance is complementary to the CO abundance as thelawban layer between
them is very thin. The QC/CO transition is governed by photon dominated region
(PDR) physics and can be well defined using the classical P&Rnpetery/ng,.
Above y/nu, = 0.01 (see Fig. 4.2), carbon is fully ionized and its densityciuire
resembles that of the total gas density (twéfed up inner rims). The column density
of the ionized carbon layer is always smaller than a few tii@®$cm=3. The mass of
C* in the irradiated layers of the disc is roughly constantluhg optically thin disc
limit is reached in which case it is given Byg.«<(carbon)me/umy) (see Table 4.4).

High abundances of CO can be found down to disc masses6fMg. Below
that, the entire disc becomes optically thin (radially aedically), thus reducing the
CO abundances even in the midplane to values belof 19 the models with masses
above 10° M., densities in the innermost region are high enough to forrargel
water reservoir [Woitke et al., 2009b]. At densities in ess®f~ 10! cm3, the
water formation consumes all oxygen, thus limiting the antaf CO that can form
in the gas phase. In the upper disc layers, the CO abundanegyisow due to the
combined impact of UV irradiation from the inside (centriry and outside (diuse
interstellar radiation field). Fig. 4.2 also shows that graperature of CO in the outer
disc decouples from the dust temperature (white contoias; lgjue contours: dust),
even though dferences are generally within a factor twig s> Tqus). This is relevant
for the CO low rotational lines that are predominantly fodmie those regions (see
Sect. 4.4.2).

4.3.3 Self-similarity

The six disc models show a large degree of self-similarityhieir temperature and
chemical structure. Lowering the disc mass removes malmdythick midplane and
the innermost dense regions. In that sense, this seriesidal@ng mass zooms in into
disc layers further away from the star and at larger heighte reason for this self-
similarity lies partly in the two-direction escape prodapiused to compute the gas
temperature and partly in the chemistry being independiemeighboring grid points
(no diffusion or mixing). The solution in the disc is mostly descdl®y the local

X/ Hy.
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Table 4.4: Characteristics of selected species in the gelibst models(Tgy) and(Ty)
are the mass averaged gas and dust tempefature

Maisc[Mo] Species| Mass [Mo] (Tg) [K] (Ta) [K

O 4.2(-5) 61 34
22102 C* 1.3(-7) 96 46
cO 6.0(-5) 62 35
O 2.1(-5) 61 35
1072 C* 1.1(-7) 99 46
cO 2.7(-5) 61 35
O 2.5(-6) 64 34
103 C* 9.7(-8) 79 34
cO 1.8(-6) 79 42
@) 3.2(-7) 77 39
104 C* 4.9(-8) 75 37
cO 9.2(-8) 103 51
0 7.0(-8) 92 50
105 C* 2.0(-8) 91 48
cO 3.6(-12) 576 126
O 5.1(-8) 53 43
1078 C* 1.7(-8) 53 43
cO 6.1(-15) 89 54
Q): (T) = %w species densitys, and volume

elemendV.

4.3.4 Strength of UV field

To assess the impact of the UV field on the disc structure anedrlitios, | compute
two additional disc models with 1M, disc masses, usindgfective temperatures of
9500 and 10500 K. This range reflects the typical temperatmeountered for Herbig
Ae stars. To isolate theffect of UV irradiation, the luminosity is kept constant, so
that a change infeective temperature changes only the fraction of UV versiigalp
irradiation.

Increasing the stellarfiective temperature to 10500 K leads to a vertically more
extended disc structure, thus pushing thelHtransition slightly outwards. Though
the dust temperatures are tiieated (they depend rather on total luminosity), the mass
averaged gas temperatures increase by up to a factor twertarntspecies such as CO
and O. The change for'Cheing in the uppermost tenuous surface is more dramatic;
its mass averaged temperatures increase f#oh00 K (Ter = 8460 K, Table 4.4) to
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330 K (Ter = 10500 K).

4.3.5 Dust opacities

In a similar way, | have varied the dust opacity in the?®l, disc mass model, using
first very small grainsy,j, = 0.05 toamax = 1 micron and then only large graiagi, =

1 to amax = 200 micron. They represent the two extremes of grain sizgilolision
ranging from pristine ISM grains to conditions appropridemore evolved dust in
very old discs.

Dust opacities impact disc physics in two ways. First, iasieg the average
grain size decreases the opacity and thus the optical depthei models. The
dust temperature decreases mostly, except for the midpégiens inside 100 AU.
However, the second — more important feet is a decrease offective grain surface
area, thus decreasing th@eency of gas-dust collisional coupling. As a consequence,
the gas temperature decouples from the large grains evla gligc midplane, leading
to higher gas temperatures everywhere and thus a vertioaltg extended disc. Given
the fact that gas dust coupling is no long#iaent, the initial assumption that gas and
dust are homogeneously mixed would have to be revisitedo#ftineating is provided
by PAHS, this is not an issue as those will stay well mixed whihgas.

4.4 Line emission

In the following, we performed radiative transfer calcidas on the grid of Herbig
Ae disc models to understand the spatial and physical oofythe two Gises tracers
[Cu], [O1], and the frequently observed sub-mm lines of CO. Besidesaltiv of
published CO observations of protoplanetary discs to coenfmaand test the physics
and chemical networks of our models, the low rotational G@diare part of ancillary
projects to complement the Herschels&s project with tracers of the outer cold gas
component in discs.

4.4.1 Far-infrared fine structure lines
[C 1]158um line

The fine structure line of ionized carbon arises in the outeiase layer of the disc.
For values ofy/ng, smaller than 0.01, carbon turns atofmolecular (see Fig. 4.2, left
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Table 4.5: Results for the fine structure emission lines fvanous disc models. In the
model column, MC, LTE and ES denote the use of level populatitom Monte Carlo
line radiative transfer, LTE and escape probability, resigely. Line and continuum
fluxes are shown for a distance of 131 pc and an inclinatiorbafefyrees. Numbers in
parentheses indicate powers of ten, i.©3(3) denotes. 83 x 10°.

O163um O1 145um Cu 157.7um

Muiisc Model Fiine Feont Fline Feont Fiine Feont
[Me] 10 8wm? [y [108w/m?  [3y] (108 w/m?]  [3y]
22102 MC 1.93(3) 1.44(2) | 2.13(2) 1.25(2) | 5.39(1) 1.14(2)
1072 MC 1.29(3) 1.03(2) | 1.18(2) 6.57(1) | 4.69(1) 5.91(1)
1073 MC 6.57(2) 2.58(1) | 3.89(1) 8.84 2.98(1) 7.69
104 MC 2.65(2) 4.56 8.06 9.09(-1)| 1.40(1) 1.01
10°° MC 4.19(1) 9.89(-1)| 1.11 1.72(-1)| 4.53 2.71(-1)
106 MC 1.99 1.50(-1) | 5(-2) 3(-2) 2.77 1.43(-1)
1072 LTE 2.25(3) 1.05(2) | 1.30(2) 6.63(1) | 5.22(1) 5.96(1)
102 ES 1.27(3) 1.05(2) | 1.23(2) 6.63(1) | 4.93(1) 5.96(1)
1072 Ter = 9500 K 5.53(3) 1.68(2) | 4.56(2) 8.60(1) | 1.50(2) 7.63(1)
102 Ter = 10500 K 9.03(3) 1.78(2) | 6.75(2) 8.85(1) | 3.17(2) 7.84(1)
1072 minmax = 0.0L1um | 6.48(2) 1.42(2) | 3.24(1) 3.53(1) | 6.30(1) 2.85(1)
1072 8minmax = 1, 200um 3.22(3) 1.44(2) | 3.17(2) 7.21(1) | 2.39(1) 6.42(1)

column). This limits the € column density and hence the {C158 um line emission.
Except in the very inner dise, < 1 AU, the line never becomes optically thick. The
line can be easily excitede( = 91.2 K) even in the disc surface at the outer edge;
hence the total [@] emission from the disc is dominated by the 100-700 AU range
and probes the gas temperature in those regidps# Tqus). At these distances, the
column density of € decreases with disc mass leading to a potential correlafitire

[C ] 158 um line emission with total disc gas mass. However, it can bssshown
that the total line emission depends sensitively on theradise radius (see Kamp
et al. [2010]). The total [@] line emission is thus degenerate for disc mass and outer
radius. Due to the low critical density of this line, the esns forms largely under
LTE conditions.

[O 1163 and 145um lines

The [O 1] emission is dominated by the 30-100 AU range, with tgamperatures of a
few hundred K. For these regions, the 148 line becomes optically thin in the 1D

and 10* M,, disc models. LTE level population numbers systematicalgrestimate

line fluxes by up to 70%. In the regions where most of theetnission arises, the
upper levels are significantly less populated than in LTElevthie ground state is
overpopulated with respect to LTE. The level population bams computed with the
simple escape probability assumption koPiMo yield only slightly higher line fluxes
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Figure 4.3: The top row shows integrated line fluxes as a fonaif disc mass, for
(from left to right) the CO 21-0, E2-1 and 33-2 rotational lines. The second row
shows the continuum fluxes at the corresponding line ceragel@ngths as a function
of disc mass. The third row shows the CO line ratios as a fanaf disc mass:(from

left to right) J=2-1/1-0, J3-2/1-0, J3-2/2-1. Dashed lines indicate computed line
ratios for optically thick lines in LTE.

than full Monte Carlo radiative transfer calculations,hirt 10 % for the Q lines and
~ 5% higher continuum fluxes. Since continuunffeliences should largely be due to

the re-gridding, the estimated error stemming from therpukation onto a dferent
grid is of the order of 5 %.

4.4.2 CO sub-mm lines

Line fluxes have been calculated for the first three moledtdasitions in CO, across
the full mass range of disc models. The line fluxes and coantmfiuxes are plotted as
a function of disc mass in Fig. 4.3, and th€332 line profiles from the 2 x 102 M,

103 M, and 10* M, models are plotted in Fig. 4.4.
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4.4. Line emission
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Figure 4.4: Top panel: CO=3-2 line emission flux from the.2 x 102 M, model at
a distance of 131 pc and an inclination of 45 degrees. Theteté@nage shows the
continuum subtracted integrated logarithmic line intgnas a function of sky position.
The angular size of 12” corresponds to 1570 AU at the distafid81 pc. Middle
panel: CO 33-2 emission from the 18 M, model. Bottom panel: CO=B-2 emission
from the 10% M, model.

50



4.4. Line emission

The ¥1-0, E2-1 and 33-2 lines all show similar behaviour with disc mass, with
the line fluxes initially increasing sharply with mass beféevelling dt for Mgisc >
104 M,,. This similarity results in largely uniform line ratios, thia spike at 1 M.
The continuum varies almost linearly with disc (and hencstjdmass, although with
slightly more emission from the lower mass models than atdiriear relationship
would give. This is due to the optically thin low mass discgihg more penetrating
UV dust heating in the midplane than the higher mass opyithitk discs.

The calulated line fluxes all exhibit a jump of four orders aignitude on moving
from the 10° to the 10* M, model. This discontinuity is also seen in the line ratios,
with all three exhibiting a significantly higher ratio forali 0> M, model than for the
others. The sudden drop in emission below*M), corresponds to a fallfbin Ay.
There is suddenly almost no region in the disc With> 0.1, resulting in a maximum
CO abundance of less than®@ompared with~ 10~ for the higher mass models.
The small remaining region witAy > 0.1 is quite hot, with gas temperatures around
500 K, giving a spike in the line ratios at TOM,,.

Line formation regions

The three CO lines form at an intermediate height in the tistwyeen the warm upper
layer and the cold midplane [see also van Zadg&lko al., 2001] and are generally
optically thick for disc masses down to ¥OM,. The submm line formation region
is radially very extended, with significant contributiosthe total line flux from the
entire disc. The results of an experiment varying the owtdius of the disc region
sampled in the re-gridding procedure are plotted in Fig. #te total #3-2 line flux
is seen to vary linearly witlR,,; indicating that the line originates from the full radial
extent of the disc. The same behaviour is seen in#ieQland 2-1 lines. The linear
trend is caused by a combination of the radial gas temperaadient in the CO
emitting layers and surface area. The continuum shows htlsfidifferent behaviour,
with a greater proportion of the integrated flux from outefira

The line profiles for the three transitions are generallywemilar for a given disc
model, and indeed across the computed mass range. Narrévspparationssyy =
1-2 knys) indicate that the emission is coming from the entire disadie~ 700 AU
and will thus be dominated by the outer regions that contarersurface area.
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Figure 4.5: Integrated CO=3-2 line flux for the 10°M, model, plotted against the
outer radius sampled by re-gridding.
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a function of disc mass.

52



4.4. Line emission

LTE versus escape probability versus Monte Carlo

The continuum results obtained without re-gridding (ES®) iargood agreement with
those from the Monte Carlo radiative transfer, within 3% lincases. This indicates
that re-gridding does not present an issue when considsuimgnm fluxes. The escape
probability line fluxes deviate slightly from the Monte Gadnd LTE fluxes for the low
disc masses, up te 50% lower. This indicates again the limits of the two direnti
escape probability approach for the optically thin caseeny¥enuous discs.

The escape probability fluxes are however in good agreenvattiirf 3%) for
disc models with masses larger thar®M,. The LTE line fluxes are also in good
agreement (within~ 1%) for the entire mass range (see Fig. 4.6), indicating that
LTE is a valid approximation for these low CO lines. HoweVEfas = Tgust IS NOt
a valid approximation for this set of disc models, becauseagths temperatures in the
outer regions, where the CO lines arise, deviate by up totarfawo from the dust
temperatures (see Table 4.4 for mass averaged gas andrdpstégures of CO).

CO line ratios

To understand the values of the CO line ratios for high masssdn Fig. 4.3, we start
with a number of assumptions: 1) The continuum is srhgll < |,; 2) The CO line

forms under optically thick LTE conditions with a universale profile ¢(v) such that

I, = B,(Tga9 ¢(v) whereB, is the Planck function; 3) The temperatdrgsis constant

throughout the line forming region. The line flux can then kpressed as

Fine= [[ (= lan) 42 ~ ABUToed [0 v (.1)

whereA is the disc surface area as seen by the observer.
If we assume a square line profile function in velocity spachghats(v) = 1 if
—A—ZV <v< +A—2v and¢(v) =0 otherwise, we can re-write equation (4.1) in the Rayleigh-

Jeans limit as
V3

using% = %. For line ratios, the quantitiek, TgssandAv are identical, and hence
ine, :(ﬁ)3 . (4.3)
Fine2 \v2
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4.5. Discussion

The corresponding values for the three CO line ratios argodeeed with dashed lines
on Fig. 4.3, and agree indeed well with the limiting behaviofithe line ratios at high
disc masses\lgisc.>1073. Thus, we conclude that CO line formation in high mass discs
occurs under optically thick LTE conditions. At lower masske line ratios deviate
from these values since the assumption of optical thick LoEonger holds.

Changing the fective temperature of the central star or changing the dust
properties ffects the CO lines to a lesser extent than the fine structws. li@hanges
to the continuum and the lines are generally within 50%. Bbenigh the formation
height of CO might change slightly, the excitation condiscare still close to LTE.
While the CO mass in the models stays within a few percent efatfiginal model
(except in the ISM grain model, where it is 26% smaller) the @@ss averaged
temperature changes up to a factor two. Tfieat on the line fluxes correlates directly
with the temperature change, with the higher temperatuvesysystematically higher
fluxes. At these radio wavelengths, the change in continunisson amounts to less
than 25%, even between the models witfiatient dust properties. The most extreme
model is the one with anfiective temperature of 10500 K where the mass averaged
CO temperature rises to 110 K and hence the line fluxes iret®as 60— 70%.

4.5 Discussion

The goal of this study is a first assessment of the diagnostiepof the fine structure
lines of neutral oxygen, ionized carbon and of the CO sub-maslin protoplanetary
discs. This work prepares the ground for a systematic aisabfjsa much larger and
more complete grid of protoplanetary disc models. Basedhendetailed radiative
transfer calculations of the previous section, we discus® hthe potential of the
various lines in the context of deriving physical disc pmtigs such as gas mass, gas
temperatures and disc extension.

4.5.1 Far-infrared fine structure lines

From detailed two dimensional modelling of protoplanetdigcs, Woitke et al.
[2009a] conclude that the [(P63um line alone provides a useful tool to deduce the
gas temperature in the surface layers of protoplanetacg despecially the hot inner
disc surface. However, spatially unresolved observatioasmeasure only integrated
[O1] 63um line fluxes in sources at typical distances of 140 pc willbeable to detect
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4.5. Discussion

the presence of hot gas very close to the star (insid® AU). This work shows that
the total line flux is dominated by emission coming from theleoouter regions.

The [O1] 63/145 line ratio increases towards lower masses (10-fdi0? M, to
40 for Mgisc < 104 My). In addition this ratio is not sensitive to the disc outativa
for Ryt > 100 AU, which suggests that it could be used as a gas mass. ttds@g
only small sub-micron sized grains (similar to the ISM comifion) increases the line
ratio by a factor two, thus mimicking a disc mass that is lolwemore than a factor
ten. However, the grain size distributions chosen herespi¢be extreme ends and are
easily distinguished from looking at the SED.

The [Cu] 158 um line emission is a very sensitive tracer of the outer disiusa
Due to its low excitation temperature, this line is also styly affected by confusion
with any type of difuse and molecular cloud material in the line of sight. Thdofmm
can be addressed with Hersgf®&CS by using the surrounding pixels on the detector
(5 x 5 pixels with the disc being spatially unresolved) for aakle df-source flux
determination.

The [O1] 63/[C 1] 158 ratio depends even more on disc mass than thgg8145
line ratio. It would thereby be a prime diagnostic for relatdisc mass estimates.
However, while the ratio of the two oxygen lines does not geawery much with
disc outer radius, the [@63/[Cu] 158 ratio does depend strongly on it. Because
of this degeneracy with disc size, the diagnostic value o tatio alone is limited
for individual objects. Its use would require the a-prionokvledge of many other
disc parameters such as the disc outer radius, grain sidesoamposition. Rather we
suggest that it could be used in a statistical way on a langgeeof discs that share the
same classification group, e.g. based on their IR SEDs. mteely, a combination of
the [O1] 63/145 and [Q] 63/[C n] 158 line ratios could be used to break the degeneracy
with disc size [see also Kamp et al., 2010].

45.2 CO sub-mm lines and line ratios

The low excitation CO rotational lines are often used to prtke existence of
primordial gas in protoplanetary disc and in combinatiothvaptically thin line of
isotopologues to measure the total gas mass [e.g. Thi &0dll,, Panic et al., 2008].
Due to the high Einsteii\ codficients and high abundances '8€O in molecular
regions, the low rotational CO lines become optically thatdow Ay. Thus, they
originate mainly in the optically thin disc surface [van Z#txt et al., 2001], where
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4.5. Discussion

gas and dust temperature decouple according to our modage\rér, as in the case of
the [Cu] line, CO submm lines can be contaminated by low density mthant cloud
material. The amount of contamination can be estimate@eftom dfset positions
for single dish observations or through interferometry.

Isotopologues of CO have much lower abundance$’60/**CO = 77 in the
ISM [Wilson and Rood, 1994] and even higher values of 100 scsli[selective
photodissociation; see for most recent work Smith et al092@oods and Willacy,
2009, Visser et al., 2009]. Thus, they can probe deeper rgalisc and are — in
the absence of freeze-out — excellent tools for measuriaglitbc mass. Panic et al.
[2008] use for example the optically thiiCO J=2-1 line from the disc around the
Herbig star HD 169142 to infer a disc mass of( 3.0) x 1072 M,

Our analysis shows indeed a relatively flat relationshigher?CO lines with disc
gas mass, confirming thus that the low rotational CO lineshayniselves are not a
good tracer of gas mass (Fig. 4.3). The lines become optittattk even at very low
disc masses and hence a reliable inversion of the line fluxegdr gas mass proves
impossible. Similarly there are degeneracies in the coatplibe ratios 32-1/1-0,
J=3-2/1-0 and #3-2/2-1 which suggest limitations in the diagnostic power ofsthe
line ratios.

The CO lines can be used to measure independently the outer rddius
(Sect. 4.4.2) and thus mitigate the problem of employing[@&] 158 line for disc
diagnostics. Dent et al. [2005] and Pani¢c and Hogerheid@®9] demonstrate the
power of single dish CO observations in deriving disc ousatiirand inclinations,
thus constraining SED modeling that is rather insensitveRs,; and degenerate
for inclination and inner radius. Hughes et al. [2008b] ntitat the outer radius
derived from dust continuum observations is always smtikem that derived from CO
emission lines. Even though they can explain this within bgemeous gas and dust
models Ryu(gas) = Ryu(dust) and a realistic outer edge, i.e. an exponential tdensi
profile), this finding reveals the problems in mixing quaaesitdeduced from dust and
gas observations. Since @nd CO arise both from the gas in the outer disc, we do not
need to rely on dust observations, but can instead use aag®s to measure the gas
outer disc radius.

The [Cu] line probes in general slightly higher layers than the G@4i;, hence the
model results suggest that we can trace the vertical gasstatope gradient in discs.
Table 4.4 shows that for the most massive dig€s;) is 50% larger thakTco).
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4.5. Discussion

4.5.3 Comparison with observations for MWC480

Since we used the Herbig star MWC480 to motivate our choicpashmeters, we
briefly discuss the line emission from the models togethén wibservations available
from the literature. The goal is not to obtain a best-fittingd®l, but to provide an
impression of the model results within the observationaltext. Table 4.6 gives an
overview of selected observational data for MWC480 (datastand upper limits)
from the literature. The CO mass derived fréf60 3-2 is 17 x 10* M, and the total
gas mass derived from the 1.3 mm continuum flux i& ¢21.0) x 102 M,, [Thi et al.,
2001]. The*?CO and'3CO lines suggest an outer disc radius-0750 and~ 500 AU,
respectively [Piétu et al., 2007].

The oxygen fine structure lines are not detected with the |&®@Illge [Creech-
Eakman et al., 2002]. Assuming the ISO instrumental resmiuas FWHM of a
potential line (0.3um for 2 < 90 um, 0.6um for 2 > 90 um), the 1ISO 3 upper
limits for the [O1] lines can be derived from

Fupper imit ~ 30 VO.51 FWHM W/m? (4.4)

This gives values of 44 x 10716 and 135 x 1071® W/m? for the 63 and 14&m line,
respectively. The upper limit for the @3n line is only a factor 1.6 smaller than the flux
predicted from the 1¢ M,, disc model. The 14pm upper limit is less sensitive and
hence even consistent with our 0, disc model. Changing the outer disc radius to
500 AU does not fliect the [Q] lines.

The observed [@] line is much stronger than in any of our models, suggesting
indeed significant contamination fromfidise background material in the large 1SO
beam (807).

Our 22 x 102 M, model overpredicts the CC=3-2 line flux by approximately
one order of magnitude. By reducing the maximum grain stzetétal grain surface
area increases and dust and gas temperatures couple igitwe waere this CO line
forms; thus yieldingTy) ~ 40 K and a factor two lower line fluxes. Another factor
two can each be gained by reducing the total disc mass andsihewter radius to 500
instead of 700 AU.

The observed continuum flux at 1.3 mm is a factor 4 smaller tdmenputed from
the 22x1072 M,, disc model. Reducing again either the total disc mass or thémum
grain size, reduces the modeled continuum fluxes to the vaghe.
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4.6. Conclusions

Table 4.6: Observed fluxes for MWC480

Type A Flux Reference
O1 63um < 1110W/m%um (1)

O1r  145um < 1.810°®W/m¥um (1)

Cn  158um 59=0610®Wm? (1)
55+ 0410 Wm? (2)

CO 345GHz 2.88Kkms (3)
4231071 W/m2 *)

cont. 1.3mm 36@ 24 mJy 4)

cont. 2.7mm 39 +0.8mly (4)

References: (1) Creech-Eakman et al. [2002], (2) Lorenzett
et al. [2002], (3) Thi et al. [2004], (4) Mannings and Sargent
[1997].

() [ Tmodv = 1072 Aem/(2K) (Qa)™* [ Fo(W/m?/Hz)dv, with
Q, being the solid angle of the beam, i.e(13.7"/2)? for the
JCMT.

To conclude, by tuning the input parameters, the models etrclgse to the
observed continuum as well as line fluxes, thus providingtemfel confidence that
the models capture the essential physics and chemistrptdglanetary discs. Hence,
besides studying physics and chemistry of protoplanetesgsdn a more general
context, these models can also be used in the detailed aafymdividual objects
that possess a larger set of continuum and line observations

4.6 Conclusions

A limited series of Herbig Ae disc models has been computeatdier to study the
origin and diagnostic value of the gas line tracers[JO 1] and CO. This study does
not include the ffects of X-ray irradiation, grain settling or mixing. Everotigh
X-rays are generally of minor importance for Herbig stangimg settling and large
scale mixing processes coulffect the conclusions. Thefect of grain settling will be
included in a forthcoming larger model grid (see Chapteb&) mixing processes need
to be addressed with dynamical time-dependant models. TowevCarlo radiative
transfer code Rran is used to compute line profiles and integrated emission from
various gas lines.
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4.6. Conclusions

The main results are:

e The [Cu] line originates in the disc surface layer where gas and wuspera-
tures are decoupled. The total line strength is dominateenigsion from the
disc outer radius. Thus the 157w line probes mainly the disc extension and
outer disc gas temperature. The line forms in LTE.

e The [O1] lines originates also in the disc surface layer even thamhewhat
deeper than the [@] line. The main contribution comes from radii between 30
and 100 AU. The [Q] lines form partially under NLTE conditions. Berences
in line emission from escape probability and Monte Carltitegues are smaller
than 10%.

e CO submm lines are optically thick down to very low disc massfe< 104 M,
and form mostly in LTET a5 = TqustiS NOt a valid approximation for these lines.
Differences in line emission from escape probability and MoatéoGechniques
are smaller than 3%, except in the case of very optically digsa models (1¢
and 10° M,).

e The [01]163/145 um and [Or] 63/[C 1] 158 um line ratios trace disc mass in
the regime between 1®and 10°% M,. Since the [Gi] 158 um line is very
sensitive to the outer disc radius, theil®3/[C 1] 158 um is degenerate in that
respect and its use requires additional constraints frailiany gas andor dust
observations. The sensitivity of these two line ratios te tlust grain sizes
underlines the importance of using SED constraints alotig thie gas modeling
to mitigate the uncertainty of dust properties.

e A combination of the [@] 63/145um and [O1] 63/[C 1] 158 um line ratios can
be used to diminish the degeneracy caused by an unknowndistenadius.

e Neither total CO submm line fluxes nor line ratios can be useti¢asure the
disc mass. However, the low rotational lines studied heosige an excellent
tool to measure the disc outer radius and can thus help tgatgtthe degeneracy
between gas mass and outer radius found for th¢g®[C u] 158 um line ratio.
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Chapter 5

The DENT Model Grid

5.1 Introduction

In this chapter | describe work in which | contributed to th#ods of GASPS,
a large international syndicate. GASPS refers to Gas inoplaetary Systems,
the first extensive, systematic survey of gas in circunestaliscs that covers the
transition between initial gas-rich discs through to gaefpdebris discs. It utilises
the Photodetector Array Camera and Spectrometer (PAC8)pbthree instruments
aboard the Herschel space observatory. GASPS consists wb-phtase PACS
study, surveying the fine structure lines ofifft58um and [O1]63um in 240 objects,
followed by observations of [@145:m and the far-infrared CO and,B rotational
lines in the brightest sources. The dust continuum is alsasored using 70 and
16Qum photometry, to define the SED in the same wavelength ranteedse data.
The sample includes discs with masses of a $el@? M, down to 10° M,, ages
1-30 Myr, and stellar spectral types B2 through M4.

In order to interpret the survey data, the program has imlgxtensive disc
modelling. This includes the computation of a grid 0800000 models spanning
parameter space, in order to seek trends across the variodslsnand help team
members interpret the observational data in the context @draprehensive set of
model predictions. This work takes the approach describéhiapter 4 and expands
it to a large multi-parameter analysis. | have acted as tha developer oxDENT, a
graphical user interface for analysing and plotting theenggantity of grid data, and
for fitting the model data to observations. The first DENT gasdults are published in
the MNRASIetter “Continuum and line modelling of discs around youteys |. 300
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5.2. Grid Computation

Table 5.1: Parameters of the DENT grid and values assuRwggl.stands for the dust
sublimation radius (wher€y = 1500 K). The choice of inclination angles represents a
randomly oriented sample.

stellar parameters

M, stellar massi] 0.5,1.0,1.5,2.0,25
age age [Myr] 1, 3,10, 100

fuv excess UVfyy =Lyyv/L, 0.001, 0.1

disc parameters

Mg  disc dust mass\l,] 107, 10°,10°,10%4 103
pd/pg dusfgas mass ratio 0.001,0.01,0.2,1,10
Rn inner disc radiusRsypi 1,10, 100

Rowt  outer disc radius [AU] 100, 300, 500

€ column densityNy(r)ecr—< 0.5,1.0,1.5

Ho scale height [AU] fixed 10 ro=100 AU

B disc flaringH(r)=Ho£*  0.8,1.0,1.2
dust parameters

amn  Minimum grain sizegm]  0.05, 1

amax ~Maximum grain sizegm] fixed 1000

S settlingH(r,a)cH(r)a¥? 0, 0.5
inclination angle

i 0° (face-on), 41.4, 60, 75.5, 90" (edge-on)

000 disc models for Hersch&8IASPS” by Woitke, Pinte, Tilling et al. [2010], which
includes figures produced usia®ENT. This is also the case for the two subsequent
DENT grid papers by Kamp, Woitke, Pinte, Tilling et al. [2QBDid Pinte et al. [2010].

5.2 Grid Computation

The DENT (Disc Evolution with Neat Theory) grid is a tool tovéstigate the influence
of stellar, disc and dust properties on continuum and lireeolations and to study the
extent to which these dependencies can be inverted. Thesgiliesigned to coarsely
sample the parameter space associated with young inteateédilow mass stars, with
discs ranging from gas-rich through to gas-poor debrissdidthe 11 variable input
parameters« 2 fixed parameters) required to specify the star-disc syatengiven in
Table 5.1. The observable quanities recorded for each ajridenodels are listed in
Table 5.2.

The model input stellar parameters are the mass and age,caitBsponding
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5.2. Grid Computation

Table 5.2: List of output quantities: monochromatic coatim fluxesF.,; and
integrated, continuum-subtracted line flu¥gse.

observable wavelengthg]

Feont 57 wavelength points between Quh and 350@:m

O 63.18, 145.53

Cu 157.74

12co 2600.76, 1300.40, 866.96, 650.25, 520.23, 433.56, 371.6

325.23, 289.12, 260.24, 144.78, 90.16,79.36, 72.84
0-H,O 538.29, 179.53, 108.07, 180.49, 174.63, 78.74
p-H.O 269.27, 303.46, 100.98, 138.53, 89.99, 144.52

effective temperatures and luminosities taken from the emwriaty models of Siess
et al. [2000]. The photospheric input spectra are taken onucz stellar atmosphere
models of solar abundance, with an additional UV comporeattount for accretion
andor chromospheric activity in young stars. This UV excessafingd asfyy =
Luv/L*x wherelLyy = gzliiﬁmLﬁd/l is the UV luminosity with assumed spectral shape
L, 1%2. The UV excess component has a significant impact on the danistry and
heating. It would thus be desirable to include mdge values in the grid, analogous
to the range of accretion rates found in Mayne and HarrietQR0Ovhich cover six
orders of magnitude in a model grid examining the dust comitim emission from
accreting brown dwarves. However, the additional gas disarpeters in the DENT
grid, coupled with the obvious computational constraimsan that a simple two-value
comparison will have to gfice at present.

The disc shape, density structure and dust properties éreedgarametrically as
outlined in Table 5.1, with dust grain opacities taken fronaiDe and Lee [1984]. The
discs are assumed to be passive, i.e. there is no viscouaghe@he grid models do
not contain PAHs, which will in general tend to give slightiyoler discs.

The DENT grid was computed usingéDiMo interfaced with the Monte Carlo
radiative transfer code dfost [Pinte et al., 2006]. In total the grid comprises 323020
disc models and SED calculations. A total number of 1610irfs®flux calculations
have been carried out for 29 spectral lines under 5 incbnati See Woitke et al. [2010]
for further details concerning the modelling process.
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5.3. XDENT

© ©® xDENTv0.9

File HAxiz Plotting Window
Current databaze selection: DENT grid
322030 disk models,
read data 322030 SEDs,
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Figure 5.1:xDENT main menu.

5.3 XDENT

xDENT is a graphical user interface for visualising the DENT graded It is written as
anidl widget, and has been used by the GASPS team to analyse trendigpaoduce
figures for a number of publicationsxDENT allows users to select subsets of grid
models, and plot the various input parameter values andnadises in a number of
formats. Users are also able to fit the grid models to obsdmvednd continuum data.
All plots produced usingkDENT are fully customisable; there is an option to output
theidl source code for a particular plot, which can be edited to gbdhe plot axes,
colours, labels etc. The main featurexDENT are outlined in the following sections.
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5.3. xDENT

5.3.1 Model selection

The xDENT main menu (see Fig. 5.1) lists all model parameters, anavaltbe user
to narrow down the selection of grid models used for plotangor fitting. For each
parameter the desired models can be selected either by\spgei single value for that
parameter from a pull-down menu, or by typing a range of \v&laot the appropriate
field. For example, typing<=2" into the Mg, field will select all models with stellar
mass greater than or equal to 2Mand typing 1E-4--1E-2" into the My field
selects all models with disc mass between*Ehd 102 M.,

As well as filtering the grid models by input parameter valusers can specify up
to four observable quantities, with an allowed range of@alior each, to narrow down
the model selection. Individual models of interest (e.gnfifitting) can be selected by
typing the model ID into the appropriate field.

5.3.2 Plotting
Scatter plot

This function plots the data for the selected models on gpesied by the user (see
Fig. 5.2). The axes can denote any one of the model input gEess) continuum or
line predictions, species masses or mass-averaged specipsratures, or the ratio
of any two of these. The plotted points can also be colouedatcording to a third
parameter, in up to 8 colour bins. The user can specify the e®es, and whether
the data is plotted linearly or logarithmically.

If any individual points in a plot are of interest to the ustirey can click that
point with the cursor. This causes the terminal to print theglet ID and model input
parameters, as well as the species masses and some keyablbeserThe point is
marked in the plot by its model ID so as to avoid confusion (Sge5.3).

Histogram

In addition to plotting individual data pointgDENT users can plot histograms using
all or a subset of the DENT grid models. The variable selefiiethe x-axis is split
into a number (40 by default) of evenly-spaced (log or ligdans, andxDENT plots
the number of models inside each bin. An additional variable be used to further
discretise the results, in which case a specified numberoficeoded histograms are
plotted on the same axes (see Fig. 5.4).
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Figure 5.2: Two colour line flux diagram, [{33/145um versus [@ 63/[Cu] 158um,
of a sub-selection of 10740 DENT models witf1py=0.01,e=0.5, s=0.5, inclination
angle 41. Colour-coded is the disc gas mass.
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Figure 5.4: Dependence of {[83.2um line flux on the stellar UV excesk),. The
black histogram counts the DENT models that result in cerf@i] 63.2um fluxes
at distance 140pc in 40 log-equidistant bins. The red hristogrepresents the low
fuv = 0.001 models, and the blue dotted his- togram the High= 0.1 models. The
difference between high and low UV excess causeereince of about 1-1.5 orders of
magnitude in line flux. The arrows show the(3).5h) detection limits of Sca/Sarart
and H:rscHEL/Pacs.

67



5.3. XDENT

A T T T T T T T | T T i ‘
14| ' . 0 5@
L T e . * T } ‘ ]
L . | ? N
i T L] P i
i L B [ . ]
L r | | »l ,
7W‘.:)' T ‘105' l ml 1
r 7 @ [ al 1 -
r w | - . 1
C L] T e
— L] L
~J L L bl | ‘ B
C L - * =]
3 | : i ®
b 16 -+ . ]
= B . bl =
= — | - .
~J I ® i L |
L- ol 4= T i
~NTY | % T T | —
w ol i \ } o 1
= 17 i » ]
O A » =
o L A | Rout [AU] i
O 1 s » 100
L e _
L e 1 |
B o PRUE R E
[ ieie 500 .
—18
19 L i | L I
—-20.0 —1 53 —-19.0 =186:5 —-18.0

NN 1 WS D
|L/L] Gkl = (\".’/’ I \11

Figure 5.5: [@Q]63um emission plotted againsfCO J=2-1 line emission for a
selection of disc models. The models are binned inxtkrection, and the mean
values and standard deviations in thandy-directions are plotted. The models are
further divided by outer disk radius, colour-coded withues of 100, 300 and 500 AU.

Plot means

In certain situations, with a large number of overlappinghfx) the scatter plots can
become rather dicult to interpret. The “plot means” option ®¥DENT is an alternative
style of plot which is intended to respresent the data magarky in such situations.
The x-axis is split into~ 40 equidistant bins (again log or linear spacing). Each bin
is then analysed, andDENT plots the mearx andy variable values, with error bars to
indicate thex andy standard deviations in a particular bin. As for the othettpig
options, an additional variable can be used to colour-che@lots (see Fig. 5.5).
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5.3.3 Model fitting

xDENT also has the option of fitting the model outputs to obsermatioThe coarse
nature of the DENT model grid means that it is not well-suiteddetailed model
fitting. Rather, the fitting feature XDENT allows users to identify a range of interest in
parameter space, to direct further research with e.g. a firelg-spaced model grid
covering that range of values. The detailed fitting of disaeis to individual target
observations is covered extensively in Chapter 6, but thisutwith the aims of the
DENT grid.

xDENT users can specify any combination of observed ling@rmbntinuum fluxes
and upper limits, and the program calculates for each mbedbilowing logarithmic
measure of deviations between model predictions and césang

1 N
2 = .
X = N; with
log(F! Od/F b9 Fosag
bs= b

Ai _ IOg(1+ O-obS/ obs) ° S ovs (51)
mOd I::)bs< 3O-Obs
obs

Wherngbs andcrobs are the observed flux and its error respectively, Epgd is the flux
predicted by the model. The sum in equation 5.1 is carriecbeet the total number
of observed fluxes provided by the user. The grid models degl fib the observations
by finding the model with the minimuiy? value.

The use of this modifieg? quantity to select the best-fitting models was motivated
by the huge range in values for each observable quantitygbeeidby the model grid.
Typically an observed data point will have models predgtualues several orders
of magnitude in each direction, and this logarithrpfcdiscriminates evenly between
values which are too high and too low. The standgrdefinition was found to favour
models which predicted values less than that which was wéderWhen fitting to
observed upper limits it is no longer possible to use thishwet andy? is defined
simply as the ratio of the predicted flux and the observed ¢woitke et al., 2011].
Due to dfficulties arising from switching between these two defingiadhe observed
upper limits are not used for my later model fittingjoets (see chapter 6), and | instead
use only the logarithmig? definition from 5.1.

69



5.4. Results

L ! | | | ! L
- beta ) ]
F 1.0 ' -
-1 1.2 il
E —17E | =
= C q ]
™~ C * ]
= -18F i
O, C 1
o F T ]
o C .
-19F -
-20F -

| . L \ | | I | | L L | |

=8 =85 —4 =2

log Mgas [Msun]

Figure 5.6: Dependence of [[83.2um line flux at distancel = 140 pc on the flaring
parametep, as function of total disc gas mabk,.s A sub-selection of 3456 T Tauri
models is plotted N1, < 1My, age< 1 Myr, fyy = 0.1, Ry, = Reupii, S= 0, inclination
angle<60).

5.4 Results

The DENT model grid data have been used in a number of stunliesek parameter
dependencies, with an ultimate aim to be able to invert thdependencies and infer
the disc properties from observations. All of these stuthi@ge use&DENT as an
analytical tool, and to produce figures for publication. insnarise here some of the
key findings from the DENT model grid.

Woitke et al. [2010] show that the calculated emission linxdk are strongly
dependent on the assumed stellar UV excess and disc flaimgb. B splits the entire
sample of DENT grid models into two groups: those with largé éXcess emission,
fuv = 0.1, and those withfy, = 0.001, and measures thei]®3.2um line emission
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from each. It is seen that thefflirence in UV excess leads to ddrence of 1-1.5
orders of magnitude in line flux. This can be attributed toitteeeased UV emission
heating the warm disc surfaces, leading to a brightenindgn@feimission lines. The
dependence on UV excess is less pronounced for HerbiBeAstars, which have a
photospheric soft UV component.

This line is also shown to be sensitive to the disc flaring ig. Bi.6, which plots
the calculated [@63.2um line flux for a subset of T Tauri discs witfyy = 0.1, as
a function of disc mass. At low disc masses the discs areailytithin, and the disc
flaring has only little influence on the line emission. Howewe the more massive,
optically thick discs, the line fluxes from the flared and rlamed discs are seen to
diverge. The line fluxes from the discs with strong flarigg (L.2) continue to increase
with increasing mass, whereas the non-flared dgesdl], in which the disc surface is
shadowed by the inner disc regions, begin to saturate witteasing disc mass due to
increased shadowing. The flared discs have warm surfaceslegrch are illuminated
by stellar light, giving stronger [(P63.2um emission. Woitke et al. [2010] propose
that for massive T Tauri discs, high{l®3.2um fluxes are a safe indicator of flaring of
the gas disc.

Kamp et al. [2011] also usgDENT to study the [@ 63.2um line emission from
discs, and find it to be on the whole a reasonable tracer of gas.mHowever, for
massive non-flaring, settled disc models without UV exciss Jine is found to sfier
from self-absorption in the cool upper disc layers. In additthe [Gi] 158um fine
structure line is strongly dependent on the stellar UV flund ¢he presence of a UV
excess, due to this line forming in the photoionised gas énthim disc surface layer.
Kamp et al. [2011] propose that the sensitivity of the lineshie UV excess and disc
flaring can be by-passed to an extent by taking the ratiomeglivhich are equally
affected by these parameters. This is the case in Fig. 5.2, wshioWvs a two-colour
line flux diagram in which the [@63 & 145um lines and the [€] 158um line are
able to distinguish betweenftkrent disc masses, for a large subset of the DENT grid
models. However, for many objects therff®45um and [Gi] 158um lines will not be
available, since they are often more than a factor of 10 daititan the [@ 63.2um
line, and so Kamp et al. [2011] also look at the low rotatioGél lines. These are
found to trace the disc outer radius, as | found in Chaptetbgitafor a much more
limited sample of models. In particular the C&231/[O1] 63.2um line ratio is found
to correlate with the disc outer radius, and this correfatiith R, can be clearly seen

71



5.4. Results

in Fig. 5.5.

Pinte et al. [2010] compare the DENT grid data to the first SelGASPS
observations, comprising Hersch#\CS line data obtained for a small sample of
objects with discs. These results confirm the predictiomftoe DENT grid, that the
line fluxes are stronglyféected by the UV excess in T Tauri stars, and the stellar UV
for Herbig stars. This study also highlights the considierglarameter degeneracies
present in the DENT grid, and notes thehdulties and potential pitfalls when
attempting to interpret line observations and invert thato physical parameters. A
better understanding of the various degeneracies mighbtened by deriving the
Spearman’s rank correlation dieient for each pair of free parameters, as was carried-
out recently by Mayne et al. [2012]. In any case, it is neagstsacombine far-IR line
observations with the low rotational sub-mm transition<C@, and continuum data,
in order to break these degeneracies. | follow this appraachapter 6, in which |
carry out detailed model fitting to a large sample of data feingle object, in order to
attempt to derive the disc properties.
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Chapter 6

Gas Modelling in the Disc of HD
163296

6.1 Introduction

In this chapter | continue my attempts to better-understhedphysical conditions
inside Herbig discs, using aftkrent approach. While the previous two chapters have
employed a statistical approach - using large samples ofrddels to seek overall
trends across the various observable quantities - in thewwlg | instead focus on
one particular object, attempting detailed model fits todtailable observations of
the Herbig Ae star HD 163296. These observations includehiesschelPACS far-
infrared data obtained as part of the GASPS program, as weldl large number of
additional line and continuum data. The work described i ¢hapter is published in
the Astronomy& Astrophysicgpaper “Gas Modelling in the Disc of HD 163296 by
Tilling et al. [2011].

The Hersch¢PACS data reduction described in Section 6.2 was carrieyput
Gwendolyn Meeus. The stellar parameter determinationritestin Sections 6.3.1—
6.3.4 was carried out by Benjamin Montesinos, Aki Roberge\adiliam Vacca. This
was an important part of this study however, since accuraiéass parameters and
knowledge of the stellar UV emission are crucial in modellihe gas chemistry and
heating. The Mrost model used to check the disc PAH emission in Section 6.5.2 was
computed by Christophe Pinte.

One important disc property for planet formation modelshis amount of gas
present as it evolves. The dust characteristics are généetter-understood than
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Table 6.1. Observed line data withekcuer/PACS. Detections are listed & +0)
whereas non-detections quote3r. There is an additional absolute flux calibration
error of 30%. In the case of the {C158um line, strong contamination from the
surrounding background prevented us from estimating a mgahupper limit.

Species A[um] v[GHz] Line Flux [L00®¥¥*Wm] Continuum (RMS) [Jy]

Ol 63.18 4745.05 193458 1646 + 0.07
Ol 145.52 2060.15 <85 2212 + 0.03
Cll 157.74 1900.55 - 290 + 0.05
p-H.O 89.99 3331.40 <9.4 1914 + 0.04
0-H,O 179.52 1669.97 <14.5 2228 + 0.08
0-H,O 180.42 1661.64 <16.2 2158 + 0.09
0-H,O 78.74 3810.01 <15.0 2100 + 0.10
OH 79.11 3792.19 <17.0 2070 + 0.10
OH 79.18 3788.84 <17.0 2060 + 0.10
CO JE36-35 72.85 4115.20 <11.6 1730 + 0.03
CO J33-32 79.36 3777.63 <228 1812 + 0.07
CO J29-28 90.16 3325.12 <111 1910 + 0.05
CO J18-17 144.78 2070.68 <131 2205 + 0.04

the gas, and the ISM gakist mass ratio of 100 is often adopted to give an estimate of
the gas mass. However, gas masses derived from millimadrsidrrmm CO emission
observations are typically lower than from dust observetiwith this assumption,
sometimes by a factor 100 [Thi et al., 2001]. This is variously attributed to gas
depletion due to photoevaporation or planet formation, @dfreeze-out on grains
[Zuckerman et al., 1995, Kamp and Bertoldi, 2000]. These llwel rotational CO
transitions are also strongly dependent on the disc sizkofien optically thick under
certain disc conditions, limiting their ability to probectdeeper disc layers [Pani¢ and
Hogerheijde, 2009, Hughes et al., 2008b]. In order to betiastrain the disc gas mass
it is necessary to observe additional gas species, suctoss tibservable in the far-
infrared. The FIR range is a crucial observing window whiah belp to resolve some
of these ambiguities. The fine structure lines of atomic @xygnd ionised carbon
probe the gas in the warm disc surface layers, and as proofu€td photodissociation
provide a good test for this proposed explanation of CO watdendance. In addition,
the high level rotational transitions of CO arise from warasgn the inner disc,
probing diferent disc regions to the low level mm CO lines.

In addition to the discrepancy between gas mass estimabes millimetre
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continuum and CO observations, there is uncertainty régguttie derived disc outer
radii from CO and continuum observations. The outer radiggsested by model
fits to dust emission is often found to be smaller than thathefdgas disc. In the
case of the Herbig Ae star AB Aurigae, Piétu et al. [2005]gasjed that a change in
dust grain properties, leading to reduced opacity in therodisc, could explain this
discrepancy. For HD 163296, Isella et al. [2007] attributieel apparent dierence
in disc radii to a sharp drop in surface density, opacity astda-gas ratio beyond
200 AU, while Hughes et al. [2008b] proposed that the apphreanflicting dust and
gas observations could be reconciled usingféetknt treatment of the disc surface
density at the outer edge, motivated by similarity solwiéor the time evolution of
accreting discs. This study attributed smaller derived daslii from dust observations
to detector sensitivity thresholds, arguing in favour ef& dust discs, albeit with an
exponentially-tapered density at the outer edge. A steegai the density profile in
the outer disc has also been observed in the case of DM Tawg Lk@Gnd MWC 480
by Piétu et al. [2007].

HD 163296 is an isolated Herbig Ae star with spectral type &lxMass- 2.5 M,
and stellar luminosity- 38 L, (this work), situated at a distance of 1682/pc [van
Leeuwen, 2007]. Scattered light and millimetre continuubseyvations indicate
the presence of an inclined circumstellar disc extendingtowa radius of 540AU
[Mannings and Sargent, 1997, Grady et al., 2000, Wisnieeatsii., 2008]. In addition,
there is evidence of an asymmetric outflow perpendiculahéadisc, with a chain of
six Herbig-Haro knots tracing its mass-loss history [Devat al., 2000]. The derived
disc dust mass is in the range<{37)x 10*M,, [Natta et al., 2004, Tannirkulam et al.,
2008a, Mannings and Sargent, 1997, Isella et al., 2007].

Recent near-infrared studies of the inner disc of HD 16328&ate an inner dust
rim feature enclosing a bright emission region extendingails towards the star.
This emission inwards of the dust rim has been attributechtogically thin inner
disc, although there is uncertainty regarding the size amaposition of such a disc.
Derived radii for the dust rim lie in the range (0.2 — 0.55) ARkepard et al., 2010,
Eisner et al., 2009, Tannirkulam et al., 2008b, Benisty et2010, Monnier et al.,
2006]. An increase in opacity at the inner rim due to subliorabf grains could
cause the rim to ptiup, and it has been suggested that this leads to time-vaselit
shadowing of the outer disc [Sitko et al., 2008, Wisniewslkile 2008]. Mid-infrared
imaging of warm dust in the disc surface layers seems toanteliitle flaring [Doucet
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Figure 6.1: Observed [{53um emission line with Hersch#ACS.

et al., 2006], and scattered light brightness profiles aresistent with a non-flared
outer disc [Wisniewski et al., 2008]. Fits to the ISO-SWSdpeof HAeBe discs led
Meeus et al. [2001] to classify HD 163296 as one of their gribwgbjects, in which
an optically thick inner disc shadows the outer disc frontiateadiation, resulting in
a non-flared geometry.

In this study | aim to fit a wide variety of observed emissiarel and the dust
spectral energy distribution (SED) simultaneously with iscdwith this observed
geometry.

6.2 HerschelPACS Observations

We have obtained observations of HD 163296 in the far-ieftarsing Herschd?ACS,
consisting of spectroscopic line observations and photigyme These include a
detection of the [@ 63 um fine structure line, and upper limits for a number of other
atomic, ionic and molecular far-IR lines. We observed HD 283 with the PACS
spectrometer in line spectroscopy mode (obsid 134219211732 sec, 3 repetitions)
and range scan mode (obsid 1342192160, 5141 sec, 3 repg}itichile chopping and
nodding.
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Table 6.2: Photometric fluxes observed with HersP&CS. These observations
(AORS 1342228401 and 1342228401) are done with the standiarsican.

A[um] 70 160
Flux [Jy] 185+3.3 202+4.0

The spectra were reduced using HIPE version 7.0, with timelata pipeline scripts
for a chopped line scan of a point source. The reduction stepsde division by the
spectral response function and Medidfg@tCorrection, as the new flat fielding task is
not yet robust for short range scans such as the presenwvabeas (PACS instrument
team, private communication). For this study, we only made of the data contained
in the central spaxel, to which we apply a wavelength-dependorrection factor
for the loss of flux due to diraction losses. With these additional steps, the absolute
flux calibration accuracy is 30% (see PACS SpectroscopyHRrence and Calibration
Document, http/herschel.esac.esa/dOTsReleaseStatus.shtml).

The line fluxes and upper limits are given with continuum datdable 6.1. The
PACS photometry data are given in Table 6.2. Comparisonecdimuthally averaged
radial profiles with the observed point spread function (P8Bing Vesta, show that
the disc is unresolved at both @/ and 16@m. The spatial extent of the observed
[O1] 63um emission is illustrated in Fig. 6.2, where it can be seenhttt@emission is
dominated by the central 9x9.4 arcsecond spaxel. This corresponds to a maximum
radial extent of 560 AU for the emission.

The pipeline reduction of the [158um range shows this line in absorption,
which is unexpected. Therefore, we also looked at the urméwbspectra in the
different chop positions. It is clear that the region around HB296 is full of
[Cu] 158um emission, and that this causes the emission feature absiggn of the
star to cancel out (and even become an absorption featune)isTlikely due to cloud
material along the line-of-sight, since HD 163296 is lodatl®se to the Galactic plane,
and is consistent with the presence of CO emission at radiatities dfset from this
object, but unresolvable with PACS [Thi et al., 2001]. Wepdlsspected all the other
lines for their unchopped appearance, but did not find coimiaion through the fiset
positions in those cases.
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Figure 6.2: [@]63um spectra observed by HerscACS towards HD 163296. Each
spectrum corresponds to a 994 arcsec pixel centered at the given coordinates.
Emission is dominated by the central pixel, corresponding thaximum outer radius

of ~560AU, assuming a distance of 118.6 parsecs to this object.
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Table 6.3: Parameters for HD 163296.
Temperature 9258 150K
Gravity (logg.) 4.07 + 0.09
Metallicity ([Fe/H]) +0.20+0.10

Mass 247+ 0.10M,
Luminosity 377+ 70L,
Age 42 + 0.4 Myr

6.3 Properties of HD 163296

The study of the disc of HD 163296 is directly linked to the Wiexdge of the absolute
parameters of the star itself and the behaviour of the sglestergy distribution (SED)
in the ultraviolet (UV), optical and near infrared (near:l®hich is mostly dominated
by stellar radiation; in particular, the energy emitted atelengths shorter than 2500
A is a fundamental piece of information used to model the,dise to its impact on
the photo-chemistry and gas heating [Woitke et al., 2010js Fection describes the
stellar properties and studies the spectral energy distoib at the range mentioned
above.

6.3.1 Stellar parameters

The determination of the stellar parameters of HD 163296 duae in an extensive
work devoted to the study of a sample of Herbig/Be stars [Montesinos et al., 2009].
Details of the methodology followed and the observatioredusan be found in that
paper. We outline in this section the relevant steps of tbegss.

An iterative distance-independent algorithm based on tiatyais of the SED and
optical high-resolution spectra (for the estimation of #tkective temperature and
metallicity), and mid-resolution spectra of the BalmerebnB, Hy and H (for the
estimation of the gravity), was applied.

The knowledge of theftective temperature, gravity and metal abundance allows
us to place the star in a lag — log T diagram and superimpose the appropriate set
of evolutionary tracks and isochrones for that specific theity [Yi et al., 2001].
This gives directly — or after a simple interpolation betwdiee tracks and isochrones
enclosing the position of the star — the stellar mass andgéeSince there is a one-to-
one correspondence between a paig;{g.) on a given track and a paif §, L./Ly),
the stellar luminosity can also be estimated.
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Table 6.4: Photometry for HD 163296.

Band A (um) Magnitude and error

Flux and error (Jy)

U 0.360 695+ 0.03 300+ 0.08
B 0.440 692+ 0.04 727+ 0.27
\Y, 0.550 686+ 0.03 656+ 0.18
R 0.640 673+ 0.05 626+ 0.29
I 0.790 667+ 0.10 248+ 0.51
J 1.215 617+ 0.05 555+ 0.26
H 1.654 549+ 0.05 669+ 0.31
K 2.179 471+ 0.05 856+ 0.39

Table 6.3 gives the stellar parameters of HD 163296 afteigatsiefinement of
the results presented in Montesinos et al. [2009], incafoy an analysis of the
foreground extinction.

6.3.2 The SED: UV, optical and near-IR observations

Simultaneous optical UBVRI and near-infrared JHK photasebtained as part of
the EXPORT collaboration [Eiroa et al., 2001, Oudmaijerlgt2001], were used to
build the optical and near-IR photospheric spectral endrgyibution of HD 163296.
Table 6.4 shows the wavelengths, magnitudes and corresgpfidxes with their
uncertainties. The calibration from magnitudes to fluxes been done using the
zero points given by Bessell [1979] for the optical and Co%99] for the near-IR
magnitudes.

Ultraviolet IUE spectra of HD 163296 were extracted from tN&ES archivé.
From the collection of 68 SW and LW (for “short” and “long wéeegth”) spectra in
low resolution, obtained through the large aperture of ffexsograph, all those that
looked clean (few or no bad pixels) and with the correct enposlassification codes
were selected. The spectra (SVWV) cover the range 1250-3000 A.

A high-resolution, far-UV spectrum of HD 163296 was coneted by combining
data taken with HST STIS and FUSE. The STIS spectra, covarisg A to 3000 A,
were obtained from the HST STIS Echelle Spectral CatalogtafsqStarCa). The
FUSE spectrum of HD 163296 is extremely noisy below 970 Ardfare, we used
only the portion between that wavelength and 1150 A in oundm&solution composite

httpy/sdc.cab.inta-csic.gaed
2httpy/casa.colorado.eduayregStarCAT
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Figure 6.3: Spectral energy distribution for HD 163296. ©heen dots represent the
fluxes corresponding to the UBVRIJHK photometry. The sizeéhaf dots is of the
order or larger than the uncertainties. The IUE averagetspa@and the FUSESTIS
spectrum are plotted in blue and red, respectively; therlatis been slightly smoothed
to reduce the noise. The Sp#RTF spectrum is plotted in magenta. The black solid
line is a photospheric model computed for the specific stpisameters given in Table
6.3, reddened with E(B-W¥}+0.15 and normalized at the flux in V. See text for details.

UV spectrum for HD 163296. FUSE spectra contain strongséiieg airglow emission
lines, due to the large size of the observing aperture. Weveththese lines from the
HD 163296 spectrum before stitching it to the STIS spectrum.

A comparison of the IUE and FUSESTIS spectra shows that theyffér in the
level of their continuum. The IUE spectra with the largesk flavels are a factor
~ 1.6 higher than the FUSESTIS spectrum, therefore, regarding the modelling, the
ultraviolet contribution of the star will be represented two different UV input
spectra, namely a “low UV” state, corresponding to the FWUSEIS spectrum, and a
“high UV” state, corresponding to the average of the highigEtspectrd (see section
6.4.1).

In addition, a near-infrared spectrum of HD 163296 was olediat the NASA

3The average IUE spectrum was build with the following indival spectra: SWP 28805, SWP
28811, SWP 28813 and LWR 02065.
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Infrared Telescope Facility (IRTF) on Mauna Kea on 2010 8ayith SpeX [Rayner
et al., 2003]. Ten individual exposures of the target, eastiig 32 s, were taken using
the short-wavelength cross-dispersed (SXD) mode of Spéks. mode yields spectra
spanning the wavelength range 0.8—2m divided into six spectral orders. The slit
width was set to 8, which yields a nominal resolving power of 2000 for the SXD
spectra. Observations of HD 156717, an AO V star, used adllaritestandard” to
correct for absorption due to the Earth’s atmosphere anduxoctlibrate the target
spectra, were obtained immediately preceding the obsensaof HD 163296. The
airmass dterence between the observations of the object and the sthwda 0.06.
The seeing was estimated to be0’3 — 0’5 at 2.2um during the observations and
conditions were clear. The statisticaNSvaries across the spectral range but is of the
order of several hundred over the entire SXD spectrum. TleX$ata were reduced
with Spextool [Cushing et al., 2004] and the telluric cotiat was performed using
the procedures and software described by Vacca et al. [2003]

Figure 6.3 shows the SED of HD 163296. The solid black line phatospheric
model computed foll ¢ = 9250 K, logg. = 4.07 and [FgH]=+0.20 from the GAIA
grid of models created with the PHOENIX code [Brott and Héuilge, 2005]. The
model has been reddened with E(B=W0.15 R, = 3.1); this will be discussed in
section 6.3.4.

6.3.3 Spectral type from the ultraviolet and near-infrared spectra

Despite the fact that the precise determination of theastpthrameters has been done
through a careful analysis of a variety of observations,@abave mentioned in section
6.3.1, an attempt to determine the spectral type of HD 168286nore qualitative way
has been done using the ultraviolet and near-infrared ipect

A comparison of the ultraviolet data with IUE spectra of statassified as
“spectral-type standards” was done . The spectra were fakerthe “IUE Ultraviolet
Spectral Atlas of Standard StatdWu et al., 1983, 1992]. It is interesting to note
that below 2000 A, for a given spectral type, the ultravisieectra of the “spectral-
type standards” themselves are verffatient, in particular for AO V and Al V. If we
consider only the region above 2000 A, the comparison suggleat HD 163296 is
closer to A3 V (and possibly slightly later), however, if aldhéxtinction is present,
the UV spectra would be also close to that of A1 V stars. A lagginction would

“httpy/www-int.stsci.edg@ijinger/iwelyproj/project.html
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push the spectral type determination towards earlier sgdgpes.

A similar exercise of spectral typing was done by a comparigbthe SpeX
spectrum in the YJ bands (0.85 — 1.a5) with Kurucz synthetic models (see
Montesinos et al. [2009] for references regarding the sgiitodes and models used).
The spectrum is complex, the rangel@f’s explored with the Kurucz models (8750—
9250 K, corresponding to A3V and A1V) does not produce sigaift Paschen line
variations. The Paschen line wings of HD 163296 are narrdten in any of the
models, which would suggest temperatures of 9250 K or higftee metallic lines are
faint, their typical intensity being lower than 5% that oetbontinuum. Some lines
are deeper than in any photospheric spectrum, which sugtespresence of some
circumstellar absorption. Some lines are much fainterctvsuggests an spectral type
A1V or earlier, or dust emission veiling. Good agreementigly found. Although
we fail to find a unique combination dfy; and logg that provides an adequate fit to
both the UV and NIR spectra of HD 163296, all data are consistéth an A1-A3
star, seen through mild foreground extinction.

6.3.4 The extinction

The determination of the extinction is an intricate probleffhe classical method
of comparing the observed colours with those of standamg sfasimilar properties
does not lead to any conclusive result, given the slightabdity of the star and the
photometric (and spectral type) uncertainties. For nostaa, the UV part of the SED
can be used to estimate this parameter, but in the case of BRO96&he ultraviolet
spectrum is variable and has contributions both from theqephere and the accretion
shock that are diicult to quantify. The extinction seems to be mostly circuatiat,
therefore the exact value of the constBytis not known. The observations available
do not allow us to disentangle completely this problem.

The strategy followed to assign a value of E(B-V) to this $tas four steps: 1)
introduce extinctions from E(B—\£0.0 to 0.2 to the photospheric model, 2) normalize
the reddened model photosphere to the flux at V, 3) de-redaendrmalized model
and estimate the integrated stellar flux,; note thatF, is the flux that would be
observed in the complete absence of extinction. Obviodglgrent extinctions imply
different values oF,. A value of Ry =3.1 has been used.

The fourth step is based on the following argument: sincestiiar luminosity
L./Ls is known through the distance-independent method outlinegkction 6.3.1,
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an estimation of the distancd, can be obtained simply from the expressian=
4nd?F,, where it is assumed that the whole star is visible, i.e. anpant of the stellar
flux is completely blocked by the disc of other circumsteiteaterial (see a complete
discussion of this issue in Montesinos et al. [2009]). THee/&(B—V)=+0.15 allows
us to recover a distance of 128 pc, which matches the Hippalistance to within the
uncertainties, therefore it has been adopted as the optiextinttion for consistency
with the whole set of parameters. We would like to point oat that value is a simple
parameterization of a very complex problem and that a destpdy, outside the scope
of this chapter, would be needed to study all its peculesiti

In Fig. 6.3 the photospheric model reddened with E(B=-).15 has been plotted.
It goes through the two ultraviolet spectra but falls belathbof them at wavelengths
shorter than- 1260 A, and it also underestimates the flux at U. Note that thdeh
is purely photospheri¢ therefore the excess fluxes inferred from the observed data
when compared with the model might be due to emission fromatweetion shock,
i.e. with a non-photospheric origin. The observed SED setndepart from the
photospheric SED at around 1 um, where the contribution from the disc starts to
become noticeable.

6.3.5 Observational constraints

In addition to the new Herschel data | have further conséghimy disc models
using SMA interferometric observations of the332 transition in'2CO and PBI
interferometry of thé2CO 2-1 and*CO 1-0 transitions [Isella et al., 2007], an upper
limit for the S(1) transition in H obtained by VLJVISIR [Martin-Zaidi et al., 2010],
the 1ISO-SWS spectrum in the infrared, and a wealth of photoeéata, including
SCUBA photometry in the sub-mm [Sandell et al., 2011]. See &4 for a full list of
the photometry sources.

There is a wealth of observational data available for HD B&®&hich constrains
to varying extents my choice of model parameters. As well #igdito the data
mentioned in the previous paragraph, | have taken care nebméradict current
understanding of the disc geometry. There is at present smoertainty regarding
the radial extent of the disc. Scattered light imaging iathe an outer edge for the
dusty disc of~ 540 AU, consistent with that derived for the gas disc fromlimitre
CO emission by Isella et al. [2007]. However, the resolved comtinuum emission
seems to indicate a smaller outer disc radiu200 AU [Isella et al., 2007]. Hughes
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Table 6.5: Fixed disc model parameters.

Quantity Symbol Value
stellar mass M, 2.47M,
effective temperature Ter 9250K
stellar luminosity L, 37.7L,
inner disc radius Rn 0.45 AU
dust material mass density  pg 3.36gcm®
strength of incident ISM UV~ y'SM 1
cosmic ray H ionisation rate  /cr 17x10% st
turbulent Doppler width Viurb 0.15kms?
a Viscosity parameter a 0
disc inclination i 50
distance d 118.6pc

et al. [2008b] propose that the millimetre continuum and G®&nission can be fit
simultaneously by a disc with an exponentially-taperec¢patige. For the purposes
of my modelling, | adopt the surface density profile derivgdHughes et al. [2008b]
for this object, and attempt to fit simultaneously the renmagjrobservational data
(SED, line fluxes, CO line profiles) by varying the remaininigcdparameters. As
an additional test, | compute a model with a power-law dgngibfile, varying in
addition the column density power index to fit the same daX3ine fluxes, CO line
profiles). For the purposes of this power-law model the digeoedge is fixed at the
scattered light radius of 540 AU. These adopted disc outkraee consistent with our
far-infrared photometry measurements, in which the dismresolved, corresponding
to the emission at these wavelengths being dominated byntiez + 200-300 AU of
the disc.

The disc is also resolved at the inner edge, and while theserise uncertainty
regarding the precise structure in this region [Renard.e2@lL0, Benisty et al., 2010,
Eisner et al., 2009, Tannirkulam et al., 2008b], | adopt treslian value of 0.45AU
for the inner disc radius. The disc is assumed to have canBBgaimg with radius,
i.e. the assumed inner rim structure does not cause shaglovime reference scale
heights referred to in my results (see Table 6.6) are defindtieainner rim, i.e.
R =0.45AU. The disc inclination is fairly well-constrained lipaging at various
wavelengths [Benisty et al., 2010, Wassell et al., 2006ldst al., 2007, Tannirkulam
et al., 2008a, Grady et al., 2000], and is fixed &t B@oughout the modelling in this
paper. See Table 6.5 for a full list of the parameters whietfiaed during the model-
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fitting process.

While | have not used the spatial CO emission maps as a coristoat my
modelling dforts, | do use the extracted line profiles for the three COslifisella
et al., 2007] as a constraint for the radial origin of the eois. The interferometry
allows one to isolate the emission from the disc, elimirgatiantamination from cloud
material. The bulk of the modelling uses a surface densi§ilprderived from fitting
to the spatial CO 3-2 emission [Hughes et al., 2008b].

6.4 Modelling

The disc modelling was carried out using the radiation tleeaimemical disc code
ProDiMo [Woitke et al., 2009a, Kamp et al., 2010]. The code solvesum the
radiative transfer problem, chemical network, and gasihgatnd cooling balance.
Finally, the level populations are calculated, followedlioy transfer calculations to
give the predicted line emission.

The frequency-dependent 2D radiative transfer solveutaties the dust temper-
ature structure and internal continuous radiation field &ogiven disc and stellar
spectrum. For the purposes of this chapter it was used tondigie an SED-fitting
dust model for HD 163296, by varying the total dust mass,ngsae parameters and
the spatial distribution of dust in the disc, including dsesttling as a function of grain
size (see Section 6.5.1).

Once the dust temperature structligs(r, z2) and internal radiation field,(r, 2)
have been computedréDiMo solves the chemical network assuming kinetic equi-
librium (such that the net concentration of each species doé change over time),
and the gas energy balance. This gives the chemical congositthe disc, the gas
temperaturd 4.{r, z) and the gas emission lines, and depends on the gas-toadiast r
and PAH abundance. The chemical network includes 973 meachetween 76 gas
phase and solid ice species composed of 10 elements [Wagdall, 2007, Schoier
et al., 2005b]. There is a detailed treatment of UV-photctieas [see Kamp et al.,
2010], as well as kiformation on grain surfaces, vibrationally excited ehemistry,
and ice formation (adsorption, thermal desorption, ptdgserption, and cosmic-ray
desorption) for a limited number of ice species [see Woitka.e2009a, for details].

The level populations of the various atoms, molecules ansld@oe calculated using
an escape probability method, and used to solve the linsfeafor selected spectral
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lines, in this case those of CO [Flower, 2001, Jankowski arade®vicz, 2005, Wernli
etal., 2006, Yang et al., 2010],B [Barber et al., 2006, Dubernet and Grosjean, 2002,
Faure et al., 2007, Green et al., 1993, Tennyson et al., 200brahamsson et al.,
2007, Bell et al., 1998, Chambaud et al., 1980, Jaquet €982, Launay and Rote
1977] and @ [Flower and Launay, 1977, Launay and R6u&977, Wilson and Bell,
2002]. See Woitke et al. [2011] for a description of the lin@nsfer calculations,
as well as recent improvements to the chemistry and gasnigégztoling balance in
ProD1iMo.

6.4.1 Input spectrum

The stellar input spectrum used for the modelling is a cont@ad the available
observed UV data with a model photosphere spectrum in theleagth range for
which detailed spectral data are not available. | have adeoufor the observed
ultraviolet variability of this object (see Section. 6.3y kunning two sets of disc
models with diterent UV input spectra, namely, one representing the “low’ UV
state and the other a “high UV” state, as described in Sed@i82. These were
provided by the FUSESTIS and the IUE average spectra, respectively. At the upper
wavelength boundary I switch in each case to the GAIA PHOEMb¢el photosphere
computed withTe; = 9250 K, logg. = 4.07 and [FgH]=+0.20. The observations
were de-reddened using the Fitzpatrick parameterizafibnpatrick, 1999) with E(B-
V)=+0.15 andR, =3.1.

The UV spectrum is of central importance to the gas modellingth in the
chemical network and in the gas heafocwpling balance. This requires UV input
for wavelengths of 912 A and above (the wavelength at whicmat hydrogen is
ionised). The FUSE spectrum in this case only extends dov@7@A, and the IUE
spectrum down to 1150 A. In order to give a full spectrum fordelting purposes,
the “high UV” input is extended down to 970 A by scaling the STFUSE (low UV)
spectrum accordingly. In both cases a power-law fit to tha daemployed for the
remaining shortfall. The total photon particle fluxes aréwgreater for the high UV
input spectrum than for the low UV state.
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6.4.2 Fitting procedure

| have utilised a Monte-Carlo evolutionary method, varythg 11 parameters listed
in Table 6.6. Deviations between model predictions and mbsens were measured
using the same logarithmji& parameter as defined in equation 5.1. This was applied
separately to the observed photometry pointsaadbints in the observed ISO-SWS
spectrum, and the available gas line observations (se®8&cB.5). In the case of the
line observations the models were fitted to the observedd|ued the line widths in
the case of the CO sub-mm observations, for which profileg aeailable. The upper
limits were not used as a fitting constraint, but were checkgainst the predicted
best-fit model fluxes for any contradictions.

The application of eqn. 5.1 to the three sets of observatiessits iny3, . xfso
and)(ﬁne respectively, and the total quality of the model fit is theltgkated as

XZ = \Nphm)(gzahot + \NISOXIZSO + \N”ne)(ﬁne (6 1)

with weightswP"°'=0.15, w'S°=0.3 andw® =0.55.

The y? value was then minimised by applying a (1,11)—evolutiorsirgtegy with
automated step-size control [Rechenberg, 2000]. Theeglyatses 1 parent producing
11 children with slighly modified parameters, the best ofchihwill become the parent
of the next generation. The step-sizés treated as an additional parameter which is
passed-on to the children.

It should be noted that the best-fit parameters depend inrgleme the weighting
scheme employed for the three groups of observations; ictipeait was found that
weighting slightly in favour of the line emission and 1SO-SVébservations at the
expense of the photometry gave the best fit overall. | alse tio¢ possibility that
the converged parameter values correspond to a jgcalinimum, and not a single
global minimum, and do not claim a unique fit to the observetidndeed, it is clear
from my modelling &orts that there exist many degeneracies between the various
parameters. However, each of the models discussed in tloaviioy) sections are the
result of several hundred generationg®fminimisation.

6.4.3 Dust properties

The rich solid-state spectrum of HD 163296 was observed bydem Ancker et al.
[2000], using the ISO-SWS and ISO-LWS spectrometers. Tindydound the dustin
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this object to consist of amorphous silicates, iron oxidatevice and a small fraction
of crystalline silicates, with the presence of large mi#ine-sized grains indicated by
the continuum temperature.

| assume homogeneous and spherical dust grains (Mie theuaiti)a power-law
size-distribution defined by a minimum radiag,, maximum radiug,ax, and power-
law indexp. The grain composition is assumed to be constant througheutisc, and
| adopt the dust species mixture determined by Bouwman §@00] for this object,
averaging their fractional species abundances over tlogske Table 6.7). All grains
have the same species composition regardless of theirasideghe grain composition
is not treated consistently with the physics and chemidtiyrains. For instance, the
assumed grain water ice fraction is constant throughoutibe independent of the
water ice abundances calculated in the solution of the at@@metwork. For the dust
material mass density, | take the average value for this & 36 gcnr3. Optical
constants for the various dust species were taken from mexasats made by the
studies listed in Table 6.7.

Bouwman et al. [2000] carried out a detailed study of thigobjfitting to spectral
data over a large wavelength range. | note however that thisogiacity law represents
a potentially large source of uncertainty when deriving thec parameters. For
instance, the two olivine species FeMggi@nd MgSiO,, whilst having broadly
similar spectra in the wavelength range observable by 18C5Shave a factor 30
difference in absorption opacity atl micron. This will inevitably &ect the derived
disc parameters, although theffdrence in opacities at millimetre wavelengths is
negligible. The models referred to in this study have exiomcopacities in the range
(10.4 — 12.8) crfig~*(dust) at Imm.

6.4.4 Gagdust ratio

The models considered have constant dust properties vdilisraHowever, in general
the models do allow for dierential dust grain scale heights as a function of grain size
to represent the majoffects of dust settling. This leads to a local fgast ratio which
varies with height in the disc, yet at any given radius therat the vertical gas and
dust total column densities is constant, and equal to theafjlgagdust ratio. The
degree of dust settling is determined by a simple paransetéyn (see Section 6.5.1),
and models in which no dust settling is present are refeored tfully mixed”.
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Table 6.6: Model parameters for four well-fitting disc maleélhe first three columns
refer to models with exponentially-tapered density prefilghile model 4 is a simple
power law. Models 1, 3 and 4 are for a “low UV” input spectrumilelmodel 2 is
for a “high UV” flux. Finally, models 1, 2, and 4 allow dust gnaito settle towards
the midplane while model 3 is fully mixed. Model 3 represanisoverall “preferred”
model, which is later discussed in detail, and is marked bgsterisk.

@ @ () 4
Quantity Symbol “low UV” “high UV~ Fully mixed Power-law
disc mass Maisc 22x10%My 20x102My, 71x102My, 11x102My
column density power index € n/a na na 0.085
reference scale height Ho 0.019 AU 0019 AU Q019 AU 0027 AU
flaring power B 1.068 1066 1.066 1.019
gas-to-dust mass ratio plpd 218 205 101.1 9.1
minimum dust particle radius Amin 595x103um 125x103um 963x103um 124x102um
maximum dust particle radius 8max 1134um 1405um 2041um 1015um
dust size dist. power index p 361 357 3.68 3.75
dust settling parameter S 0.57 039 0 (fixed) 0.56
minimum dust settling radius Aset 1.09um 0.44um na 0.81
PAH abundance relative to ISM  fpap 43x10°2 35x 1072 6.8x 1073 22x1072
fit to observed photometry XPHOT 1.723 2.061 1.323 1.279
fit to ISO-SWS spectrum X1SO 1.326 1.378 1.780 0.827
fit to observed line data XLINE 0.661 0.741 0.742 0.607

6.5 Results

Table 6.6 gives the derived parameter values for four ruikeévolutionary scheme
outlined in the previous section. The first three columnsrred models with a fixed
exponentially-tapered density profile. The fourth columiers to a model with power-
law density profileX o« R, in which the outer radius is fixed at 540 AU but the power
index,e, is allowed to vary.

The surface density profile in the models with an exponentigér edge (columns
1-3) takes the form

: (6.2)

2-y
2(R) <R exp l— (%)

wherey is analagous to the power law index, aRglis the scale length over which
the disc surface density tapers exponentially. | adopt teeipusly derived values of
v=0.9 andRy, =125 AU [Hughes et al., 2008b]. For the purposes of my modglline
disc chemistry etc. was computed out to 850 AU, at which pi@tcolumn density is
negligible.

The first, “low UV” column uses the FUSESTIS UV spectrum as input for the
modelling, and the second “high UV” column uses the averddfeé $pectrum, as
described in Section 6.4.1. Both runs produce settled digtis variable scale heights
for dust grains of dterent sizes. The third column in Table 6.6 gives the results
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Figure 6.4:. Spectral energy distribution for the best-filyfumixed disc model

(“preferred” model), obtained from a simultaneous fit to étserved SED, ISO-SWS
spectrum and line emission from HD 163296 (solid black linBJack dotted line

indicates the SED for the model with power-law density pepfivhich is unable to
fit the mm continuum image for HD 163296. Blue circles indec&with increasing

wavelength) simultaneous UBVRIJHK photometry [Eiroa et @001, Oudmaijer
et al., 2001], LM photometry [de Winter et al., 2001], IRASgvbmetry (12-100

mic), sub-mm photometry [Mannings, 1994], and millimetr®fometry [Isella et al.,

2007]. Also marked are PACS photometric observations (metes), PACS continua
derived from the spectroscopic observations (black @)cl6SCUBA photometry
(green circles) [Sandell et al., 2011], scaled YWVES spectrum (blue line, Martin-
Zaidi, in preparation) and the ISO-SWS spectrum (greer).lifiee red line shows the
stellarrUV input spectrum. Downwards arrow denotes upper limit. fAlkes were

corrected for interstellar reddening using the Fitzp&tparameterisation [Fitzpatrick,
1999] withR, =3.1 and E(B-\40.15.
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Figure 6.5: 1.3mm continuum emission maps for HD 163296.nHeft: observed
map; emission map for preferred model (column 3 in Table;6résiduals for

preferred model; emission map for power-law model (columin4Table 6.6);

residuals for power-law model. Residuals computed by agbirg the model intensity
from the observed intensity. Contours spaced at 12 mJyvaitercorresponding to
[3,6,9,12,15,18,21,24,27,30,33,36,39,4245]

for a run with well-mixed dust grains, i.e. no settling isroduced. This run uses
the FUSE-STIS (low UV) spectrum, as does the run with power-law s@fdensity
referred to in column 4.

None of the models described in Table 6.6 represent a pefifetd all the
available data for HD 163296, but in all cases the models hie ta fit almost all
the observations. Considering the large number of datafosélde modelling, and the
range of parameters covered by the well-fitting models, ©aar that there is some
degree of parameter degeneracy present.

6.5.1 Continuum emission and spectral energy distribution

The SED for the best-fit fully mixed disc model (column 3 in T&b.6) is shown
in Fig. 6.4. With the constraints outlined in previous saa$, my aim was to fit the
observed SED with a simple dust model, i.e. a continuouswligtconstant flaring,
and dust species composition constant throughout the Alilsaf the models described
in Table 6.6 require the presence of mm-sized grains in dodi#rthe observed SED.
It was not possible to fit both the 10 micron silicate featund ¢ghe millimetre tail
with a well-mixed disc. This can be seen in Table 6.6, wheeeftily mixed model
gives a worse fit to the ISO-SWS spectrum than for the modeihioh dust settling
is present. Fig. 6.4 shows that the best-fit fully mixed magleés a smaller than
observed silicate emission feature. Sitko et al. [2008kokesa spectral variability of
~ 10% in the wavelength range covered by the ISO-SWS data, aild lham unable
to fit the observations to within this range with even a séttteodel (simultaneously
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Table 6.7: Dust grain composition.

Dust Species Mass Fraction Optical constant ref.
Amorphous FeMgSiQ 0.745 Dorschner et al. [1995]
Amorphous Carbon 0.15 Jager et al. [1998]
Crystalline MgSiO, 0.035 Servoin and Piriou [1973]
Water Ice 0.035 Warren and Brandt [2008]
Iron Oxide 0.02 Henning et al. [1995]

Iron 0.015 Posch et al. [2003]

with the overall SED and line data), the fit is considerabligdyehan is possible with a
well-mixed disc. This result is similar to that found for IMupi by Pinte et al. [2008],
in which a settled disc was needed to fit theub®silicate feature and SED millimetre
tail simultaneously.

On the other hand, the constraint of fitting to the ISO-SWcspm leads to
models which produce too much emission in the near-infrédgld and K bands),
giving an overall worse fit to the observed photometry. Tliisct is less pronounced
in the best-fit fully mixed model (column 3 c.f. columns 1&2 Table 6.6). The
flux overprediction in the settled models is likely mainlyedio the smaller average
grain size in the strongly illuminated disc surface layeheTcondition of radiative
equilibrium between grains means that this gives a higherage grain temperature at
the disc surface, and the re-emitted light peaks at shodeelngth than for the fully
mixed models (in the near-IR as opposed to the mid-IR). This dverprediction is
still present to a smaller extent in the fully mixed modelg($ég. 6.4). This could be
a consequence of my fixing the disc inner radius for modelbugoses, and a better
fit in the near-IR would be possible if | had allowed the innadius to vary. It is
also probable that the structure of the inner rim is more dernhan allowed by this
parameterised model, with evidence foffng-up of material, which would certainly
affect the emission at these wavelengths. There is also sigmifi@riability observed
for this object in this wavelength region [de Winter et abD02, Sitko et al., 2008].

Dust settling enhances the silicate emission feature foogically thick disc
since it removes the large grains from the surface layeis péaces them at smaller
heights in the disc where they cannot be observed at midrdrwavelengths. The
flat blackbody opacity of these larger grains is overwhelrbgdhe characteristic
spectrally-varying opacity of smaller micron-size grawtsich remain at lower optical
depth, dominating the observed emission.
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In cases such as this where a simple parameterised dis¢usérus assumed,
ProDiMo implements a simple recipe to account for the majtects of vertical dust
settling. It is assumed that the dust grains are distributetically with a scale height
which decreases for large dust particles:

H’(a,r)=H(r) - maxX1,a/as ¥ (6.3)

whereH(r) is the gas scale height, ascandas are two free parameters (see Woitke
et al. [2010] for details).

Introducing two additional parameters to the modellingvitably improves the
fit to the observed data, and indeed the combined fit to theopinetty, ISO-SWS
spectrum and line emission does improve overall as dudingei$ introduced. The
fact remains, however, that it is possible to obtain a godo fitmost all the available
data with a well-mixed disc, with a gakust ratio almost equal to the canonical value of
100, and so | adopt this model, described in column 3 of Talélea® my “preferred”
model. However, the inability of a well-mixed disc such as tto fit the observed
emission in the mid-infrared means that there remains cimgevidence for a disc
exhibiting dust-settling, able to fit the line emission watldepleted gddust ratio (see
column 1 in Table 6.6). Thefkect of dust settling on the line emission is further
explored in Section 6.5.2.

The model with power-law density profile (column 4 in Tablé)&gives the best
overall fit to the SED, ISO-SWS spectrum and line emissioa [&8g. 6.4), with quite
different disc parameters to the three models with exponenttat @dges (columns
1-3). The disc requires a very flat density profie,~ 0.085, in order to fit these
observations (not including spatial data). The predictédlinetre continuum emission
from this model is plotted with the observed maps in Fig. 6lbis clear that the
flat density profile leads to an emission deficit in the innescdn comparison to
observations, and so this cannot be considered to be a goddl oy the disc of
HD 163296. A better power-law model could be found by usirggrtiaps as a further
constraint for the modelling, but that is beyond the scoplisfwork. The fully mixed
“preferred” model gives a better match to the observed métre emission, as should
be expected since its density profile is derived from fittioghtis data [Hughes et al.,
2008b]. The factors driving the power-law model to such ad&atsity profile will be
discussed in Section 6.5.2.

The power-law density profile model is, however, able to fé tion-spatially-
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Figure 6.6: Plotted in black are the line profiles observetkbija et al. [2007] for the
12CO J=3-2 (upper panel}?CO J=2-1 (middle panel) an*CO J=1-0 (lower panel)
transitions, with the corresponding profiles from the pmefé disc model in red. This
refers to a single simultaneous fit to the observed continandline data (column 3
in Table 6.6). Observed profiles are obtained by integradireg the whole disc.
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resolved data with a smaller flaring index {.02) than the exponentially-tapered discs
(~ 1.07), more in keeping with the observational evidence fossa that is not strongly
flaring [Meeus et al., 2001, Doucet et al., 2006, Wisniewskle 2008]. Meeus et al.
[2001] classify HD 163296 as a group |l object, in which theaéndisc shadows the
outer disc, as opposed to group | objects which have a flarechgiey. Meijer et al.
[2008] find HD 163296 to lie on the transition between flared maon-flared geometry,
i.e. aflaring index close to 1. Itis clear that my “preferreaddel is unable to account
for every observed property of the disc of HD 163296, and irsbable that a more
complex model - with non-constant flaring and variable duspprties with radius -
would be required to simultaneously fit the full set of obs¢ional data available for
this object.

The models described in Table 6.6 have disc dust masses rarbe (7— 12) x
10*M,, which is within the range of masses<{8.7)x 10*M,, found in the literature
for HD 163296. This small spread in dust mass from my fittiffgrés is unsurprising
given the fixed disc size and constant grain composition.

6.5.2 Gas properties

The predicted line fluxes for the various models are givereipld 6.8. | have ignored
the [Gi] 158um result during the model-fitting process, due to systemetoertainties
arising from strong emission at th&get positions.

The observed line profiles for th#CO J=3-2, 12CO J2-1 and**CO J1-0
transitions [Isella et al., 2007] are plotted with the pregd model profiles in Fig. 6.6.
The observed profiles are double-peaked, consistent witkcardKeplerian rotation.
The CO 3-2 line is observed to be brighter than predicted éyrtbdel. This behaviour
is repeated across the three exponentially-tapered mdulelis less pronounced in the
power-law model, whose flat surface density profile gives@elaCO 3-2 flux. Discs
with flatter density profiles allow stellar radiation to paagée deeper into the inner
disc, resulting in a slight increase in temperature throughhe disc, including its
outer regions. This leads to brighter CO 3-2 lines since tfaissition is optically
thick in all of my models, and is largely dependent on the dister radius (which is
fixed) and the outer disc temperature at intermediate hésgletFig. 6.8). The CO 2-1
line also follows this behaviour, with the line flux ratio ine models staying roughly
constant at a value of CO 3120~ 3, as expected for lines formed under optically thick
LTE conditions [Kamp et al., 2010]. This is slightly lowerath the observed ratio of
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Table 6.8: Integrated line fluxes for the transitions obséryy PACS, and additional CO and khes, as predicted by the models
listed in Table 6.6. Observed fluxes for comparison. Flurgd 0¥ W/m?]. Errors are a quadratic sum of the calibration error
(20% for the interferometric CO observations and 30% forRAES observations) and the RMS continuum noise.
Species A[um]  v[GHz] “low UV” model “high UV”model Fully mixed model Powelaw Observed Flux
ol 63.18  4745.05 200.6 222.0 191.4 170.3 193.1(58.2)
ol 145.52  2060.15 6.29 7.33 5.39 4.59 <8.5
Cll 157.74 1900.55 8.32 8.40 11.2 9.98 -
p-H, O 3, — 257 89.99  3331.40 1.22 1.68 1.20 0.353 <94
0-H0 2y, —» 15 179.52  1669.97 4.40 4.19 2.43 3.94 <145
0-H0 2; —» 2, 180.49 1661.64 0.847 0.993 0.618 0.243 <16.2
0-HO0 43, —» 31,  78.74  3810.01 2.33 2.94 2.20 0.840 <15.0
0-H, S(1) 17.03 17603.78 1.15 1.59 1.15 0.572 <28
OH 79.11 3792.19 4.59 6.31 5.40 2.71 <17.0
OH 79.18 3788.84 4.78 6.54 5.59 2.82 <17.0
CO E36-35 72.85  4115.20 0.335 0.489 0.423 0.132 <116
CO E33-32 79.36  3777.63 0.497 0.704 0.578 0.197 <228
CO J=29-28 90.16  3325.12 0.763 1.03 0.732 0.311 <111
CO Xk18-17 144,78 2070.68 1.91 2.31 1.49 0.851 <131
CO J3-2 866.96  345.80 1.26 1.27 1.22 1.49 1.65(0.39
CO k2-1 1300.40 230.54 0.401 0.401 0.397 0.464 0.379(0.11
13CO J1-0 2720.41 110.20 0.0122 0.0115 0.0120 0.0127  0.01247p.0

s)nsay ‘6’9 @ X



6.5. Results

CO 3-22-1 = 4.3. Recent observations of this object give a peak intedie5 Jy
for the 3-2 line [Hughes et al., 201 compared with 43 Jy in the Isella et al. [2007]
data and the 30 Jy predicted by my preferred model. The gestiftux is within the
calibration error margin for both observations, but fittieghe lower value would in
general tend to lead to power-law models with steeper depifiles, in contrast to the
flat power-law profile | obtain from fitting to the brighter adygation. Another factor
driving the power-law models to flat density profiles is theprediction in near-IR
continuum emission by my models. The inner radius is fixeccooedance with high
resolution imaging, and so the power-law models tend togedheir near-IR emission
by removing material from the inner disc, giving a betterdithie photometry.

PAHSs are one of the main sources of gas heating in the discygshidtons cause
them to emit excited electrons via the photoelectftea, which thermalise in the
gas. For the purposes of the modelling | consider a typiad sf PAH molecule
(circumcoroneneN¢ = 54 carbon atoms andy = 18 hydrogen atoms) and include
PAH-, PAH, PAH", PAH?* and PAH* as additional species in the chemical network
(see Woitke et al. [2010] for further details). The fracabAH abundancefpan,
is defined relative to the standard ISM particle abundandk mispect to hydrogen
nuclei, X5 = 3 x 107" [Tielens, 2008], so that the PAH abundane¢PAH) =
fran Xoan Ifl—g Small fpay values (0.007-0.04 relative to ISM abundances) are regjuire
in my models in order to fit the observed line data. This is &iaat with the findings
of Geers et al. [2006], who require PAH abundandgg; < 0.1 in order to fit the
observed PAH emission from Herbig discs. PAH emission wdasoheerved in HD
163296 by Acke et al. [2010], and we have used the Monte Cadative transfer
code Mrost [Pinte et al., 2006] to check that our results are consisigtit this
non-detection. A disc model with parameters and PAH abutelaaentical to the
preferred model gives an infrared spectrum in which no PAHssion is seen. This
is due in part to the low flaring in the disg,= 1.066, and the large fraction of small
dust grains in the disc, with significant opacity in the oglV range over which
PAH molecules absorb. This results in the PAHs being “hiddeom direct stellar
illumination, absorbing a fractior 10~ of the energy absorbed by the disc. In the
preferred model 0.3% of the total carbon mass is tied up in Rdtecules.

The total hydrogen number density and gas temperaturenthiidisc are plotted

5This CO 3-2 data also seems to indicate the presence of amteibf order 0.3 kys in the disc of
HD 163296 [Hughes et al., 2011]. | have not yet explored tfeceof this possible stronger turbulence
on my results.
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Figure 6.7: The total hydrogen number density (left panet) gas temperature (right
panel) are plotted for a vertical cross-section througlptieéerred disc model (column
3in Table 6.6). Dashed lines indicate contours of gas teatper and visual extinction
Ay, as marked.

in Fig. 6.7, and the spatial origin of the various emissioediis visualised in Fig. 6.8.
These plots all refer to the “preferred” disc model, i.e. anghich no dust settling
is present. The CO=B-2 and [@Q] 63um lines are optically thick throughout the disc,
and cannot be used alone to trace the gas mass. EvéfCBdine is optically thick
throughout much of the disc, only becoming optically thinside of~ 400 AU. Also,
there is evidence that this line (and most others) carflieetad by the degree of dust
settling in the disc (see Section 6.5.2). The [CII] 157uMline is optically thin, but
traces only the warm ionised gas in the disc surface. Cleary must be taken when
attempting to use individual emission lines as a tracer sfrgass. Note the contrast
in disc radii at which line and continuum become opticallytim the case of CO 3-2,
reflecting the conflicting derived radii for the gas and dustslin HD 163296. The
line optical depths in Fig. 6.8 were computed using an espagaability formalism,
and do not take into account thfexts of Keplerian shear in the disc.

As well as optical depthfeects, disc gas mass estimates from CO emission alone
can be #ected by the extent of CO freeze-out on grain surfacesDMMo calculates
the grain adsorption and desorption as part of the solutidheochemical network,
and the spatial abundances of gas-phase and ice CO in miitoastdel are plotted in
Fig. 6.9. The total mass of gas-phase CO in the dis&is £ 10°M,, and the CO ice
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Figure 6.8:spatial origin of the various gas emission lines in the pretemodel (column 3 in Table 6.6). From top-left
clockwise: CO 33-2, CO ¥18-17, [Cll] 157.74m, o-H; S(1) (with redT contours), [OI] 63.18m, 13CO J1-0. In each panel,
the upper plot shows the line optical depth as a functionditisa(blue line) and the continuum optical depth at the cpoading
wavelength (black line). The middle plot shows the cumwationtribution to the total line flux with increasing radiushe
lower plot shows the gas species number density, and thie lnt@cmarks the cells that contribute the most to the line fitutheir
vertical column. The two vertical dashed lines indicate 1&% 85% of the radially cumulative face-on line flux respety, i.e.

70% of the line flux originates from within the two dashed $ine 100
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r[AU] r [AU]

Figure 6.9: CO abundances in the preferred model (column Bable 6.6). Left
panel: gas-phase CO abundances. White and blue dashegliméise gas and dust
temperature contours respectively. Right panel: CO icedance.

mass is 82 x 10°M,. One would expect a smaller fraction of CO to be frozen out on
grain surfaces in discs with flatter density profiles, due éaker dust shielding in the
inner disc leading to warmer temperatures throughout the dnd less CO freeze-out.

The derived chemical abundances and gas properties in grige model have
been checked by re-computing the chemistry using a timestgnt solver, and
comparing the results to those obtained with the assumpfidmnetic equilibrium.
| assume molecular cloud initial abundances, and afteringntne solver for 4 Myr
there is no major departure from the equilibrium chemisffjae biggest change in
line flux is a reduction of 20% in the 18Qun water line, while the [@63um line
decreases by 4% and the CO lines<i6. The assumption of a constad#€0/2CO
ratio is also valid since dust shielding dominates over ABsteelding in the models,
with negligible change to the results when CO self-shigjdsrswtiched €, suggesting
that no fractionationfect would be present in this disc.

All of the disc models considered are passive discs, i.e.vigmus ‘@” heating
parameter is set to zero. This is not strictly consisterti e presence of accreting gas
in this object, since this implies some form of viscosityremisport angular momentum
through the disc. However, viscous heating is likely to baryortant in the case of
Herbig Ae discs such as this, which are thought to be dominayeadiative heating
by the central star [D’Alessio et al., 1998].
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Table 6.9: Hects of UV variability. Comparison between the preferredieipand an
identical model illuminated by an input spectrum typicabdhigh UV” state for this
object. Shown are total species masses, average overai@fetature, average CO
temperature for the warm gas regions in the inner disc, andfluxes.Lyy refers to
the energy emitted in the wavelength range 912-2500 A.

Best-fit model Test model (high UV)

Luv/Ls 0.097 0.155

My 2.67x 10°M, 2.82x 10°M,
Mc+ 8.67x 108M, 9.42x 108M,
Mco 1.54x 10°5M, 1.66x 10°5M,,
(Tco) 55.3K 55.0K
(Teo) (z/R>0.2, R<20 AU) 262.8K 332.6K
F(o1163,m 19Ix 10 ®Wm?2  249x 10 "Wm 2
Fici58 m 112x10"Wm?  141x 10°"Wm
Fcoao2 1.22x 108Wm=? 1.31x10®wWm™>
Fco 36-35 4.23x 10°%W m=2 6.22x 10°°W m

Effect of UV variability

| have investigated theffects of UV variability on the gas in the disc in two ways.
Firstly, by computing a test model with parameters idehtmany “preferred” model,
but with the high UV state spectrum used as input. This issltie &ect of increasing
the UV intensity on the line emission, since all other modalgmeters remain the
same. The results of this test are summarised in Table 6.2 s€hond approach
consists of a separate evolutionary run of models usingittelv state as input, and
has been covered in Section 6.5. This method allows me tssbse the disc model
parameters change in order to fit the same line data with a@ased UV intensity (see
Table 6.6). By examining firstly the physicafect of the UV on the gas in the disc,
and secondly thefiect of the UV on the model parameter fit, it is possible to estém
the degree of uncertainty introduced by UV variability imstbbject.

An increased UV strengthffects the gas chemistry by promoting photochemical
reactions, and the photodissociation gfathd CO. It also leads to increased desorption
of ice species from grain surfaces in regions where the UVlis ® penetrate. It also
strongly dtects the gas heating, via the photoelectfie@ in dust grains and PAHS.

The “high UV” input spectrum represents a 60% increase in biénsity over
the low UV input. Table 6.9 summarises thi&eets of this increase on the gas in the
preferred model. There is a slight overall increase in tlse das temperature, and
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an increase in the atomic hydrogen and i@asses, due to photoelectriffexts and
PAH heating, and increased photodissociation of gas mi@ecU he total gas-phase
CO mass actually increases slightly, since the increagedofgphotodissociation is
balanced by an increase in the rate of ice desorption. ¥36-35 line in particular
sees the biggestincrease in fliy§0%. By considering only the gas in the warm layers
of the inner disc, where the high J CO lines form, it can be ghahthis increase
in line flux is caused by a substantial increase in the gaseestyre in this region.
The [O] 63um flux increases by 30%, roughly equal to the calibration uncertainty
margin, and the low J CO lines increase b$%. All non-detected lines stay within
the observed upper limits. In summary, it would not be pdssibdistinguish between
the high and low UV states from these disc observationsesaii¢luxes are within the
observational error margins. The general influence of thant&hsity on the disc gas
is discussed by Woitke et al. [2010], in the context of a layge of models.

The derived parameters for the evolutionary run using thgh'JV” spectrum as
input are listed in Table 6.6. They are largely similar tostaaerived from the low
UV run (columns 2 c.f. 1), as would be expected from the snmafitfonal change in
UV intensity. The slight decrease in gas mass and flaringtesidl to counteract any
increase in line emission. The PAH fractional abundanceedeses slightly as might
be expected. The main change lies in the grain size disioibuwith a reduction in the
minimum grain size. This makes it harder for the UV to pertetthe disc, balancing
the increase in UV intensity. This also produces even monérmaum emission in the
near-IR, worsening the SED fit still further in comparisoritie “low UV” model.

Effects of dust settling

The dfect of dust settling on various line fluxes can be seen in Eif).6This shows
the increase in line flux across the various transitions aallemand smaller grains
are allowed to settle towards the midplane. The models &erwise identical to the
preferred (fully mixed) model, but with a settling paramet€0.5. The models run
from strongly settled discs through to entirely well-mixed. identical to the preferred
model. For the purposes of this exercise | have computed somne line fluxes in
addition to those observed in HD 163296, namely*iO 6-5 and 1-0 transitions, the
13CO 3-2 transition, and the 048 538.3:/m transition.

Kamp et al. [2011] computed a large grid of disc models usiagMo, in tandem
with Mcrosr [Pinte et al., 2006] (see Chapter 4). This study noted a to¢nttreasing

103



6.5. Results

Flux enhancement factor

H,O lines

100 g
S
(&]
8
z
[J]
£
[]
(8]
C
[
<
c
(0]
3 538.3
E .3um
1 = =
| ol |
T il T
10- g
S
2 H,@17.0um
€
[]
£
[0}
(8]
C
[
e
c
(]
x
=}
T
1 | | |
0.01 0.10 1.00 10.00 100.00

a,

set

Figure 6.10: The fractional enhancement in line flux is gldtagainst the minimum
grain size #&ected by dust settling, relative to the preferred (fully edxmodel & =
amax)- All models have a settling parameter of 0.5. Top panel: @€sl Middle panel:
water lines; Lower panel: [(63um, [Cu]158um, OH 79.11um and B S(1) lines.
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disc dust temperature with settling, due to a combinatiaedficed emissivity at long
wavelengths in the disc surface, and increased illuminatifothe dust as the stellar
radiation is able to penetrate further into the disc. My medéHD 163296 follow this
same behaviour, albeit with an accompanying increase inegagerature. Thefiect
of dust settling on the gas and dust temperature contouryg maodels is demonstrated
in Fig. 6.11, where the chemical abundances of various ad@rpecies are plotted.
The chemical structure is seen to “follow” the settled duatrgs towards the midplane,
since the UV penetrates further into the disc, causing thaeederistic layering of the
various gas species to move closer to the midplane. Thistgehe gas scale heights
being identical in both models. In the settled models thamgas in the disc resides
at lower heights where the gas density is higher, leadingyeneral brightening of the
emission lines. This seems to be a firm result for this obyeith, serious implications
for the derivation of a precise disc gas mass from the enmdsies.

The brightening of the line fluxes seems to be a general riesdtl the transitions
considered. The exact behaviour of the various line fluxéls variable dust settling,
and the extent to which they aréected, depends on the height and radial position in
the disc from which they originate. This is well-illustrdtey the CO lines in Fig. 6.10.
As the largest grains begin to settle, €0 1-0 line is the first to show an increase in
flux. This is due to an increase in thermal desorption of CArme grain surfaces in
the outer disc midplane, which this line traces (see Fig. @.Bis behaviour is echoed
in the other'3CO line, the 33-2 transition. In contrast, thECO 3-2 line, which is
also formed in the outer disc, shows a smaller increase in fluns is because this
line is optically thick, and formed higher in the disc whereamains unfiected by
the thermal desorption of ice in the midplane. TA8O 2-1 and 1-0 lines follow this
same behaviour (not plotted). As smaller grains begin tieséhe*CO lines increase
less rapidly than for the lines formed in the warm gas highehe disc. This is most
pronounced in the high J CO lines, which form in the inner dikere the temperature
and density gradients are more extreme, and the lines moséige to the downwards
shift in chemical structure. ThE#CO 6-5 line forms at intermediate distance in the
disc, and this is reflected in the level of flux enhancemerm. (€i10; top panel).

The behaviour of the water lines (middle panel in Fig. 6.$0¢ss straightforward.
The 0-HO 179.5um line shows a stronger increase in flux than both the 180 lie,
which is at higher excitation, and the 538 line, which is at lower excitation. The
p-H,O 89.9%m and 0-HO 78.7um lines are at higher excitation, forming in the inner
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disc, and these also show a large increase in flux as the duissgettle. It is likely that
the relative behaviour of the various water lines is a comfilaction of the changing
temperature structure ang® chemical abundance structure in the distecing the

excitation of the various levels.

The largest increase in line flux occurs in the ${1) transition (Fig. 6.10; lower
panel). The emission region for this line is seen to folloe 800K gas temperature
contour (see Fig. 6.8), which intersects a greater moleduldrogen mass in the
settled models. This leads to a dramatic enhancement inrfltixel strongly settled
models, a factor of 30 increase on the fully mixed model. Thei]@3um line also
starts to increase as the smallest grains are allowed e, s#tinciding with an increase
in atomic gas, but the enhancement is less extreme sindanthis formed further out
in the disc (see Fig. 6.8). The OH 79,4 line is formed at intermediate distance
between H S(1) and [@] 63um, and its behaviour with increasing dust settling reflects
this. The [Gi] 158um line is less stronglyféected by settling. This line is formed in
a thin layer at the disc surface, with emission dominatechbyouter disc, and so it is
less sensitive to changes in the internal disc temperaturetsre.

The settling of dust grains might be expected to drive linenftion conditions
closer to LTE, with the various species residing lower indise, in regions of higher
density, with more frequent collisions between particldswever, there is no evidence
for this in my models. The majority of lines show only minompd&tures from LTE,
in both settled and well-mixed models. The largest deparftom the line fluxes
assuming LTE level populations occurs in the water lined,tba LTE line fluxes
increase at roughly the same rate as those computed usiageegmbability, so the
ratio Fyore/Fore remains roughly constant. The critical density for the wiitees,
Neit ~ 107 — 10%%m=. These densities are reached only in the inner disc in my
models, with each of the lines arising in regions with n.i;, even in the settled
models. The water line which is closest to LTE in the modelthés 538.am line,
which has the lowest level of excitation and the smallesicalidensity. In general, the
critical densities decrease rapidly at large optical depdhving most of the transitions
towards LTE.

These results are in contrast to the findings of Jonkheid .ef2807], who
find a trend of decreasing gas temperature and line emissotnea dust grains
are allowed to settle towards the midplane. However, a ticemparison is not
appropriate, since their models assumed a simultaneowstred in the duggas
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ratio and PAH abundances with dust settling. The reductiogais temperature can
largely be attributed then to the drop in photoelectric imgatrom dust grains and
PAH molecules. Jonkheid et al. [2007] also note that the thraperatures in their
models are high enough to prevent CO freeze-out, whereasdeyable freeze-out is
present here. Meijerink et al. [2009] also predict an insedia line emission with dust
settling, from models in which thdfect of settling is simulated by simply increasing
the global gaslust ratio, as opposed to considering the vertical didiobwf grains

in the disc.

My models indicate that th&’CO 1-0 line flux can change by a facter2 in
strongly settled models. This is in a high mass disc for whiehline is optically thick
throughout most of the disc, and so this settling flux enhareceg might be expected
to be even stronger in a lower mass disc. In any case, vagaaile freeze-out would
seem to limit the ability of this line to trace the total disasgmass. In general, the
effect of dust settling on the vertical thermal structure of glas in discs is seen to
introduce new degeneracies when attempting to fit the dismpeters to the observed
line emission. While my preferred model fits the observed dath a well-mixed disc
with the canonical gaddust ratio, | cannot rule out the possibility of a gas-degalatisc
in which dust settling gives an enhancement in the varioesfluxes. Indeed, such a
disc with gagdust~ 20 allows a better fit to the line data and the observed 10 micro
silicate emission (column 1 in Table 6.6).

6.5.3 Hfect of X-rays

It is currently unclear how important a role X-rays play intetenining the gas
chemistry and temperature structure in discs. Aresu eR@ll]] studied the féects
of stellar X-ray emission on models of T Tauri discs compw&tth ProDiMo. This
study found that while Coulomb heating by X-rays introdueedextended hot gas
surface layer to the discs, theij@nd [Gi] fine structure lines were onlyfi@cted for
X-ray luminositiesLy > 10*°ergs®. One would expect this to hold for the warmer
gas in Herbig discs, and Gunther and Schmitt [2009] denv&aay luminosity of
Lx =107 erg s for HD 163296, lower than but close to the threshold valueddty
Aresu et al. [2011] for T Tauri discs. HD 163296 representmteresting test case for
the influence of X-rays in Herbig discs.

| have computed a disc model with parameters identical to refepred model, but
with an additional X-ray component in the input spectrume Karay luminosity was

107



6.5. Results

8 6 -4
log e (H2)

-6

-8 =
log € (H20)

r [AU] r [AU]

Figure 6.11: Hect of dust settling on the disc chemical abundances. Léfinuo
indicates abundances in a fully mixed model, and right coluapresents a strongly-
settled model with otherwise identical parameters. Top:r@® abundance with
dust (blue dashed lines) and gas (white dashed line) tetopereontours. Middle
row: H, abundance with 300K gas temperature contour (black dagiedand visual
extinction contour (white dashed line). Bottom row;®abundance. White dashed
lines indicateTy,s contours enclosing “hot water” region, red dashed linescate
contours of UV field strength per hydrogen nucleus, 1gg(;) as defined in Draine
and Bertoldi [1996], enclosing the cool water belt. 108
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set equal to the value af = 10?°6 erg s* observed by Gunther and Schmitt [2009] for
HD 163296. The fect of this on the gas temperature is illustrated by Fig. §clf2
Fig. 6.7). The X-ray heating processes produce an extenaeslinface gas layer, as
noted by Aresu et al. [2011], with gas temperatusrB800K extending out to the outer
disc.

There is little discernibleféect on the disc chemistry, with none of the chemical
species masses or predicted line fluxes changing by moreattiaw percent.In all
cases theféect of the additional X-rays is less than produced by swiigho the “high
UV” input spectrum . | would therefore expect the UV to dontenthe gas chemistry
in a Herbig disc of the sort considered here.

6.6 Summary and Conclusions

This chapter presents new observations of the far-IR lifiekeoHerbig Ae star HD
163296, obtained using HerscH#ACS as part of the GASPS open time key program.
These consist of a detection of thei]63.18um line, as well as upper limits for
eight additional lines. | have supplemented these obsensmtvith additional line
and continuum data.

| have computed radiation thermo-chemical disc modelsgusite disc code
ProDiMo, and employed an evolutionagf-minimisation strategy to find the best
simultaneous model fit to the continuum and line data. Thiastparameters and
UV input spectrum for the modelling were determined throdgtailed analysis in the
UV, optical and near-infrared.

| obtain reasonable fits to the observed photometry, ISO-Sp&etrum, far-IR
line fluxes and millimetre CO profiles for a variety of discadanote that parameter
degeneracies preclude the precise derivation of the dgoepties. In particular, the
effects of dust settling on the vertical thermal structure ef glas in discs strongly
influence the line emission, placing further limits on theivigion of a disc gas mass
from the line data. | am able to fit the photometry and line ddth a well-mixed disc
with gagdust~ 100, but an equally good fit is possible with a disc withydast~ 22, in
which dust settling is present. The main advantage of thikedehodel is that the fit to
the observed ISO-SWS spectrum is greatly improved, an@mserobable that some
degree of dust settling and gas-depletion is present inisice These discs have a radial
surface density profile as derived by Hughes et al. [2008li] an exponentially-
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Figure 6.12: Gas temperature structure for the preferragbi{oolumn 3 in Table 6.6),
irradiated by an additional X-ray spectral component with = 10?%¢ergs?, as

observed by Gunther and Schmitt [2009] in HD 163296. Thimisomparison to
the right hand panel of Fig. 6.7, in which no X-ray spectrahponent is present.

tapered outer edge.

A model fit to the same data with power-law radial density peajfives a ggslust
ratio of ~ 9. This power-law model gives the best fit to the observed S&B, @lthough
it does very badly when it comes to fitting the radial intepgtstribution of the
resolved millimetre continuum. This is due to the flat dgnpibwer index required
to fit the SED and the observed CO 3-2 emission, and presehiallarmge for future
modelling dtorts.

The emitted line fluxes are in general sensitive to the degfrdest settling in the
disc. This is a firm result in my models, and has serious imfpibos for attempts to
derive the disc gas mass and other properties from line wéis@ns. This settling flux
enhancement arises from changes to the vertical temperanar chemical structure,
as settled dust grains allow stellar UV to penetrate deeyterthe disc. Theféect is
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strongest in lines which are formed in the warm gas in theridise (e.g. a factor 30
increase in the HS(1) line), but the low excitation molecular lines are alfieced,
e.g. a factor 2 increase in th&*CO 1-0 line.

| explore the €fects of the observed UV variability in this object on the gas
chemistry in my models, and conclude that thieet is not large enough tatact
the observable line fluxes beyond the current range of im&ntal uncertainty.

| also examine thefeect of X-rays on the gas chemistry of the models, and find
that while X-rays present a significant source of gas-hgatinthe disc surface layers,
the observed X-ray luminosity dfy = 10?%¢ erg s* does not significantly alter the gas
chemistry or line emission. Anyfiects are smaller than those expected as a result of
the observed UV variability in this object.

It is difficult to reach any firm conclusions regarding the evolutiprsaate of the
disc of HD 163296. There is some evidence to suggest thatitkaslgas-depleted.
This is in contrast to the result found for the Herbig Ae sty H#69142 by Meeus
et al. [2010], where despite indications that the disc isditional, it was found to be
gas-rich. | note that there are uncertainties associatddny gagdust values arising
from uncertainties in the disc dust composition, and the@ased opacity law. This
is reflected by the factor of 3 spread in the range of derived dust masses found in
the literature for this object [Natta et al., 2004, Tannig et al., 2008a, Mannings
and Sargent, 1997, Isella et al., 2007]. All of my derivedtdnasses are within the
range (5- 17) x 10~*M,, from the literature. | also note the restrictions placed gn m
conclusions by the assumption of constant dust grain ptiegehroughout the disc,
and it has been suggested that the dust properties in disakish general be variable
with radius [Birnstiel et al., 2010, Guilloteau et al., 2011

It would appear that the modelling of HD 163296 is a far fromaigthtforward
task, and it is diicult to fit it into the standard evolutionary picture deveddmver the
past decade, where an initially gas-rich, strongly flarirsg dradually accretes its gas,
leading to a gas-depleted non-flaring disc in which accnéti@ms stopped. | am unable
to find a single disc model which fits perfectly the entire wealf observational data
for this object. As well as the galust ratio, there is uncertainty regarding the disc
flaring, which itself is strongly tied in to the disc gas hagtand line emission, as well
as being indicative of the disc’s evolutionary state. Emizkeof in-falling material and
the presence of a bipolar outflow in HD 163296 seem to inditetthe star is actively
accreting material, typical of a young object with a gasrdésc. However, it has been
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suggested that the observed disc geometry and flaring codickite a star at a later
stage of its evolution. This would be consistent with thedewice for grain growth

from my modelling, with all the models requiring large gmio fit the observations.
There is also possible further evidence for particle grdndm high resolution optical

spectra of this object. This is consistent with possiblelentce for dust settling and
gas-depletion from this study, but is hard to reconcile vetidence for substantial
ongoing activity in the inner disc. It is clear that this atijes at a fascinating stage in
its evolution.
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Chapter 7

Atomic Hydrogen Modelling in
ProDiMo

In this chapter | discuss developing work in which | expldre #fects of modifying
ProDiMo to include the bound-bound and bound-free transitionsarhat hydrogen.
These modifications are outlined in Section 3.6.

7.1 Introduction

Hydrogen emission has been observed from a number of oldjetisved to have
a circumstellar disc. Classical Be stars are B type starglwxkhibit Balmer line
emission, in which the hydrogen atom decays to the pringpahtum numben = 2
level from a higher excitation level. It was suggested by&t{1931] that the observed
range of Hy line profiles could be explained by hydrogen recombinatioa flattened
disc. In addition, Be stars often exhibit a strong infra-e&dess, typical of objects with
a circumstellar disc, and the net (continuum) linear pe&tron observed in Be stars
can be explained by electron scattering from non-sphecicalimstellar gas [Coyne
and Kruszewski, 1969].

Sigut and Jones [2007] compared the observedhhission from the classical Be
stary-Cassiopeiae with that predicted by a circumstellar disd@hoThis utilised a
pure gas disc with solar composition, with heating and cagptirovided by a selection
of atomic and ionic species, through both bound-bound antdraaum transitions. The
total Ha cooling rate was found to be consistent with observatiornge disc thermal
structure was compared with that in a pure hydrogen disclgMédnd Marlborough,
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7.2. HD 163296 Model

1998], and the results were found to depend largely on thenzesd disc density. At
low density, the solar composition discs were cooler onayerthan pure hydrogen
discs, which was attributed to additional collisionallyeged line cooling from the
heavy elements. At higher densities however, this wesebby the additional bound-
free continuum absorption from these elements, leadingindlas disc-averaged
temperatures in both the solar composition and pure hydrogses.

B[e] objects are a subset of Be stars which exhibit forbidelerssion lines (e.g.
those of Fe, O, N), in addition to Balmer emission and a stinfig-red excess. There
is often confusion regarding the precise evolutionaryestdtsuch objects [Israelian
et al., 1996].

In the following | use the B[e] star HD 45677 as a case studypboze the &ects
of introducing the bound-bound and bound-free hydrogensttans to RoDiMo.
First though, | return to my previous model of the Herbig A¢geabHD 163296.

7.2 HD 163296 Model

In order to assess the impact of the new hydrogen transibars familiar model, |
have used a model of the disc around the Herbig Ae star HD 182 basis for my
tests. This object was the subject of my model-fittifipets in Chapter 6, and | use
the parameters from the “preferred” well-fitting model iatstudy, listed in column 3
of Table 6.6.

Figure 7.1 illustrates thefiect on the gas temperature of introducing the hydrogen
transitions to the model. There is a net heatifig@ge, concentrated largely in the
inner disc in the already hot gas, leading to gas tempematu9000 K. This can
largely be attributed to photoionisation heating, and &etimg €fect is vastly reduced
when the extreme ultra-violet (EUM <91.2 nm) intensity is set to zero. In this
case it is no longer possible for the stellar UV to ionise logdn in the ground
state, instead requiring some degree of prior excitatidre gas temperature without
EUV irradiation is largely unchanged from the model withthe detailed hydrogen
treatment, with just a small heatingfect in the disc surface, where there is some
degree of hydrogen excitation.

Figure 7.2 illustrates the large ionisation cross-segti@sented by the hydrogen
in the EUV wavelength region (to the right of the=d. absorption edge in this plot),
and removing this EUV radiation reduces the degree of itioisaccordingly (see
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r [AU]

Figure 7.1. Gas temperature structure in the disc of HD 1632Bop panel: gas
temperature in the absence of bbund-bound and bound free transitions. Middle
panel: including Htransitions. Bottom panel: includingiitansitions, but with the
EUV spectral intensity set equal to zero, iJg=0 for 2 <91.2 nm.
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Figure 7.2: Photoionisation cross-sections for neutrairbgen, assuming LTE level
populations at 15000K. Cross-sectienare per hydrogen atom. Absorption edges are
labelled with the corresponding principal quantum number,
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Figure 7.3: Habundances in the HD 163296 disc model. Left panel: inputtsje
including non-zero EUV intensity. Right panel: EUV intelysset to zero.
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Table 7.1: Hand Hi masses and mass-averageddtperature in the HD 163296 disc
model, with both zero and non-zero EUV intensity.

I\/IHI I\/IHII <THI>
Jeuwv=0]23x10°M, 18x10'M, 64K

Jeuv#0 | 7.8x10°M, 1.7x10°M, 1037 K

Figure 7.3 and Table 7.2). In the absence of EUV the hydrogeaimost entirely
neutral, with< 1% of the disc hydrogen mass consisting of ionised gas. Tlesma
averaged hydrogen temperature is also strongly weightéa/our of the cold gas in
the outer disc. With EUV irradiation, the ionisation massctron increases te 70%,
and the remaining Hesides in the hot gas in the upper disc layers, giving a lggiro
temperature- 1000 K.

7.3 HD 45677 Model

In addition to the existing HD 163296 disc model, | have udeel B[e] star HD
45677 to further assess the impact of my modifications. Tie$SVS spectrum for
this object contains a number of Brackett and Pfund emistsn@s, allowing us to
compare the model with observational data. Also, the irsgdatellar luminosity and
temperature in comparison to HD 163296 provide a contrgstiac environment in
which to study the hydrogen transitions.

The model parameters are listed in Table 7.2. They wereetkfrom a fit to the
observed SED performed by Wing-Fai Thi. The disc is assurodthve a gaslust
ratio of 100. The disc structure is solved fully self-cotesily over several “global”
iterations, as was the case in Chapter 4 (but not Chapters)5 & 6

The gas density and temperature structure are shown ing=igdr The observed
SED is fit by a relatively low mass disc, with lower densittesn the HD 163296 model
(c.f. Figure 6.7). This, coupled with strong irradiationtne central star, leads to gas
temperatures 5000 K throughout the entire disc. This result also largeligs in the
absence of the detailed hydrogen treatment, although Vughtly lower temperature
in the upper surface layers.

The self-consistent structure determination leads to@wlsch is pufed-up to an
enormous height, with the scale height R outwards ot~ 20 AU. The model contains
hardly any H, and instead exhibits a smooth linear transition fronrabundances 1
at smallzthrough to Hi abundances 1 in the upper disc (see Figure 7.5). The nature
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Table 7.2: Parameters of the HD 45677 model.

Quantity | Symbol| Value
stellar mass M, 10.4 Mg
effective temperature Tes 21850K
stellar luminosity L, 7310L,
disc mass M gisc 1.0x 103
inner disc radius R, 4.4 AUD
outer disc radius Rout 200 AU
radial column density power index € 1.0
dust-to-gas mass ratio od/p 0.01
minimum dust particle radius Amin 1.5um
maximum dust particle radius Amax 1000um
dust size distribution power index apow 3.5
dust material mass density Pyr 3.5gcm?®
strength of incident ISM UV XM 1
cosmic ray ionization rate of H lcr 1.7x10' st
abundance of PAHSs relative to ISM  fpan 0.1
@ Viscosity parameter a 0.0

N
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logn,_[cm?
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Figure 7.4: Total hydrogen nuclei density (left panel) aad gemperature (right panel)
in a model of the disc surrounding HD 45677.
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Figure 7.5: H (left panel) and H (right panel) abundances in the HD 45677 disc
model.

of the hydrogen cooling across this transition can be seénguare 7.6, which plots
several bound-bound and bound-free cooling rates as adinagt the total radiative
hydrogen cooling rate for a vertical slice through the diShe cooling is dominated
by the Lyman-continuum recombination cooling, and to adesxtent by Lymarn
cooling. The Lymanx cooling rate increases in the tenuous disc surface layers, t
the detriment of the continuum cooling, but drogBsieeply in the high density disc
midplane. Generally the bound-free continuum cooling dwtas in the high density
regions, at lowg, while the bound-bound cooling takes over at the disc sarfabis is
due to the increasing optical depth in the hydrogen linek witreasing gas density.
The Hx line (n=3-2) is less stronglyféected by optical depthfiects since it doesn’t
involve the ground state. TheaHooling therefore dropsfbless rapidly than Lyman-
a and Lymang at smallz, and there is a peak in emission at around 5-10 AU
corresponding to a warm region with higher excitation ofrie8 level.

7.3.1 Comparison with observations

Figure 7.7 plots the observed ISO-SWS spectrum of HD 456 T& Brackett series
5-4 and 6-4 lines, and the Pfund series 6-5, 7-5 and 8-5 lireeslearly visible. The
higher level Pfund series lines, and the Humphreys serie8)(rwhich also occur in
this wavelength range, are not observed. The observeddneesll several orders of
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Figure 7.6: Neutral hydrogen cooling rates, as a fractigdghetotal radiative hydrogen
cooling rate, for a vertical disc cross-section at a radfukOAU.

Table 7.3: Predicted hydrogen line fluxes from three disc efgd The first has
gagdust= 100 and EUV intensity set to zero. The second is the same Butwn-zero
EUV. The third has non-zero EUV and gdgst= 1000. The observed fluxes from the
ISO-SWS spectrum are also given. All fluxes iniidd.

Line | u | | | A[mic] | g/d=100,EUV=0 | g/d=100,EUV+0 | g/d=1000,EU\%0 | Obs. flux
Br-a [5| 4] 4.05 13x101™ 17x1012 29x1012 8.7x 107
Br-g | 6|4 ]| 262 1.0x 104 3.0x101% 7.1x10% 1.0x 107
Pf-w | 6| 5| 7.46 20x 1071 52x 1013 9.6x 1013 52x 107”7
Pl | 7|5]| 4.65 20x 10715 15x 10712 32x 101 6.7x 1077
Pfy | 8| 5| 3.74 15x10°%° 15x 10712 40x1012 20x 107
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Figure 7.7: Partial ISO-SWS spectrum for HD 45677. Markethwarrows are the
hydrogen emission lines: the Brackett series line$-4 at 4.05um and r=6-4 at

2.62um and the Pfund series lines=6-5 (7.46um), n=7-5 (4.65um) and r=8-5

(3.74um).
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magnitude brighter than predicted by the models, and sclié#r that this preliminary
modelling approach is unable to constrain the disc progeet present.

Introducing stellar EUV to the models leads to an increasknm flux by ~ 2-3
orders of magnitude, with the higher excitation lines simgthe largest increase. This
can be attributed to the higher excitation lines being memstive to the increase
in gas temperature caused by adding the EUV spectral componiecreasing the
gagdust ratio of the EUV-irradiated models then leads to a frrtirightening of the
lines by a factor~ 2, with the enhancement factor again increasing slightiy \Wne
excitation. This behaviour is consistent with the linesnigeoptically thick, with a
factor of 10 increase in gas mass leading to a faedincrease in flux. It also suggests
that the line optical depth decreases with increasing kogagion.

HD 45677 is a poorly understood object, with uncertaintyardghg both its
evolutionary state and its physical structure. Analysi®ptical forbidden emission
lines led Swings [1973] to suggest that HD 45677 is in fact angppost-main-
sequence object surrounded by a dust shell. Grady et al3[T®&imed that the IUE
spectrum and IR excess of this object could be explained byssive HAeBe star
with an actively accreting protoplanetary disc, whereasphotometric observations
of de Winter and van den Ancker [1997] led them to claim that #8677 is a main
sequence star. This is in agreement with the findings of liaraet al. [1996] from
observations of the Balmer lines and the lines ofi Hed Sii. These two studies also
agreed that the observations are best-explained by therre®f a circumstellar disc
seen edge-on, whereas the presence of single-peakedrieeCni emission lines led
Muratorio et al. [2006] to claim that the disc is in fact vieh&most face-on. There is
also a large degree of spectral variability [de Winter and dan Ancker, 1997], and
evidence for a wind [Israelian et al., 1996].

Itis clearly a great challenge to attempt to fit the obsermééired hydrogen lines,
especially if this were combined with other observatiorsbdseemingly arising from
a disc. It seems unlikely that this will be possible using¢heent model of a single
continuous disc, with constant dust and gas properties maitlius. One approach
might be to include a separate gas disc inwards of the dust nawlius, in order to fit
the broad observed emission lines (FWHNO0O knys) while still being in agreement
with the observed dust SED. This would also be consistet thig picture of a disc
which is actively accreting gas, with potential for a purs gac inwards of the dust
sublimation radius.
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7.4 Summary and Conclusions

| have used the Herbig Ae object HD 163296 and the B[e] objdzt48677 as case
studies with which to assess thffeets of introducing the bound-bound and bound-
free transitions of atomic hydrogen tad®iMo. The results are found to be strongly
dependent on the EUV intensity, with a net heatifig& which is strongly reduced
in the absence of the spectral EUV component. This presectisléenge for future
modelling gforts, since it is unclear to what extent the stellar EUV stdad expected
to irradiate the disc gas. Absorption by intermediate enstellar material would
strongly attenuate the EUV intensity, and so care must bentakhen attempting to
model the disc hydrogen emission.

Self-consistent models of HD 45677 lead to vertically egehdiscs with hot gas
(~ 5000 K) throughout, with very little Hipresent. The hydrogen cooling is dominated
by the Lymane line and Lyman-continuum, with the line emission dominanthe
tenuous surface layers, and the continuum taking over &kehidensities, where the
lines are optically thick.

The Brackett and Pfund series line fluxes predicted by theats@dte several orders
of magnitude lower than observed in the ISO-SWS spectrum @f43677. The
behaviour of the lines with increasing disc gas mass indgctiat they are optically
thick, with the lower excitation lines showing the greatdsgree of saturation with
increasing gas mass. It seems unlikely that a continuogsngisiel such as this will
be able to fit simultaneously the observed SED and infra-ggttdyen lines, and |
suggest that further tests involving multiple zones (erginaer gas disc) would be an
illuminating way to proceed following these preliminary dedling dforts.
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Chapter 8
Conclusions

Protoplanetary discs are key to our understanding of plametation. It is of great
interest to the astronomical community to be able to userghsenal data to infer the
disc properties. In particular, knowing the amount of gasspnt in discs at fferent
stages in their evolution allows us to constrain and distisiy between dierent
models of planet formation. Also, the thermal and chemittatsure in the disc dictate
the conditions in the planets which eventually arise frargas and dust.

There are a wealth of observational data which allow us tystliscs, from young
gas-rich discs to debris discs, in which the gas has beenugsby planet formation,
gradually photoevaporated away by the intense stellaatiadi, or accreted on to the
central star. The Herschel Space Observatory has allowtedstigdy the disc gas with
greater sensitivity than ever. The far-infrared emissiaed which Herschel traces
provide a powerful analytical tool, allowing us to break eegracies between existing
dust continuum and millimetre CO observations. This rehesvever on detailed
modelling of the disc thermal and chemical structure, ireotd predict the observed
line emission, and compare this with Herschel and other. data

| have used the radiation thermo-chemical disc caddiM o to explore the extent
to which observations are able to constrain the disc priggertThis has involved a
number of diferent approaches, from seeking general statistical traodss a large
sample of disc models, to focussing on the specific physioatgsses at work in
individual objects. This body of work is consistent, howewe its aim to assess the
power of observations, coupled with modelling, in pieciogdther the disc jigsaw
puzzle.

The first stage in this process is to compute a limited seriddenbig Ae disc
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models with increasing mass, in order to study the origindiagnostic value of the
gas line tracers [@], [O 1] and CO. The Monte-Carlo radiative transfer code®kn

is used to compute line profiles and integrated emission franous gas lines. This
line emission is compared with that computed using an esgagiEbility formalism,
and with the assumption of LTE level populations. Thai[@57.7 um line is found
to originate in the disc surface layer, where gas and dugbeéemtures are decoupled.
The total line strength is dominated by emission from the dister radius, and so the
157.7um line probes mainly the disc extension and outer disc gapdesture. The
line forms in LTE. The [Q] lines are also found to originate in the disc surface layer,
albeit somewhat deeper than ther[dine. The main contribution to the [emission
comes from radii between 30 and 100 AU. TherJ@nes form partially under non-
LTE conditions. Diferences in line emission from escape probability and MoaroC
techniques are smaller than 10%.

The CO sub-mm lines in the models are found to be opticallsktdiown to very
low disc masses 6f 10* M. These lines are formed mostly in LTE. The assumption
of thermal gas-dust coupling such thlags = Tausy IS NOt a valid approximation for
these lines. DOferences in line emission from escape probability and MorggoC
techniques are smaller than 3%, except in the case of veryadlptthin disc models
(10° and 10° M,,).

The [01] 63/145 um and [O1] 63/[C ] 158 um line ratios trace disc mass in the
regime between 16 and 16°% M,. Since the [Gi] 158 um line is very sensitive to
the outer disc radius, the [P63/[C ] 158 um is degenerate in that respect and its
use requires additional constraints from ancilliary gad/@ndust observations. The
sensitivity of these two line ratios to the dust grain sizedarlines the importance of
using SED constraints along with the gas modelling to miéglae uncertainty of dust
properties. A combination of the [(P63/145um and [Or] 63/[C u] 158 um line ratios
can be used to reduce the degeneracy caused by an unknowdisatedius.

The CO lines are not found to be a good gas tracer; neitheotae@O sub-mm
line fluxes nor line ratios can be used to measure the disc.nissever, these low
rotational CO lines provide an excellent tool to measuredibe outer radius, and can
thus help to break the degeneracy between gas mass and adites found for the
[O1] 63/[Cu] 158 um line ratio.

Following on from this small-scale study, varying the gassiacrementally along
a series of models, this approach has been expanded to a hugeimensional
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analysis. A grid of~ 300000 models has been computed, spanning parameter space,
in order to seek trends across the various models, and certifpamodel predictions

with the findings of a large survey of the gas in circumstelliscs. | have acted as

the main developer ofDENT, a graphical user interface for analysing and plotting the
huge quantity of grid data, and for fitting the model data teestations.

In addition to its use as an analytical and interpretive ,tc®ENT has been
used to produce figures for a number of publications conogrtine model grid
data. The principle aim of these studies is to seek parandej@endencies, so as
to invert these dependencies and infer the disc propenmigs bbservations. The
calculated line emission is found to be strongly dependerthe assumed stellar UV
excess and disc flaring, as well as other less general deperde The grid results
highlight considerable parameter degeneracies, meamagare must be taken when
attempting to interpret line observations and invert theta physical parameters. It is
necessary to combine the far-IR line observations with witter line and continuum
data, in order to break these degeneracies, and it is thiegyrwhich | follow during
the next phase of my work.

Having reached the practical limit of the statistical agmtofollowed thus far, with
computational and model constraints preventing the gradyais from being extended
much further, | instead move on to focus on modelling the disz single object. By
carrying out detailed model fitting to a large number of olsagonal data from an
individual target, my aim has been to derive the disc proggrivith a hope that such
a detailed approach will yield some further understandihthe physical processes
driving the observable trends that we see. For these pwpdseve used the Herbig
Ae star HD 163296, a well-studied object with a large humideavailable line and
continuum observations. These include new observatiottsedfr-IR lines, obtained
using Hersch@lPACS as part of the GASPS open time key program.

| have computed radiation thermo-chemical disc modelsgusitwDiMo, and
employed an evolutionary?-minimisation strategy to find the best simultaneous
model fit to the observed continuum and line data. The stpid@ameters and UV
input spectrum for the modelling have been determined tilraletailed analysis in
the UV, optical and near-infrared.

| obtain reasonable fits to the observed photometry, ISO-Sp&trum, far-IR
line fluxes and millimetre CO profiles for a variety of discadanote that parameter
degeneracies preclude the precise derivation of the diguepties. In particular, the
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effects of dust settling on the vertical thermal structure ef ¢fas in discs strongly
influence the line emission, placing further limits on theidsion of a disc gas mass
from the line data. | am able to fit the photometry and line ddth a well-mixed disc
with gagdust~ 100, but an equally good fit is possible with a disc withydast~ 22, in
which dust settling is present. The main advantage of thikedehodel is that the fit to
the observed ISO-SWS spectrum is greatly improved, an@mserobable that some
degree of dust settling and gas-depletion is present inisice These discs have a radial
surface density profile as derived by Hughes et al. [2008lth an exponentially-
tapered outer edge.

A model fit to the same data with power-law radial density peafives a ggslust
ratio of~ 9. This power-law model gives the best fit to the observed S&B, élthough
it does very badly when it comes to fitting the radial intengltstribution of the
resolved millimetre continuum. This is due to the flat dgnpiwwer index required
to fit the SED and the observed CO 3-2 emission, and presemiallamge for future
modelling dtorts.

The emitted line fluxes are in general sensitive to the degfrdest settling in the
disc. This is a firm result in my models, and has serious imfibois for attempts to
derive the disc gas mass and other properties from line wéis@ns. This settling flux
enhancement arises from changes to the vertical temperatar chemical structure,
as settled dust grains allow stellar UV to penetrate deepterthe disc. Theféect is
strongest in lines which are formed in the warm gas in theridise (e.g. a factor 30
increase in the HS(1) line), but the low excitation molecular lines are alfieced,
e.g. a factor 2 increase in th&*CO 1-0 line.

| explore the €fects of the observed UV variability in this object on the gas
chemistry in my models, and conclude that thieet is not large enough tatact
the observable line fluxes beyond the current range of im&ntal uncertainty.

| also examine thefiect of X-rays on the gas chemistry of the models, and find
that while X-rays present a significant source of gas-hgatinthe disc surface layers,
the observed X-ray luminosity dfy = 10?%¢ erg s* does not significantly alter the gas
chemistry or line emission. Anyfiects are smaller than those expected as a result of
the observed UV variability in this object.

It is difficult to reach any firm conclusions regarding the evolutiprsaate of the
disc of HD 163296. There is some evidence to suggest thatitkdslgas-depleted.
This is in contrast to the result found for the Herbig Ae st H69142 by Meeus
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et al. [2010], where despite indications that the disc isdittonal, it was found to be
gas-rich. | note that there are uncertainties associatddny gagdust values arising
from uncertainties in the disc dust composition, and the@asged opacity law. This

is reflected by the factor of 3 spread in the range of derived dust masses found in
the literature for this object [Natta et al., 2004, Tannigka et al., 2008a, Mannings
and Sargent, 1997, Isella et al., 2007]. All of my derivedtdnasses are within the
range (5- 17) x 10~*M,, from the literature. | also note the restrictions placed gn m
conclusions by the assumption of constant dust grain ptiegehroughout the disc,
and it has been suggested that the dust properties in disakish general be variable
with radius [Birnstiel et al., 2010, Guilloteau et al., 2011

It is difficult to fit HD 163296 into the standard evolutionary pictueveloped
over the past decade. | am unable to find a single disc modealhwitis perfectly
the entire wealth of observational data for this object. Adl\as the gagslust ratio,
there is uncertainty regarding the disc flaring, which ftse$trongly tied in to the disc
gas heating and line emission, as well as being indicatih@fdisc’s evolutionary
state. Evidence of in-falling material and the presence bipalar outflow in HD
163296 seem to indicate that the star is actively accretiatgnal, typical of a young
object with a gas-rich disc. However, it has been suggestadthe observed disc
geometry and flaring could indicate a star at a later stags e¥olution. This would be
consistent with the evidence for grain growth from my madgll with all the models
requiring large grains to fit the observations. There is ptssible further evidence for
particle growth from high resolution optical spectra ofstbbject. This is consistent
with possible evidence for dust settling and gas-depldtiom this study, but is hard
to reconcile with evidence for substantial ongoing agtiuitthe inner disc.

My final approach has been to focus-in still further, and gttite contribution
of a single gas species to the disc heating and cooling balamcdhave modified
the RroDiMo code to include the bound-bound and bound-free transitbrgomic
hydrogen, and attempted to assess the impact of these champes is developing
work, and further testing and analysis is necessary befargidg any firm conclusions
from the results.

In addition to the existing model of HD 163296, | have used Bje] object
HD 45677 as a case study with which to explore tieas of introducing the new
hydrogen transitions to8DiMo. The results are found to be strongly dependent on
the EUV intensity, with a net heatingtect which is strongly reduced in the absence
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of the spectral EUV component. This presents a challengefiore modelling &orts,
since itis unclear to what extent the stellar EUV should ljeeeted to irradiate the disc
gas. Absorption by intermediate circumstellar materialldcstrongly attenuate the
EUV intensity, and so care must be taken when attempting tefrtbe disc hydrogen
emission.

Self-consistent models of HD 45677 lead to vertically egemhdiscs with hot gas
(~ 5000 K) throughout, with very little KHipresent. The hydrogen cooling is dominated
by the Lymane line and Lyman-continuum, with the line emission dominanthe
tenuous surface layers, and the continuum taking over &kehidensities, where the
lines are optically thick.

The Brackett and Pfund series line fluxes predicted by theats@dte several orders
of magnitude lower than observed in the ISO-SWS spectrum @f43677. The
behaviour of the lines with increasing disc gas mass indgctiat they are optically
thick, with the lower excitation lines showing the greatdsgree of saturation with
increasing gas mass.

It is clear from my modelling #orts that | was justified in my original assertion
that studying the gas in protoplanetary dis¢gers a much more powerful probe of
the disc conditions than focussing merely on the dust eoms$ut with great power
comes great responsibility, and it is important to bear indrthe implications of this
expanded analysis. From a modelling perspective, inctutia gas introduces a whole
host of potential parameter degeneracies. This is mosbabvin my model fits to
observations of HD 163296, where reasonable fits to the sehoé data were possible
with quite diferent model parameters. This is similar to the findings oftkéoet al.
[2011] for the T Tauri star RECX 15. In particular, the vaioatof the line fluxes with
dust settling in my models presents a significant obstadierms of deriving disc gas
masses from observations.

Another challenge highlighted by my models of HD 163296, airded at by
my preliminary work studying HD 45677, is thefficulty in trying to fit numerous
observations simultaneously with a single continuous disdel. It is unlikely that
discs in nature would be so well-behaved, and so it is ddsir@bintroduce more
complex models, with multiple disc zones, and gas and dugigsties varying with
radius. But this in turn introduces further parameter degaries, and it seems
appropriate to urge caution when claiming a precise deonaif the disc properties
in such a scenario. Even so, this will be an important next atel a focus for further
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study. The other obvious line of study is to continue my wanklee atomic hydrogen
transitions. This will have to include a detailed analydishe stellar EUV, and its
effect on a wide range of disc models, as well as looking at theenfie of X-rays,

and explaining the gulf between the observed hydrogen @mnissid that predicted by
the models in their current form.
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