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The calculation of the physical conditions near the inner rim of a proto-
planetary disk using the new computational model Pisco is described. Diagnostic
plots illustrate solutions for disk structure, radiation field, chemical composition,
and heating and cooling of the disk in a steady-state approximation for both disks
with unsettled dust and with settled dust. Disks with unsettled dust are found to
have hotter gas temperatures above the disk photosphere and a more pronounced
temperature inversion at the disk photosphere. Recommendations are made for the
development of Pisco. Pisco has the potential to explore what observed molecular

emission can imply about disk structure.
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Chapter 1

Introduction

A protoplanetary disk is a disk of gas and dust surrounding a newborn star (Kenyon
& Hartmann, 1987) and is the remnant of star formation (Kenyon & Hartmann,
1995). Over the course of 1-2 million years, the gas and dust will stratify as the
dust settles through the gas to the midplane and coagulates to form planetesimals
(Haisch et al., 2001). Settling the dust through a disk changes the intensity and
wavelength of radiation incident at a given coordinate location within disk. The
subsequent heating and cooling of the disk will likewise change and thereby alter the
physical conditions within the disk. Understanding the physical conditions within
protoplanetary disks is key to understanding planet formation.

Spectroscopic observations of protoplanetary disks provide constraints on the
total emission from cooling mechanisms that regulate the temperature-dependent

physical conditions within the disk. Modern telescopes are currently unable to re-



solve the inner few AU of a protoplanetary disk, yet it is from this region that
much of the observed emission originates (Dullemond & Monnier, 2010). To bridge
the gap between observational constraints and theories of disk structure, computa-
tional models calculate the disk profile, temperature, density, chemical composition,
and radiation field using the physics governing disk structure such that the solved
physical quantities are consistent with observations.

In this thesis, a new 2+1D computational model for protoplanetary disks
called Pisco is used to iteratively calculate the physical conditions within a sample
protoplanetary disk. The comparison of physical conditions for a typical disk with
unsettled dust and with settled dust is discussed in the following chapters. Com-
pared to contemporary models (Dullemond et al., 2007; Woitke et al., 2009), the
focus of Pisco is to model the inner disk (< 5 AU) with high resolution and in steady
state as a snapshot of the disk in the course of its evolution. The underlying as-
sumption is that the physical processes modeled come to near equilibrium on a time
scale less than that of the dust and disk evolution, c.f. Williams & Cieza (2011);
Armitage (2011).

Pisco performs fully 3D ray tracing in calculating radiative transfer, and
all other calculations of physical conditions are 2D and assumed to be symmetric
about the disk midplane and about the disk’s rotational axis. Physical conditions

for the model disk are computed iteratively until convergence. As an initial guess,



a semi-analytic model in the manner of Chiang & Goldreich (1997) provides a first
estimate of gas temperature, dust temperature, pressure, and density for every cell
of the computational model. 3D ray tracing over wavelengths spanning from ~0.1
to just short of 1000 pm is performed to calculate the mean intensity at each cell.
New temperatures for the gas and dust are calculated by balancing the effects of
dust heating by radiative absorption; dust cooling by radiative emission; gas heating
by the photoelectric effect, X-ray absorption, and viscosity; gas cooling by atomic
and molecular emission lines; and coupling by gas-dust collisions. New gas pressures
and densities are calculated for each cell assuming hydrostatic equilibrium. With a
new density profile and modified disk shape, the radiation field is then recalculated.
Iterations cease once the gas and dust temperatures have sufficiently converged.
Pisco is currently under development and benchmark testing, e.g. Pinte et al. (2009).
A detailed description of the mechanics of Pisco is in preparation.

The models described within this thesis are those of two 2 Myr-old Class 11
classical-type (actively accreting) T-Tauri stars with protoplanetary disks (c.f. Hart-
mann et al., 1998). One disk is modeled with unsettled dust, and the other disk is
modeled with settled dust. The specific disk parameters are given in Table 1.1. Dif-
ferences in the solutions for physical conditions and processes between a disk with
settled dust and a disk with unsettled dust are compared in the following chapters:

Chapter 2 compares differences in physical structure; Chapter 3 compares differ-



Table 1.1.

Model parameters

Stellar parameters: M, Ry L, Terr M, Lx ray
Disk parameters: Mgisk gas/dust ®  Rinner 30, 0.2 AU Amax
0.8 Mg 2.0Rg 1.0Lg 4000K 1078 Mg yr~' 1074 Mg
1072 Mg 100 0.09AU 500gcm—2 1 pm

aTotal disk gas mass / total disk dust mass

bCalculated radius of disk inner rim from dust sublimation.

©¥o = disk surface density

dgmax = max grain diameter and amax a3

5 (c.f. Weingartner & Draine, 2001)

ences in radiation field; Chapter 4 compares differences in chemical abundances;

Chapter 5 compares differences in disk heating; and Chapter 6 compares differences

in disk cooling with the addition of methods for calculating cooling via emission by

atoms and ions. Chapter 7 concludes with suggestions for future code development.



Chapter 2

Disk structure

The physical structure of a protoplanetary disk and the differences between the pro-
files of an unsettled disk and a settled disk are best conveyed graphically. Figure 2.1
shows the cross-section of a protoplanetary disk both without and with dust settling
in a Cartesian scale, and Figure 2.2 shows a close-up of the inner rim of the disk
where dust has sublimated. Contours are plotted to show the line-of-sight optical
depth in V-band from the central star into the disk to show the disk’s profile as
determined from the absorption of visible starlight. For heights < 0.015 AU above
the midplane, the magnitude of the optical depth gradient across the inner rim has
been artificially reduced to facilitate calculating radiative transfer.

To model the structure of the inner disk in detail, Pisco uses nested grids of
cells spaced logarithmically in cylindrical radius by base 2. The cells within each grid

are spaced linearly in cylindrical radius. For example, all grids have n radial cells



Disk profile, linear scale
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Figure 2.1 The top and bottom plots are cross-sections of a disk without dust
settling and with dust settling, respectively. The entire modeled disk is plotted
with dashed contours of the line-of-sight optical depth in V-band for rays traced
from the star into the disk. The contours correspond to 7y = 0.1, 1, 10. For
perspective, the vertical and radial axes are set to the same distance scale, and the
coordinate origin is coincident with the location of the central star. At a radius
of about 10 AU for a given line-of-sight optical depth to the star 7y, dust settling
reduces the corresponding scale by ~15-20%.



Inner rim profile, linear scale
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Figure 2.2 The disk inner rim within the innermost grid is plotted for an unsettled
disk and a settled disk. The dashed contours are stellar line-of-sight optical depth,
and the coordinates are square r—z as in Figure 2.1.



and the innermost grid may span from a radius r to 2r with each cell representing
a radial distance (2r — r)/n. The next grid moving away from the star then spans
from 2r to 4r with each cell representing (4r — 2r)/n.

In Figure 2.1 and all subsequent plots, the approximate locations of the radial
divisions between the 8 logarithmically-spaced computational grids are marked at
the top of each plot as vertical dotted lines with the innermost and outermost grids
labeled. Because the calculation abruptly ends at the outer edge of the outermost
grid, results within the outermost grid suffer from inconsistent boundary conditions.
The vertical dotted line at ~7.7 AU is extended to the midplane to mark the inner
boundary of the outermost grid for all heights above the midplane. To view the
modeled protoplanetary disk in its entirety, Figure 2.3 and all subsequent plots of
the disk are mapped to rectilinear log,(r—z/r) coordinates.

As evident in Figure 2.3, for a fixed value of line-of-sight optical depth to
the star at a fixed cylindrical radius, dust settling by Pisco effectively reduces the
corresponding height above the midplane. For example, at a radial distance of 10 AU
from the central star, a stellar line-of-sight optical depth of unity occurs at a height
of ~3.5 AU above the midplane for the modeled disk with unsettled dust and at a
height of ~3 AU for a settled disk, which is a reduction in height of ~15%. Dust
settling also reduces the flaring of the disk photosphere, but both unsettled and

settled disks are flared as calculated here. Contours with a positive slope in z/r as



Disk profile, nonlinear scale
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Figure 2.3 The entire modeled disk is plotted for an unsettled disk and a settled
disk with dashed contours of stellar line-of-sight optical depth as in Figure 2.1 but
in rectilinear log, 7—z/r coordinates, where r is the radius in cylindrical coordinates.



a function of r indicate flaring of the disk photosphere. This preliminary work is
consistent with Dullemond & Dominik (2004).

The physical conditions of the protoplanetary disk are highly dependent on
the disk structure. Because gas comprises over 99% of the disk mass for these mod-
els, the physical conditions of the gas can characterize those of the disk. Figure 2.4
plots the gas temperature for disks with unsettled and settled dust. The abrupt
boundaries between temperatures above the disk in Figure 2.4 are an artifact of dif-
ferent calculations being performed for different local conditions. These boundaries
are evident in the plots of all quantities dependent on gas temperature. Going from
the upper left corner of Figure 2.4 to the lower right corner, two abrupt boundaries

are crossed:

1. The gas temperature is not calculated for gas particle number densities ngas S

1072 cm ™3, Figure 2.5.

2. Where the dust has sublimated, the local gas temperature is assumed to be

that of a blackbody, oc 7~1/2 (r as spherical radius).

Gas heating and cooling processes are only calculated where dust is presumed to
exist. The disk photosphere as described in this thesis is where the line-of-sight
optical depth from the star into the disk in V-band, 7y, is unity. The disk pho-

tosphere occurs where both gas and dust exist, which is beneath both calculation

10
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Figure 2.4 The log;, gas temperature (K) for an unsettled disk and a settled disk
is plotted as in Figure 2.3. A disk with settled dust has an enhanced tempera-
ture inversion at the disk photosphere than a disk with unsettled dust and cooler
temperature above the disk photosphere.

boundaries.

From Figure 2.4, the temperature inversion at the disk photosphere first pre-
dicted by Chiang & Goldreich (1997) is much stronger in disks with settled dust
compared to those with unsettled dust. The gas temperature above the disk photo-
sphere is also hotter when dust is unsettled compared to when it is settled. This is
due to increased photoelectric heating (Chapter 5) and implies that an unsettled disk

must have enhanced cooling above the disk photosphere (Chapter 6). The enhanced

11
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Figure 2.5 The log;, gas particle number density (cm~3) for an unsettled disk and
a settled disk is plotted as in Figure 2.4. The jagged structure of the disk surface is
the result of discrepancies in radiative transfer across grid divisions.
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temperature inversion and higher gas temperature above the disk photosphere are
consistent with Kamp & Dullemond (2004). However, the temperature above the
photosphere of settled disks is also underestimated due to excessive cooling by CO
and HyO as a result of high abundance assumptions (Chapter 4).

Pisco’s calculations of disk temperature and density result in a jagged disk
surface structure, Figure 2.5. Discrepancies in the calculation of radiative transfer
across grid boundaries amplify heating processes and thus the temperature at those
grid boundaries (Chapters 3 and 5). With lower density gas at the grid boundaries,
the vertical integration of hydrostatic equilibrium propagates a jagged structure
through the disk until terminated at the gas temperature calculation boundary.
Iterations of radiative transfer and dust heating and cooling can radially distribute
jagged structures across the disk surface. The calculated gas temperature is also
pixelated by individual cells along the surface of the settled disk due to instabilities
in the cooling calculation (Chapter 6), and this artifact is evident for all quantities
dependent on gas temperature.

Atomic and molecular abundances as a function of location within the disk
can be parameterized in terms of a gas column density in a given direction, usually
in the direction of the star or in the vertical direction out of the disk. This parame-
terization of abundances is justified because of the dependence of abundances on the

local radiation field and because it is necessary to incorporate abundance calcula-

13



tions from other codes, such as those from Glassgold et al. (2004). The abundances
used for these disk models are parameterized by the gas column density in the di-
rection of least optical depth, or escape-path column density as described in this
thesis. This approximation is inaccurate (Chapter 4).

The escape-path column density, Figure 2.6 is approximated as half the har-
monic mean of the column densities in the radial (spherical coordinates) and vertical
directions, Nesc = 1/(1/N, + 1/N.). Beneath the disk surface, N, > N, and thus
Nese = N as desired. However, Nesc < N, IV, for all column density values, and it
is recommended that Neg. be redefined as the harmonic mean of N, and N, instead
of half the harmonic mean.

Because the gas temperature characterizes that of the disk, the gas-dust
temperature coupling indicates the extent that the heating and cooling processes of
the dust or gas dominate the temperature regulation of the disk, Figure 2.7. The
ratio of the gas-dust temperature difference to gas-dust energy flow, (7 —T4)/T's—a,
is a measure of the coupling between the gas and dust temperatures and is adapted

from Tielens (2005, § 3.5). T,

o(d) is the temperature of the gas (dust) in Kelvin,

and I';_q is the kinetic energy transfer from the gas into the dust via collisions
with the same units as heating and cooling, ergs~! (gas particle)~!. The ratio thus
indicates the timescale per gas particle over which collisions between gas and dust

will equillibrate the gas and dust temperatures in the absence of any other heating

14
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Figure 2.6 The log;, gas particle column density (cm~2) in the direction of smallest
optical depth, Negc, for an unsettled disk and a settled disk is plotted as in Figure 2.4.
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Figure 2.7 The log;qof the collisional energy exchange dust-to-gas / gas-to-dust
for all locations within an unsettled and a settled disk is plotted as in Figure 2.4.
The gas and dust temperatures are coupled where the gas is densest and where dust
exists in abundance.

and cooling mechanisms. The ratio is always positive since Ty > (<)Tqy =
I'y_qa > (<)0.

A ratio of unity indicates that the energy difference between gas and dust in
temperature units is comparable to the energy exchange between gas and dust over
the duration of 1 second. The coupling between gas and dust in this region of the
disk, i.e. near the disk photosphere, can signficantly influence the gas temperature.

The gas and dust temperatures are highly coupled (ratio value > 1) beneath the

16



disk photosphere where the gas is dense and dust exists so that the dust heating and
cooling regulates the gas temperature. Where the gas is least dense and/or where
dust does not exist, i.e. above the disk photosphere, gas and dust are decoupled

(ratio value < 1) so that gas heating and cooling regulates the gas temperature.
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Chapter 3

Radiation field

Pisco calculates the radiation field due to stellar radiation and dust reprocessing at
each point within the disk via 3D ray tracing across a span of wavelengths from
~0.1 to just short of 1000 pm. 3D radiative transfer is necessary to account for
radiative coupling between areas of an actual protoplanetary disk that are separated
in azimuthal distance. The calculations do not include any radiation emitted by gas
but only stellar radiation and radiation from warm dust. The calculated mean
intensity at 0.1, 10, and 866 um is plotted in Figs 3.1, 3.2, 3.3.

The radiation field has not diffused through the innermost grid because a
higher grid cell resolution is used for the innermost grid compared to rest of the disk,
and calculations of the ray tracing at the grid boundaries show inconsistencies in the
radiation field at high optical depths for wavelengths < 100 um. This inconsistency

has consequences for the heating (Chapter 5) and cooling (Chapter 6) of the disk

18
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Figure 3.1 The log;ymean intensity of the local radiation field at ~0.1 pm for all
locations within an unsettled disk and a settled disk are plotted as in Figure 2.4.
Units are with respect to wavenumber, ergs™! em™2sr~! (em~!)~!. Radiative trans-
fer calculations by ray tracing suffer inconsistencies at grid boundaries where optical
depth is high. Ultraviolet radiation originates from accretion onto the star and is
absorbed at the disk photosphere by dust.
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Figure 3.2 The log;, mean intensity of the local radiation field with respect to cm™?

at ~10 pm for all locations within an unsettled disk and a settled disk are plotted
as in Figure 3.1. Infrared radiation originates from warm dust, and the disk is still
optically thick.
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Figure 3.3 The log;, mean intensity of the local radiation field with respect to cm™?

at ~866 pm for all locations within an unsettled disk and a settled disk are plotted
as in Figure 3.1. Submillimeter radiation originates from dust at the midplane, and
the disk is optically thin.
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and is partially responsible for the jagged disk structure. But while the radiation
field close to the disk midplane is incorrect, the radiation field at and above the disk
photosphere shows no inconsistencies across grid boundaries. Pisco is being tested
against the benchmarks of Pinte et al. (2009), and Pisco is relevant to the disk
photosphere and where radiative effects are significant to the physical conditions.
The ultraviolet radiation (Figure 3.1) originates from accretion onto the star
and is absorbed at the disk photosphere by dust. In the infrared (Figure 3.2), the
strongest source of radiation is the warm dust of the disk, and the disk is still
optically thick. In the submillimeter (Figure 3.3), the dust closest to the midplane
is the strongest source of radiation and the disk is optically thin. The local radiation
field for both the unsettled and settled cases of the disk shows little difference at all

wavelengths.
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Chapter 4

Abundances

Abundances of ionized, atomic, and molecular species within the disk control the
heating and cooling due to those species. Abundance values in this thesis are rel-
ative to the total number of hydrogen gas atoms in both atomic and molecular
forms. For the calculation of cooling via emission by molecules, the abundances
assumed within Pisco are constant wherever the gas temperature is greater than the
freeze-out temperature, Table 4.1. The cooling due to molecular emission above the
disk photosphere is overestimated as a result (Chapter 6). In contrast, abundances
necessary for the calculation of cooling via emission from forbidden transitions of
singly ionized carbon, [CII], and neutral oxygen, [OI], are adapted from Glassgold
et al. (2004, Figs 4, 5). Because of the inconsistency in abundance assumptions
between molecular and atomic/ionized cooling processes, the plots of gas cooling

show abrupt boundaries where cooling processes are calculated to be more or less
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Table 4.1.  Assumed molecular abundances
for emission from molecules

Species Abundance 2 Treeze-out (K) P

H, 0.5 N/A ©
cO 10— 30
H,0O 104 150

2relative to the total number of hydrogen
gas atoms in both atomic and molecular form

babundance assumed 0 for Tgas < Tireeze-out

“Tgas > Tireeze-out for Ho throughout the
disk model

dominant.

For a given abundance, the vertical column density at which that abundance
is calculated to occur from Glassgold et al. (2004) is assumed to be 10 times less
than the escape-path column density, Neg. (Figure 2.6), at which that abundance
occurs within Pisco’s disk model. This approximation is inaccurate in that the
vertical column density from Glassgold, Najita, & Igea, which is for a fixed radius
from the central star at 1 AU, is more accurately adapted to Pisco’s model by using

N, in place of Nese. From Chapter 2, Nege S

~

N, and consequently abundances
are overestimated radially and underestimated vertically. Nevertheless, the domi-
nance of abundnaces with respect to general locations below, at, and above the disk
photosphere as discussed in this thesis is relevant.

From Figs 4.1 and 4.2, atomic hydrogen dominates the gas abundance above

the disk photosphere. Below the disk photosphere, Hy dominates the gas abundance
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Figure 4.1 The local log;y abundance of atomic hydrogen gas, H, is plotted relative
to the total number of hydrogen gas atoms in both atomic and molecular forms for
an unsettled disk and a settled disk as in Figure 2.6. H dominates the gas abundance
above the disk photosphere.

as H has combined to form Hs. The Hy abundance is not monotonic with decreasing
z/r but drops by an order of magnitude near the disk photosphere before rising to
unity.

Electron-CII collisions dominate the collisional excitations leading to [CII]
emission, and similarly proton-OI collisions dominate those for [OI]. Assuming an
efficient charge transfer between atomic H and positively ionized particles, the free

electron abundance is assumed to be equal to the free proton abundance for Pisco’s
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Figure 4.2 The local log;yabundance of molecular hydrogen gas, Hy is plotted
relative to the total number of hydrogen gas atoms in both atomic and molecular
forms for an unsettled disk and a settled disk as in Figure 4.1. Ho dominates the
gas abundance below the disk photosphere.
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Figure 4.3 The local log;,abundance of free electrons e~ (protons p™) is plotted
relative to the total number of hydrogen gas atoms in both atomic and molecular
forms for an unsettled disk and a settled disk as in Figure 4.1. Free electrons and
protons are abundant above the disk photosphere.

calculations of the [CII] and [OI] emission. From Figure 4.3, the electron (proton)
abundance drops sharply to 107® below the disk photosphere, which is where H
forms Hs.

For calculating cooling by [CII] emission, the CII abundance drops to 1076
just below the disk photosphere. For calculating the cooling by [OI] emission, the OI
abundance drops to 107% deeper within the disk compared to CII. As with CII, OI is

also most abundant above the disk photosphere, but beneath the disk photosphere
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Figure 4.4 The local log;,abundance of singly ionized carbon gas, CII, is plotted
relative to the total number of hydrogen gas atoms in both atomic and molecular
forms for an unsettled disk and a settled disk as in Figure 4.1. CII is abundant
above the disk photosphere.

the abundance of OI does not fall as quickly as that of CII.
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Figure 4.5 The local log;,abundance of neutral atomic oxygen gas, OI, is plotted
relative to the total number of hydrogen gas atoms in both atomic and molecular
forms for an unsettled disk and a settled disk as in Figure 4.1. OI is abundant above
the disk photosphere, but more abundant than CII below the disk photosphere.



Chapter 5

Heating

Temperature is determined via the balance of energy gain (heating) and energy loss
(cooling). Because gas comprises over 99% of the disk mass, the gas temperature
characterizes the disk temperature. The gas and dust temperatures are coupled
at and below the disk photosphere where the gas density is high and dust exists
(Chapter 2). In these regions, direct dust heating is mostly responsible for energy
flow into the gas and increasing the gas temperature. Conversely, direct gas heating
is mostly responsible for increasing the gas temperature where gas and dust are
decoupled. All disk heating calculations are in units of ergs™! (gas particle) 1. The
total heating, Figure 5.1, is calculated as the sum of direct dust heating and direct
gas heating regardless of the potentially coupled or decoupled nature of the gas and
dust.

The only direct dust heating mechanism is heating by radiative absorption.

30



Direct gas heating mechanisms are heating by viscosity, the photoelectric effect,
and X-ray absorption. Energy transfer between gas and dust via collisions (an
indirect heating/cooling process) is not plotted but is included in the calculation
of gas temperature by Pisco. Heating and cooling are not calculated where dust
has sublimated, but rather the disk temperature in these regions is assumed to
be that of a blackbody (Chapter 2). The temperature calculation boundaries and
jagged structure of the disk surface are evident as discussed before, and the effect of
inconsistencies in calculating the radiation field along grid boundaries is also evident
(Chapter 3). The majority of the heating of the disk is at the inner rim and inside
the inner disk within 1 AU, where the dust is optically thick and the gas is densest.

Absorption of stellar radiation by dust is responsible for over 99% of the
total disk heating, Figure 5.2. The contribution of heating by dust to increasing the
characteristic disk temperature, which is that of the gas, depends upon the gas-dust
coupling, c.f. Figure 2.7. Dust heating is most important for increasing the gas
temperature below the disk photosphere, where the gas and dust are well coupled,
with less importance at the disk photosphere, where the gas-dust coupling is weak.
Above the disk photosphere the gas and dust are decoupled. Dust still remains
above the photosphere for a disk with unsettled dust, but the heating of the dust is
unimportant to the temperature of the decoupled gas. Very little to no dust remains

above the photosphere for a disk with settled dust.
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Figure 5.1 The log;,total heating from the disk (ergs™! (gas particle)~!) for an
unsettled disk and a settled disk is plotted as in Figure 2.4. Most disk heating
occurs at the inner rim and within the inner disk.
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Figure 5.2 The log;ydirect dust heating by radiative absorption for an unsettled
disk and a settled disk is plotted as in Figure 5.1. Dust heating accounts for over
99% of the total disk heating.
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Direct heating of the gas matters most where the gas and dust are weakly
coupled or decoupled, i.e. at and above the disk photosphere. The total gas heating
is plotted in Figure 5.3 and includes gas heating by viscosity, the photoelectric
effect, and X-ray absorption. For the case of a disk with unsettled dust, gas heating
is significantly stronger above the disk photosphere than that for a disk with settled
dust. The extra gas heating is from the photoelectric effect discussed on page 36.
As a result, the gas temperature above the photosphere of the unsettled disk is
significantly hotter than that of the settled disk, c.f. Figure 2.4.

The fractional gas heating by a particular process is calculated as the ratio of
the heating process to total gas heating. For all plots of fractional gas heating, gas
heating processes have not been calculated for the contiguous white area at the top
and left of the plot, which is where dust has sublimated and the disk temperature
is assumed to be like a blackbody.

Viscous heating, Figure 5.4, is calculated as

Fvisc - 1 GM*M
Ngas 2 2w8(r)r3’

where X(r) is the gas surface density at cylindrical radius 7, M is the radial mass
flux of gas toward the central star, and the factor of 1/2 is from approximating that
half of the power goes into heating the gas with the other half assumed to increase

the orbital speed of the gas by the virial theorem. Viscous heating is assumed to
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Figure 5.3 The log;,direct gas heating for an unsettled disk and a settled disk is
plotted as in Figure 5.1. Gas heating is stronger above the disk photosphere when
dust is unsettled.
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be constant at all heights above the midplane due to the assumed dependence on
the gas surface density rather than the local gas particle density. Because the other
calculated direct gas heating mechanisms, the photoelectric effect and X-ray absorp-
tion, are both dependent on optical depth effects, and because the gas temperature
is assumed to be o 7~'/2 (r as spherical radius) where dust has sublimated, viscous
heating dominates direct gas heating only at high optical depths below the disk
photosphere. However, energy flow into the gas is dominated by dust heating in
these areas of the disk. No calculation of viscous heating has been performed for
radii within the disk’s inner rim, which is where viscous heating would dominate
contributions to the gas temperature, Dullemond et al. (2007).

Photoelectric heating of the gas is calculated as 5% of the dust heating due
to ultraviolet absorption per Tielens (2005, pg. 70). The photoelectric effect domi-
nates the heating of the gas at and above the disk photosphere where the ultraviolet
radiation has not been attenuated, Figure 5.5. At high optical depths, Pisco’s ray
tracing calculation of radiative transfer does not accurately calculate the radiation
field at grid boundaries and permits scattering down to the midplane. The enhanced
penetration of ultraviolet into the disk enhances the photoelectric heating in error.
While the gas and dust temperatures are coupled deep within the disk, this extra al-
beit small amount of gas heating contributes to the instabilities in the disk structure:

instabilities that ultimately result in the jagged disk structure (Chapter 2).
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Figure 5.4 The log;fractional gas heating due to viscosity for an unsettled disk
and a settled disk is plotted as in Figure 5.1. The contiguous white area at the
top and left of the plot is above the calculated gas temperature boundaries and
does not have values for gas heating. Viscous gas heating dominates among direct
gas heating mechanisms at high optical depths but contributes little to the gas
temperature. Viscous heating is not calculated interior to the disk inner rim.
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Because the photoelectric effect is dependent on the presence of dust and ul-
traviolet radiation, photoelectric gas heating is confined to where dust exists and the
stellar line-of-sight optical depth into the disk in ultraviolet is small. The resultant
profile for photoelectric heating of the gas resembles the profile for dust heating
near the disk photosphere. Settling the dust reduces the presence of dust above
the disk photosphere and thus confines photoelectric heating of the gas to the disk
photosphere. With the gas and dust decoupled only above the disk photosphere,
the photoelectric heating of the gas is primarily responsible for contributions to the
temperature only in the case of a disk with unsettled dust. The photoelectric gas
heating as a result of unsettled dust leads to a high gas temperature above the disk
photosphere.

X-ray heating of the gas is calculated as

OH,X
1_er L*,Xr 2 -

- 2 N, )
Ngas 4mr (% +1)2

where L, x; ~ 10~%L, is the X-ray luminosity of the star, N, is the radial gas col-
umn density in spherical coordinates, and oy x; is the X-ray absorption cross-section
in cm™2H~!. The X-ray spectrum is adapted from Gorti & Hollenbach (2008) as
a power law with a single absorption cross-section oy x, ~ 10722, In contrast to
photoelectric gas heating, X-ray absorption dominates the gas heating above the

disk photosphere where dust does not exist, Figure 5.6. Where the gas and dust are
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Figure 5.5 The log,fractional gas heating due to the photoelectric effect for an
unsettled disk and a settled disk is plotted as in Figure 5.4. Photoelectric gas heating
significantly increases the gas temperature above the disk photosphere when dust is
unsettled.
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Figure 5.6 The log, fractional gas heating due to X-ray absorption of the gas for
an unsettled disk and a settled disk is plotted as in Figure 5.4. X-ray absorption
is the dominant gas heating mechanism above the disk photosphere when dust is
settled.

decoupled above the disk photosphere, photoelectric gas heating dominates contri-
butions to the gas temperature in the case of a disk with unsettled dust, whereas
gas heating by X-ray absorption dominates contributions to the gas temperature in

the case of a disk with settled dust.
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Chapter 6

Cooling

Energy loss from the disk (cooling) reduces the disk temperature. The gas tem-
perature is the characteristic temperature of the disk, and as discussed for heating,
the gas temperature is influenced by both direct gas cooling and direct dust cooling
by virtue of gas-dust coupling. Disk cooling is in the same units as disk heating,
ergs~ ! (gas particle) 1. The total cooling, Figure 6.1, is again calculated as the sum
of direct gas and dust cooling in spite of potential gas-dust coupling.

The only direct dust cooling mechanism is cooling by radiative emission from
the dust. Direct gas cooling mechanisms are cooling by emission from the collision-
ally excited rotational and vibrational transitions of CO, HyO, and Hs; and by
emission from singly ionized carbon (CII) and atomic oxygen (OI). Energy transfer
between gas and dust is included within Pisco’s calculation of the disk temperature

but is not plotted. Disk cooling is not calculated where dust has sublimated, but
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Figure 6.1 The log;, total cooling from the disk (ergs™! (gas particle)~!) for an
unsettled disk and a settled disk is plotted as in Figure 5.1. Most disk cooling
occurs at the inner rim and within the inner disk.

rather the disk temperature is assumed to be that of a blackbody. Boundaries from
the temperature calculation, jagged disk structure (Chapter 2), and grid boundaries
from radiative transfer (Chapter 3) are again evident. As with the total disk heat-
ing, the majority of the disk cooling at the inner rim and inside the inner disk within
1 AU, where the dust is optically thick and the gas is densest.

In mirror of dust heating, emission of radiation by warm dust constitutes over

99% of the total disk cooling, Figure 6.2. Because the contribution of cooling by

42



Log dust cooling

—14.

—16.

—18.

ratio, z/r

Height-radius

—20.

—22.

ratio, z/r

Height-radius

0.06 0.12 0.24 0.48 0.97 1.9 3.9 T 15.
Radius, r (AU)

Figure 6.2 The log;,direct dust cooling by emission for an unsettled disk and a
settled disk is plotted as in Figure 6.1. Dust cooling accounts for over 99% of the
total disk cooling.

dust to decreasing the characteristic disk temperature, i.e. that of the gas, depends
on the gas-dust coupling, c.f. Figure 2.7, dust cooling is again most important below
the disk photosphere with decreasing importance up to the disk photosphere. Dust
cooling is unimportant to the gas temperature above the disk photosphere where
the gas and dust are decoupled.

Again, direct cooling of the gas matters most at and above the disk photo-

sphere where gas-dust coupling is weak to none. The total gas cooling is plotted in
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Figure 6.3 and includes gas cooling by the rotational and vibrational transitions of
CO, H»0, and Hs; and by emission from CII and OI. Cooling by CO, H2O, and Hy
has been adapted from (Neufeld & Kaufman, 1993). The molecular transitions are
excited by collisions with other gas particles, all assumed to be atomic hydrogen,
thereby removing only kinetic energy from the gas. NLTE effects on the cooling
by CO, H20, and Hs have been approximated by Neufeld & Kaufman with criti-
cal density and escape probability approximations. Pisco does not yet modify the
calculated radiation field (Chapter 3) due to NLTE effects by gas coolants, however
any changes are expected to be small, c.f. Meijerink et al. (2008). NLTE effects, al-
though found to be insignificant, are also approximated in the calculation of cooling
by CII and OI, derived in §§ 6.1-6.3.

Gas cooling will be stronger above the photosphere of a disk with unsettled
dust due to increased heating and thus a higher gas temperature (c.f. page 34), but
the cooling due to molecular transitions has been overestimated in these calculations
by assuming a constant molecular abundance, except where molecules are frozen out
of the gas (Chapter 4). From Glassgold et al. (2004, Fig 5), the abundances of CO
and HyO should fall off to 10710 at about the top of the disk photosphere. Above
the disk photosphere, the calculated emission of CO and H»O is overestimated and
should be ignored. Hy abundance should fall off as in Figure 4.2 and should thus be

reduced by a significant factor. In addition, because the abundances of CII and OI
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and the associated collisional species are inconsistent with the constant abundances
assumed for the molecular gas cooling processes, there are abrupt boundaries where
gas cooling processes jump in dominance by Pisco’s calculation.

As with gas heating, the fractional gas cooling by a particular process is
calculated as the ratio of the cooling process to total gas cooling. For all plots
of fractonal gas cooling, gas cooling processes have not been calculated for the
contiguous white area at the top and left of the plot, which is where dust has
sublimated and the disk temperature is assumed to be that of a blackbody (c.f.
Chapter 2).

Emission from CO rotational transitions is present throughout the disk,
Figure 6.4, but the emission dominates other gas cooling mechanisms close to the
disk midplane where high column densities reduce the OI abundance and at tem-
peratures sufficiently low to freeze water out of the gas. However, the CO cooling is
innately weak due to the cold temperatures. Cooling from dust emission is primarily
responsible for reducing the gas temperature at these depths within the disk due to
the gas-dust coupling. The strength of CO rotational emission from an unsettled
disk is calculated to be similar to that of a settled disk. The rotational CO emission
is in the far-infrared to submillimeter and is conspicuous to observations since the
disk is optically thin at these wavelengths (e.g. Gorti et al., 2011).

The emission from CO vibrational transitions is most prominent where the
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Figure 6.3 The log;,direct gas cooling for an unsettled disk and a settled disk is
plotted as in Figure 6.1. Gas cooling is stronger above the disk photosphere when
dust is unsettled, but the strength of the cooling and resultant emission calculated
here is overestimated.
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Figure 6.4 The log, fractional gas cooling due to rotational CO emission in the
far-infrared to submillimeter for an unsettled disk and a settled disk is plotted as in
Figure 6.3. Emission above the disk photosphere should be ignored. There is little
change in the total amount of emission from CO rotational transitions comparing
unsettled and settled disks.
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Figure 6.5 The log;, fractional gas cooling due to vibrational CO emission in the
near-infrared for an unsettled disk and a settled disk is plotted as in Figure 6.4.
Emisson above the disk photosphere should be ignored. There is little change in the
total amount of emission from CO vibrational transitions comparing unsettled and
settled disks.

gas is hottest (2 1000K), Figure 6.5. For both settled and unsettled disks, the
emission is brightest at the inner rim but where gas and dust are coupled. The
strength of emission from an unsettled disk is calculated to be similar to that of
a settled disk. Being in the near-infrared and from the optically-thin disk surface,
emission from the disk is observed (e.g. Pontoppidan et al., 2008).

Rotational water transitions dominate gas cooling wherever water is not
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and settled disks.

frozen out of the gas and except at the inner rim, Figure 6.6. There is little change
in the total cooling from rotational water transitions between cases of dust settling.

Emission from rotational water transitions in the mid- and far-infrared has been

observed (Pontoppidan et al., 2010).

transitions of water are also most prominent where the gas is warmest (2 300 K),

Like emission from CO vibrational transitions, emission from the vibrational
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Figure 6.7 The log,, fractional gas cooling due to vibrational HoO emission in the
near-infrared for an unsettled disk and a settled disk is plotted as in Figure 6.4.
Emission above the disk photosphere should be ignored. As calculated, there is
little change in the total amount of emission from water vibrational transitions
comparing unsettled and settled disks.

Figure 6.7. For both settled and unsettled disks, the emission is brightest at the
inner rim and just below the disk photosphere but where gas and dust are coupled.
The total emission from both types of disks is calculated to be comparable. Being
in the near-infrared and from the optically-thin disk surface, emission from the disk
is observed (Salyk et al., 2008; Carr & Najita, 2008).

Compared to CO and HsO, Hs has a much larger abundance above the disk
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photosphere. While Pisco’s calculation of the gas cooling by molecular emisson has
been overestimated because of high abundance assumptions, emission from Hs will
still dominate the gas cooling over that from CO and HsO. Emission from the
rotational transitions of Hy, Figure 6.8, is important to the gas cooling starting at
the disk photosphere, where gas and dust are weakly coupled, and becomes more
important with increasing height above the disk photosphere. Because the gas above
the disk photosphere is hotter in the case of unsettled dust, the total Hy rotational
emission is stronger from an unsettled disk. Ho rotational emission from some disks
in the mid-infrared has been detected (e.g. Bitner et al., 2008).

Emission from Hs vibrational transitions, Figure 6.9, is important to the
gas cooling above the disk photosphere, as with Hs rotational emission. Likewise,
the total Hy vibrational emission is stronger from an unsettled disk. Ho vibrational
emission from some disks in the near-infrared has been detected (e.g. Carmona et al.,
2008).

Emission from radiative de-excitations of CII and OI has been written into
Pisco’s calculations of gas cooling. The NLTE calculation of CII and OI cooling
includes the removal of kinetic energy from the gas of the disk via collisional exci-
tations with other abundant gas species and an approximation for energy removal
from the radiation field of the disk via radiative excitations. Incorporating radiative

effects into the calculation of CII and OI cooling is inconsequential to the resultant

51



Log fractional gas cooling, H, rotational

1 1 1 ‘ ‘ ‘ ‘ o
rinnermost | Outermost
grid . ' . ' ' 0 . grid
0.5 ]
Dust unsettled -
" L -2.
EN
T
@
=04
L
X
B
=
0.3 —4.
0.2
0.1
—6.
T
rinnermost | Outermost
grid . ' ' ' ' : . grid

0.5
Dust settled

Height-radius
ratio, z/r
I
~

0.3

0.06 0.12 0.24 0.48 0.97 1.9 3.9 7.7 15.
Radius, r (AU)

Figure 6.8 The log, fractional gas cooling due to rotational Hy emission in the mid-
infrared for an unsettled disk and a settled disk is plotted as in Figure 6.4. Emission
above the disk photosphere is overestimated, but unsettled disks show stronger Hs
rotational emission compared to settled disks.
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Figure 6.9 The log,, fractional gas cooling due to vibrational Hy emission in the
near-infrared for an unsettled disk and a settled disk is plotted as in Figure 6.4.
Emission above the disk photosphere is overestimated, but unsettled disks show
stronger Hy vibrational emission compared to settled disks.
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cooling but is included for completeness. The calculation of NLTE radiative cooling
from a k-level gas species is described in § 6.1, and the specification to emission

from CII and OI is described in §§ 6.2 and 6.3.

6.1 Cooling from a k-level gas species

The steady-state cooling rate due to an energy level transition from a parcel of gas
containing a gas species with k internal energy states is described here. Following
Tielens (2005, § 2.2), the radiative energy loss from the gas parcel due to a transition

of a given gas species from an upper energy state u to a lower energy state [ is

A(Vul) = nuAuthulﬁ(Tul)(l - P(Vul)/S(Vul))

in units of ergs™!cm™3

. A, is the Einstein spontaneous emission coefficient, h is
Planck’s constant, and v, is the frequency of the transition in Hz. [(7y) is the
escape probability of the emitted photon from the gas parcel and is dependent on
the optical depth of the gas parcel at the frequency of the transition. P(v;) is the
background radiation field at the frequency of the transition in flux density units
of ergs™ em™2sr7 ' Hz ™1, and S(vy) is the source function of the gas parcel at the
transition frequency in the same flux density units. The source function is

2hv3 n B
S(a) = =" @ml - 1)
u
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with ¢ as the speed of light and g, and g; as the statistical weights of the upper
and lower states respectively. The corresponding upper and lower state population
densities of the gas species are n,, and n;.

The energy state population densities are determined from statistical equi-
librium and the conservation of particle number. For arbitrary states ¢ and j over
all k£ states, the rate of particles leaving state ¢ per unit volume equals the rate of
particles entering state ¢ per unit volume, and the total number of particles per unit
volume regardless of state is fixed:

k k
n; Z R = Z n;Rj;
i J#i

k
Ntot = E n;.
i

The transition rate R;; is that of states i — j , and noy is the total number density of
the gas species regardless of state. Again designating the upper and lower states as
u and [ respectively, the transition rates are the sum of the radiative and collisional

transitions from a state:

Ry = Aulﬁ(Tul)(l + Q(Vul)) + Cul

Ry, = %Aluﬁ(Tlu)Q(Wu) + Cly-

The Einstein coefficient A,; = Ay, is the probability per unit time of a spontaneous
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transition by absorption (I — u) or emission (u — [). Because escape probabilities
are dependent on the frequency of the photon, 5(7y) = B(71). Q(vw) = Q1) is
the population of a single mode of the background radiation field at the frequency
of the transition, i.e. Q(vy) = P(vw) ¢®/2h3,. The collisional excitation and
de-excitation rates are C; and Cj, respectively.

For arbitrary energy states i and j, Cj; is the sum of the product of the
volume-normalized probability per unit time that a collision resulting in a (de-)excitation
will occur, i.e. the collisional (de-)excitation rate coefficient v;; in cm®s™!, and the
number density n for all species m involved in the (de-)excitation of the emitting

gas species:
all collisional
partner species

Ci= > (Yn)m.

m

The collisional de-excitation rate coefficient ~,; is often taken as a constant or as
a power law of temperature as an approximation to quantum-mechanically calcu-
lated collisions between the transitioning gas species and selected collisional partner
species, c.f. § 6.2. Energy state populations determined solely by collisions are
in thermodynamic equilibrium, and thus the collisional (de-)excitation rate coeffi-
cients are related by the statistical weights of the upper and lower energy states and

a Boltzmann factor,

b _ I s <—’qu>
Viu Ju kTgas
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With R;; explicitly defined, the rate equations of statistical equilibrium can
be solved for k states following Rosseland (1926, 1936); White (1961). The rate
equations form a linear system where all equations are related by the conservation
equation. The matrix-vector product between a matrix of transition rates and a

column vector of state number densities can be written as

Rn = 0, where for transitions i,j € {1,--- ,k},
Yk Ry R o Ry
ny
Rio — Sk Ry
R= 22 M and n =
k "k
Ry e — D iz Bej

For given state ¢, the diagonal element R;; is the sum of transition rates out of
state 4, chosen by convention to be negative. The upper-triangular elements R; j~;
and lower-triangular elements R; j<; are de-excitation and excitation rates into ¢,
respectively.

Rosseland (1926, 1936) found the general solution for the species number

density in energy state i to be

TNtot

=1

R is the cofactor corresponding to element R;; and is a composite measure of tran-

sition rates between states such that the initial state is not 7. \; is a coefficient in
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units scm ™3 that constrains all transition rates so that all particles have made a
transition to attain equilibrum. The \; are found using the definition of statistical
equilibrium. Since R¥ = RJ?, the rate equations are linearly dependent, and conse-
quently det R = 0. Also, the total number of transitions out of any state is equal to
the total number of transitions into that state, and thus the sum all elements within
any column of R is zero. These two facts imply that for any row of R, the cofactors
of the elements within that row are all identical. Thus, the \; are degenerate, and
it is convenient to reduce the solution to

ni = AR with A = — %
Zi:l R

With the number density n of the transitioning gas species solved for each of the k

energy states, the cooling rate A(v,;) is well defined.

6.2 CII cooling

The ground-state electronic structure of singly ionized carbon (CII) is 1522s22p!,
and the two lowest energy states comprise the doublet QP% 3 Coefficients for the
forbidden [CII] fine-structure magnetic dipole transition QP% — QP% are given in
Table 6.1. The escape probability is assumed to be 0.5 everywhere in the disk, but

a more accurate calculation would follow de Jong et al. (1980). Collisions determine

the level populations of CII since the gas density nearly everywhere throughout the
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Table 6.1.  [CII] transition coefficients

u l Aui (pm) & Ey (K) Ay (st) ®

3.—1b
Yul, e CM™ S

3.—1
Yul, H CIM™ S ¢

3.—1d
YVul, Hy CI° 8

2P§ 2P
2

0=

157.6790 92 2.29 x 10—

3.8 x 10~ 7705

5.8 x 10~1070.02

3.1 x 10-10701

aNIST Atomic Spectra Database
bTielens (2005, Table 2.7)
¢Launay & Roueff (1977)
dFlower & Launay (1977)

disk is much greater than the critical density for CII, ~ 103cm™3.

Electrons are the most important collisional partners with CII. To estimate

collisional de-excitation rate coefficients for a temperature span typical of protoplan-

etary disks, 30 K < Tyas < 3000K, c.f. Figure 2.4, a temperature power law for the

CII — e~ collisional de-excitation coefficient was estimated. Following Osterbrock &

Ferland (2006, § 3.5) and with the upper and lower energy states denoted by u and

[ respectively, the collisional de-excitation rate coefficient ~,; is the product of the

de-excitation collisional cross-section o,; and velocity distribution f(v) integrated

over all velocity ranges v + dv of the colliding partner species e,

'yul—/ o f(v)vdv.
0

In terms of the collision strength Q(u,l), the de-excitation collisional cross-
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section of the gas species with the electron is

wh? Q(u,l)
mvg  gu

Oul (Uu) = )

where v is the velocity of the gas species, g is the statistical weight of the energy
level, m. is the electron mass, and Ak is Planck’s constant divided by 27. With the

velocity-averaged collision strength as

& E E 1
T(u,l :/ Qu,l; B exp( )d( ),E:mxvi7
(w,) 0 ( ) kT, kT, 2

the de-excitation rate coefficient becomes

o2 /2 B2 Y (u,l)
ETe  m2? gu
~8.629 x 107° T (u, 1)
2 u

Yul =

Properties of the gas species being de-excited, here CII, are denoted with z, T is
temperature, and k is the Boltzmann constant. Using collision strengths from Blum
& Pradhan (1992), the estimated collisional de-excitation rate disagreed with that
of Tielens (2005, Table 2.7) by an order of magnitude. The temperature power law
from Tielens (2005) is used instead.

At most, CII cooling constitutes ~10% of the local gas cooling where water

has frozen out of the gas, Figure 6.10. In the settled case, the sudden drop in [CII]
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Log fractional gas cooling, [CII]
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Figure 6.10 The log, fractional gas cooling due to [CII] emission at ~157 um for
an unsettled disk and a settled disk is plotted as in Figure 6.4. [CII] emission is
stronger from a disk with settled dust, however most [CII] emission will originate
from beyond the inner disk that is modeled by Pisco.

emission parallel to the disk photosphere corresponds to the sudden cold regime of
the temperature inversion in Figure 2.4. From Pisco, [CII] emission is stronger from
settled disks compared to unsettled disks, however the majority of [CII] emission
will originate from beyond the inner disk that is modeled by Pisco. [CII] at ~157 um
has not yet been detected from protoplanetary disks, but it is expected (Mathews

et al., 2010).
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Table 6.2.  [O]] transition coefficients

u l )\ul (l‘/m) & Eul (K) Aul (Sl) & Yul, p Cm3 571 b Yul, H,Ho Cm3 571 ¢
2Py 2P 145.5350 98 1.75 x 10~° 5.0 x 1079 1.5 x 10—1070-44
2Py 2P, 44.0573 326 1.34 x 10710 14 x10-8 1.1 x 10—1270-8
2P, 2P,  63.1852 228 8.91 x 10~° 1.4 x 108 4.2 x 107127067

aNIST Atomic Spectra Database
b(Tielens, 2005, Table 2.7)

¢Collisional rate coefficients for H from Launay & Roueff (1977). Coefficients for Hp assumed
equal to those of H, (Tielens & Hollenbach, 1985)

6.3 OI cooling

The ground-state electronic structure of neutral oxygen (OI) is 15225%22p*, and the
three lowest energy states comprise the triplet 2P, 1 o. Coefficients for the forbidden
[O]] fine-structure magnetic dipole transitions 2Py — 2P, and 2P} — 2P; and electric
quadrapole transition 2Py — 2P, are given in Table 6.2. The escape probability is
assumed to be 0.5 for all transitions. The 2P, — 2P, transition is likely to be
optically thick due to the high A coefficient, which is not accounted for. A more
accurate calculation would follow de Jong et al. (1980). Collisions determine the
level populations of OI since the gas density nearly everywhere throughout the disk
is much greater than the critical density for the [OI] transitions, < 10*cm™3.
[OI] dominates the gas cooling where water is frozen out of the gas, Figure 6.11.

In the settled case and as with [CII], the sudden drop in [OI] emission parallel to

the disk photosphere corresponds to the sudden cold regime of the temperature in-
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Log fractional gas cooling, [OI]

rinnermost | Outermost
grid , grid
05— |
Dust unsettled P
” L . -2
e
RN
<
T o4
X
w) ©
B
e
0.3 s
0.2
0.1
—6.
T
rinnermost ! ! ! ! ! ! | Outermost
grid ' ' ' ' ' ' , grid
05— ! ! i —
Dust settled
w L -
ER
RN
)
1S
=
Q) ©
]
e

0.06 0.12 0.24 0.48 0.97 1.9 3.9 T 15.
Radius, r (AU)

Figure 6.11 The log; fractional gas cooling due to [OI] emission at ~44, 63,145 um
for an unsettled disk and a settled disk is plotted as in Figure 6.4. There is little
change in the total amount of emission from [OI] comparing unsettled and settled
disks.

version in Figure 2.4. Between cases of unsettled and settled dust, the total [OI]
emission is comparable. As with [CII], the majority of [OI] emission will originate
from beyond the inner disk that is modeled by Pisco. The 63 pum transition has been
detected from protoplanetary disks (Mathews et al., 2010), but the transitions at

145 pm and certainly at 44 ym have not yet been observed from disks.
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Chapter 7

Conclusion

The computational code Pisco for modeling protoplanetary disks is currently under
development and testing. The following modifications discussed in this thesis will

yield significant improvements to Pisco’s results:

e Temperature should be calculated throughout the disk by balancing heating
and cooling processes despite low gas density and/or the sublimation of dust.
This provides a check for consistency of heating and cooling calculations inte-

rior to inner rim and above the disk photosphere.

e Inconsistencies in radiative transfer by ray tracing across grid boundaries
should be corrected to avoid a jagged disk structure and excess ultraviolet
radiation deep within the disk. The layout of computational grid cells may

need to be changed so that cells increase incrementally in size with radius.
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e Chemical abundances should be estimated from chemical models. Assuming
a constant abundance throughout the disk will overestimate cooling due to

molecular emission, especially above the disk photosphere.

e As a diagnostic, line-of-sight optical depth contours are useful for determining
the influence of stellar radiation on the disk and which parts of the disk are
observable. Additional contours for lines-of-sight from the star into the disk
for wavelengths from X-ray to near-infrared will show the disk depth to which
stellar radiation can penetrate. Additional contours for lines-of-sight from an
observer into the disk face-on for wavelengths from visible to sub-millimeter

will show the depth from which radiation can escape.

While Pisco’s calculations are being improved, the code’s utility and po-
tential for calculating the physical conditions of the inner disk have already been

demonstrated through the following confirmations:

e A disk with settled dust is not “flat,” or wedge-shaped, but is flared. An

unsettled disk is even more flared than a settled disk.

e Gas and dust temperatures are highly coupled by frequent collisions between
gas and dust particles below the disk photosphere. Gas-dust coupling at the
disk photosphere is weak but non-negligible. Gas and dust temperatures are

decoupled above the disk photosphere.
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e The photoelectric effect heats gas to high temperatures where all of the fol-
lowing hold true: ultraviolet light can penetrate, dust exists, and gas-dust
coupling is weak to none. The photospheres of both unsettled and settled
disks contain hot gas within them, but the gas above the photosphere of an

unsettled disk is hotter than that of a settled disk.

e Due to the lack of photoelectric heating above the disk photosphere when the
disk is settled, settled disks have a stronger temperature inversion at the disk

photosphere than unsettled disks.

With emphasis on the photosphere of the inner disk, Pisco is well positioned
to examine the physics that underlies spectroscopic observations of protoplanetary

disks. Pisco is poised to test many aspects of disk physics:

e What is the disk profile at the inner rim and at the inner disk surface, and

how is the disk profile affected by the settling of dust?

e What are the physical conditions of the gas within the inner disk and at the

disk photosphere?

e What kind of heating and cooling processes govern the disk temperature and

where do they dominate?

e How do abundances calculated by chemical models compare to observed emis-

sion from coolants?
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e What does the strength of spectral bands from a molecular species, e.g. HCN,

indicate about the physical conditions within the disk?

With the inclusion of NLTE radiative transfer and calculations of level populations
for molecular species such as HCN, these questions will be addressed through Pisco’s
protoplanetary disk model.

This work was funded by NSF grant AST-0607312 and the NSF Graduate

Research Fellowship Program.
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