Kapteyn Astronomical Institute

A Mid-Infrared Spectral Atlas of Simple Organic
Chemistry in the Protoplanetary Disk of
F'T Tauri

August 22, 2016

Author: N.O. Oberg
Supervisor: Dr. LE.E Kamp
Co-Supervisor: dr. S.Antonellini

e

EW uniVeI‘SitY of faculty of mathematics
égaﬂ?é groningen / and natural sciences



Abstract

Context: The Mid-InfraRed Instrument (MIRI) will fly on the James
Webb Space Telescope (JWST) nominally in late 2018. MIRI contains a
spectrograph of spectral resolution ~3000 in the band 5-28 ym. One of
the uses of MIRI will be the study of protoplanetary disks (PPDs).

Aims: Assess the detectability of organic molecular features in various
simulated PPDs and the typical exposure times needed. Determine if
different types of disks produce different organic spectra. These results
will help plan the MIRI guaranteed observing time.

Methods: 1 have compiled a library of mid-infrared emission spectra
using the ProDiMo (PROtoplanetary DIsc MOdel) software package. I
used a fast line radiative transfer code FLiTs to compute spectra based
on the ProDiMo output. A mid-infrared spectrum of FT Tau made by
the Spitzer space telescope was used for analysis of the resulting spectra.
Afterwards I apply sensitivity estimates for the JWST/MIRI MRS with
the resulting spectra to determine the minimum exposure time required
to guarantee the detection of various spectral lines of interest.
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1 Introduction

Carbonaceous chondrites are meteorites that are believed to have accreted di-
rectly from protoplanetary disk (PPD) material during the birth of the solar
system. They have been found to contain a wide variety of organic compounds
including carboxylic acids, COs, aliphatic and aromatic hydrocarbons, amino
acids, alcohols, ketones, aldehydes, amines, amides, sulfonic acids, phosphonic
acids, and pyrimidines such as Uracil and Thymine (nucleobases in RNA and
DNA respectively) [Sephton, 2002].

An isotopic ratio dating analysis of Ca-Al-rich inclusions found in the car-
bonaceous chondrite NWA 2364 indicates that the first solid materials condensed
from the Sun’s protoplanetary disk 4568.22+0.17 Myr ago [Bouvier and Wad-
hwa, 2010, marking the approximate time of the solar system’s creation. The
formation of our own planetary system is thus far removed from us in time, while
new systems currently in the process of formation are far removed in space. The
study of this process is hence two-pronged; geological and astronomical, the lat-
ter approach being the subject of this thesis.

Cosmogeny and The Nebular Hypothesis

Cosmogenic theories of classical antiquity were the first to include naturalistic
explanations for the creation of the solar system. The pre-Socratic atomist Dem-
ocritus believed the Earth to have condensed from the aggregation of colliding
particles, where previously there had existed only a formless void of atoms in a
state of chaos. [Barnes, 2001].

Twenty centuries passed before the nascent modern speculation of philosopher-
mathematician René Descartes and scientist-mystic Emanuel Swedenborg sug-
gested a cloud or vortex-like origin for the Sun and planets. In 1755 Immanuel
Kant used the principles of the newly published theory of Newtonian gravita-
tion to qualitatively formulate a collapsing cloud theory which simultaneously
explained the creation of both the Sun and planets, their confinement to the
plane of the ecliptic, their aligned rotational axis and common prograde motion
[Whitrow, 1967]. Later a more detailed nebular hypothesis was developed inde-
pendently in the 1796 publication Ezxposition du systeme du monde by Pierre-
Simon Laplace [Montgomery et al., 2009].

Laplace considered a nebula of heated gas which had been drawn into a
sphere by the force of gravity and rotated slowly. Gravitational contraction of
the gas cloud, initially much larger than the orbit of Neptune, would continue
until the centrifugal force at some radius would equal the gravitational attraction
of the central mass of the cloud. At this point a ring of material would detach
from the cloud and collapse would continue further. The process would repeat
until rings of material formed at several intervals around the Sun, and then later
coalesced into the planets [Aitken, 1906].

Despite roughly a century of modification and general acceptance the theory
was called into question as being unable to explain, among other phenomena,
the distribution of angular momentum within the solar system; a paradoxical
situation where the Sun, despite having 99.86% of the solar system’s mass con-
tains only 0.3% of its angular momentum|Woolfson, 1993]. Alternative and
even fringe theories flourished during this period. In at least one instance the
popular conscious was permeated, such that the American Association for the



Advancement of Science moved to address the widely disseminated and contro-
versial theories presented in Immanuel Velikovsky’s 1950 publication Worlds in
Collision by creating a collection of scientific criticisms in Scientists Confront
Velikovsky [Sagan, 1979].

Theories based on the Laplacian premise returned to general acceptance
when new mechanisms to explain angular momentum transfer and other con-
siderations were introduced by [Hoyle, 1960], [Safronov, 1972], [Lynden-Bell and
Pringle, 1974], and [Prentice, 1978] and it is the cloud collapse model that forms
the basis of modern research. By coupling star and planet formation to a com-
mon event, the modern theory implies that planets are a universally common
phenomena that result from stellar birth. Earlier speculation that planet for-
mation was limited to a serendipitous incident [Woolfson, 1993] in the Sun’s
early history was refuted by the discovery of ~3000 confirmed extrasolar plan-
ets and ~4000 extrasolar planet candidates as of 2016 [Morton et al., 2016], as
well as by the direct detection and characterization of PPDs associated with
large molecular clouds and star forming regions |[O’dell et al., 1993]. From these
detections we can infer the ubiquity of planets throughout the cosmos [Petigura
et al., 2013).

1.1 Protoplanetary Disk Observation
Background on Infrared Astronomy

Absorption by HoO, CO2, CHy, N2O, and O3 render the Earth’s atmosphere

opaque to much of the infrared (IR) radiation band with the exception of the

sub/mm (>450pum) which can be observed from high-altitude arid locations.

Additionally the significant Earth thermal emission background (T=288K) makes
the ~ 5 — 25um range impossible to observe from the ground.

The development of space launch technology in the 1950-60’s enabled the first
astronomical instruments to be moved beyond the atmosphere, opening previ-
ously unobserved regions of the electromagnetic spectrum to scrutiny [Walker,
2000]. Space-based telescopes with detectors sensitive to IR radiation were con-
structed to study matter not visible in optical wavelengths, and which emitted
thermal radiation from much cooler sources than had been previously detectable
[Draine, 2011].

Matter Around Other Stars

Main Sequence (MS) stars are near-blackbody radiators, and their emission is
expected to closely obey Planck’s law, with the exception of absorption and
emission features based on spectral classification |LeBlanc, 2010]. If a star
were to be enveloped by pum sized dust grains, the matter would absorb stellar
radiation and re-emit it as thermal radiation at IR wavelengths. An IR excess
over a predicted stellar spectrum would imply that a star could be associated
with nearby dust grains [Evans, 1993] as in Figure

The initial detection of cool (T=100-500K) matter surrounding other stars
was made by the Infrared Astronomical Satellite (IRAS) which discovered an
IR excess from several young stars such as the nearby zero-age main sequence
(ZAMS) star 8 Pictoris [Helou and Walker, 1988] but also the MS A0 star «
Lyrae was shown to have an excess of radiation in the mid- to far- infrared
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Figure 1: Schematic representation of the infrared excess caused by circumstellar
dust (image credit Silke Ceulemans)

extending approximately 85AU from the star [Aumann et al., 1984} |Gray, 2007]
and others. These observations were interpreted as small solid particles in orbit
around the stars having condensed from a protostellar nebula rather than having
been expelled from the stars [Aumann et al., 1984].

Measurement of the CO (J =1 — 0) emission by the three-element millime-
ter wave interferometer at the Owens Valley observatory showed the emitting
matter to be in flattened rotating structures [Beckwith et al., 1986]. Confir-
mation of the protoplanetary nature of the disks was made by optical HST
observations showing proplyd disks silhouetted against the star-forming Orion
nebula [O’dell et al., 1993, Ricci et al., 2008].

Higher spectral resolution (R = 600) surveys of disks by the Spitzer space
telescope and radio surveys in the mid-2000s revealed the presence of various
simple molecules such as Ha, CO2, HyO and HCN in disks [Carr and Najita,|
[2008, |Thi et al., 2004, jvan Zadelhoff et al., 2001] but also more complex volatiles
and refractory silicate grains. Currently the structure of rings in disks such as
HL Tauri is being probed by sub-mm long baseline interferometric observatories
such as ALMA [ALMA Partnership et al., 2015], with an angular resolution of
at 0.87mm of 0.025”, a 240-fold improvement over the HL Tauri observations
of [Beckwith et al., 1986] of ~6”. Potential protoplanets have been indirectly

confirmed to be manipulating the dynamics of disk structure |Garufi et al.,
2016).

It is now understood that disks are found around almost all low mass stars




shortly after their formation. For several million years these disks persist, and
are eventually lost to their mass being accreted onto their star, being photo-
evaporated, and being condensed into solids and planetesimals [Williams and
Cieza, 2011].

1.2 Disk Formation

PPDs form during the process of star birth. Large molecular clouds in the ISM
are supported by rotation, magnetic fields, and thermal gas pressure. Initially,
turbulence [McKee and Ostriker, 2007] or triggering events (such as supernovae
shock-fronts [Draine, 2011]) impinging on cold and dense clouds cause regions
of overdensity. These regions become sufficiently dense to violate the Jeans
criterion for gravitational stability

M; = (%) Gg/cziuz (1)

with M; the cloud mass, c¢s the speed of sound in the cloud, G the gravitational
constant and p the density [Jeans, 1902|. The cloud starts to fragment as matter
falls towards the nearest gravitationally unstable overdensities. It collapses until
individual fragments of diameter ~ 10*AU achieve hydrostatic equilibrium as
warm spheres of gas and dust that continue to accrete matter from a surrounding
envelope [Scilla, 2016].

The role of magnetic fields during this stage is uncertain [Williams and
Cieza, 2011]. Polarimetric studies show concentrated magnetic field lines at
the center of these spheres |Girart et al., 2006] but the magnetic field strength
should be insufficient to support the central cores against their own gravity
[Crutcher et al., 2009]. Deuterium-Lithium fusion begins in the cores at a critical
temperature and density and the spherical masses becomes protostars which are
still surrounded entirely by the nebulous envelope. The envelope surrounding
the protostar, initially spherical, flattens into a disk as angular momentum is
conserved during in-fall. This disk extends outward to the centrifugal radius

R(t) o< Q%3 (2)

where €) is the angular rotation rate of the core material and t is time. The
final size of the disk is thus very sensitive to the in-fall time and initial angular
momentum of the cloud. Numerical models of collapsing molecular clouds, both
with and without magnetized cores, have shown that the disks form very rapidly,
within approximately 10*yr. Molecular cloud core material is dispersed until the
disk begins to cool and accretion onto the protostar causes it to begin to lose
rather than gain mass [Williams and Cieza, 2011].

Outflows and jets create a cavity in the envelope until only the accreting
disk remains of radius ~ 100AU [Jgrgensen et al., 2005]. The gaseous and dusty
envelope is then lost and the accretion process slows. The disk transitions from
being protostellar to protoplanetary. Eventually kilometer sized objects known
as planetesimals form. Disk lifetimes vary from 1-10 Myr before dissipating or
becoming debris disks [Williams and Cieza, 2011].

The nearest large star forming regions are the Taurus-Auriga and Rho Ophi-
uchi molecular cloud complexes, both at a distance of ~140pc [Giidel et al.,
2007], but there exists also the much smaller TW Hya association at~ 50pc



[Mamajek, 2005]. Taurus-Auriga is primarily a lower mass star formation re-
gion as opposed to the Orion nebula, which is also producing massive stars of
type O,B and A, while Taurus-Auriga primarily contains M,K,and G class stars
and brown dwarfs [Kenyon et al., 2008|. The sun is thought to have formed
from a higher-mass star formation region. To explain the prevalence of *°Fe in
solar system meteorites the presence of a supernova in the protosolar nebula is
invoked and hence that of other higher mass stars [Lee et al., 2008].

Planet Formation

Direct observation of planet formation in the disk is hindered by the optically
thick dust and most disks being at distances >100pc, requiring a correspond-
ingly large angular resolution to observe the inner planet forming regions of the
disk. For a 200AU diameter disk at 140pc this represents an angular size of ~
1.43”.

1.3 Disk Properties
1.3.1 Disk Mass

PPD mass determinations are still highly uncertain because they cannot rely
on a method of direct measurement. Determining the mass of a disk requires
a known dust-to-gas ratio (pgq/p) and the assumption that the disk is optically
thin at the relevant wavelengths. For the Milky Way galaxy, a canonical value
of pg/p = 1072 is adopted |Williams and Cecchi-Pestellini, 2016, Zubko et al.,
2004] but several different cases will be treated in the results section of this
paper.

Column densities are high in the inner disk and thus continuum emission is
optically thick in the near-IR within ~10 AU of the star [Guilloteau et al., 2016].
Outside of this radius the disk mass can be related directly to the observed flux
F, via

F,d?
= %, B,(T) (3)

where d is the distance to the source and for mm observations the RJ approxi-
mation for the Planck function becomes valid B, = 2v2kT/c?. When the radial
surface density profile of disks are fit to a power law (from R;, to R, see sec-
tion + exponential taper (beyond R, to Rey¢) profile the total disk mass
can be inferred, although there is still disagreement over the 5-10 AU surface
densities [Andrews et al., 2009, [Isella et al., 2009] For Class II young stellar
objects disks falls off steeply beyond the radius containing the mass M~ 50M ;
[Williams and Cieza, 2011].

Tracers to infer the gas mass independently of the dust mass are the line
luminosities of CO and its isotopologues 1*CO and C*¥0 [Miotello et al., 2016].
CO is the second most common molecule after Hy and has very strong rotational
and ro-vibrational (which require much higher gas temperature) transitions over
a wide range of corresponding temperatures which allows for characterization
of different regions in the disk [van der Plas et al., 2015]. The bulk of the gas
constitutes Hy and He, other elements make up only 0.01% of the gas mass.
H- is not used as a gas tracer because it has no permanent dipole and thus its



emission lines are very weak, and the excitation temperature for these lines is
very high. Thus Hy only probes the gas which is at several 100K and not the
majority of the disk gas mass.

Disk masses have been measured in the range 1074-10~! M, with a lognor-
mal distribution |[Andrews et al., 2013]. A linear My;sx o M, has been found
with a typical disk to star mass ratio of ~ 0.2-0.6% although the influence of dif-
ferent evolutionary states of the disk, dust opacity, and disk temperature could
be the cause of the very large spread in inferred disk masses |[Andrews et al.,
2013).

1.3.2 Disk Size

One issue is finding a general definition for what constitutes the size of a disk.
The critical radius R, has been defined as the radius where the disk surface
density begins an exponential drop-off [Andrews et al., 2013].

Disk R, of 10 to 100’s of AU have been observed [Andrews et al., 2013].
Another issue is that the sizes of individual disks are often poorly constrained
due to limitations of the tracer used; the gas disk could be more extended
than the dust component of the disk, and orientation of the disk relative to the
observer, disks viewed edge on exhibit self-shadowing which can cause erroneous
continuum flux inferences.

Studies of proplyds in Orion by HST show radii in the range ~50-200 AU but
also up to ~620 AU with a median value of 75AU [Vicente, S. M. and Alves, J.,
2005). Note that proplyds differ from PPDs in being ionized and in the process
of being photoevaporated by OB stars, and contain PPDs within them.

[Isella et al., 2009] found for 11 disks in Taurus-Auriga Rc = 30-230AU,
and that older disks tended to be larger. |Andrews et al., 2009] found R. =
14-198AU for 16 disks in Ophiuchus with an inferred correlation of disk mass
Md o Ré‘GiO.B’

Much larger disk sizes are rarely observed as they are often truncated by
gravitational interaction with other young stars in a densely populated star
forming region or by binary companions |Artymowicz and Lubow, 1994].

1.3.3 Vertical and Radial Structure

While some of the earliest analytical disk models considered geometrically flat
disks, it is currently understood that disks can exhibit a ”flared” structure.
Infrared excesses which could not be explained by a flat disk were discovered
by IRAS [Kenyon and Hartmann, 1987]. Such flared disks have been directly
imaged in Taurus [Burrows et al., 1996]. The hydrostatic balance equation of
the vertical structure of the disk can be approximated as

% = —pi—ﬁéfz = —p0?z (4)
with p the pressure, p the density, G the gravitational constant, M the mass, r
the radius, Q =+/GM,/r3 Where the solution to the differential equation and
with the definition of a pressure scale height H as

Cs

H =
Qg

(5)
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For a temperature profile of an inverse-square law irradiated disk T oc r—1/2
and ¢, oc r~/4, so that H o 7°/4, and finally H/r « r1/4. This shows that disk
vertical height increases with r to create the flared shape. Values of H/r are
typically on the order 10~2 and thus geometrically still quite flat.

1.3.4 Content and Chemistry

PPDs are composed of dust and gas. Dust dominates the opacity and supplies
the raw material for planetesimal formation. The dust itself is composed of
silicates, graphite, and extremely small carbonaceous particles: polycyclic aro-
matic hydrocarbons (PAHs). Dust grains are the sites for the freezing-out or
condensation of volatiles into ice which form icy mantles [Draine, 2011].

Following from the canonical pg/p = 1072 gas makes up most of the PPD
mass. Despite this the gas is harder to detect, and was detected only after dust
around other stars, owing to its emission at only specific wavelengths and thus
the need for high resolution spectroscopy. The most abundant species is Hs.
Because of the optically thick dust, only the top of the disk surface is probed by
observations of gas which infer only a small fraction the true mass in the MIR.

The main chemical processes which occur in PPDs are photochemistry,
molecular-ion reactions, neutral-neutral reactions, gas-grain interactions, and
grain surface interactions.

Radial Differentiation

Beyond a certain radius from the star the gas temperature in the disk midplane
falls below that required for water ice condensation. This distance is known as
the ”Snow Line” as gaseous HoO condenses onto dust grains, increasing their
surface density and possibly driving planetesimal growth |[Lecar et al., 2006].
Other volatiles such as NH3 each have their corresponding snow- or frost-lines.
Within 0.07-0.15 AU of a typical T Tauri star the irradiation is sufficient for dust
to sublimate at temperatures 1500-2000K |Anthonioz et al., 2015]. The most
productive planet forming region of the disk is considered to extend radially
outwards from the star to a distance of ~ 40 AU |[Andrews et al., 2010].

Vertical Stratification

A PPD can be divided vertically into three chemically distinct regions. The
surface of the disk is photon dominated. It is directly irradiated by stellar
UV which can photodissociate molecules and ionize atoms. The temperature is
103K; elements present in this layer are O,C,C+,N,H.

Below this layer is a warm molecular layer with gas at T> 100K In this
layer can be found H,O, CO, HCN, OH, H; and Ny [Lahuis et al., 2006 Bast
et al., 2013|. In the mid plane of the disk is the cold layer in which volatiles can
condense. More complex chemistry is enabled on the surface of the dust grains.

Abundance of molecules relative to Hy is 10710 — 10~%. Heavier molecules
(such as HC3N) are not easily detected due to low abundance and weak lines
due to energy partitioning between many modes.

11



1.4 Emission Lines in Disks
1.4.1 Emission Mechanisms and Energy Levels
Rotors

Molecules are free to rotate about three mutually orthogonal axes with origin at
the molecule’s center of mass, and thus they have three corresponding moments
of inertia about those axes. The form of a molecule’s emission spectrum is
dependent on its energy levels. The allowable energy levels are defined by the
symmetry of the molecule. There are four divisions based on symmetry.

Figure 2: Schematic representation showing examples of the four types of molec-
ular rotors (image credit Silke Ceulemans).

Spherical top molecules ((i) in Figure such as CH4 and SiHy, where all
three moments of inertia are equal. Linear molecules ((ii) in Figure [2) O5, CO,
OH, CO45 and HCN have one moment of inertia I which is approximated as zero
(along its axis of symmetry) and two other moments of inertia which are equal.
Symmetric top molecules ((iii) in Figure [2]) such as NHg, for which any two
moments of inertia can be the same. Asymmetric top molecules ((iv) in Figure
2) such as HyO have three moments of inertia with three different values.

Rotational Transitions

Photon emission occurs during the relaxation of an atom or molecule from one
quantized energy level to a lower one. The emitted photon energy is equal to
the difference in energy between the energy levels. In the mid-infrared many
ro-vibrational lines of elements in the gas phase are present.

The rotation rates of molecules about any of their mutually orthogonal ro-
tational axes are discretized following from the quantization of angular momen-
tum. The orbital angular momentum L exists in multiples of h = h/(27) [Hol,
2005].

L=nh (6)

Free molecules rotate about their center of mass. In an inertial center of mass
frame L = Iw where I is the moment of inertia and w is the angular velocity. This
can be written in terms of the equilibrium distance r., the distance separating
the mass of the two atoms, and their total mass m as

L=mrw (7)

12



The rotational kinetic energy is related to the angular momentum and mo-
ment of inertia by E,.; :L2/2I. The relation between L and J is thus L =

VJ(J + 1)k, so

J(J +1)h?
21
The energy levels of linear molecules are described by a single moment of inertia
and thus single quantum number J. Nonlinear symmetric rotor molecules have
two unique moments of inertia and so their energy depends also on a second
rotational quantum number K. Not only the energy itself but also changes in
rotational energy are quantized AJ = +1. The frequency of emitted photons is

thus

Eyor = J=0,1,2.. (8)

_nJ+1) _
V—W J—].,Q, (9)

Hence rotational line emission frequencies exist in a 'ladder’ of steps. Each step
on the ladder signifies a different J level of a rotating molecule [Hol, 2005|.

A diatomic molecule such as Hs is linear and has only one rotational degree of
freedom. The nonlinear symmetric top molecule NH3 has two distinct rotational
axis and their coupling causes more complex spectra with multiple 'ladders’ of
different step spacing. The energy of the transitions of rotating molecules such
as HoO fall in the mid-infrared range [Hol, 2005].

Vibrational Transitions

Molecular vibrations can be approximated to first order by simple harmonic
oscillators. Solving the Schrédinger equation for the energy levels leads to

By = h(v+ %)u (10)
where v is the vibrational quantum number and v =4/k/4mm? the vibrational
frequency. For this approximation the selection rules for permitted transitions
allow Av = £1 but in reality vibrations are anharmonic and there are additional
contributions from e.g. Av = +2,3 etc [Hol, 2005]. In astronomical nomencla-
ture, lines arising from vibrational transitions where both states have the same
rotational quantum number (AJ = 0) form the Q-branch. The R-branch of the
spectrum arises from rotational transitions of AJ = +1. The P-branch forms
from rotational transitions of AJ = -1. The relative excitation energies for
rotational, vibrational, and electronic transitions are related by the inequality

Erot < Em'b < Eel (1]-)

1.4.2 Gas Emission

Stellar radiation causes pronounced gas excitation and ionization in the surface
and inner radii of the disk (R< 10AU). Even if a disk is spatially unresolved,
the location of gas emission can still be inferred. The gas in the disk is expected
to follow a Keplerian rotation profile and thus the doppler broadening of a
particular line can be an indicator of its radial location in the disk. For a disk
of inclination # the radial position R of a line can be determined by the relation

13



2
R = Rou (u;"t) cos? 0 (12)

where u is the velocity vector along the line of sight, R, is the outer disk
radius, and u,,¢ is the velocity at that outer radius. Line profiles become double
peaked, but a spectral resolution which can resolve the line splitting is required.

CO ro-vibrational emission from a typical T Tauri PPD could originate from
~(0.1-10AU for which the expected keplerian velocity on a circular orbit would be
~50-5km /s respectively. A line of sight velocity of 50km/s represents a doppler
shift of ~0.0008 pm, hence a split peak would be separated by ~0.0016um and
require a spectral resolution of R = 2900 to be resolved.

1.4.3 Dust Emission

Thermal emission from the star and the dust grains in the disk makes up the
continuum flux. Thermal emission of dust grains at a temperature of 100-
500K falls in the ~6-30pm range, a region known as the mid-IR. The grains are
heated predominantly by photons, with additional contributions from collisional
processes. The grains can become excited by absorbing an incident photon and
are heated by the photon energy going into vibrational energy modes. The
grain will then cool primarily by emitting an IR photon, but can also cool by
collisional de-excitation in denser regions or through the sublimation of atoms
from the grain surface [Draine, 2011].

1.4.4 The MIR Organic Spectrum

The first detection of organics in PPDs was made in 2008 including HCN, CoHo
and CO5 in AA Tau and then in other classical T Tauri stars [Carr and Najita,
2011]. The inferred temperature (T=200-800K) of detected species correspond
to the emission coming from inner planet-forming region. Some prominent lines
include the Q branches at 13.7pum, 14pm and 14.95pum. Q branch HCN and
CoH, is detected in 67% and 44% of the surveyed disks.

The vast majority of lines in the Spitzer MIR range are rotational transitions
of the main H0 isotopologue Hi%0 |[Williams and Cieza, 2011]. Strong blends
include

1.5 Stars with Disks

Protoplanetary disks are found around >90% stars with age <1Myr, 50% of stars
with age ~2Myr, and by ~15-20Myr virtually all disks are absent [Mamajek,
2009|]. Pre-main sequence (pre-MS) stars with a mass <2Mg are known as T
Tauri (TT) stars [Bertout, 1989], first described by Alfred Joy in 1945 |[Kuhi,
1966] most of which are surrounded by sufficiently massive disks [Williams and
Cieza, 2011] to host planet formation |Greaves, 2004]. They are the youngest
stars of class M,K,G and F. Their luminosity is dominated by their gravitational
collapse prior to the ignition of hydrogen fusion as they move along a Hayashi
track [Kuhi, 1966]. After 10® yr of evolution these stars reach the main sequence.
T Tauri stars can be identified by strong [Li I] 0.6707 pum absorption [Bertout,
1989] which is present for typically < 107 yr [Mamajek, 2009]. More massive
pre-MS stars of 2-8M, of type A and B are known as Herbig Ae/Be type stars.
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1.5.1 FT Tauri in Taurus-Auriga

FT Tauri (FT Tau) is a ~1.6 Myr old star of spectral class M2 or M3 with
a protoplanetary disk. The star has a mass ~0.3 Mg, a radius 1.7Rg and a
luminosity ~0.35L¢ |Garufi et al., 2016] which are typical values for a T Tauri
star. The disk has a mass of 0.02 My and extends from 0.05-200AU with a
flaring power law exponent 1.15. The star and disk are considered a benchmark
for high mass accretion rate and high gas content systems.

Rout

FT Tau Disk

R taper

\\1 Solar System Planets

Figure 3: Simplified schematic representation of the disk of FT Tauri compared
to the orbits of the planets of the solar system. The parameters Roys and Riaper
are explained in section m (image credit Nick Oberg and Silke Ceulemans).

FT Tau is located in Taurus south of the 400’2 Barnard 215 dark cloud,
where it is the only known member of Taurus besides the binary brown dwarf
pair FU Tau A and B which were discovered during a Spitzer observation of
FT Tau in 2005 [Luhman et al., 2009).

1.6 MIRI

The Mid-Infrared Instrument (MIRI) will fly aboard the James Webb space
telescope when it is launched into space by an Ariane 5. It will then coast out
to an orbit about the Earth-Sun Lagrange point L2 from which it will make mid-
infrared observations of unprecedented spectral resolution for this wavelength
range.
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The large thermal background from the Earth’s atmosphere (T=288K) makes
ground based MIR observations impossible, and requires space telescopes such
as IRAS, ISO, Spitzer, Akari, WISE and JWST which are equipped with spe-
cialized cryogenic equipment. To fall within the mass and volume constrains for
most available space launch vehicles the telescopes have all had small apertures
(40-85cm) compared to ground based telescopes |Rieke et al., 2015|.

MIRI contains an integral field Medium Resolution Spectrometer (MRS)
with a spectral resolving power R given by

A
R=+ (13)

ranging from 1300 to 3700 over 5 to 28.5 pum with a field of view up to 7.7 x
7.7 arcseconds [Wells et al., 2015]. The short wavelength radiative background
below 5 pm is dominated by zodiacal dust emission. Above 17um thermal
emission from the telescope and straylight begins to dominate and cause the
long wavelength limit [Glasse et al., 2015]. The gain in sensitivity over Spitzer
in the range 5-12 pm is a factor of ~50 [Rieke et al., 2015]. Four integral field
units (IFU) divide the spectral range within the spectrometer pre-optics into 4
simultaneous ranges. The IFUs are image slicers which reformat the input field
for presentation to a grating spectrometer [Wells et al., 2015].

Table 1: MIRI Spectral Resolution in Detail

Channel 1 2 3 4
Sub-band A

Wavelength Range (um) 4.87-5.82 7.45-8.90 11.47-13.67 17.54-21.10

Resolution (A/AN) 3320-3710  2990-3110 2530-2880 1460-1930
Sub-band B

Wavelength Range (pm) 5.62-6.73 8.61-10.28 13.25-15.80 20.44-24.72

Resolution (A/AN) 3190-3750  2750-3170 1790-2640 1680-1770
Sub-band C

Wavelength Range (um) 6.49-7.76 9.91-11.87 15.30-18.24 23.84-28.82

Resolution (A/AX) 3100-3610  2860-3300 1980-2790 1630-1330

This separation allows for the diffraction gratings to be used in first order,
such that they are used near peak efficiency around the blaze wavelength. [Wells
et al., 2015] Two focal planes of 1024x1024 Si:As detectors record the output
with a spectral coverage of roughly one third of the wavelength range of each
channel |Ressler et al., 2015].

1.7 Significance

The study of protoplanetary disks is motivated by a desire to understand the
prevalence and conditions of planet formation. The habitability of planets is cur-
rently assessed with simple arguments based on stellar flux [Kopparapu et al.,
2013] and broad generalizations of composition must be made for the few exo-
planets with a known mass and radius [Weiss and Marcy, 2014]. With a better

16



understanding of the inner region of protoplanetary disks we may be able to
make inferences regarding the distribution of planet compositions. Perhaps
most intriguingly the evolution of pre-biotic chemistry in disks can be explored
[Snytnikov et al., 2014]. JWST/MIRI will an overview of molecular species in
the inner planet forming regions of disks, a task which forced Spitzer to the
limits of its capability. This thesis aims to provide estimates for the performance
of MIRI with regard to PPDs. It will draw from both theoretical simulation
and observational data to present a MIR spectrum representative of the star
FT Tau with which MIRI’s performance can be evaluated and its observations
planned in advance.

2 Modeling Disks
2.1 ProDiMo

The disk modeling in this paper was performed with the ProDiMo ( Protoplanetary
Disk Model) FORTRAN 90 software package [Woitke et al., 2009]. ProDiMo
models the physical and chemical structures and heating/cooling of the disk
gas using global iterations. From a parametrized disk structure a continuum
radiative transfer solution is calculated with sub-iterations of dust temperature
distribution, from which a chemistry and gas thermal balance is calculated with
sub-iterations of gas temperature, and finally sound speeds.

Thus ProDiMo combines 2D dust continuum radiative transfer, kinetic gas-
phase and UV photo-chemistry, ice formation, and detailed non-LTE heating
and cooling [Woitke et al., 2009].

2.2 ProDiMo Disk Structure

In this thesis the ProDiMo disk structure is parametrized by a radial column
density power law and flaring-radius relation. An inner radius Rj,, outer ra-
dius Rout, and tapering radius Riap (note Roy < Ryap) are input directly as
parameters, giving a gas column density structure X(r) [g/cm?]

S(r) oc 1 exp (_ (R;p)g‘”> (14)

where 7 is the radius [Woitke et al., 2016]. The tapering exponent is by default
set to be v = e |Hartmann et al., 1998]. Radial integration of equation
from R, to Ry results in the total disk mass M gjsk. Riaper i chosen such
that at Rout the number density of hydrogen Ny will be on the order 102°cm™2.
The vertical gas distribution is taken to be Gaussian and the input parameters
include the tapering exponent 7, column density exponent ¢, scale height H,
and flaring exponent [;

(7, 2) o exp (—m) (15)

H, (r) = Ho <T>6 (16)

To
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where p (1, z) is the gas mass density in cylindrical coordinates, and Hy is the
gas scale height at radius rg.

2.3 ProDiMo Continuum Radiative Transfer

The main purpose of continuum radiative transfer in ProDiMo is to calculate
the condition of radiative equilibrium of dust grains and local strength of UV
radiation field, from which the dust temperature and UV photo-chemistry rates
can be calculated.

The local radiation field J,(r,z) and dust temperature Ty(r, z) determine
the chemistry and heating/cooling balance of gas in the disk. Furthermore the
chemistry and heating/cooling balance are functions of the heat transfer between
the gas and dust (which is the dominant heating and cooling mechanism for
dense regions such as the disk midplane), photo-ionization and dissociation and
UV heating, radiative pumping of atoms, and grain surface chemistry. [Draine,
2011]

ProDiMo computes a 2D continuum radiative transfer solution for J,(r, z)
and Ty(r, z) at each point in the disk. The disk is subdivided into a grid from
which ~100 rays are traced back along the direction of photon propagation.
The radiative transfer equation

dl,

dr,
is then solved for these rays, where I, is the spectral radiance, 7,, the spectral
optical depth, and S, = €, /k,, the ratio of emissivity to absorptivity .

SV - Il/ (17)

2.3.1 Stellar Irradiation

The radiation field around disks is completely determined by the stellar and
interstellar radiation, and the dust opacity. A PHOENIX model is used to
simulate the stellar radiation. The incident stellar intensity is related to the
surface flux at the stellar surface by

1
I;:tar — <7T) FlftarRsta'r‘ (18)

where I;ft‘" is the stellar intensity, Flft‘" is the stellar spectral flux, and Rsiqr
is the stellar radius.

As younger stars can have a UV excess compared to the model star an
additional UV component is added to the model. The UV irradiation of the
disk is important for ProDiMo as only the UV photons can drive the ionization
and photo-dissociation that are responsible for heating, cooling and chemical
processes.

ProDimo assumed a uniform dust abundance and size distribution across
the disk. The dust in the ProDiMo simulations in this paper consists of 3
components, an amorphous pyroxene Mgy 7Feq 35103, amorphous carbon dust,
and vacuum at a 0.727:0.023:0.25 ratio by volume.

18



2.4 ProDiMo Chemistry

There are 9 elements (H,He,C,N,0,Mg,Si,S,Fe) and 71 species (see for a detailed
list [Woitke et al., 2009]) in ProDiMo from which any subset can be selected.
Reaction rate coefficients are taken from UMIST 2012 astrochemistry database
[McElroy et al., 2013|. 950 Reactions are included in ProDiMo of which 74 are
photo-reactions, 177 are neutral-neutral reactions, 299 are ion-neutral reactions,
209 are charge-exchange reactions, 46 are cosmic ray induced photo-reactions
and 26 three-body reactions. [Woitke et al., 2009]

2.5 ProDiMo Gas Thermal Balance; Heating and Cooling

Heating and cooling rates depend on the gas temperature T; and the particle
densities ng, which themselves depend on Tj, such that an iterative process
is required during which Ty is varied and the chemistry is re-solved until T
satisfies

de
E = Zrk (Tg,nsp) - ZAk (Tgansp) (19)
k k

where 'y, and Ay are the heating and cooling rates (in erg cm™3s1) and e is
the kinetic energy [Woitke et al., 2009)].

2.5.1 Heating Processes

UV photons can eject electrons from dust grains which carry their kinetic energy
into the disk as heating in a process known as photo electric heating. The
electrons collide with gas atoms and molecules and transfer some of their own
kinetic energy in those collisions. Positive grain charge reduces the efliciency of
this heating as they will be more likely to deflect electrons rather than collide
with them. The photoelectric heating rate is taken from [Kamp and Bertoldi,
2000].

Carbon photoionization, Hy photodissociation heating, cosmic-ray heating,
H, formation heating, heating by collisional de-excitation of H3 and viscous
heating are also all included in ProDiMo. In just the inner disk surface region,
collisional de-excitation of excited Hy dominates near the disk surface, and be-
neath that Hy formation by grain catalysis, and IR background heating by HoO
ro-vibrational emission are present, as can be seen in Figure [4
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Figure 4: FT Tau disk heating processes as simulated by ProDiMo

2.5.2 Cooling Processes

Major cooling processes in the gas content of the disk are radiative. On the
surface of the PPD [CII] 158um cooling dominates, beneath that [OI] 44, 63,
and144pm. In the disk midplane cooling by thermal accommodation of grains
dominates. Closer in to the star there is [FelI],[OI],and CO ro-vibrational cool-
ing. Inside the snow-line there is HoO rotational and Hs ro-vibrational cooling
as seen in Figure
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Figure 5: F'T Tau disk cooling processes as simulated by ProDiMo

Emission lines are saturated around 7 = 1 , thus the majority of observable
line flux originates from surface regions. In the disk mid plane 7 > 10°.

2.6 The Fast Line Tracing System

The inner region of disks from which much of the MIR emission originates
is characterized by rapidly varying temperature, density, and composition, re-
quiring a detailed numerical grid. The large number of blended lines in this
wavelength range adds to the complexity of the emission line computation and
the large velocity gradients across individual grid cells degrade the accuracy of
line opacities. Such computation was challenging with the previous generation
of line ray-tracers.

The Fast Line Tracing System (FLiTs) was developed by Dr.M.Min (Anton
Pannekoek Institute for Astronomy) to address this issue. FLiTs is used in
this paper to compute line shapes and fluxes. From ProDiMo a density and
temperature structure is imported and FLiTs computes dust and gas emission
using the formal solution of radiative transfer. Species selection is modular,
individual species or combinations of species can be selected.

An image of the disk is created by ray tracing radiation along different lines
of sight. The contributions from each line of sight are combined to obtain a
total flux at each wavelength. The flux contribution is solved by integrating
along the line of sight using a discretization of the disk volume.

Spectra must be calculated at high spectral resolution in FLiTs to resolve
lines and only then can be re-sampled to simulate lower spectral resolutions.
FLiTs was recently developed within the DTANA project. DIANA (Disc Anal-
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ysis), an EU project funded under the FP7 program (Grant Agreement no.
284405, P1: P. Woitke).

2.7 Noise and Spectral Resolving Power Simulation

Noise which is artificially added to synthetic spectra for comparison with Spitzer
is approximated as

N =0.01r, F, (20)

where r,, is a random number drawn from a normal distribution centered on
zero with a standard deviation of one and Fy is the continuum flux [Antonellini
et al., 2016]

Table 2: MIRI Spectral Resolution Approximation

| Wavelength [um] | Resolution |

4.910-5.695 | 3200
5.695-6.540 | 3150
6.540-7.590 | 3000
7.590-8.810 | 2750
8.810-10.115 | 2700
10.115-11.605 | 2800
11.605-13.390 | 2450
13.390-15.490 | 2000
15.490-18.010 | 2100
18.010-21.015 | 1500
21.015-24.255 | 1550
24.255-27.430 | 1350

The spectral resolution R of MIRI is approximated by taking the mean R over
each of the 12 sub-band wavelength ranges [Wells et al., 2015]. See Table

2.8 MIRI sensitivity estimation

Sensitivity estimates for MIRI MRS are derived from Figure 10 in |Glasse et al.,
2015). This plot has been digitized and converted to spectral flux density (Jy)
and interpolated with a polynomial fit. Originally it is designed to return de-
tection criteria for unresolved spectral lines from a spatially unresolved source
for a 10 o detection after 10,000s of observation.

This relation has been altered to account for 3 sigma detections of much
shorter exposure times, namely ~20s and ~200s. Namely the required flux
for a detection of 10 o after 10,0008, F has been decreased by a factor 3/10
to change the significance criterion and by a factor /10000/20 to adjust the
exposure time SNR (for 20s exposure) as SNR o< t0-2.
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Figure 6: The MIRI MRS limiting sensitivity for a 20s exposure, 3 ¢ detection
as a function of wavelength, derived from |Glasse et al., 2015]

2.8.1 FT Tau as parametrized in ProDiMo

The parameters in Table [3] were used for the reference simulation of FT Tau in
ProDiMo, and are taken from a modified DIANA standard set of F'T Tau param-
eters. These parameters were initially derived from a multi-wavelength analysis
and modeling of FT Tau |Garufi et al., 2016]. Data from TNG/DOLoRes,
WHT/LIRIS, NOT/NOTCam, Keck/NIRSpec, and Herschel /PACS were col-
lated to form a complete spectral energy distribution (SED) and replicated with
ProDiMo and MCFOST to constrain the properties of the disk |Garufi et al.,
2016].

Table 3: FT Tau Stellar Parameters

’ Parameter \ Value
Stellar Mass [Mg | 0.3
Stellar Luminosity [Lg | | 0.2954
Stellar Effective T [K] 3400
LUV /Lstar 0.025
UV powerlaw exponent 0.2
X-ray Luminosity [erg/s] 1E20
X-ray Temperature [K] 2E7

The significant deviation in disk mass in Table from My;s, = 0.02 Mg
found by the study versus the value My;s, = 0.3TMg used here arises from a
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new DIANA modeling approach, which adopts a more realistic opacity model
rather than one based on astrosilicates for the dust. The disk models is now
parametrized with a tapered rather than sharp outer edge.

Table 4: FT Tau Disk Parameters

] Parameter \ Value ‘
Disk Mass [Mg] 0.371
Rin [AU] 0.12
Rtape'r' [AU] 105.6
Rout[AU] 138.4
pa/p 0.01
~ (tapering) 1.6
¢ (column density exponent) 1.1
B (flaring power) 1.12
Hy (scale height) 9.1

3 Results

26 ProDiMo disk simulations including 4 different parameter space explorations
were performed. 150 FLiTs simulations of both individual and multiple species
were performed to generate spectra of R = 30000.

3.1 Comparing ProDiMo+FLiTs and Spitzer

A spectrum of FT Tau acquired by Spitzer on the wavelength range ~10-20 pm is
considered. The inherent spectral resolution of Spitzer’s Infrared Spectrograph
(IRS) over this range is ~600. The FT Tau spectrum is acquired by the 10-
19.5pum and 19-37um high-resolution modules. The spectrum has been reduced
in such a way to to present a higher sampling of lines equivalent to a resolving
power of R = 1200.

The first FLiTs spectrum was computed with ProDiMo’s output using the
parameters from Table [3]and Table [4. Thereafter the full 4-30um wavelength
range was simulated at a spectral resolution of R=30000 in FLiTs using the
species C+, O, C, Mg+, Fe+, Si+, S+, o-Ha, p-Ha, CO, 0-H,0, p-H20, 13CO,
OH, SiO, NO, S, HCN, CN, HCO+, CH+, N+, OH, Ne+, SO, SO3, o-H30+,
p-H30+, H, o-NH3, p-NH3, Ar+, Ar++, O++, O+, S++, Ne++, N++, C30,
NyH+, CO+, OH+, Oo, 01707 NO, CO, and CHy4.

The FLiTs spectrum was then binned to approximate the spectral resolution
of Spitzer. This was accomplished with a custom python script which takes a
Riemann sum approach to integrate the spectra while conserving line flux during
the binning process. The binned FLiTs spectra are not binned to simulate
R=600 and then re-sampled to match the appearance of the Spitzer spectra
(which would be cosmetic, lacking further insight into the Spitzer data reduction
process), but rather binned directly at the equivalent sampling rate R =1200 to
avoid a potentially misleading result.
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A comparison of this simulated spectrum and the Spitzer spectrum can be
seen in Figure which shows a continuum spectral flux density excess over
Spitzer from 17-19um and beyond 20um which continues to increase at longer
wavelengths, and a deficit from 13.5-16.5um. Thus in the regions 17-19um and
> 20pm the line/continuum ratio for the Spitzer spectrum will be increased by
a factor 1.06 over ProDiMo+FLiTs for line fluxes which could in absolute terms
be identical, and up 1.12 for the long wavelength end of the spectrum. For the
region 13.5-16.5um the reverse is true. This is treated in the discussion section.

— ProDiMo+FliTs, R = 30000
— Spitzer

0.50f /i,‘,‘

Flux (Jy)

H H H H H H
12 14 16 18 20 22 24 26
Wavelength (micron)

Figure 7: Spectral flux density of the ideal DIANA FT Tau ProDiMo+FLiTs
and Spitzer. The MIRI-relevant overlap region covers 10-28um.

Prior to generating a detailed and representative MIRI-like spectrum for
FT Tau, we explore a parameter space in an attempt to bring the continuum
and line flux of the ProDiMo and FLiTs output into the same order as that
of the Spitzer spectrum, but it is not yet clear whether this is possible with
physical disk parameters. We adjust the abundance of PAHs, the chemical
heating efficiency, the Hy cosmic ray ionization rate, the gas mass and pg/p
ratio, and finally as an informative exercise the stellar parameters.
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Figure 8: Initial comparison of continuum normalized, noise-free DTIANA stan-
dard FT Tau ProDiMo+FLiTs and continuum normalized Spitzer Spectrum

Initially the ProDiMo+FLiTs spectrum line fluxes used for comparison (vi-
sually inspected bright and isolated HoO lines at the long wavelength end of
the range) are clearly below the Spitzer lines visible in Figure To quan-
tify this, several of the water lines are considered. Under the assumption that
the 30 emission which correspond to HoO line positions are real detections by
Spitzer and that the Spitzer SNR =100, the relative line flux between Spitzer
and ProDiMo+FLiTs is calculated at 23.85, 25.05, 25.35, 26.0, 26.6,and 26.7um
[Antonellini et al., 2016]. This results in range of ratios from a low of factor 2.7
to a high of factor 76.8. The mean of these ratios is, taking into account the
continuum discrepancies at wavelengths above 20pum is ~20, and this factor will
be the working hypothesis for the remainder of the thesis. The total integrated
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continuum normalized line flux over the entire Spitzer and FLiTs+ProDiMo
overlapping wavelengths range is not considered as the continuum flux as in-
ferred from Spitzer data and as modeled by FLiTs+ProDiMo is too different
for a simple quantitative comparison.

First the simplified model of noise (see equation is applied to the spectra
(see Figure @ The mean continuum flux to line flux ratio for each line traced
by FLiTs of the DIANA FT Tau model for ProDiMo+FLiTs output is ~ 8000:1,
so virtually all lines are completely lost in the noise.

— ProDiMo+FliTs binned + noise|
1.0 ProDiMo+FliTs, R = 30000
— 3sigma

-=- 2sigma
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Line:Continuum Flux

. mnuﬂq IJ—I.-"LI'"J—] ]
.

22,6 22.8

23.0 232 234
Wavelength (micron)

Figure 9: The continuum normalized DIANA FT Tau ProDiMo+FLiTs spec-
trum with synthetic noise. The signal appears lost in the noise.

3.1.1 ProDiMo Mg,s parameter exploration

In the first series we alter the disk gas content total mass to investigate the
effects it will have on the line flux. FT Tau is already known to have a massive
disk, with ratio M gisk/Mstar = 1.23, greater than the proportionality ~0.02-
0.06 found by [Andrews et al., 2013], despite this we consider a series of disks
some of which are almost certainly non-physical, where the disk mass not only
exceeds this ratio but significantly exceeds the mass of the star FT Tau itself by
up to a factor 12.4. Unfortunately very few disks have had had an inferred mass
of even 0.1Mg;q,-, s0o each of the 6 tests should be considered to represent either
abnormally massive or completely non-physical disks |[Andrews et al., 2013]. To
test this the pg/p ratio and disk mass is altered to keep dust mass and thus
continuum flux fixed.
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Simulation dgl dg2 dg3 dg4 dgb dgb
Disk Mass [Mg ] 0.1 046 0.617 0925 1.8 3.71
Ratio Mgyst/Mgas  0.037 0.008 0.006 0.004 0.002 0.001
Ratio Mg;sk /My 0.33 154 204 294 625 124
LBF* 039 113 126 144 179 272

*Line Boost Factor = continuum normalized integrated line flux of test simula-
tion divided by baseline simulation.
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Figure 10: Detail of Mg, series.
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Figure 11: Mgq, series continuum shifts.

Most observed gas emission from PPDs originates only from the optically
thin surface layer. The maximal increase in My, in series dgb resulted in a mean
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boosting of the continuum normalized integrated line flux over the entire 4-30um
range by a factor 2.72, reducing the discrepancy of the reference simulation and
Spitzer’s but not eliminating it.

3.1.2 ProDiMo PAH abundance parameter exploration

ProDiMo allows for a change in the abundance of PAHs in the PPD. The fpan
parameters sets this abundance relative to PAH abundance in the ISM. PAHs
in this simulation (and all others) were not included in the radiative transfer
calculation of ProDiMo such as not to change the fit FT Tau SED. PAHs can
influence the heating rate in the disk via photoelectric emission of an electron
and are considered an extremely efficient heating source for the gas [Woitke

et al., 2009|

PAH + hv — PAHT + ¢~ + Eyin (21)

The kinetic energy of the electron which appears on the RHS of equation [2]]
is carried away into the disk and thermalized. In this series of simulations the
dust continuum radiative transfer was not calculated. A series of values for this
parameter are considered where a value of fpayg = 1 is equivalent to ISM PAH
abundance:

Simulation pahl pah2 pah3 pah4 pahb
fpan 0.001 001 01 05 1

Comparison of ProDiMo simulations Comparison of ProDiMo simulations
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(a) Continuum normalized line fluxes.
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Figure 12: Detail of PAH abundance series.

As seen in plot (a) of Figure the line fluxes do not appear to be uni-
formly and systematically influenced by the changing PAH abundance. While
the continuum flux has remained unaffected.
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3.1.3 ProDiMo chemical heating efficiency parameter exploration

In an ideal kinetic chemical equilibrium there would be no net formation or
destruction of chemical species, but the chemistry would be powered by never
ending reaction cycles driven by incoming XUV photons and cosmic rays. Sta-
ble molecules are struck by these high energy photons and protons and either
ionized or dissociated. The dissociated fragments are energetically less favorable
and will re-form into the stable configurations. The majority of these reactions
are exothermic and release heat into the gas [Woitke et al., 2016]. This heating
mechanism is particularly important in the bottom of the warm molecular layer
where near-mid IR lines are formed, and so this parameter is quite relevant to
increasing MIR line flux. In this series of simulations the dust continuum radia-
tive transfer was not calculated. The DIANA FT Tau value for this parameter
is 0.2.

Simulation cheml chem2 chem3 chem4 chemb

ChemHeatFac 0 0.25 0.5 0.75 1

Comparison of ProDiMo simulations . . Comparlslon of ProDiMo sllmulations

I3

— ChemHeatFac = 0.00 0. — ChemHeatFac = 0.00
—— ChemHeatFac = 0.25 — ChemHeatFac = 0.25
— ChemHeatFac = 0.50 — ChemHeatFac = 0.50|

ChemHeatFac = 0.75 ChemHeatFac = 0.75
— ChemHeatFac = 1.00 — ChemHeatFac = 1.00
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(a) Continuum normalized line fluxes.
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Figure 13: Detail of chemical heating efficiency series.

Once more the continuum flux remains unchanged. Some lines do appear
to increase in flux but this effect was not uniform over the spectrum. The
combined integrated line flux over the entire continuum normalized spectrum
for the largest value of chemical heating efficiency (series chemb) increased by
only a factor 0.046 over the baseline DIANA parameter value of 0.2. Some HyO
lines did increase in flux systematically (Figure .
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Figure 14: Increasing values of chemical heating efficiency may have boosted
this HyO line.

This line in Figure is a blend of o- and p-H2O at 26.7 and 26.71 um and
clearly it is boosted by the chemical heating, but not by a factor of 20.

3.1.4 ProDiMo H; cosmic ray ionization parameter exploration

PPDs can be heated by high energy protons and Fe nuclei (both cosmic rays)
through the ionization of atomic and molecular hydrogen. Hs is primarily ion-
ized rather than dissociated. Cosmic ray particles lose only a small fraction of
their kinetic energy in each collision, and will release 3.5 and 8eV of heat into
the gas for H and H, ionization respectively.

H+CR— H' +e +CR+ Eyp, (22)
Hy+CR— Hf +e” +CR (23)
Hy,+CR— H+H+CR (24)

Hy+CR—-H+H'+e +CR (25)

[Kwok, 2007, Draine, 2011]

A series of ProDiMo simulations adjusting the cosmic ray ionization of Hy
on the FT Tau disk was performed. Altering this parameter should increase
ionization throughout the disk but particularly influence the heating of the disk
mid-plane which is shielded from virtually all stellar photons, while cosmic rays
can penetrate deeply into the densest regions of the disk.

Simulation rayl ray2 ray3 ray4 rayb

CRI[1/s]  1.60x107'8 4.25x10~18 1.70x10~'7 6.80x10~'7 2.72x10~'6
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Figure 15: Detail of continuum normalized cosmic ray ionization efficiency se-
ries.

While some line fluxes were increased, the effect was sporadic and no clear
relationship emerged relating total integrated line over continuum flux.

3.1.5 ProDiMo stellar parameter exploration

Stellar parameters for this series were generated for a range of stars aged 1Myr
with metallicity Z = 0.02 and taken from the [Siess et al., 2000] isochrone calcu-
lator for pre-main sequence low mass stars with the exception of sl, a simulated
brown dwarf whose parameters for ProDiMo were taken from [Muthusubrama-
nian, 2014,

Disk masses for this series were based on the canonical p;/p = 0.01 and not
intended to replicate FT Tau but rather inform generically the effect of stellar
parameter adjustment on line over continuum flux. Stellar parameters for FT
Tau are well constrained and changing stellar parameters so dramatically will
influence the SED [Garufi et al., 2016].

Simulation sl s2 83 s4 sb s6

Stellar Mass [Mg]  0.08 0.1 0.2 0.3 0.5 1
Luminosity [Ls ] 0.025 0.0085 0.3045 0.6887 0.9288 2.335
Temperature [K] 2700 2928 3075 3360 3771 4278

While line over continuum flux was increased more significantly than by any
other parameter adjustment (up to and beyond the factor of 20), changing
stellar parameters leads to a loss of fit for the continuum and so the results are
discarded.

3.2 The Spectral Atlas

Given that the parameter space exploration failed to acceptably resolve the
factor ~20 line flux discrepancy estimated to exist between the Spitzer and
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ProDiMo+FLiTs FT Tau spectra, the ProDiMo+FLiT's line fluxes are increased
artificially relative to the continuum by the factor 20. The results have been
binned to replicate the spectral resolution of the MIRI MRS and are included
in the appendix.

3.3 Exposure Time Results

Several simple organic species are omitted from the exposure time calculations.
The molecules CoHy, CoH, CH4, CH30OH, CH+, CN, CS, H,CO, HCO+, and
HCS+ are not considered because they either were not included in the ProDiMo
chemistry set, do not have emission lines in the MIR, or did not produce suf-
ficient line flux relative to the continuum for their detectability to be inferred
from the sensitivity plots.

Table 5: Exposure Time Results

line [pm] | 20s [Jy] 200s [Jy] F. [Jy] Fi[Jy]

H,O
14.20 | 0.000620 0.000196 0.263346 0.017852
21.84 | 0.006637 0.002099 0.486774 0.032072
23.85 | 0.011044 0.003492 0.523444 0.068441
25.06 | 0.014649 0.004632 0.539161 0.098211
26.70 | 0.027313 0.008637 0.586709 0.142223

NH;
10.61 | 0.000425 0.000134 0.330374 0.022089

HCN
14.04 | 0.000654 0.000207 0.263346 0.035509

In Table the '20s” and '200s’ columns represent the limiting sensitivity for
a 30 detection of the features in the ’line’ column for a 20 and 200 second
exposure, respectively. The F column lists the ProDiMo computed flux (of the
combined continuum-line flux) at the given wavelength. All lines in the sample
are thus detectable at either exposure. A detailed quantitative exposure time
calculator tool for this exact purpose is currently in development.

4 Discussion

4.1 Contrasting ProDiMo+FLiTs and Spitzer

The initial comparison of the model and data in section [3.1]based on the original
DIANA parameters shows us that the gas emission line fluxes are significantly
too low. How can this be a certain judgment? We begin with the a priori
assumption that HoO has been detected in FT Tau by Spitzer (with assumption
detailed also in section . But what other evidence is there that HoO exists
in the FT Tau PPD? Herschel puts only an upper limit on o-HoO emission
at 63.32 ym of < 1.25 % 10717 W/m?, which would represent emission from a
slightly larger radius and slightly greater scale height than the 15.74 ym HO
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line emission |Riviere-Marichalar et al., 2012]. Another Spitzer observation
reported the detection of HCN and HoO from the FT Tau PPD at a signal-to-
noise ratio (SNR) of 245 using the 17.12, 17.22 and 17.36um H>O lines |[Najita
et al., 2013].

However there still exist some potential issues with the approach of using the
H5O lines as reference. The H5O lines in FLiTs were not uniformly influenced
by the parameters that were adjusted; and a single line complex could not be
representative of all the relative line flux levels between the ProDiMo+FLiTs
results and Spitzer. Additionally, while some HyO lines seem to be apparent
in Spitzer data, several are conspicuously absent. Why would the 21.85um line
appear so prominently from Spitzer but not 21 or 25.36um?

4.1.1 Continuum Flux ProDiMo+FLiTs vs. Spitzer FT Tau

As noted in section [3.I]the continuum flux model for Spitzer and ProDiMo+FLiTs
is different in several wavelength ranges (also see Figure . One possibility is
that there is a problem with the models. However, it must be noted that the
Spitzer spectrum as presented in this thesis is a combination of two overlap-
ping spectra generated from two different Spitzer IRS modules. The SH module
covers 9.89-19.51um and the LH module 18.83-37.14um, where the spectral res-
olution is approximated as R=600 for both (it is not perfectly constant over
these ranges). The sensitivity and SNR of the instrument is subject to rapid
change near the boundaries of the wavelength range of these modules, hence
the overlap regions differ significantly. To combine them the weighted mean
of the spectra has been computed such that the closer a flux value is to the
module wavelength range edge, the lesser the weight of the respective spectra’s
flux value. Additionally, as the Spitzer data is not a simulation, which flux con-
stitutes the continuum must be modeled based on some assumptions regarding
the presence of lines and noise.

o — SH Module i
LH Module
—  Combined Spitzer Spectra
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Figure 16: The combination of the two separate Spitzer spectra.

As a result, comparison of ProDiMo+FLiTs and Spitzer should be avoided
in the interval 18.83-19.51um.
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4.2 Mgss and Impossible Disks

—  ProDIMo+FIiTs binned + noise]
ProDiMo+FliTs, R = 30000
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Figure 17: The massive 3.71M; PPD simulation is unable to boost line flux
sufficiently to match that of Spitzer’s FT Tau spectrum.

The DIANA inferred gas mass of the FT Tau PPD may be too small. The series
of Mg, tests demonstrate that gas emission can be increased but even when
considering physically improbably disk masses the corresponding increase in line
flux is insufficient. This relationship between increasing gas mass and line flux is
represented in Figure The relationship is linear at masses greater than the a
priori gas mass so achieving a boost of the line flux by the required factor 20 has
a corresponding disk mass approaching the mass of the most massive stars in
existence . Interestingly [Meijerink et al., 2009] found that the gas-to-dust ratio
may be one to two orders of magnitude higher than the canonical interstellar
medium ratio of 0.01 when studying warm HoO MIR, emission from the inner
disk of PPDs with Spitzer. The results in this thesis could be reconciled if one
were to consider a varying dust to gas mass ratio in the disk which changes with
radius, specifically for the inner region of the disk from which this HyO emission
originates, then the disk mass would not need to be increased as a whole to such
large figures to match the observed line flux. This is worth further study.
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Figure 18: How changing the disk gas mass altered the total integrated line flux
over the Spitzer-MIRI wavelength overlap range. A ’line flux boost factor’ of 1
represents no change.

Consider the continuum flux changes in Figure While dust is responsible
for the continuum emission the dust mass was unchanged in the simulation
series. This particular series of simulations was restarted from an old solution
to the continuum radiative transfer of a previous simulation. In the continuum
radiative transfer step of ProDiMo, information can only travel over one optical
length during each iteration, and in the disk model with high optical depth
(> 10%) the new solution slowly drifts but does not eventually converge. Thus
this is most likely an artifact of the simulation process.

In Figure [11]the 14.03pum HCN feature shifts from absorption to emission as
the gas mass is increased. Upon inspection of the emitting region of the species
a possible explanation presents itself in Figure

In the DTIANA FT Tau simulation, the region from which the ro-vibrational
HCN emission is generated appears to lie below a layer of cooler HCN gas. The
heated surface of the disk directly exposed to the stellar radiation can be seen in
Figure The HCN emission region in the DIANA FT Tau simulation stretches
radially outward to 0.2AU and is flattened vertically at z/r ~ 0.22. HCN is
present in a layer that extends outwards to R~100AU. Given the inclination of
the disk and the flaring at large radii, this cold HCN layer may lie along the
line of site to the emission region. In the dg6 simulation, the emitting region
extends vertically further upwards, possibly to a more optically thin region from
which the emission can escape.

4.3 Other ProDiMo Parameter Explorations

The other parameter space explorations resulted in no uniform and systematic
improvement to the line over continuum flux ratio and hence their results are
not used for further analysis. It is worth speculating why altering these other
parameters did not influence gas emission flux in the desired way.
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Figure 20: Gas temperature comparison.

The negative result from the cosmic ray ionization rate parameter tests could
be explained by the cosmic ray heating influencing primarily the inner regions
of the disk from which observed MIR emission does not originate. The PAH
series also had a negative result. In order to heat the surrounding gas, PAHs
require sufficient UV flux to be ionized and eject electrons into the the gas to
begin heating. Classical T Tauri stars are less likely to exhibit PAH emission
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relative to the more UV luminous Herbig AeBe stars [Kamp, 2011]. The UV
flux of the FT Tau model may simply be insufficient to drive efficient PAH
heating, regardless of the PAH abundance. The series which altered chemical
heating efficiency produced the result that only some lines, namely H5O lines at
wavelengths greater than 20um saw increases in flux. These results are difficult
to explain without a deeper analysis.

5 Conclusion

The need for a detailed and quantitative exposure time calculator for the JWST
MIRI MRS detector is clear. Without it, crude approximations must be made
with overly simplifying assumptions. The relevance of the results to line over
continuum emission and thus specific species detection is tenuous. Fortunately
such a calculator is currently in development by the STScl.

There are discrepancies between the currently accepted model for FT Tau
and the data from Spitzer. Namely, the line over continuum flux as computed
by ProDiMo+FLiTs in the MIR is too low. Several attempts to reconcile this
difference have been undertaken with mixed results. The most promising possi-
bility remains a variable dust to gas ratio with radius. With such an adjustment
to the model, potentially line emission in the inner disk region could be increased
without needing to resort to a physically unlikely disk configuration.
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Appendices

Appendix I, The Spectral Atlas
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Figure 21: The ProDiMo+FLiTS DIANA standard FT Tau continuum normal-
ized spectrum over the entire MIRI wavelength range and with corresponding
MIRI spectral resolution approximated.
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Figure 22: The continuum normalized ProDiMo+FLiTS DIANA standard FT
Tau OH spectrum with line flux increased by a factor 20.
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Figure 23: The continuum normalized ProDiMo+FLiTS DIANA standard FT
Tau NH3 spectrum with line flux increased by a factor 20.
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Figure 24: The continuum normalized ProDiMo+FLiTS DIANA standard FT
Tau HNC spectrum with line flux increased by a factor 20.
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Figure 25: The continuum normalized ProDiMo+FLiTS DIANA standard FT
Tau CO2 spectrum with line flux increased by a factor 20.
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Figure 26: The continuum normalized ProDiMo+FLiTS DIANA standard FT
Tau H20 spectrum with line flux increased by a factor 20.
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