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Abstract

Circumstellar disks of gas and dust are integral parts of planetary systems from
formation to maturation. Protoplanetary disks, the name for circumstellar material
at the earliest stages of a stellar lifetime, provide key information about the formation
processes of planets, and therefore of the initial conditions that set system evolution in
motion. These disks are host to both primordial interstellar materials and reprocessed
constituents that become part of nascent planets and planetesimals. Debris disks, the
name for circumstellar material after the protoplanetary disk dissipates, are remnants
of earlier processes and carry clues to the formation conditions and evolutionary
pathways of mature systems. In this thesis, I discuss three approaches to probing
planetary system histories by examining circumstellar gas and dust.

The first approach is to experimentally measure the desorption binding energies
and entrapment efficiencies of neon, argon, krypton, and xenon in astrophysical ice
analogs. Noble gases are valuable tracers of both nebular gas accretion and volatile
delivery to planetary atmosphere; placing experimental constraints on these funda-
mental physical properties allows us to understand the extent to which each gas traces
different sources of volatiles within the protoplanetary disk. We find that all four no-
bles are likely present in the nebular gas, and able to be directly accreted to nascent
planets. We further find that argon, krypton, and xenon are trapped efficiently in
interstellar ice analogs, with entrapment efficiencies ranging from 65-95% in astro-
physically relevant ices. This suggests that that they are valuable tracers for the solid
volatile content within the disk. Lastly, we find that neon is inefficiently trapped;
maximally 10% of neon is entrapped in interstellar ices, although the actual entrap-
ment efficiency may be lower than 1%. Thus, neon is a tracer of only the nebular
gas.

The second approach is to examine archival data from the Atacama Large Mil-
limeter Array for the HD 172555 system. This system is unique among debris disks
due to its atypical dust composition. We detect the presence of carbon monoxide
gas in the circumstellar debris. By considering the morphology and composition of
both CO gas and dust in the system, we are able to rule out several origins for the



debris. We instead find that the only scenario that adequately describes observa-
tions of the system is that of a giant impact; the CO gas is likely the remnant of
a stripped planetary atmosphere, while the dust is debris produced in the collision.
These observations provide evidence for giant impacts in systems other than our own.

The third approach simulates the dust spectra of nine highly inclined debris disks
for a range of compositions and particle size distributions. Multibandpass observa-
tions are required to adequately characterize dust in a system; dust spectra allow
for an understanding of compositional classes of parent planetesimals, while devia-
tions from steady-state predictions for the particle size distributions might indicate
a history of giant impacts in a system. This chapter aims to develop a preliminary
framework for analysis of systems in advance of data from the James Webb Space
Telescope. We find that iron and troilite compositions are most easily disentangled
from the suite of compositional families we consider, although silicates, water ice, and
carbonaceous compounds are identifiable.

Thesis Supervisor: Sara Seager
Title: Class of 1941 Professor of Planetary Science, Professor of Physics, and Professor
of Aeronautics and Astronautics
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Chapter 1

Introduction

1.1 Overview

Planetary systems are born out of the dust of the interstellar medium; they become
dust as they die. Pockets of dense gas and dust collapse to form stars and protoplan-
etary disks, dust within disks coagulates into larger bodies, which grow to become
planetesimals and planets. As planet formation proceeds and the protoplanetary disk
gas recedes, belts of icy and rocky material are left, in addition to any planets that
have formed. These planetesimals collide and grind each other back down into dust
that we can observe in the form of debris disks.

The building blocks of planets - gas, dust, and ice - provide key clues to the
formation pathways of planets, and to the histories of planets in stellar systems.
This is true when we observe protoplanetary disks, as we can see planet formation in
action. It is also true when we observe debris disks, where we can see the remainders
of planet formation and the processes that have modified bodies in the system.

The following chapter aims to provide an overview of circumstellar disks through-
out various epochs. In section 1.2, we discuss the basics of planet formation, tracing
gas and dust as they collapse from molecular clouds in the interstellar medium to
protoplanetary disks around young stars. This section traces the history of systems
to about 10 million years (Myr) after collapse. In section 1.3, we discuss debris disks

- the remnants of planet formation after the initial protoplanetary disk has dispersed.
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This section will discuss both terrestrial planet formation that is expected to be dom-
inated by collisions and occur from approximately 10-100 Myr after collapse, as well
as the phenomenon of steady-state debris disks that can last for the entirety of a

system’s lifetime.

1.2 Protoplanetary disks

Protoplanetary disks are rich regions surrounding young stars. They have complicated
dynamics and chemistries, and are the locations for ongoing planet formation. We
will briefly discuss the typical pathway of a protoplanetary disk, and then turn to
discussing the typical architecture of a protoplanetary disk before reviewing planet
formation within these disks.

Regions of the interstellar medium (ISM) termed molecular clouds are denser
than the surrounding ISM (Figure 1-1a). The molecular cloud, which is cooler than
its surroundings, consists of gas (largely molecular hydrogen and helium, with some
additional volatiles) as well as silicate and carbonaceous dust [50, 30] and volatile
ices. Molecular clouds are by no means uniform; some regions, termed dense cores,
are sufficiently dense that the the self-gravity of the cloud overcomes thermal pressure,
magnetic support, and turbulence to collapse (Figure 1-1b). At that point, the dense
core begins to collapse and the center heats. To preserve angular momentum, some
of the material spreads out into a disk around a central protostar, which acts to
funnel material into the center. Additionally, stellar outflows and jets form, ejecting
material and angular momentum from the system (Figure 1-1c). After accretion to
the central star ceases, a protoplanetary disk remains to orbit the pre-main sequence
star (Figure 1-1d). During this phase, giant planets complete their formation and
terrestrial protoplanets form. By 10 Myr at the latest, the gas in the system dissipates,
leaving a mature debris disk (Figure 1-1e). Material within the protoplanetary disk
is both primordial and reprocessed. There is evidence that at least some of the
primordial ices that formed within the ISM may survive the process of collapse to form

planetesimals and planets [193, 35]. Some of the primordial material is reprocessed;
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Figure 1-1: Schematic of the steps of planet formation. (a) Dense cores in interstellar
molecular clouds. (b) A dense core begins to collapse due to self-gravity, starting star
formation. (c) The center of the collapsing core heats up, the cloud becomes a disk
due to conservation of angular momentum, the central protostar accretes material
through the disk, and the protostar ejects stellar outflows. (d) The core collapse
results in a protoplanetary disk orbiting the pre-main sequence star; planets form
within the protoplanetary disk. (e) Gas dissipates from the protoplanetary disk by
(at latest) 10 Myr, by which point gas giant planets have formed. Smaller planets
continue to grow, and the orbital configurations and compositions of planets are
modified by migration and impacts. Image reproduced from [152].

this generally occurs in the interior of the disk and along the disk surface. However,
mixing within the disk due to turbulence and pressure gradients does occur, which

further complicates the structure of a disk.

1.2.1 Architecture of a protoplanetary disk

Figure 1-2 provides a cartoon cross-section of disk structure as well as pictograms of
processes relevant to that disk structure. The gas disk is usually flared, with gas tem-
perature increasing towards the star and along the outside of the disk. The external
surfaces are often hotter as they are not efficiently shielded from stellar radiation,
allowing for heating, while the interior of the disk is more protected from stellar ra-
diation due to dust and gas opacity. Gas density is also higher closer to the star;
at higher temperatures, more volatiles are in the gas phase. As you move outwards
through the disk and pass a volatile snowline, the volatile in question goes from gas
to solid phase. Within the disk, gases are subject to sublimation and condensation
as well as to photochemistry. Grains are also subject to growth via pebble accretion;
growth results in decoupling from the gas which leads to settling and inward drift.

The settling of dust grains is evident in work such as [192], which has shown that the
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Figure 1-2: Slice-away of protoplanetary disk structure and various effects at play
within the disk. Image reproduced from [152].

dust-disk within the gas disk is vertically thin and quite confined, which aligns with

expectations of dust settling.

The primary features we consider when it comes to describing the architecture of a
protoplanetary disk are the typical disk mass, the radial extent of disks, substructures
within disks, and disk lifetimes. Many of the constraints on these features come from
surveys of planet-forming regions, although experimental and theoretical work play a

role in developing our understanding.

The typical disk mass is best estimated from sub-millimeter observations of ther-
mal continuum emission [11]. This is a probe of the amount of dust present, although
it is insensitive to the amount of mass in large bodies, as measurements at a given
wavelength are most sensitive to thermal emission by particles of that wavelength.

Thus, we expect that submillimeter observations are sensitive to particles up to a
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centimeter in size [51]; mass estimates are constrained by a lack of knowledge of the
size distribution above this. Further, there are uncertainties in the typical gas to dust
ratio within the disk, which leads to an uncertainty in the overall mass of the disk.
However, the minimum mass solar nebula (MMSN) [26] provides a lower bound on
the amount of material needed for at least the Solar system protoplanetary disk; this
sets the minimum mass as that required to explain the present mass of the planets
and planetesimals remaining in our system, scaled to include hydrogen and helium. In
addition to the MMSN being too low an estimate, there is evidence that the estimates
for disk masses derived from observations are too low. For one, [4] shows that masses
derived from sub-millimeter photometry are in tension with estimates of masses from
accretion rates integrated over protostellar ages [69]. [64] also shows that disk mass
estimates are too low to explain the incidence of giant planets detected in surveys of
exoplanets. The current statistics should therefore be viewed as lower bounds on disk
masses. However, comparisons between disks to identify trends are likely valid, given
that the uncertainties may be similar. We see that the brightest stars lack extended
disks, possibly due to rapid photoevaporation. Up to O stars, however, we see that
disk masses tend to scale with stellar mass (although there is spread in the ratios).

The median ratio between the disk and stellar masses is about 1% [197].

The typical extent of a protoplanetary disk is also challenging to constrain. Dust
in the furthest reaches of a protoplanetary disk is cold, which reduces its emission
and makes it harder to observe. The best constraints on radial extent come from
[191], where images of protoplanetary disks in absorption rather than emission were
taken. This survey found that outer edges up to 200 au are fairly typical, although

there were two outliers in their sample extending significantly further out.

Disk lifetimes can vary significantly, although they are quite short in comparison
to total system lifetimes. It is clear that by 10 Myr the vast majority of protoplanetary
disks are cleared of gas. Indeed, typical disks clear their gas by 2-5 Myr [110], although
there are stars that appear to be as young as 1 Myr that have cleared their disks.
The c2d survey [34, 160| found that 50% of weak-lined T Tauri stars are cleared by 2

Myr. There does appear to be a stellar mass dependence on clearing time; for stars
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more massive than the sun, disk lifetimes can be up to a factor of two shorter [24].
What is clear is that gas giant planet formation within the disk must, therefore, occur
on rapid timescales, given that the gas necessary to build a giant planet dissipates
rapidly. The following section will discuss planet formation within the planetary disk
in more detail; any mechanism seeking to explain planet formation must explain it
on these short timescales.

Given the rapid evolution of protoplanetary disks, it is perhaps unsurprising that
significant structure has been detected within protoplanetary disks at early ages. The
DSHARP program using ALMA [3] surveyed 20 protoplanetary disks and identified
ubiquitous substructures. Specifically, they found rings and gaps, as well as spiral
features and azimuthal asymmetries within disks. This suggests that protoplanetary
disks are not uniform in having a power-law surface density, but instead complex
structures with complicated physics occurring. This program was a major step for-
ward in understanding dust structures within protoplanetary disks, and many of the
systems in the sample have been extensively characterized. The MAPS program [153]
sought to begin developing a comprehensive survey of gas chemistry within protoplan-
etary disks by examining some of the most abundant molecules with ALMA. They
find substructure within the gas, which suggests that each region of the protoplan-
etary disk may be unique, which could lead to a wide diversity in the outcomes of

planet formation.

1.2.2 Planet formation in the protoplanetary disk

The conditions within the protoplanetary disk both set the stage for planet forma-
tion and are impacted by ongoing planet formation. At least some of the structures
described in the DSHARP program [3] may be attributed to lane clearing by proto-
planets; additional work such as [40, 91, 39] have shown forming protoplanets within
disks affecting the structure within the disk. Forming planets, however, may not be
the only explanation for structure within protoplanetary disks. [162] shows that gaps
can form as a result of snowlines, while additional work from the DSHARP program

associates some structure with pressure bumps within the protoplanetary disk.
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Planet formation within the disk begins with grain growth; the smallest grains
that form in the ISM can collisionally grown and aggregate within the protoplanetary
disk. This process may start extremely early (as soon as 100,000 years after collapse)
[68]; there may be additional grain growth that occurs in the interstellar medium
that survives infall. Grains begin small enough that they are efficiently thermally
and dynamically coupled to the gas and orbit with it; as grains grow, they decouple
from the gas [42, 2|, and begin to experience gas drag. This results in inward spiraling
of the large grains, which may allow them to grow more quickly as they experience
crossing orbits with smaller dust grains. Large grains additionally settle towards
the midplane [16]. This pebble settling and inwards drifting results in substantial
redistribution of volatiles vertically and radially [41, 32, 95, 96].

Volatile distribution is also intimately dependent on the snowline - the region
where a particular volatile goes from existing in the gas phase to being bound as a solid
on grains. The snowline sets the radial distribution of molecules. Where a volatile is
solid, it can be incorporated into the cores of planets; where it is gaseous, it can be
accreted into primary atmospheres. [52, 35| find that exterior to the water snowline,
much of the ice may be inherited from the ISM; thus, the location of the water
snowline may be vitally important for determining the composition of planetesimals.
For planetesimals forming outside of the water ice snowline, significant primordial

matter may be inherited.

In addition to setting the material (and material origin) available for accretion,
snowlines can speed up pebble growth, which enhances planet formation. Beyond
the snowline, the sticking efficiency may change [67], leading to enhanced formation
of pebbles, while decreasing fragmentation rates [48, 194, 65| make it less likely that
growing pebbles break up. This is in addition the fact that beyond the snowline, the
solid material surface density increases, simply because additional materials are in
solid form. The existence of a snowline also leads to pressure gradients forming within
the disk; this results in a diffusive flow accross the snowline, leading to accumulation
of ices [185, 32|. Lastly, snowlines can create pressure traps, leading to dust density

enhancement [41]. These factors all combine to increase planet formation beyond
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at least the water snowline [135, 6|]. The enhancement in formation efficiency is
significant - [135] finds mars-sized embryos inside the snowline while gas giant grows
external to the snowline.

Of course, this entire picture is complicated by the fact that snowlines themselves
are not static; the simple picture of a static disk does not fully incorporate the com-
plex dynamics at play within the disk. First, a snowline can move as a function of
stellar age [46]. As the star ages, radiation decreases, which acts to cool the disk.
However, the disk mass also decreases, which increases heating efficiency, so there’s a
complex dependence on stellar age and disk clearing times that will affect the snowline
structure within the disk. Additionally, the drifting of icy grains inwards may affect
snowline location, because grain drift timescales are similar to sublimation timescales,
leading to inwards motion of the snowlines [32, 163].

A detailed review of the chemistry of the major volatile species carbon, nitrogen,
and oxygen within the protoplanetary disk is available in [152]. Because of the com-
plexity of protoplanetary disks, it is important to consider as much data as is available
to interpret individual systems. Individual systems can add to our understanding of

the class as a whole, and help to enrich our overall understanding of protoplanetary

disks.

1.3 Debris disks

Debris disks are both an outcome of planet formation, and a phenomenon distinct
from planet formation. Debris disks are formed of parent planetesimal bodies that
are remnants of planet formation as well as of protoplanetary disks. However, these
large bodies are not detectable with current technologies. Instead, debris disks are
observable due to the presence of dust. Although the majority of the mass of a
debris disk is in the parent planetesimals, the majority of the surface area is in the
smallest grains, due to the sheer number of them. This dust is not the same dust as is
present in the protoplanetary disk. It is instead of second-generation origin, as dust

grains are efficiently removed from a system through either Poynting-Robertson drag
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or radiation pressure. Thus, some secondary collisional processes must be in place
to replenish dust mass. We will discuss both steady-state collisional processes and

stochastic events such as giant impacts that replenish dust.

The distinction between protoplanetary disks and debris disks is largely one of
optical depth: whereas protoplanetary disks are optically thick in both gas and dust,
debris disks are optically thin. Although the presence of optically thin dust in other
stellar systems has been known since at least the 1980s, thanks to the Infrared As-
tronomical Satellite (IRAS), the detection of optically thin gas within debris disks is
a relatively new phenomenon. While protoplanetary disks are dominated by accre-
tionary and growth processes, debris disks are dominated by destructive processes -

namely collisional grinding.

Our own solar system has a two-component debris disk: the asteroid and Kuiper
belts. Both of these belts contain solid bodies remnant from planet formation, and
both produce dust through collisions within the belts. The zodiacal cloud consists
of both collisionally-ground dust and dust released through comet sublimation [143].
Both of our disks, however, are far below are current detection capabilities. In the
past, however, the solar system debris disks may have been more massive [184, 156]
and at a different location [62, 188]. To alien observers in the past, our system may
have been detectable. Observations suggest that, as might be expected, the mass of

a debris disk decreases with time as the parent planetesimals get depleted [134].

The overall detection rate around solar-type stars is on the order of 20% [134, 178].
It is important to note that this is not an incidence rate, as we are not able to access
fainter disks; the rate of incidence is expected to be higher, as most (if not all) plan-
etary systems are expected to have remnant planetesimals after formation. To-date,
the composition of known debris disks seems to be not dissimilar to the composition
of dust in our system - namely silicates [158, 133]. However, the parameter space
that is explored is often limited, and where studies do not consider multibandpass

characterization of dust in debris disks, compositions may be missed (see i.e. [171]).

We currently study debris disks both through spectral energy distribution (SED)

excesses (see i.e. [183, 140, 45| and references therein) and imaging in both scattered
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light and thermal emission (see i.e.[18, 38, 169, 7]). The concept of studying debris
disks through SED excess is illustrated in Figure 1-3. SED excess is, to put it simply,
excess emission when observing a star above what is expected based on the stellar
blackbody curve. Excess emission arises when dust orbiting a star absorbs stellar
radiation and then emits its own radiation based on its temperature and physical
properties. In Figure 1-3, there are two component belts that are broad analogues
to the asteroid and kuiper belts (in blue and green respectively). Their emission
contribution is noted in the SED of the star. There are two additional coponents to
the SED excess - the exozodiacal dust, composed of small dust grains in the interior
that largely are migrating inwards from the asteroid belt, and an extended halo of
small grains blown out of the system. This sample SED is for disks more massive
than our own, and around a star brighter than our own. This particular illustrative
SED falls into the category of two-component models; while many debris disks can be
explained by a single component, others require multiple rings, as in [29, 72|, while

others require dust with multiple temperatures in the same radial location, as in [131].

1.3.1 Steady-state debris disks

We first discuss the canonical steady-state debris disk, which can be more fully de-
scribed by [199] and references therein. As we mention above, the presence of dust
in debris disks requires an origin of second generation. The very youngest debris
disks may still contain remnant protoplanetary dust, but most debris disks are likely
to have cleared protoplanetary dust via radiation pressure and instead must pro-
duce dust from parent planetesimals. The standard explanation for debris disks is
that of a steady-state collisional cascade where large bodies collide with each other
to form smaller bodies, which collide to form even smaller bodies, and so on until
the blowout size of the disk is reached and the smallest particles are removed. The
theoretical predictions for the particle size distribution of such a steady-state disk
is dN/da oc a=35 where a is grain size [47]. Observations of debris disks find that,
generally, the particle size distributions are consistent with steady-state predictions,

with a few exceptions [170, 106, 133]. The blowout size that is inferred in various

26



100.000

10.000 E

Exozodi

i Exozodi - small grains
w Asteroid Belt analog
Kuiper Belt analog

1.000 g

0.100

Flux density (Jy)

T

—— Halo - small grains

0.010

T

0001 bbos

arth
Neptune

t 4
G2v AoV
Mov

A Hughes AM, et al. 2018.
»
Al Annu. Rev. Astron. Astrophys. 56:541-91

Figure 1-3: Schematic and illustrative spectral energy distribution (SED) for the
components of a hypothetical Solar system analog debris disk. The system pictured
is an AQV star at 7.7 pc. An asteroid belt and Kuiper belt analog are present. The
exozodiacal cloud is from small grains spiraling inwards due to Poynting-Robertson
drag. The halo is composed of dust grains produced in a steady-state collisional
cascade that are below the blow-out size. Black arrows represent the equilibrium 150
K blackbody distance from the star for the three spectral types listed. Earth and
Neptune orbits represented for a sense of scale. The SED illustrates the components
of the debris disk and their contributions to the emission from the system as a whole.
Image reproduced from [77].
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surveys in the mid-infrared of approximately 1-20 pm is consistent with theoretical
predictions [133, 75, 178, 161]. However, the mid-infrared is not as effective at tracing
smaller grains as visible wavelength light is; scattered light constraints on minimum

particle sizes are much weaker.

1.3.2 Giant impacts

Although many debris disks can be explained by a steady-state collisional cascade
(]199] and references therein), some require singular stochastic events to explain the
dust. Stochasticity may take the form of giant impacts, which are expected to be
common in planetary systems between 10 and 100 Myr after collapse.

Within the solar system, there is abundant evidence of giant impacts. All four
of the terrestrial planets have signatures of catastrophic collisions. In the case of
Mercury, its unusual iron enrichment [13, 28] is suggestive of a giant impact that
left behind a dense core. Venus has retrograde rotation, which is hypothesized to
have occurred as a result of a catastrophic impact [44|. The formation of the Moon
[22, 23, 125] is thought to have been a consequence of a collision between a proto-Earth
and a Mars-sized impactor. Lastly, the Martian hemispheric dichotomy [117, 148| has
been attributed to being a giant impact basin. Such catastrophic collisions produce
large amounts of debris that should, in theory, be observable. Even smaller collisions
are visible within the solar system zodiacal cloud [142]. Work such as [199, 80]
also indicate that giant impact debris should be observable in exo-systems. To-date,
however, there is limited evidence for giant impacts elsewhere. For the most well-
characterized system with evidence of giant impacts, see Chapter 4. The lack of
evidence does not imply, however, that giant impacts do not occur.

In some scenarios, giant impacts or other stochastic events may set into motion a
steady-state collisional cascade. In the case of giant impacts, this will occur on the
symmetrization timescale, as described in [205]. As time post-impact increases, the
debris produced in the aftermath of the impact will circularize, which can result in a
disk that is morphologically identical to a debris disk. Some disks we see may be, at

least in part, remnants of giant impact debris.
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1.4 Focus of the thesis

In this thesis, we discuss methodologies to understanding planetary system histories
by looking at the components of circumstellar disks. The work is united by a desire to
better understand how planets initially accrete their atmospheres, and how those at-
mospheres evolve over time. This thesis brings together experimental, observational,
and modeling studies of both gas and dust, which provides for a holistic view of the

atmospheric history of planetary bodies.

In Chapters 2 and 3 we discuss experimental techniques for determining the des-
orption kinetics and entrapment of neon, argon, krypton, and xenon. These methods
allow us to understand the gas-phase and solid distribution of nobles in protoplane-
tary disks, and to probe to what level these elements can be used as tracers of nebular
gas accretion or delivery via icy bodies to the atmospheres of nascent planets. The
physical entrapment mechanisms explored for the noble elements in these chapters
are novel measurements to examining noble gas abundances within the solar system;
prior work has often focused on the theory of chemical entrapment mechanisms such
as clathration. The experimental determination here provides a plausible mechanism

for noble gas delivery to planetary atmospheres.

In Chapter 4, we discuss observations of the HD 172555 system via the Atacama
Large Millimeter Array (ALMA) telescope. In this system, we have detected - for
the first time - the remnants of an atmosphere stripped from a protoplanet during a
giant impact. We find that a holistic understanding of the gas and dust in the system
is necessary to rule out other origins for circumstellar debris. Previous attempts
to understand atmospheric stripping in the aftermath of a giant impact have been
theoretical in nature [173, 14]. Further, most searches for giant impact candidates
have looked for abnormal dust signatures within debris disks. In contrast, we present
observational evidence for a giant impact by examining both the abnormal dust in

the HD 172555 system as well as the presence of carbon monoxide gas.

In Chapter 5, we simulate dust spectra for nine highly-inclined debris systems in

advance of data from the James Webb Space Telescope (JWST); constraints from
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JWST on the spectra of these disks will yield information about dominant dust com-
positions and particle size distributions, providing insights into the formation histories
of the parent planetesimals in these systems. The simulated spectra encompass the
bandpasses of the Hubble Space Telescope (HST), JWST, and ALMA. This approach
to characterizing dust spectra stands in contrast to much of dust modelling, which
often relies on data points in either scattered or thermal emission. As we show, the

limited approach is not sufficient to characterizing dust compositions.
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Chapter 2

Experimental determination of the
desorption binding energies and
entrapment efficiencies of Argon,

Krypton, and Xenon in water ice

The present-day concentrations of noble gases in comets, planets, and other Solar
System objects depend on the distribution of noble gases in the Solar protoplanetary
disk. The location of noble gas snowlines determines the concentration of noble gases
accreting into the atmospheres of nascent planets as well as the abundance of noble
gas solids in reservoir bodies such as comets that deliver volatiles to planets. The
binding energies of noble gases to water ice informs the snowline location, while the
noble gas content of reservoir bodies can be enhanced by efficient trapping. We have
measured both the multilayer and sub-monolayer binding energies of argon (846,1120
K), krypton (1192,1440 K), and xenon (1558,2000 K) on amorphous solid water.
We have additionally measured the entrapment efficiencies of these species, finding
expected dependencies on both ice thickness and ice mixing ratios. Yet in astrophys-
ically relevant ice analogs (> 50:1 ratio), trapping efficiency always exceeds 60%. We

use a static disk model to present a simple picture of the distribution of ice-phase
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and gas-phase abundances of all three noble gases in the Solar Nebula. These values
place the snowline locations at ~ 37, 24, and 14 au, respectively, which means that
only comets forming close to the Kuiper belt would be rich in all three noble gases.
However, the measured high entrapment efficiencies imply that comets assembling at
any distance beyond the water snowline may have preserved a substantial noble gas

reservoir, and potentially delivered it to terrestrial planets.

2.1 Introduction

Solar system objects such as asteroids, comets, and planets formed in the Solar nebula.
Understanding the present-day composition of such astrophysical objects requires a
knowledge of the distribution of solid and gaseous material within the protoplanetary
disk, which in its turn formed through gravitational collapse of the natal molecular
cloud [197]. The molecular cloud is expected to contain ~99% molecular hydrogen
and helium and ~1% gas-phase volatiles and solid dust grains. Dust acts as a site
for both chemistry and ice deposition; water ice may form from atomic hydrogen
and oxygen directly on the grains [189, 76|; other ice constituents form similarly or
freeze out on the grains from the gas phase directly. The noble gases are among the
species that freeze out onto grains. These processes result in composite amorphous
ice structures. When gravitational collapse is triggered, material begins to fall in
towards the star, forming a disk so as to preserve angular momentum. As material
descends towards the midplane, it passes through a shock front and is heated - the
degree to which depends on the radial distance from the star [19]. [193] find that
grains are sufficiently heated so that water ice desorbs in the inner 10 au of the disk.
As the nebula cools, some of the sublimated ices may reform, probably as layered ices
due to sequential freeze-out of increasingly volatile species.

In the disk, the distribution of volatiles in the gas and solid phase sets the com-
position of dust grains and icy materials that are the building blocks of larger plan-
etesimals, which in turn may become planetary cores. Icy grains within disks may

migrate inwards as they grow and decouple from protoplanetary disk gas [3, 141],
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allowing forming planets to accrete ices enriched in volatiles. These forming cores
can accrete and retain gas-phase volatiles if they grow massive enough before disk
gas dispersal [27]. Comets and other icy bodies, forming from the initial ice/dust,

may deliver additional volatile material to planetary atmospheres after formation.

As such, condensation fronts/snowlines - boundaries where the majority of a
volatile goes from vapor to solid phase - govern the composition of forming plan-
ets and their atmospheres [154|. The location of snowlines can also enhance planet
formation efficiency [31, 82, 66, 172]. As desorption kinetics set the location of the
snowlines, quantifiying desorption energies is key to understanding the compositions

of planetary bodies.

Desorption energies are not the only ice characteristics that set the distribution
of gaseous and solid species in disks. Species may become trapped in matrices of
other ices. Their entrapment in pores of a less-volatile ice allows them to persist in
solid bodies until the less-volatile ice either restructures or desorbs. The process of
entrapment allows material to persist interior to its snowline. Entrapped volatiles
surviving the infall phase may also affect planetary composition; they can both alter
the amount of gaseous volatile available for direct accretion into an atmosphere by
sequestering volatiles in ices, and enhance final concentrations by delivering volatiles
to existing atmospheres. Characterizing the efficiency of entrapment can enhance the
understanding of the compositions of planets and the bodies responsible for volatile

delivery.

Noble gases in particular are useful as tracers of volatile delivery within disks.
While the distribution of molecules or other elements requires an inventory of chem-
ical interactions, the distribution of noble gases is tied entirely to desorption and
entrapment behavior, as well as any migration of material within the disk. The
inertness of the noble gases, which allows us to neglect chemical interactions, simul-
taneously makes it difficult to observe them outside the solar system. However, HeH™
[145], ArH* [81], krypton [25], and xenon [159] have been observed within the inter-
stellar medium or planetary nebulae. These noble gases have not been measured in

protoplanetary disks. Within the solar system, volatile delivery to bodies such as
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Jupiter, Titan, and the Earth can be explored through the lens of the noble gases.

These solar system objects have been subject to in-situ analysis, enabling noble
gas measurements. The Galileo Probe Mass Spectrometer found that the abundances
relative to hydrogen for argon, krypton, and xenon in the Jovian atmosphere were
2.540.5, 2.740.5, and 2.6+0.5 times the solar ratios, respectively. The uniform en-
hancement in these noble gases suggests that the environment Jupiter formed in must
have had abundant noble gas present, in addition to delivery of solid noble gas to ei-

ther the core or atmosphere.

In the case of Titan, the Gas Chromatograph Mass Spectrometer aboard the Huy-
gens probe detected small amounts of atmospheric argon and neon [146|, and provided
upper limits on the abundance of krypton and xenon. The scientific community has
not reached consensus on the method of acquisition of noble gases by Titan, with
the gravitational capture of nebular gases [60], delivery via ices [139], and delivery
by rock considered [190]. The depletion of atmospheric noble gas species has been
posited to occur via sequestration in surface clathrates [138], condensation via liquid
hydrocarbons [73], or trapping in a liquid water ocean [190]. Additional in-situ data,
paired with laboratory measurements of noble gas behavior in water ices, are required

to make sense of Titan’s noble gas history.

Naturally, measurements of noble gases in Earth’s atmosphere are abundant; it is
possible that a significant fraction of Earth’s atmospheric argon, krypton and xenon
were delivered through cometary impacts. Although previous work has suggested that
the overall volatile composition of the ocean-atmosphere system came from chondritic
rather than cometary sources [122, 123], some cometary contribution is required to
explain the noble gas component of the atmosphere. The relative contributions of
chondritic and cometary bodies to the noble gas abundance in Earth’s atmosphere
is dependent on the trapping efficiency of noble gases in cometary bodies. Through
preliminary analysis of the coma of comet 67P/Churyumov-Gerasimenko with the
Rosetta mission, [124] finds that comets are an important source for atmospheric
noble gases. Further data on the isotopic fractionation in the coma revealed that

xenon in the Earth’s atmosphere is 22+5% cometary in origin [121], assuming that
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67P has a typical cometary composition. They further found that the cometary xenon
is primordial, lending support to the idea that at least some primordial composite

ices survive gravitational collapse.

Interpreting the partition of noble gases seen in the solar system requires an un-
derstanding of desorption kinetics and entrapment efficiencies of noble gases in astro-
physically relevant ices. Temperature programmed desorption (TPD) is a labaratory
technique used to measure these quantities. These experiments measure the rate of
desorption of a species from a substrate as a function of temperature of the substrate.
In a solar nebula setting, the relevant substrate is amorphous water ice. Entrapment
efficiency can be probed by comparing the amount of atom or molecule that desorbs

around its typical desorption temperature with the total amount desorbing.

There is existing theoretical [33] and experimental work [181, 9, 150, 10, 151]
examining both the desorption and entrapment of noble gases. Previous work has
been done to measure the desorption kinetics of noble gases. In [181], the multilayer
desorption kinetics from graphene and the monolayer desorption kinetics from ASW
are measured for argon, krypton, and xenon. The zeroth order desorption energies
from graphene for argon, krypton, and xenon are determined to be 7.5 (902), 11.2
(1347), and 14.6 (1756) kJ mol™! (K), respectively. The desorption binding energies
of argon, krypton, and xenon from ASW are found to be 7.2 (866), 11.4 (1370), and
16.3 (1961) kJ mol~! (K), respectively.

Some work has also been done to understand entrapment of noble gases. [9]
investigate the effect of porosity on trapping a number of volatiles, including Ar.
They find that argon is not trapped when deposited on top of dense amorphous
water ice, inefficiently trapped when deposited on top of porous amorphous water ice,
efficiently trapped (65%) under porous amorphous water ice, and completely trapped
under dense amorphous water ice. [150] studied 1:1 mixtures of HyO:Ar. Their TPD
curves appear to suggest that ~50% of initially present argon is trapped in 0.1 and
5 pm thick ice layers. [10] investigate the relative trapping efficiencies of Ar, CO,
and Ny in water ice, but do not investigate the trapping efficiency of the individual

species. They do find, however, that CO is trapped with a higher efficiency than
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Ny and the same efficiency as Ar. This suggests that even in mixtures of volatiles,
argon may be efficiently trapped. There are no studies on the entrapment efficiencies
of krypton or xenon in ices of interstellar relevance, although [151] do investigate

isotopic enrichments in entrapped argon, krypton, and xenon.

In this work, we explore the desorption binding energies and entrapment efficien-
cies of argon, krypton and xenon in amorphous water ices in a laboratory setting.
We replicate and expand on previous experiments on noble gas desorption and then
quantify the efficiency of noble gas entrapment in astrophysical analogs as a function
of composition and ice thickness. In section 2.2, the experimental setup is presented.
The experimental results are given in section 2.3. The results and their astrophysical

implications are discussed in section 2.4.

(A) Bulk Kr (B) Kr on ASW (C) Entrapped Kr
8 0.20 2.0
¥
~
o
L6 0.15 1.5
9]
2
o]
24 0.10 1.0
n
T 2 0.05 05
) N
0 0.00 0.0
20 30 40 50 60 70 80 20 30 40 50 60 70 80 50 100 150

Temperature (K)

Figure 2-1: Three experimental desorption schemes. (A) Several monolayers of a
noble gas are deposited onto a substrate and desorbed to measure the desorption
binding energy of a noble gas to itself. (B) A submonolayer to monolayer of noble
gas is deposited onto >20 ML amorphous solid water ice and desorbed to measure
the noble gas to water desorption binding energy. The left peak is related to the
zeroth order desorption binding energy while the right peak arises from first order
desorption. (C) A mixture of noble gas and water is deposited onto a substrate and
desorbed. The left peak is associated with noble gas desorption, the middle peak
is the release of noble gas during water ice restructuring, and the right peak is the
release of noble gas due to desorption of water.
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2.2 Methods

We derive the desorption energies of argon (Ar), krypton (Kr), and xenon (Xe) ices
from compact amorphous solid water (ASW) ice through temperature programmed
desorption (TPD) experiments. They are also used to measure the entrapment ef-
ficiencies of the same species in porous ASW. Figure 2-1 illustrates the three kinds
of experiments we carried out to characterize monolayer desorption, multilayer des-
orption, and entrapment. Multilayer (zeroth order) desorptions probe the desorption
biding energies of an atom or molecule to itself. We measure this desorption energy
by depositing several monolayers of noble gas onto a substrate and desorbing at a
constant rate. Zeroth order curves are characterized by common leading edges and
a lack of coverage dependence. Submonolayer desorptions (first order) probe desorp-
tion binding energies to a substrate, in this case amorphous solid water (ASW). We
deposit submonolayer thicknesses of noble gas onto ASW and desorbing. Entrapment
efficiencies are measured by characterizing the fraction of noble gases desorbing with
water from water and noble gas ice mixtures. All experiments are carried out on
a custom-made experimental setup designed for ice experiments; the instrument is

described in detail by Simon et al. (in prep), and summarized below.

2.2.1 Experimental Setup

The experiments were carried out in a laboratory setup (Figure 2-2) designed to in-
vestigate thermal processing of interstellar ice analogs. This setup is a miniaturized
version of the experimental chamber described in [100], has been previously intro-
duced in [179], and will be fully described in an upcoming paper (Simon et al., in
prep). This setup consists of a 6.5" ID ultra-high vacuum (UHV) stainless steel
chamber (custom-made, Kimball Physics) with a base pressure of 4 x 10~° Torr at
room temperature. The chamber is evacuated using a turbomolecular pump (Pfeiffer
HiPace®400 with pump speed of 350 1/s for Ny) backed by a Kashiyama NeoDry
15E dry pump with a maximum pumping speed of 250 1/min. Chamber pressure

is monitored by a MKS series 999 Quattro multi-sensor vacuum transducer coupled
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with a series PDR900 single channel controller, providing continuous measurement

from atmosphere to 10~ Torr.

AT A

Figure 2-2: Photo of the chamber, with the main experimental instrumentation
marked

The UHV chamber is inside the sample compartment of a Bruker Vertex 70 FTIR
spectrometer. The IR spectrometer and UHV chamber are placed on separate solid
frames equipped with vibration isolation slides such that the optical path of the
IR instrument is aligned with the horizontal axis of the chamber in the transmis-
sion geometry as shown in Figure 2-2. The UHV chamber is separated from the IR
spectrometer by two differentially pumped IR transparent KBr windows. The entire
optical path of the IR spectrometer is continuously purged with dry and CO/COx
free air using a Parker 75-62 Purge Gas Generator.

The UHV chamber houses an IR transparent 2 mm thick CsI window (0.75" clear
view) mounted on an optical ring sample holder attached to a closed cycle helium
cryostat (Advanced Research Systems model DE-204S). The cyrostat is integrated
with a DMX-20B interface which decouples and vibrationally isolates the CsI window
from the cold head of the cryocooler with helium exchange gas. A differentially

pumped rotary seal (Thermionics RNN-400) on the cryostat assembly allows for 360°
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rotation of the sample mount.

A nickel plated oxygen-free high conductivity (OFHC) copper radiation shield is
attached to the first stage of the cryostat, enabling the Csl substrate to reach base
temperatures of 11K. Temperature is controlled between 11K and 350K with +0.1K
precision by a 75W resistive heater and calibrated Si diode sensor (LS-670B-SD)
located on the cryocooler tip near the heater using a Lakeshore Model 335 temperature
controller. A second Si diode sensor is mounted directly to the Csl substrate to
measure ice temperature.

Ices are grown in situ by exposing the cold Csl substrate to a constant flow of
gas from an independently pumped gas line. A 4.8 mm ID stainless steel deposition
tube is attached to a VAT variable leak valve and compact z stage (MDC Vacuum
Products) to enable directed vapor deposition. The independent gas line is used to
store gases and prepare gas mixtures before delivery to the chamber. It is pumped
down to pressures < 5 x 107* Torr using a turbopump station (Pfeiffer Vacuum
HiCube Eco) with pump speed of 67 1/s for Ny. The gasline pressure is monitored
with two active capacitance transmitters (Pfeiffer) CMR 361 and CMR 365 in the
overall range 5 x 10~% — 1100 Torr.

Water ice thicknesses are quantified by employing IR spectroscopy between 4000-
400 cm ™. Spectra are recorded using a liquid Ny cooled Mercury Cadmium Telluride

detector with a resolution of 1 cm™!

and averaged over 128 scans with an aperture
setting of Imm. Background spectra are recorded before each ice deposition and
subtracted from the respective ice spectra.

Monitoring of gas composition during both ice growth and desorption is achieved
with a Pfeiffer quadrupole mass spectrometer (QMS) (QMG 220M2, mass range 1-

200 amu, and resolution of 0.5 amu). The QMS signal is proportional to the number

of desorbed molecules.

2.2.2 Changes in setup between 2018 and 2021

Approximately two-thirds of the data were taken prior to 2020, and one third of the

data were taken after. Between the two sets of measurements, a couple of changes
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to the chamber were made. In 2018, an aperture was located in front of the QMS in
the chamber to enable more directed measurements of gases. A chamber pump has
also been exchanged, although this has not substantially altered the base pressures
achieved. Lastly, the tip of the cryostat/sample holder has been adjusted, which has
enabled the base temperature of the chamber to go from 17 K in 2018 to 11 K in
2021.

2.2.3 Experimental Procedure

The experiments described below use deionized water purified through several LNy
freeze-pump thaw cycles. Experiments additionally use “°Ar, 3Kr, and ?°Xe (all

99.95% purity, Sigma-aldrich).

Binding Energies

To measure multilayer (zeroth-order) desorption kinetics, between ~10 ML and ~40
ML of noble gas are deposited onto the Csl substrate below 15 K at a rate of ~2 ML
min~'. Ices are heated at a constant rate of 1 K minute™ to 200 K. The desorbing
species are monitored with the QMS; the QMS signal and molecular desorption rate
per Kelvin are related via a scaling factor (see below).

To measure monolayer (first-order) desorption kinetics, >20 ML of DI water are
deposited onto the Csl substrate at 100 K over the course of 10 minutes. Deposition
at 100 K ensures an amorphous, compact water ice structure analogous to water
ice that would freeze out onto cooling interplanetary grains. The substrate is then
cooled to between 10 and 17 K and submonolayer to monolayer (ML) coverages of
noble gases are deposited at a rate of ~0.1 ML min~2. Following deposition, ices are
heated at a constant rate of 1 K minute™ to 200 K. The noble gas ice thickness is
estimated after deposition; we set the conversion factor for 1 ML to correspond to the
integrated TPD signal for a curve where the multilayer peak begins to disappear, see
Figure 2-4. These conversion factors are then applied to the multilayer experiments

to determine the thickness of the multilayer depositions.
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Figure 2-3: Temperature programmed desorptions for multilayer depositions of argon,
krypton, and xenon. The maximum desorption rate shifts towards higher tempera-
tures with increasing ice thickness, as expected from a zeroth order desorption. In
addition, the leading edge of the desorption for each ice thickness is aligned, a further
signal that we are in the zeroth-order regime.

Entrapment Efficiencies

For the entrapment experiments, mixtures of DI water and noble gases in the range
between ~5:1 and ~100:1 ratios are first prepared in the gas line. Approximately 20
torr of water vapor is released into the fixed volume of the mixing area. This amount
of water vapor is then condensed into a vacuum flask attached to the mixing area
and submerged in liquid nitrogen (LN2). This freezing cycle is repeated until ~50
torr of water have been condensed into the vacuum flask. Between 1 and 5 torr of
noble gas is then condensed into the vacuum flask, depending on the intended ratio
of the mixture. The vacuum flask is then closed off from the mixing area and let to
sit overnight to ensure proper mixing between the components. The following day,
the mixtures are deposited at 11 K onto a Csl window. Deposition of water at 11 K
ensures a water ice structure analagous to water ice that would form through grain-
surface chemistry in the ISM [59]. Depositions are monitored with both the QMS
and IR spectrometer described earlier. Ice thicknesses are varied between ~15 and
~200 ML, with deposition rates of ~10 ML min~!. After deposition, ices are heated
at a constant rate of 1 K minute™® to 200 K. The desorbing species are monitored

with the QMS.
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2.2.4 Calibration of the QMS signal

To determine the ratio of noble gas to water in the entrapment experiments, a mixture
of methods is used. Approximately two-thirds of the data were taken prior to 2020,
and the other third were taken after. In both cases, the amount of water ice deposited
is determined through use of the IR spectrometer in the laboratory setup. For data
taken prior to 2020, the amount of noble gas present in the ice is determined by
comparison to the monolayer experiments as described above. A conversion factor
of QMS ion current to number of molecules is established through the monolayer

desorption experiments, as in e.g. [12, 56].

In the case of data taken after 2020, the amount of noble gas present is determined
through the method described in [119]. This method relies on both a comparison to
an infrared-active species (in the case of these experiments, *CO is used), and the
realization that the integrated ion current measured by a QMS corresponding to a
mass fragment m/z during a TPD is proportional to the total number of molecules
desorbed. The relation of the integrated ion current of a noble gas during a TPD to

the number of molecules desorbed during that TPD is expressed as:

Ir(mol)  Frp(mol) S(m/z)

ot (mol) 8 "
Ip(COt) = Fp(CO) — S(29)

ot (CO)

A(m/z) = kco X x N(mol) x (2.1)
where A(m/z) is the integrated ion current of a given mass fragment (m/z) during
desorption, o (mol) is the ionization cross section for the first ionization of the species
at the incident electron energy of the mass spectrometer (70 eV), N(mol) is the total
thickness of the noble gas deposited, Ir(mol) is the ionization fraction of a noble gas
with charge z, Fr(mol) is the mass fractionation of a species of interest (definitionally

Fr(mol) = 1 in the case of a noble gas), S(m/z) is the sensitivity of the QMS to a

mass fragment (m/z), and
A(29)
N(CO)

koo = (2.2)

is the proportionality constant that links the integrated ion current A(29) of CO to
the thickness of CO measured with the IR spectrometer N(CO). The proportionality
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Table 2.1: Summary of the calibration parameters
Species m/z ot (mol)*  Ir(mol)*  S(m/z)**
Ne 20 475 x 10717 0.9852  3.86 x 10
BCO 29 252x107'  1.0000  3.14 x 10"
Ar 40 2.52x 1071 0.8424  2.47 x 10M
Kr 84 3.45x 10716  0.7191  9.63 x 10™
Xe 129 4.67x 107 0.6212  4.95 x 10

** Experimentally measured for this setup

“ [168]

constant koo for this experimental setup has been measured and described in an
upcoming paper (Simon et al., in prep). The values used in this relation are reported

in Table 2.1.

The CO proportionality constant is used in the post-2021 data as the removal of
the aperture in the chamber setup has made it more difficult to acquire high-quality
sub-monolayer data for xenon. For both argon and krypton, both methods for QMS
signal calibration can be used. We find that there is a consistent factor of 3 between
the resulting amount of noble gas present. Specifically, the amount of noble gas
present as determined from the [56] method is three times lower than the amount
of noble gas present as determined by the [119] method. This is likely due to the
fact that the [56] method does not account for any pooling by noble gas on the ASW
surface. Due to the consistency in the factor of three, all of the noble gas contents
determined with the [56] method are adjusted upwards by a factor of three in Figure
2-6 for clarity of comparison. The values are not updated in the tables, and instead

reflect which method was used to determine the ratios.

The sensitivity of the QMS to a mass fragment (m/z), S(m/z) has been deter-
mined for this experimental setup. The QMS ion current in response to a mass

fragment (m/z), I(m/z), is related to the sensitivity of the instrument via
I(m/z) = kipg x o (mol) x P(mol) X Is,(m) x Ip(z) x Fp(m) x S(m/z) (2.3)

The new factors are k)),g, a proportionality constant that is the same for different

species in the chamber, P(mol), the pressure measured in the chamber, and Ig,., an
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isotopic factor. The pressure gauge in the chamber does not discriminate between
different isotopologs of the same species while the QMS does; the factor reflects the
amount of gas that is actually measured by the QMS. The pressure additionally needs

to be corrected by gas correction factors provided by the gauge manufacturer.

With this relation, S(m/z) can be measured for each noble gas by introducing
the noble gas into the chamber and measuring both the pressure and QMS signal at
a range of pressures. With this, an average sensitivity S(m/z) can be derived. We
measure S(m/z) for neon, argon, krypton, and xenon. An exponential fit leads to a

sensitivity curve of
S(m/z) = (5.94¢0025(m/2) 4 0.24) x 10" (2.4)

This is an empirical relation between (m/z) and S(m/z) that can be used to determine

the sensitivity for any mass in the chamber.

2.3 Results

We first present the multilayer (zeroth order) and monolayer (first order) desorp-
tion binding energies of argon, krypton, and xenon. We then present the results of

entrapment experiments in porous ASW.

2.3.1 Binding Energies

To quantify desorption energies, we fit the TPD curves with the Polanyi-Wigner

equation:
g v
R 8” e_Edes/T 25
T3 (2.5)
where 6 is the ice coverage, T is the temperature in K, v is a pre-exponential factor in

1

s~!, B1is the heating rate in K s7!, n is the desorption order, and E,, is the desorption

energy in K. The pre-exponential factor is derived from a harmonic oscillator relation
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Argon Krypton Xenon

Type ML  Eges (K) ML  Eges (K) ML  Eges (K)
Pure Ice 27 845120 38 116013 41 1360 =+ 100
Pure Ice 9 875125 23 11808° 21 1530+ 115

H20 (compact) 1.3 1150[185) 1.6 1430[150] 1.6 1940[210]
H20 (compact) 1.0 1165[175) 1.3 1440[145) 0.8  1995[210]
H20 (compact) 0.5 1210[200] 0.7 1470[145] 0.4 2040[220]

Table 2.2: Coverages, Desorption energy with uncertainty for the pure ice multilayer
regime or mean desorption with FWHM for the submonolayer regime on ASW. The
bracketed values for the first order desorptions represent the standard deviation of
the spread in energies, rather than the uncertainty.

2TLsFJdBS
S B 2.6
v=ATs (2.6)

where ng is the number of adsorption sites (~ 10 sites m™2) and m is the mass of

(see [70], [1], and [149]):

the molecule in kg. This is valid in the case of small molecules, as it relies on internal
and translational degrees of freedom.

The TPD curves of multilayer depositions of argon, krypton, and xenon on the Csl
substrate are shown in Figure 2-3. The shape of the TPD curves is consistent with a
zeroth order desorption, where the leading edges of the curves align [132]. The desorp-
tion energies can be determined by fitting the zeroth-order Polyani-Wigner equation
(Equation 2.5) to the curves in the regime well-described by exponential behavior.
We left both v and Ey. as free parameters in the fit. There is an ~10% uncertainty
in the measurement, arising from uncertainties in the temperature calibration. The
uncertainty was estimated by fitting curves shifted by £2K. The binding energies and
uncertainties are given in Table 2.2. We find binding energies of 875, 1180, and 1530
K for argon, krypton, and xenon, respectively.

TPD curves for submonolayer and monolayer depositions of argon, krypton, and
xenon on compact ASW are shown in the left panel of Figure 2-4. The TPD curves
exhibit first order desorption behavior. The first peak corresponds to isolated pools of
noble gas desorbing from itself. The second peak corresponds to first order desorption

kinetics from the ASW substrate.

The first order desorption peak, related to the desorption of noble gas from the
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ASW substrate, is described with a distribution of desorption energies. This is be-
cause the desorption is occurring from a disordered and rough substrate, as reported
by [149], [36], [49], and [56], using models based on work by [167], [92], and [187].
To derive desorption energies for the submonolayer regime, we used a distribution
of binding energies. We fit the submonolayer regime of the TPD curves (second
peak) by a linear combination of first-order kinetics as described in [56], sampling
the desorption energy in steps of 50 K for argon and krypton and steps of 60 K for
xenon. For argon, we sampled between 500 and 2000 K, for krypton between 1000
and 2000 K, and for xenon between 1300 and 1800 K. Fitting is done in python with
scipy.optimize.nnls, a non-negative least-squares module. The linear combination co-
efficients are normalized to the initial coverages, yielding fractional coverages. The
data are smoothed using a Gaussian filter and plotted in dashed lines for clarity as
well. The right panel of Figure 2-4 displays the results of the binding energy fitting
algorithm. The desorption energies are coverage dependent, as seen in [56, 149]. As
the coverage decreases, the binding energy increases; it is possible that the noble gases
adsorb to the strongest binding sites on the water substrate first, and are therefore

also the last to desorb.

2.3.2 Entrapment Efficiencies

The entrapment efficiency is computed as a ratio of the integrated noble gas desorption
from 100-200 K to the total integrated noble gas desorption. This effectively computes
the ratio of gas that is released during ASW restructuring and ASW desorption to the
total deposited gas. This interval is chosen as it begins above the tail end of xenon
monolayer desorption (< 70K) and before water ice restructuring (> 120K).

Figure 2-5 shows that entrapment efficiencies are somewhat sensitive to the kind of
entrapped gas, ice thickness, and ice mixing ratio. The curves shown are normalized
to the maximum desorption rate in a given experiment, and offset for clarity. The
first desorption peak corresponds to the desorption of noble gas at its typical binding
energy to water. The second desorption peak corresponds to the release of noble

gas from water ice as a consequence of water ice restructuring from an amorphous
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to crystalline phase [104]. In the left panel, the desorption curves of comparable
experiments for each noble gas are presented. The most apparent variation is that
the relative importance of the escaping gas decreases with increasing noble gas mass.
The middle panel shows argon desorption from water:argon ~(30-42):1 mixtures,
which show negligible changes in entrapment behavior with increasing ice thicknesses.
The right panel displays a series of xenon experiments with approximately the same
thickness (~33-43 ML) and increasing ice mixing ratios. In this series of experiments,
the entrapment fraction increases when the ratio increases from 30 to 86, but not when
further increasing the ratio to 130. The precise values for the selected experiments
are presented in Table 2.3. In summary, this selection of experiments indicate that
entrapment fractions are sensitive to the entrapped species and to mixing ratio, but
quite insensitive to the ice thickness beyond 50 ML. We next evaluate this trend using
our complete set of experiments.

We performed 34 experiments, which ranged in ice thickness from 28 to 232 ML,
and in ice mixing ratios from 2.5 to 266. While there is overlap in the conditions
used for each noble gas, they each cover a somewhat different parameter space. We
therefore summarize the results of the experiments with ice mixing ratio greater than
5 in Figure 2-6; All experiments are listed in Table 2.4. Two argon experiments
with lower ratios (20220323-1 and 20220324-1) were performed for calibration, but
not included in Figure 2-6. Each panel in Fig. 2-6 represents the results from all
experiments performed for a given noble gas. The trends we saw in the selection of
experiments above are generally confirmed when inspecting Fig. 2-6: as the ratio
of water to noble gas increases, the entrapment efficiency also increases. There does
seem to be an additional trend in that the heavier the noble gas, the more efficient the
trapping. Overall, the experiments suggest that in astrophysically relevant conditions,

noble gases are efficiently trapped in amorphous water ice.

2.3.3 Uncertainties

The uncertainties for both the multilayer and monolayer desorption binding energies

are systematic rather than statistical in nature. The uncertainties in the multilayer
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Table 2.3: Selected entrapment efficiency experiments
Species Ratio ML Water ML NG Entrapment (%)

Ar 40 47 1.2 58
Kr 20 23 2.3 76
Xe 86 43 0.5 78
Ar 40 47 1.2 o8
Ar 42 113 2.7 60
Ar 30 239 7.9 o8
Xe 30 33 1.1 46
Xe 86 43 0.5 78
Xe 130 33 0.3 75

*2018 experiments; ratios determined with same method

desorption binding energies are primarily driven by uncertainties in the temperature
calibration, as there is a slight discrepancy between the measured temperature and
the actual temperature on the substrate. The uncertainty can be estimated by fitting
curves that are offset with respect to the chosen temperature. This results in uncer-
tainties of approximately 10%. The temperature uncertainty is valid in the case of the
sub-monolayer desorption binding energy as well, and is approximately 10% of the
central desorption energy value listed in Table 2.2. However, there is an additional
spread in the monolayer desorption energies that is listed in brackets in Table 2.2.
This spread is not the uncertainty in the value, but instead the standard deviation of
the derived energies. In the sub-monolayer regime, the binding sites on water avail-
able to noble gas are of varied strength, as the surface is rough and disordered. This
variation results in a spread of desorption binding energies, which in turn is reflected

in the standard deviation of the derived energies.

The entrapment efficiency uncertainties, in contrast to the binding energies, are
not driven primarily by the temperature uncertainty. This is due to the fact that
the entrapment efficiency is independent of the £2 K uncertainty in temperature, as
the efficiency is a ratio of the amount of noble gas desorbed after 100 K compared
to the amount of noble gas desorbed before 100 K. Given that the actual desorption
behavior occurs significantly before and after 100 K, the temperature uncertainty

does not factor in. There are several other potential sources of uncertainty within

50



the entrapment efficiencies. First, the water ice thickness as measured with the FTIR
spectrometer is subject to an uncertainty in the band strength, which is at most
15%, and dependent on the relative temperature the spectra were taken at. The
temperature the IR spectra were taken at in 2018 was 15-17 K, while the post-2020
IR spectra were measured at 12 K. This may account for some of the discrepancy
in the measured entrapment efficiencies for both argon and xenon as seen in Figure
2-6. The outliers in the argon and xenon panels with atypically high entrapment
efficiencies are for data points acquired post-2021; if the water ice thickness is larger
relative to the 2018 data, this would mean that the actual mixing ratio is higher,
which may move the entrapment efficiencies to be in line with the other measured

data points.

Uncertainty in the entrapment efficiencies may also arise from uncertainties in the
measurement of the calibration parameter kco, which has been estimated in Simon et
al., in prep to be ~ 12%. However, this uncertainty is uniform across the experiments
using kco to estimate the amount of noble gas present, so this may be a small overall

contribution to the uncertainty.

Unlike the desorption binding energies, the entrapment efficiencies are subject to
statistical uncertainties as well as systematic uncertainties (calibration parameter,
band strength). This is due to the fact that the entrapment efficiency is likely de-
pendent on the precise structure of the deposited ice. If larger micro-pores form,
entrapment efficiency may go down. If more noble gas is deposited close to the sur-
face of the ice, rather than at the bottom of the ice layer, the entrapment efficiency
may be lower. Although it is difficult to get exact repeats of experiments, we can
compare several experiments in Table 2.4 that have reasonably similar mixing ratios
and thicknesses to understand what the order of magnitude uncertainty is. Due to
the potential difference in the measured ice thicknesses between 2018 and post-2020,
we only compare experiments taken in the same year for this estimate. For argon,
the 20220323-1 and 20220324-1 experiments have comparable mixing ratios (2.5,2.9)
and thicknesses (37,29). The entrapment efficiencies are within 3% of each other. In

the case of krypton, the 20180627-1 and 20180628-1 experiments have comparable
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mixing ratios (17,12) and thicknesses (75,111). The entrapment efficiencies for these
are approximately the same. In the case of xenon, the 20180916-1 and 20180917-
1 experiments have comparable mixing ratios (22,17) and thicknesses (51,75). The
entrapment efficiencies are within 2% of each other. Although it may be worth it
to more systematically compare the uncertainties for these experiments, this initial
examination suggests that the statistical uncertainties are not the dominant factor.
Given that the outliers within the summary Figure 2-6 are from experiments taken
in a different experimental setup, it seems possible that the lower base temperature
achieved in post-2020 experiments may be driving a systematic underestimation of

the water ice thickness and therefore mixing ratio.

2.4 Discussion

We first begin by examining the measured desorption binding energies and their effect
on the snowline locations for argon, krypton and xenon. We then proceed to discuss

the astrophysical implications of our measured entrapment efficiencies.

2.4.1 Desorption of noble gases

Our multilayer noble gas desorption energy for argon, 845120 K, aligns well with the

reported literature value of 902 K [181] when taking into account estimated uncertain-
ties. The desorption energies for krypton and xenon of 1160113 and 1360 £ 100 K do
not align as well with the reported values of 1347, and 1756 K [181]. [181] report an
approximately 5% uncertainty in their measurements, which means that the Krypton
desorption energies just barely overlap, while the xenon energies have a > 200K gap.
Although [181] are not explicit in what formulation of the exponential prefactor, v,
they use, it was standard within the literature at the time to couple the prefactor
and desorption energy through the harmonic oscillator relation, eq. 2.6. In contrast,
we independently fit the prefactor and desorption energy [132|. Regardless of which
1

formulation [181] use, we have substantially different prefactors in units of ML s~

(Vsmithxr = 6 X 1012 vs vg, = 1.28 x 101 vgpin xe = 4.7 % 10" vs vx, = 3.58 x 10?).
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This is likely the origin of the discrepancy in multilayer desorption energies.

Our measured sub-monolayer desorption energies of ASW are comparable to those
reported by [181] for krypton and xenon (1440+ 145 K vs 1370 K ; 19954210 vs 1961
K).In the case of argon, there is a substantial difference. Our measured energy for
argon of 1165 4 175 does not align with the reported value of 866 K [181], although
there is only a 90 K difference in the upper bound of the Smith value and lower bound
of our value. This discrepancy, as above, could be due to the difference in exponential
prefactors. If this is a genuine discrepancy, we believe our value is reasonable as it
reflects a similar increase from the multilayer energy to ASW desorption energy as

the other two noble gases display.

2.4.2 Noble gas snowline locations

To understand the astrophysical implications of the measured desorption energies,
we calculate the snowline locations of argon, krypton, and xenon. The snowline is
defined as the location in the disk where at least half of the total species goes from gas
to solid phase. In the planetary formation context, this is important as the snowline
locations inform what materials solid-body planetesimals are formed from as well as
what materials (and in which phases) material is available for accretion to a planetary
core. Interior to a snowline, a planet may only accrete noble gas if it is massive enough
to begin to accrete gas into its envelope. Exterior to a snowline, a planet can accrete
solid noble gas regardless of the core mass.

The snowline location can be calculated by balancing the rates of desorption and
adsorption:

—E;/T

_ T _ .9 _
Rp =nl"ve = NNy SiV; = Ry (2.7)

where n" is the number density of the species on the grain, v; is the vibrational
escape frequency of the species, F; is the binding energy, T' is the temperature, n; is
the number density of the species in the gas phase, ng, is the number density of the

grains, o,, is the cross sectional area of the grain, .S; is the sticking coefficient, and v;

2

is the thermal velocity. The cross sectional area of the grain is simply 77y,

where 7,
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is the average grain radius. The vibrational escape frequency can be expressed as:

2kB Ez Nsites

my;

(2.8)

where kp is the Boltzmann constant, Ny, is 10'° adsorption sites per cm?, and m;

is the mass of species. The thermal velocity can be expressed as

8kgT
Ty,

(2.9)

With some algebraic rearrangement, we arrive at an expression for the normalized

surface density N; (equal to 1/2 at the snowline):

Ny = —— (2.10)

0 Nsites Ez exp <_%)
= T2 g (2.11)
T T2rgr iXgrTVH

where x,, is the fraction of grains compared to the hydrogen surface density in the

where () is

disk midplane, and ng is the hydrogen surface density in the midplane.

The above expression balances microscopic processes; we can use it to understand
the structure of a protoplanetary disk. We adopt temperature and surface density
profiles from [5] of T' = 200r=°%2 K and surface density profile ¥ = 310r~! kg m—2
where r is measured in au. These relations are empirically derived from observations
of protoplanetary disks. This places the argon, krypton, and xenon snowlines at 35,
24, and 14 au, when considering freeze-out onto ASW surfaces (see Figure 2-7). If
Jupiter and Saturn formed in their present day locations, their atmospheres would

have accreted any gaseous argon, krypton, and xenon present in the disk.

However, forming interior to the argon, krypton, and xenon snowlines would not
explain the uniform enrichment in materials in the Jovian atmosphere. It is possible
that Jupiter instead formed exterior to these (and the Nj) snowlines, as suggested

in [155]. In this formation mechanism, a nascent Jupiter accreted icy material to its
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core. Mixing between envelope and core during bombardment and envelope accretion
released argon, krypton, and xenon, resulting in uniform enrichment. This scenario
might be aided if, as [157| suggest, a shadowed disk cools the temperature structure,
moving the snowline locations closer, resulting in less migration for a nascent Jupiter.

In either scenario, it is possible that additional noble gas be delivered to the Jovian
atmosphere by entrapped gases in water ice. If primordial ices survive infall, as [193]
suggest, then the original ice structures stay intact. These ices are not deposited
sequentially, but instead stochastically in a fashion similar to the ice deposition of our
entrapment experiments. As ice grains grow into larger bodies, the ice content may
be preserved; comets may contain entrapped noble gases. As these bodies migrate
from a region external to noble gas snowlines to interior regions, they preserve much
of the noble gas. When these bodies impact nascent planets, they add additional

noble gas to the atmosphere.

2.4.3 Entrapment of noble gases

We see high entrapment efficiencies for all three noble gases in astrophysically relevant
ice mixing ratios. These efficiencies show a weak dependence on species and precise
ice thickness; after ratios of > 30 : 1 water to noble gas, even the precise ratio does not
seem to substantially affect the entrapment efficiency. Based on these experiments,
we expect that the ratios of noble gases entrapped in ices in protoplanetary disks will
have close to solar ratios with respect to each other.

There are limited previous experiments on the entrapment of argon, krypton, and
xenon. The most thorough experiments exist for argon and water mixtures. Generally,
the trends observed in previous work are borne out by our data. [150] report 10%
entrapment of argon in a 1:1 mixture with water, at a 0.1um ice thickness. This is
in line with the two calibration experiments we have done at low ratios, where we
get entrapment of ~28%. The general trend of decrease in trapping efficiency with a
decrease in the ratio of HyO to water seems supported by this datapoint. [9] have an
experimental scheme similar to our high ratio ices; they deposit ~1 ML argon under

~100 ML of porous amorphous water ice. This schema yields 65% entrapment of
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argon, which is well in line with our efficiencies that exceed 60% in astrophysically
relevant ratios.

The high entrapment efficiency suggests that planets may accrete materials that
are enriched in noble gases. It also supports the delivery of noble gases to planetary
atmospheres via comets. Further theoretical work should be done to model delivery.
This work also does not consider the effect of additional volatile species on either
desorption kinetics or trapping efficiency. Given that the snowline locations of argon,
krypton, and xenon suggest freezing out onto CO, and CO ices, experimental inves-
tigations of the desorption binding energies of the noble gases on those species are
needed to better refine snowline locations. Experimental investigations of efficiency
in gas mixtures should be explored to provide a more accurate picture of trapped
noble gases in protoplanetary disks. [10] provides an initial attempt at studying mix-
tures of argon, CO, and Ny in amorphous solid water, and find that both argon and
CO are efficiently trapped, while Ny is not; this suggests that the behavior we see

experimentally here may hold even in multi-component mixtures.

2.5 Conclusions

In this work, we have measured both the multilayer and sub-monolayer desorption
binding energies of argon (845,1165 K), krypton (1160,1440 K), and xenon (1360,2000
K) on amorphous solid water. These values place the snowline locations at 35, 24,
and 14 au, assuming binding to water ice dominates the desorption kinetics. We
have additionally measured the entrapment efficiencies of these species. In astro-
physically relevant ice analogs (> 50:1 ratio), trapping efficiency exceeds 65% for all
three noble gas species, and can be as high as 90% . There does not appear to be
a strong dependence on the molecular weight of the species, or indeed the thickness
of the ice layer beyond 50 ML. These results suggest that noble gases are efficiently
trapped in primordial interstellar ices. This further suggests that comets may con-
tain large amounts of entrapped noble gases, enabling delivery to nascent planetary

atmospheres.
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Figure 2-4: (Left) Temperature programmed desorptions for monolayer and sub-
monolayer coverages of argon, krypton, and xenon on ASW. The characteristic dou-
ble peak of a first order desorption is present. The dashed lines indicate fits to the
first order behavior. (Right) Results of the fitting algorithm indicate the spread in
desorption energies.
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Figure 2-5: TPD curves for a selection of entrapment experiments. All experiments
are normalized to the maximum desorption rate in that experiment. (Left) From
bottom-to-top, the desorption curves for argon (red), krypton (black), and xenon
(blue). Selected experiments have comparable water to noble ratios, and comparable
ice thicknesses. (Center) From bottom-to-top, the desorption curves for increasing
ice thicknesses of comparable water to argon ratios. (Right) From bottom-to-top,
the desorption curves for increasing ratios of water to xenon, for comparable ice
thicknesses. For detailed information on each experiment selected for this plot, please
see Table 2.3.
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Figure 2-6: Summary of entrapment efficiencies. The x-axis on all plots corresponds
to the thickness of ice deposited onto the substrate, while the y-axis on all plots
corresponds to the ratio of water to ice. The color bar represents the entrapment effi-
ciency and ranges from 40% to the maximum entrapment efficiency recorded in these
experiments (94%). The marker area scales linearly with the entrapment efficiency.
The left panel represents the summary of experiments for argon, the central panel
the summary for krypton, and the right panel for xenon.
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Figure 2-7: Argon, krypton, and xenon snowlines in the context of other astrophys-
ically relevant snowlines. The top axis gives the disk midplane temperature at the
radial distance (bottom x axis) from the star. Each shaded bar represents the loca-
tion of an astrophysically relevant snowline (from left to right, HoO, COy, CO, Ny,
and O,), as calculated from the [181] binding energies to ASW. In this plot, the solid
lines are the snowlines as calculated for the noble gas-water desorption energy while
the dashed line is the snowline as calculated for the pure ice desorption.
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Table 2.4: List of noble gas entrapment experiments

Date Species | Ratio | ML Water | ML Noble Gas | Entrapment (%)
20180324 - 17 Ar 30 239 7.9 o8
20180614 - 1* Ar 79 219 2.8 69
20180615 - 1* Ar 127 61 0.5 68
20180615 - 2% Ar 118 120 1.0 70
20180616 - 1* Ar 40 47 1.2 o8
20180618 - 1* Ar 42 113 2.7 60
20180927 - 1* Ar 241 28 0.1 63
20180927 - 2* Ar 231 48 0.2 69
20180927 - 3* Ar 219 97 0.4 72
20210924 - 1* Ar 35 89 2.6 74
20220323 - 1* Ar 2.5 37 15.0 25
20220324 - 17 Ar 2.9 22 7.7 28
20220324 - 2* Ar 5.2 122 23.5 A7
20180309 - 1* Kr 37 226 6.2 78
20180322 - 1* Kr 8 185 24.3 53
20180626 - 1* Kr 47 108 2.3 76
20180626 - 2* Kr 50 53 1.1 75
20180627 - 1* Kr 17 75 4.4 62
20180628 - 1* Kr 12 111 9.3 62
20180912 - 17 Xe 30 33 1.1 46
20180916 - 17 Xe 22 51 2.3 53
20180917 - 1* Xe 17 1) 4.4 5}
20180918 - 1* Xe 130 33 0.3 75
20180919 - 1* Xe 86 43 0.5 78
20180920 - 17 Xe 90 85 0.9 80
20210920 - 1** Xe 7 75 10.1 79
20210921 - 1** Xe 14 48 3.5 81
20210921 - 2** Xe 4 80 19.0 79
20210922 - 1** Xe 266 86 0.3 90
20210922 - 2** Xe 260 161 0.6 91
20210923 - 1** Xe 147 158 1.1 94

*ratio determined with ion-to-monolayer conversion described in Section 2.2.4
“ratio determined with kco conversion described in Section 2.2.4
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Chapter 3

Experimental determination of the
desorption binding energies and
entrapment efficiencies of Neon in

water ice

3.1 Introduction

Neon is an important tracer of volatile delivery within the solar system, and by
extension of volatile delivery during planet formation. As a noble gas, its distribution
in a protoplanetary disk is not influenced by chemical reactions, but instead only by
its physical properties. Given its high volatility, it is likely that it will be present in
the nebular gas phase around most planets forming in the solar system. Depending
on its entrapment efficiency, there may be an additional solid reservoir from which to
deliver neon. The extent to which neon traces solid volatile delivery as opposed to

gaseous accretion remains to be seen.

Several bodies within the solar system have in-situ measurements of neon. No-
tably, Earth’s neon component points to the accretion of a primordial, nebular pri-

mary atmosphere [98|. The nebular neon may have dissolved into the magma ocean,
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eventually being subducted into the core. Venus has limits on neon detection, but
the uncertainties in abundances make it difficult to make definitive claims about the
history of Venusian formation. Neon has been detected on Mars [97], and appears
to be a probe for the interior of the planet. However, additional data is required to
determine the abundance and isotopic composition and place better constraints on

neon origin.

The atmosphere of Jupiter is depleted with respect to neon (0.1 solar ratio relative
to Hy) while argon, krypton and xenon are enhanced with approximately 2.5 times
solar ratio relative to Hs. It is currently hypothesized that the depletion in neon is as a
result of neon raining out in helium droplets [198]. Neon has been detected in Titan’s
atmosphere with the Huygens probe [146], with a ?*Ne /36 Ar ratio consistent with 0.05
to 2.5 times solar abundance. Additional in-situ data are required to fully interpret
the results and make statements about formation mechanisms, namely whether Titan
could have accreted solid forms of neon, or if it required to have accreted nebular gas.
[8] note that noble gas data is required for Uranus and Neptune within the solar

system to determine volatile delivery history.

These case studies make it clear that neon abundances vary widely within solar
system bodies, and that it can trace the way delivery occurs. To fully understand
delivery pathways, however, it is important to understand whether neon will occur
exclusively as a gas in the protoplanetary disk, or if it will occur in solid ices. To this
end, it is important to measure the desorption energies and entrapment efficiencies

of neon experimentally.

There is some previous work done in quantifying the desorption and entrapment
behavior of the heavier noble gases argon, krypton, and xenon, (see i.e. Schneiderman
et al. in prep., Simon et al. in prep, [181, 10, 150, 9, 151]). However, there is no
existing data for neon, likely due to its low temperature of desorption. We have built
a new chamber that reaches a sample holder base temperature of 4 K, which opens
the door to providing measurements of the entrapment and desorption of neon for
the first time (Maksiutenko et al., in prep). It is of particular interest to measure the

entrapment efficiency of neon in water ice matrices to see if the behavior is similar
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to the heavier noble gases; if the behavior is similar, it is expected that primordial
interstellar ices would have solar ratios of the noble gases with respect to each other.
If neon is less efficiently trapped than the other noble gases, it provides interesting
constraints on how much neon is deliverable in ice form. In either case, having this
data for neon will enable us to understand whether neon is solely a tracer of gas
accretion, or if neon’s story within a protoplanetary disk is more complicated.

In this work, we explore the desorption binding energies and entrapment efficien-
cies of neon in amorphous water ices in a laboratory setting. In section 3.2, the
experimental setup is presented. In section 3.3, the experimental results are given.

In section 3.4, the results and their astrophysical implications are discussed.

3.2 Methods

3.2.1 Experimental Setup

These experiments were carried out in the SPACETIGER experimental setup, first
introduced in [120] and fully described in an upcoming paper (Maksiutenko et al.,
in prep). This setup consists of a 500 mm diameter spherical stainless steel, ultra-
high-vacuum (UHV) chamber custom made by Pfeiffer Vacuum. This system is able
to investigate the thermal processing of interstellar ice analogs, among other forms
of energetic processing. The chamber achieves a base pressure of ~ 107 torr and
is pumped by a Pfeiffer Vacuum HiPace 300 (pumping speed 260 1/s for N2). The
pressure in the UHV chamber is measured by an IONIVAC IM 640 extractor pressure
gauge.

Ice samples are grown in situ on a 10 mm diameter Csl substrate mounted on an
oxygen-free high thermal conductivity (OFHC) copper sample holder in the center
of the UHV chamber. The sample holder is surrounded by a gold-plated radiation
shield connected to the first stage of a closed-cycle He cryostat (Model DE210b-
g, Advance Research Systems, Inc.) powered by an ARS-10HW compressor. The

sample holder can be cooled to 4.3 K, as verified by a calibrated Si diode sensor and
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Figure 3-1: Pictures of the experimental setup. Left: The SPACETIGER chamber
(a) UHV rotary seal (b) Transmission and reflection FTIR detectors (c) Quadrupole
mass spectrometer Center: The gasline area. (d) to pump (e) Connections for gas
bottles and volumes Right: The dosing area and mixing volume (f) Dosing assembly
and pinhole array. (g) Translational stage. (h) Mixing volume and flask.

monitored by a Lakeshore Model 336 temperature controller. The cryostat is attached
to the top port of the UHV chamber; a differentially pumped (Leybold Turbolab 90i
pump station with 90 Is™' pumping capacity) UHV rotary seal (Thermionics ZC-
B600C-T600TM-4.00-3/LMM & RNN-400/TM/FA) allows for 360° rotation and 10
cm z-axis translation in the sample holder.

Ice samples are deposited in SPACETIGER by exposing the substrate on the
sample holder to a constant flow of gas from an independently pumped stainless steel
gas line. The gas line assembly is pumped by an Edwards TIC pumping station with
a NEXT85D turbomolecular pump and a nXDs 6i scroll pump down to ~10~7 torr
base pressure. Gas line pressure is measured with two Pfeifffer CMR372 Baratron
pressure gauges. The gas line contains ports for connection of different species. In
addition, there is a mixing area off to the side of the gas line (see Figure 3-1) whose
pressure is measured by a PCR 280 Baratron pressure gauge.

The gas line is connected to the chamber via an isolation valve, 10 mm diameter
dosing tube mounted on a MDC LMT-154 translational stage, and pinhole array.
During dosing, the dosing tube is within 2 mm of the substrate. The dosing tube
is isolated by a bellows insulated metal seal valve (SS-4H-VCR). Dosing ends by
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evacuating the gas line assembly.

Water ice sample thickness can be measured with a Bruker 70v Fourier transform
infrared spectrometer (FTIR) equipped with a liquid-nitrogen-cooled MCT detector.
The spectrometer and MCT detector chamber are evacuated to 2 mbar using Edwards
scroll pumps nXDs 15i (4 1 s71. The FTIR spectrometer is operated in transmission
mode.

The temperature of the ices is monitored and controlled by a LakeShore 336 tem-
perature controller with a calibrated Si diode sensor with 2 K estimated accuracy
and a 0.1 K relative uncertainty. The ice samples can be warmed from the base
temperature of the instrument (~4K) to room temperature with a 50 W silicon ni-
tride cartridge heater rod (Bach Resistor Ceramics) embedded into the OFHC copper
sample holder. Gas composition in the chamber is monitored with a QMG 220M1
quadrupole mass spectrometer (QMS) from Pfeiffer, with a mass range of 100 amu

and resolution of 0.5 amu.

3.2.2 Calibration of the QMS signal

In the case of infrared inactive species such as neon, the amount of species present
can be determined by comparing the QMS response to the calibrated QMS response
of an infrared active species (1*CO), as described in [119], Simon et al. (in prep), and
Schneiderman et al. (in prep). The integrated ion current of a noble gas during a

TPD can be related to the number of molecules desorbed during the TPD via:

Ip(mol)  Fp(mol) S(m/z)

T (con < Fpco) < spyy Y

————= x N(mol
- x N(mol) x

where A(m/z) is the integrated ion current of a given mass fragment (m/z) during
desorption, o (mol) is the ionization cross section for the first ionization of the species
at the incident electron energy of the mass spectrometer (70 €V), N(mol) is the total
thickness of the noble gas deposited, Ir(mol) is the ionization fraction of a noble gas
with charge z, Fr(mol) is the mass fractionation of a species of interest (definitionally

Fr(mol) = 1 in the case of a noble gas), S(m/z) is the sensitivity of the QMS to a
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Table 3.1: Summary of the calibration parameters
Species m/z ot (mol)*  Irp(mol)*  S(m/z)**
Ne 20 4.75x 10717 0.9998  3.25 x 10
BCO 29 252x107'  1.0000  1.88 x 10"
Ar 40 2.52x 1071 0.8909  1.10 x 10™
Kr 84 3.45x 10716 0.8029 545 x 103

* |168] ** Experimentally measured for this setup

mass fragment (m/z), and
_A(29)
- N(CO)

kco (3.2)

is the proportionality constant that links the integrated ion current A(29) of 3CO
to the thickness of CO measured with the IR spectrometer N(CO). The proportion-
ality constant koo, sensitivity S(m/z), and ionization fraction Ir(mol) have been
determined experimentally for this chamber setup (see Sections 3.2.2 and 3.2.2). A

summary of the calibration parameters used in this equation is found in Table 3.1.

Determination of the sensitivity relation and ionization fraction

The sensitivity of the QMS, S(m/z) to a mass fragment (m/z) should be experimen-
tally determined for a given setup. We measure the sensitivity of the instrument to
the noble gases neon, argon, and krypton; the procedure to do so is to leak noble gas
into the chamber and measure both the pressure in the chamber and the QMS signal
at three leak rates. With these measurements, the sensitivity of the instrument can

be calculates from the QMS ion current, I(m/z) for mass fragment (m/z):

I(m/z) = kipg x 0" (mol) x P(mol) x Is,(m) x Ip(z) x Fp(m) x S(m/z) (3.3)

This equation is similar to eq. 3.1, with three new factors: kg),;q, a proportionality
constant that is the same for different species in the chamber, P(mol), the pressure
measured in the chamber, and Ig,, an isotopic factor. The isotopic factor arises
because the pressure gauge in the chamber does not discriminate between different

isotopologs of the same species while the QMS does. The pressure needs to be addi-
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tionally corrected by gas correction factors provided by the gauge manufacturer (0.3,
1.29, and 1.94, for neon, argon, and krypton, respectively). The average sensitivities

for the noble gases across three pressure levels are listed in Table 3.1.

With these three data points an exponential fit of the form ae™®* + v can be
acquired from which the sensitivity for any other mass fragment can be calculated.

The sensitivity relation for this instrumental setup is
S(m/z) = (12.93¢0078m/) 4 0.53) x 10" (3.4)

While measuring the sensitivities of the noble gases in the chamber, we were able to
additionally measure the ionization fraction for each noble gas. While leaking noble
gas into the chamber, we can measure (m/z) for z = 1,2,3. The ionization fraction

thus becomes:

Iy = (3.5)

E)+(E)+(B)

The calculated values are listed in Table 3.1.

Determination of the CO proportionality constant

The 3CO proportionality constant, koo is required to calculate the amount of neon
and argon present in our ice mixtures. To do this, we prepare mixtures of HoO and
13CO and deposit on to the cold substrate with the methods described in Section 3.2.3.
These mixtures are then measured with the IR spectrometer in transmission mode,
and then desorbed at a constant rate of 1 K min~!, again as described in Section
3.2.3. The integrated ion current is then compared to the number of monolayers, as
determined with the IR spectrometer, yielding the proportionality constant described
in eq. 3.2. The values used to determine the proportionality constant are found in

Table 3.2.

67



3.2.3 Experimental Procedure

Experiments described below use deionized water purified through several LN, freeze-
pump-thaw cycles. Experiments additionally use *’Ne (Ultra High Purity, Matheson).
For all experiments, the sample holder is first fully cooled to 4K, rapidly heated to
200K to desorb any species that may have adhered to the sample holder, and then

re-cooled to the temperature of the experiment.

Binding energies

To measure both multilayer (zeroth-order) and submonolayer (first-order) desorption
kinetics, >50 ML of DI water are deposited onto the Csl substrate at 100 K over the
course of 20 minutes. The substrate is then cooled to the base temperature of the
chamber (~4 K). Submonolayer to multilayer coverages of neon are deposited over the
course of 1-15 minutes. Following deposition, ices are heated at a constant rate of 1
K minute™! to 70 K. Desorbing species are monitored with the QMS, see section 3.2.1
The water ice substrate is reused for an additional one or two experiments that day.
Experiments of this form are common within the literature, see i.e. Schneiderman et
al. in prep; [56, 181].

Neon ice thickness is estimated after deposition via the empirically-derived con-

version factor described in Section 3.2.2.

Entrapment efficiencies

Two methods are used to determine the entrapment efficiency of neon in water ice:
mixture deposition and burial trapping. The first method utilizes the deposition of

prepared mixtures of neon and water onto the substrate and presents a good measure

Table 3.2: Summary of the koo parameters

H2O:13CO fico MLCO kco
13.6:1 2.14 x 10719 9.77 2.19 x 10711
10.0:1 254 x 1071 1.62 1.57 x 1071
15.3:1 3.58 x 1071 1.091 1.87 x 10711

(187+£0.31) x 10 1
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of the entrapment at a specific ratio. Due to the high volatility of neon and specifics
of our experimental setup, it is difficult to achieve highly dilute mixtures of neon
and water, and so we are unable to measure the rate of entrapment of neon in an
astrophysically-analogous ice mixture. To estimate the upper limit on this entrapment

rate, we utilize burial trapping.

Mixture entrapment: Mixtures of DI water and neon are first prepared in the
fixed volume mixing area. Approximately 30 hPa of water vapor is released into
the fixed volume of the mixing area. This amount of water is condensed into the
LNs-submerged vacuum flask attached to the mixing area. This freezing cycle is
repeated multiple times, after which between 0.5 and 10 hPa of neon is put into
the mixing area. The vacuum flask is opened to the mixing area and the noble gas
and water sit overnight to ensure proper mixing between components. The following
day, the mixtures are deposited at 4 K onto the Csl window. Deposition of water at
this low temperature ensures ice structures analagous to the water ices that would
form through grain-surface chemistry in the interstellar medium (ISM) [59]. After
deposition, the water ice thickness is measured with the FTIR spectrometer described
in section 3.2.1. Then, the ices are heated at a constant rate of 1 K minute™! to 200

K. The desorbing species are monitored with the QMS (section 3.2.1).

Burial entrapment: Thin layers of neon are deposited at 4 K onto the Csl
window. Then, between 50 and 200 monolayers of water are deposited (thickness
measured with the FTIR spectrometer described in section 3.2.1. Although this
method does not estimate the entrapment rate of neon in pores in water ice, it does
estimate the maximally efficient trapping rate of highly dilute mixtures of neon and

1

water. After deposition, the ices are heated at a constant rate of 1 K minute ™" to

200 K. The desorbing species are monitored with the QMS (section 3.2.1.)

For both methods, the entrapment efficiency is calculated as the ratio of the
amount of neon that desorbs between 150 to 175 K to the amount of neon that

desorbs between 5 to 30 and 150 to 175 K.
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3.3 Results

3.3.1 Measurement of binding energies

We are unable to definitively measure the multilayer (zeroth-order) and monolayer
(first-order) desorption binding energies of neon to amorphous solid water (ASW).
The nominal coverages in a given experiment are calculated by using the proportion-
ality constant described in Section 3.2.2. However, the shapes of the curves for the
given coverages are atypical of what is expected based on other noble gas experi-
ments. It is possible that the first large peak that occurs at ~ 10 K (see Figure 3-2)
is not the multilayer desorption peak, but instead forced neon desorption through H,
desorption. In addition, previous noble gas experiments (see Schneiderman et al., in
prep) have shown that argon, krypton, and xenon see monolayer desorption behavior
emerging at coverages substantially below 1 ML; pooling and non-uniform distribu-
tion of noble gas is suspected to be the cause. In calibration experiments performed
on this experimental setup, argon monolayer desorption behavior emerges at cover-
ages of ~ 0.35 ML, which is consistent with the observations in previous experiments.
Regardless of the precise origin for the desorption peaks of neon, neon will be totally
desorbed by 20 K in a protoplanetary disk. If the forced Hy desorption is real and
applicable in the interstellar context, neon will desorb by 15 K in the protoplanetary

disk.

3.3.2 Measurement of entrapment efficiencies

We use two methods of determining the entrapment efficiency of neon in water ice.
The mixture entrapment method described in Section 3.2.3 produces an analog ice
with similar structure to what would be expected in the ISM. In this ice structure,
neon might occupy micropores and persist interior to its snowline. For the ratios
achieved (see Table 3.3), we see entrapment efficiencies that are uniformly below 1%.
There is a dependence of the efficiency on the mixing ratio; with decreasing neon

concentration, the entrapment efficiency increases. By eye, the trapping efficiency
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Figure 3-2: Neon on top of amorphous solid water desorptions. All curves are nor-
malized to the maximum desorption rate in that experiment, and offset for ease of
viewing. Left: Desorption experiments for neon with coverages substantially above
a monolayer. Right: Desorption experiments for neon with coverages near a mono-
layer.

slightly increases with increasing ice thickness, but this effect is hard to measure with

such low entrapment efficiencies (see Figure 3-3).

The burial entrapment method described in section 3.2.3 provides an upper limit
on the amount of entrapment possible for neon in water ice. In this scenario, water is
deposited on top of a thin layer of neon. We find that the efficiency in this scenario
does not exceed 10%. For the thinner case, the efficiency is <1%; this may be due to

the larger amount of neon deposited under the water ice, or it may be that substantial

Table 3.3: Mixture entrapment experiments
ML H,O ML Ne Ratio Efficiency

20 26 0.7 <1
27 54 0.5 <1
63 134 0.5 <1
34 6 2.8 <1
74 13 5.7 <1
144 34 4.2 1
289 63 4.6 1
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Figure 3-3: Comparison of burial and mixture entrapment experiments. All curves are
normalized to the maximum desorption rate in an experiment, and offset for ease of
viewing. Insets focus on the desorption of entrapped neon. Left: Burial entrapment
experiments. Curves from top to bottom are in decreasing amounts of water capping
the neon layers. Right: Mixture entrapment experiments for ices with a mixing ratio
of ~5:1 water to neon. Decreasing ice thicknesses from top to bottom.

Table 3.4: Burial entrapment experiments
ML Ne ML H,O Efficiency (%)
12 44 <1
5 317 10

amounts of water ice are required to efficiently trap neon. With the thicker layer of
neon under the water ice, larger channels to the ice surface may have been created,

allowing for efficient removal of neon from beneath the ASW cap.

3.4 Discussion

These data make reasonably clear that, unlike the heavier noble gases argon, krypton,
and xenon, neon is not readily trapped and is therefore primarily a tracer of gas-phase
volatile delivery to terrestrial atmospheres. The neon snowline will be well outside
the region of terrestrial planet formation, and outside the region of the formation of
the Solar system gas giants., and likely outside of the comet forming zone. Delivery
of entrapped neon in icy bodies is unlikely, as the entrapment efficiencies for neon

are almost an order of magnitude lower than those observed for the heavier noble
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gases. In comparable mixtures of water and argon (see Schneiderman et al., in prep
and Simon et al., in prep), entrapment efficiencies exceeding 25% are observed -
substantially higher than our measured neon efficiencies below 1%. While burial
trapping experiments do not exist for krypton and xenon, a burial entrapment study
in argon (see [9]) finds that burial trapping of Argon results in ~65% entrapment,

compared to the 10% entrapment we see in the most optimistic case for neon.

Our experiments confirm current assumptions that terrestrial neon traces nebular
gas accretion to the primary atmosphere of the nascent Earth. Given that neon will
not exist in solid form within the terrestrial planet forming region, and it is unlikely
to be delivered via entrapment in comets, the only source for neon is direct accretion
from nebular gas. In the case of Venus, with a similar mass to Earth, we might expect
that observations of atmospheric neon also point to nebular origin; for both Earth and
Venus, nebular neon may have dissolved into magma oceans and been subducted into
the core, to be released via outgassing at later epochs. Mars, with its smaller mass,
may not have had sufficient gravity to accrete a primary atmosphere, and thus may
show substantial depletion in neon. Although Titan formed outside of the terrestrial
region, it too will have formed in an area with gaseous neon. Its lower mass makes it
also unlikely to have accreted abundant nebular gas as part of a primary atmosphere,

and thus we expect it to be depleted in neon.

Jupiter shows a depletion in neon of 0.1 with respect to solar, while it shows
an enrichment in the heavier noble gases of ~2.5. The lack of neon entrapment
may partially explain this depletion. Given that Jupiter accreted gas-phase nobles
from the nebula, it is expected that it accreted solar-ratio levels of the noble gases.
However, delivery via icy bodies may have enriched argon, krypton, and xenon, while
maintaining neon at Solar levels. Current theory posits that neon rains out in helium
droplets within the interior of Jupiter; this mechanism need only explain the depletion

from solar ratios of neon to 0.1 solar.
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3.5 Conclusions

In this work, we have measured the burial entrapment efficiency of neon to be at most
10%. We have additionally measured the mixture entrapment efficiency of 5:1 HyO:Ne
mixtures to be at most 1%. These results suggest that in contrast to the heavier
noble gases argon, krypton, and xenon, neon is inefficiently trapped in primordial
interstellar ices. Neon should be treated as a tracer of nebular gas accretion, rather
than delivery via comets. We are unable to definitively measure the multilayer or
sub-monolayer desorption binding energy of neon as it appears that neon is forced
from the substrate by desorbing Hs. All neon desorbs in the experiment by 25 K,
with desorption beginning at 7.5 K.
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Chapter 4

Carbon monoxide gas produced by a
giant impact in the inner region of a

young system

Models of terrestrial planet formation predict that the final stages of planetary as-
sembly - lasting tens of millions of years beyond the dispersal of young protoplanetary
disks - are dominated by planetary collisions. It is through these giant impacts that
planets like the young Earth grow to their final mass and achieve long-term stable or-
bital configurations [136]. A key prediction is that these impacts produce debris. To
date, the most compelling observational evidence for post-impact debris comes from
the planetary system around the nearby 23-million-year-old A-type star HD 172555.
This system shows large amounts of fine dust with an unusually steep size distribu-
tion and atypical dust composition, previously attributed to either a hypervelocity
impact [105, 83| or a massive asteroid belt [204]. Here, we report the spectrally re-
solved detection of a CO gas ring co-orbiting with dusty debris between about six
and nine astronomical units - a region analogous to the outer terrestrial planet region
of our Solar System. Taken together, the dust and CO detections favor a giant im-
pact between large, volatile-rich bodies. This suggests that planetary-scale collisions,
analogous to the Moon-forming impact, can release large amounts of gas as well as

debris, and that this gas is observable, providing a window into the composition of
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young planets.

4.1 Main

HD 172555 is a (23 £ 3)-Myr-old [111] A-type star with a mass of 1.76 Mg [43]
and a luminosity of 7.7 Ly, located 28.5 pc [166, 21| from Earth within the young
B Pictoris moving group [210]. Its planetary system hosts large amounts of dust in
the terrestrial region, producing an infrared (IR) excess best fit by warm (290 K)
dust [37] with an IR luminosity 7.2 x 10~ times that of its host star [204]. Spatially
resolved mid-IR observations constrain this dust to a disk of material in the inner,
less than 10 au region, viewed close to edge-on from Earth [180, 55|. Rare solid-
state emission features detected at 8-9.3 pum [29] indicate the presence of glassy silica
(tektites and obsidian) and solid silicon monoxide. These require high-temperature
processing and vapour condensation, supporting a hypervelocity (> 10 km s™!) impact
between planetary bodies for the origin of the dust [105, 83]. Detailed, self-consistent
modelling indicates that this impact scenario can explain the spectral features, as
well as the overabundance of submicrometre-sized grains and steep size distribution
inferred from the Spitzer IR spectrum [83].

We used the Atacama Large Millimeter/Submillimeter Array (ALMA) to detect
the dust continuum and carbon monoxide (CO)J = 2 — 1 (where J is the total
angular momentum quantum number) gas emission from the HD 172555 system 4-1.
The compact, spatially unresolved dust and gas emission originates from within 15
au of the star, consistent with previous IR and optical observations. The spectrum
of CO in 4-2 is extracted from the ALMA data cube and is spectrally resolved. The
double-peaked profile is expected from gas orbiting in Keplerian rotation around the
central star. The centroid of the CO profile is at a heliocentric velocity of 2.3 4+ 0.2

km st

, consistent with the stellar velocity [63], confirming that the gas emission is
associated with the HD 172555 system.
We modelled the CO emission as a vertically thin ring of optically thin gas with

radially and azimuthally uniform surface density between an inner and outer bound-
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ary, in Keplerian rotation around the central star. We find that the CO is confined
to a ring of radius about 7.5 au and width about 3.3 au. The data are consistent
with a symmetric disk model; we find no strong evidence of asymmetry between the
blue-shifted and red-shifted sides of the CO spectral line profile. We convert the
integrated flux of 120 mJy km s™! to a CO gas mass considering no-local thermody-
namic equilibrium excitation, finding masses in the range between 0.45 x 1075 M, and
1.21 x 1075 My, for temperatures between 100 K and 250 K. The total millimetre dust
mass, as calculated from the observed continuum emission, is (1.8 £0.6 x 10~%M, for

an expected equilibrium blackbody temperature of 169 K at 7.5 au.

To test our assumption that the CO J = 2 — 1 emission is optically thin, we
create a full three-dimensional radiative transfer model of the ring with the spatial
morphology described above. For a gas temperature comparable to, or higher than,
the expected blackbody temperature of 169 K at 7.5 au, we find low optical depths,
which validates our optically thin assumption. This corresponds to total CO masses of
(1.4+0.3 x 107° My, at 169 K. However, we find that colder (<« 100 K) temperatures
would require higher optical depth and much higher CO masses to reproduce our
observed CO line emission 4-2. This temperature-mass degeneracy can be resolved
by the detailed spectral shape of the emission as models of optically thin, warm gas
constrained to a narrow ring produce sharper peaks compared with the optically thick,
cold models 4-2. We find that the data are better fit by less massive, warmer models
(lower x?).

The observed CO gas in the circumstellar environment around HD 172555 will be
subject to photodissociation from the stellar and interstellar ultraviolet (UV) field.
The former dominates at the 7.5 au location of the CO ring and causes CO (if un-
shielded) to be rapidly destroyed on a timescale of around one day. However, the
lifetime of CO is extended when taking into account shielding effects from atomic
carbon [93] (C, as produced by CO photodissociation), molecular hydrogen (Hs), and
CO itself (self-shielding), which prevent UV photons from penetrating into the ring.
Self-shielding alone, in the warm-temperature, low-CO-mass scenario, extends the gas

lifetime by around two to four years. Given the lack of observational constraints on C
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Figure 4-1: Cleaned emission maps of the HD 172555 system. Left: 40 detection of the
dust continuum emission (surface brightness 1,,). Right: The moment-0 (spectrally
integrated surface brightness I') map of the CO J = 2—1 transition, with 9o detection.
Contour levels are at 20 levels, with o being 0.029 mJy per bean and 15 mJy km s~!
per beam for the continuum and CO moment-0 maps, respectively. The beam size is
denoted in the lower left corner of each panel. Note that the 20 peaks are background
noise and not significant.

and Hy column densities, we cannot definitively estimate the shielding and hence the
CO destruction timescale. However, Co could have easily survived over the system
age (23 Myr), both in a scenario where C and CO dominate the gas mass (C/CO
ratio of > 0.16 — 0.43; Methods) and in a Hy-dominated scenario (Hy/CO ratio of
around > 10°). Therefore, CO could either be the result of a very recent production
and /or replenishment mechanism, or have survived for a large fraction of the system

age.

The CO detection constrains the gas to be located in the roughly 6-9 au region of
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Figure 4-2: Mass-temperature degeneracy of the CO data. a, CO J = 2—1 spectrum
of HD 172555 (grey solid line), compared with the output of two radiative transfer
models: alow-mass, warm-temperature CO model (red dashed line), and a high-mass,
cold-temperature CO model (blue dotted line). b, x? map (where x? is relative to
the best-fit model) showing a clear CO temperature-mass degeneracy for models that
are good fits to the data (darker on the colour scale). The red and light blue dots
correspond to the red (warm) and blue (cold) CO models shown in a. Dotted contours
enclose models that are consistend with the data at the > [1,2, 3, 4]0 confidence level.

the HD 172555 planetary system, co-located with the dust [55]. Accounting for the
difference in luminosity between the Sun and HD 172555, this region corresponds to
the same thermal conditions as at about 2.1-3.3 au - the asteroid belt region - in our
Solar System. This makes the presence of Co, a highly volatile gas with sublimation
temperatures as low as 20 K, extremely surprising in a system with age 23 Myr. Some
physical mechanism must explain the presence of gas and dust in the outer terrestrial
planet-forming region of HD 172555. We test four hypotheses for the origin of the
debris, and examine them in light of existing evidence from both dust observations
and from the ALMA detection of CO in the system. These scenarios are: (1) leftover
gas and dust from a primordial, protoplanetary disk; (2) collisional production with an
extrasolar asteroid belt; (3) inward transport of material from an external reservoir;

and (4) release in the aftermath of a giant impact between planetary-sized bodies.

Young A-type stars are born surrounded by protoplanetary disks of primordial gas

and dust, but only 2-3% survive beyond the first 3 Myr of a star’s lifetime [89, 211].

79



Even if the CO observed around HD 172555 were primordial, with its lifetime ex-
tended through shielding, the system would remain a remarkable outlier not only in
age (at 23 Myr old) but also in dust mass (orders of magnitude lower than proto-
planetary disks [202]) and in radial distribution of CO and dust (constrained within
10 au, and with a CO cavity, in contrast to protoplanetary disks typically extending
out to tens/hundreds of astronomical units [79, 17]). The extreme depletion in dust
mass would require efficient dust removal, either through accretion onto the star or
grain growth [202]. At the same time, the confined radial extend would require in-
terior /exterior truncation, for example, by as-yet-undiscovered companions. Finally,
the peculiar dust mineralogy of HD 172555 (requiring energetic processing) is seldom
seen in young protoplanetary disks, although it may have arisen in nebular shocks
analogous to those that could have led to chondrule formation in the Solar System
[137]. In conclusion, a primordial scenario would make HD 172555 an extreme outlier

among other protoplanetary disks, favouring instead second-generation production.

In the second-generation case, a steady-state collisional cascade within an asteroid
belt can explain the dust mass detected in the system [186], but not its abnormally
steep particle size distribution [83], or its mineralogy requiring high-energy collisions
at velocities higher than expected within typical belts [105, 83, 29]. Although CO
gas is commonly observed within collisional cascades in colder extrasolar Kuiper belt
analogues at tens of astronomical units [130], there its presence can be explained by
the release of CO gas initially trapped within icy bodies, or by desorption of CO, ice
followed by rapid photodissociation of CO, gas [128, 113, 126, 94, 209|. This picture
is not plausible at 7.5 au; studies of ice-bearing asteroids in the Solar System show
that although retaining water ice in the deep subsurface is possible - explaining the
presence of outgassing main-belt comets in the asteroid belt - CO and CO,y cannot
remain trapped at these temperature [164, 182|. In addition, any bodies forming at
this location would be too warm to have formed with a substantial reservoir of CO

or COs.

Alternatively, the observed dust and CO might originate from inward scattering

of small bodies (exocomets) from an outer, cold reservoir akin to the Solar System’s
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Edgeworth-Kuiper belt [114]. We first explore the possibility of gas and dust pro-
duction through sublimation of Solar-System-like, 10-km-sized exocomets. We find
that this scenario can reproduce the observations only if exocomets can be delivered
on low-eccentricity orbits, finding that the exocomet replenishment rate could poten-
tially be reconciled with the non-detection of an outer belt (Methods). However, this
scenario cannot explain the relatively narrow radial distribution of the CO ring, or
the mineralogy of the observed dust, and is thus not likely. However, it is possible
that a single, cold, massive icy body is scattered inwards from an undetected outer
belt. To produce the observed, largely axisymmetric distribution of material and dust
mineralogy, the icy body would need to undergo a giant impact and release its CO
or COy content. Assuming a 25% CO + CO, ice mass fraction, and complete ice
release at impact, we find that a dwarf planet (at least half the size of Pluto) would

be needed to produce the (lower limit on the) CO gas mass observed.

Finally, CO gas and dust could be produced by a giant impact between planetary
bodies formed in situ at around 7.5 au. The epoch of terrestrial planet formation,
lasting from about 10 Myr to 100 Myr, is expected to be dominated by giant impacts.
Within the Solar System, there is abundant evidence for the occurrence of giant
impacts; the iron enrichment of Mercury [13, 28|, the formation of the Moon [22, 23,
125|, the Martian hemispheric dichotomy [117, 148|, and the retrograde rotation of
Venus [44] are all hypothesized to have their origins in giant impacts. The HD 172555
system, at 23 Myr, is at the expected age that terrestrial planet formation proceeds
through giant impacts; the dust and gas observed in the system are located in a
region that is analogous to the terrestrial zone in our own Solar System. Studies of
post-impact dynamics allow us to set constraints on progenitor masses and time since
impact by considering the current spatial distribution and mass of dust (Methods).
The dust in the system is axisymmetric within observational uncertainties, implying
that the time since impact is at least the debris symmetrization timescale, which
at 7.5 au is of the order of about 0.2 Myr [205]. The width of the dust debris, as
resolved at shortwer wavelengths [180, 55|, suggests a progenitor mass of the order of

about 8y, although the exact value is dependent on the radial width of the dust
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debris (Methods). Impacts between such bodies produce debris that would survive
encounters with leftover planets, on a timescale longer than symmetrization; this
indicates that impacts of such planets could be responsible for the observed, long-

lived debris field.

Further supporting this scenario, we find that the optically thin CO gas mass
detected in the system (0.45 x 107> Mg — 1.21 x 1075 My, or about ten times the mass
of Earth’s atmosphere) is consistent with post-impact release from a planetary atmo-
sphere. We note that any CO, in a planetary atmosphere will rapidly be converted
into observable CO if liberated from the atmosphere, as CO, cannot be substantially
shielded by C in the same way as CO because its photodissociation bands extend fur-
ther towards the optical [71]. Simulations show that up to 60% of a modestly sized,
heavy atmosphere can be stripped in the initial shock of an impact [173, 88]. We find
that the observed CO mass as well as the C needed to shield the CO for at least the
symmetrization timescale require the release of an amount of COy corresponding to
just 9-23% of the total present in the Venusian atmosphere [99]. More (less) massive
planets with similar heavy atmospheres would require a smaller (larger) fraction of
the atmosphere removed, or a smaller (larger) abundance of CO and/or CO,. For
ligher, Ho-dominated atmospheres, longer-term thermal effects can result in the strip-
ping of the entire atmospheric envelope [14], in which case, once again, an amount of

CO and/or CO, consistent with the observations could plausibly be liberated.

The detection and morphology of CO gas, combined with previous evidence from
dust imaging and spectroscopy, supports a picture where a giant impact took place
at least 0.2 Myr ago in the outer terrestrial planet-forming region of the 23-Myr-
old HD 172555 system. Planetary-scale impacts are predicted to be commonplace
in the latest stages of planet formation; the discovery of CO gas in the terrestrial
planet-forming region, in amounts consistent with the expectation from atmospheric
stripping, suggests that giant impacts may release not only copious, observable dust,
but also detectable amounts of gas. Furthermore,the discovery reveals the importance
of gas release in post-impact dynamics, and highlights the potential of using gas as a

tool to search for giant impacts in nearby planetary systems, while providing a unique
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window into the composition of young planets and their atmospheres.

4.2 Methods

4.2.1 ALMA observations

We analysed archival data from the ALMA telescope taken during cycle 1 in band 6
(project code 2012.1.00437.S). The observations were performed with the 12-m array
in a compact antenna configuration. the on-source time was 76 min. The spectral
setup included four spectral windows, of which three were set up in time-division
mode for continuum observations and centred at 213 GHz, 215 GHz, and 228 GHz.
One window was set in frequency-division mode (with a high spectral resolution of
488.29 kHz) to target the *CO J = 2-1 line (rest frequency 230.538 GHz). We
calibrated the visibility data using scripts provided by the ALMA observatory. The
CASA (Common Astronomy Software Applications) software (version 5.6.1, https:
//casa.nrao.edu/casadocs/casa-5.6.0) was used for visibility imaging. For both
the continuum and the CO line emission, we removed data from antennas 7, 19, and
25. These data were taken in a hybrid configuration, with the three flagged antennas
far from the compact group of antennas; removing these data substantially improves
the imaging.

The CLEAN algorithm [74] was used to image both the continuum and CO line
emission through the CASA ’tclean’ task. To achieve maximum sensitivity, we used
natural weighting for both datasets, resulting in a synthesized beam size of 1.16" x
0.75", corresponding to 32.9 au x 21.3 au at the system distance (28.5 pc) and a
position angle of 81°. Before line imaging, we subtracted the continuum (measured in
line-free regions of the spectrum) in visibility space using the CASA "uvcontsub’ task.
We then imaged the CO to produce a cube with frequencies within +25 MHz of the
rest frequency, corresponding to velocities within 30 km s~! of the radial velocity of
the star. The data were imaged at the native spectral resoluution (twice the original

channel width) of 488.29 kHz. To obtain the CO moment-0 map, shown in 4-1, we
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integrated along the velocity axis between £15 km s™! of the stellar velocity.

The emission is spatially unresolved in both the continuum and CO images, which
have root-mean-square noise levels of 0.029 mJy per beam and 26 mJy km s=! per
beam, respectively. This yields a peak detection at a signal-to-noise ratio per beam
of 4 and 9 for the continuum and CO J=2-1 spectrally integrated emission, and to-
tal fluxes of 0.12 & 0.03 mJy and 170 £ 30 mJy km s~!, respectively. Note that
the flux calibration is expected to be accurate within 10%; this uuncertainty was
added in quadrature to obtain the quoted errors (https://almascience.nrao.edu/
documents-and-tools/cycle-1/alma-ot-reference-manual). Both the CO gas
and continuum dust emission centroids are consistent with the Gaia proper-motion-
corrected position of the system [166, 21|. The literature [180] values for the dust loca-
tion in astronomical units have been corrected to account for the new Gaia distance to
the star compared with the previous Hipparcos distance. To extract a one-dimensional
spectrum from the data cube, we integrate within a circular mask of radius 2.50pcam
(with Opeqm being the standard deviation of the two-dimensional Gaussian beam,

averaged between the major axis and the minor axis).

4.2.2 Millimetre dust mass

To calculate the dust mass, we assuume that the dust grains act as blackbodies and
emit according to their Planck function at a temperature of 169 K. Assuming the dust
is optically thin, the total dust mass can be calculated from the observed flux density
F, =0.12£0.03 mJy, when accounting for the stellar contribution. This contribution
is estimated to be 0.035 mJy at 230 GHz from our best fit PHOENIX stellar model
fitted to optical and near-IR photometry (see ’Optically thin CO mass calculation’
below). PHOENIX models have been shown to be a good fit to millimetre-wavelength
photometry of Sirius A [196], which has a similar spectral type to HD 172555. Sub-
tracting this stellar contribution to the detected millimetre emission yields a contribu-
tion due to dust of85 430 pJy. The dust grain opacity is assumed to be 10 cm?g~! at
1000 GHz, and scaled to the frequency of the observation with an opacity power-law

index of 3 =1 [11]. These assumptions yield a dust mass of (1.8 +0.6) x 1074 M,
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4.2.3 Optically thin CO ring modelling

To model the velocity spectrum expected from a circular orbiting ring or disk of
material, we calculate Keplerian velocities assuming a stellar mass of 1.76 M, [43].
Two-dimensional orbital velocity vectors are calculated for a radial and azimuthal
grid, assuming a vertically thin ring/disk of gas that has radially and azimuthally
uniform surface density between an inner boundary and an outer boundary. They
are transformed to the sky plane using the ring/disk inclination to obtain radial ve-
locities along the line of sight. These velocities in the reference frame of the star
are then added to the radial velocity of the star in the barycentric frame (left as a
free parameter) to obtain barycentric velocities as observed by ALMA. A histogram
of these velocities, with the same binning as the observed data, serves as a model
spectrum. We normalize the unitless spectrum such that the integral of the spectrum
is equal to the integrated flux of the line, a free parameter in the fit. This spec-
trum is then convolved with a Gaussian of full-width at half-maximum equal to twice
the channel width to reproduce the spectral response of the instrument due to Han-
ning smoothing (https://safe.nrao.edu/wiki/pub/Main/ALMAWindowFunctions/
Note_on_Spectral_Response.pdf). In addition to these parameters, the model fits

the inclination, radial location of the midpoint, and width of the ring/disk.

A Markov chain Monte Carlo (MCMC) approach was used to determine the best
fit to the data. We used the Python package emcee[58]. The uncertainty in each
velocity bin was assumed to be equal to the root mean square measured in the region
of the spectrum outside the detected emission. Flat priors were applied for the radial
location, width, integrated line flux, and stellar velocity. A Gaussian prior was applied
to the inclination, assuming the gas shares the same inclination as the dust disk, as
determined from previous resolved imaging [55]. We carried out an additional run
where a flat prior was applied to the inclination, to confirm the assumption of shared
inclination. Extended Data 4-3 shows the posterior probability distributions of the
parameters obtained from our MCMC runs and Extended Data Table 4.1 indicates the
best-fit values, obtained as the 50th £ 34th percentiles of the posterior distributions

85


https://safe.nrao.edu/wiki/pub/Main/ALMAWindowFunctions/Note_on_Spectral_Response.pdf
https://safe.nrao.edu/wiki/pub/Main/ALMAWindowFunctions/Note_on_Spectral_Response.pdf

of each parameter, marginalized over all other parameters. Best-fit values from both

runs assuming a Gaussian or flat prior on the inclination are included.

Best fit parameters

Gaussian Flat
Inclination (°) 10282 10717
Midpoint (au) 7.49% 745
Width (au) 3.49:3 3.10:7

V. (km/s) 2.303 2.303

Int. Flux (mJy km/s) 12259 12283

Table 4.1: Best fit values (50 £ 34 percentile) to the optically thin model of gas
emission. Left column indicates values derived from the MCMC run where a Gaussian
prior was applied to the inclination. Right column indicates values derived from the
MCMC run where flat priors were applied to all model parameters.

4.2.4 Optically thin CO mass calculation

To derive a CO mass from the best-fit spectrally integrated line flux, we begin by
assuming that the line is optically thin and considering the excitation conditions the
gas may be subject to, which affect this conversion. We follow an existing framework
[128], which considers that the energy levels of a CO molecule may be populated by
collisions with other species (or by one dominant species, the main collisional partner),
or by absorption and emission of radiation, giving rise to two limiting regimes, a
radiation-dominated regime (at low gas densities) and a collision-dominated regime
(local thermodynamic equilibrium (LTE) at high gas densities). The choice or density
of collisional partners (in our case, electrons) does not affect the level populations in
these two limiting regimes, and therefore the range of CO masses derived.

To account for the full range of excitation conditions, we therefore us a non-
LTE code [128] to solve the statistical equilibrium equations and calculate the level
populations. This includes the effect of fluorescence induced by stellar UV and IR

radiation as seen by a CO molecule at 7.5 aum from the central star [129]. For the
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star, we adopt a PHOENIX [78] model spectrum fitted to multiband opttical and
near-IR photometry using the MultiNest code [57], as described in previous studies
[177, 206]. This yields a best-fit stellar effective temperature of T,;r = 7840 £ 30
K and luminosity of L, = 7.7 £ 0.1Ly. The non-LTE calculation yields a formal
range of possible CO masses between 0.45 x 107°Mg and 1.25 x 107° My, for kinetic
temperatures between 100 K and 250 K, encompassing the blackbody temperature of
169 K at 7.5 au.

4.2.5 Three-dimensional radiative transfer modelling

We use the RADMC-3D (http://www.ita.uni-heidelberg.de/ dullemond/software/
radmc-3d/) radiative transfer code to check the impact of optical depth in more de-
tail. We use the same ring geometry as obtained from optically thin fitting (Extended
Data Table 4.1, Gaussian prior). We vary the input CO mass and kinetic temperature
over a two-dimensional grid (Fig. 4-2), and connect the latter to the vertical aspect
ratio by assuming a vertically isothermal gas disk with a mean molecular weight of
14 (that is, the gas mass is dominated by atomic C and O, as expected in a second-
generation scenario). To sample the ring well spatially and spectrally, we create cubes
of J=2-1 emission with a pixel size of 6 mas (corresponding to a physical scale of 0.18
au), and the same native channel width as our data. We then spectrally convolve
with a Gaussian to reproduce the spectral response of the instrument and extract
a one-dimensional model spectrum by spatially integrating the model emission. WE
then compared this model spectrum to the data (as shown in Fig. 4-2) and calculated

X2 for every mass and temperature in our grid, to obtain a x» map (Fig. 4-2).

4.2.6 CO survival lifetime against photodissociation

The observed CO gas in the circumstellar environment around HD 172555 will be sub-
ject to photodissociation from the stellar and interstellar UV field. The photodissoci-
ation rate in s~ 1 of a molecule in a radiation field I(\) is k = [ o(A\)I(N\)dA, wher A is

the wavelength, and o()) is the photodissociation cross-section in cm?. We use the CO
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photodissociation cross-sections from the Leiden database [71] (https://home.strw.
leidenuniv.nl/"ewine/photo/display_co_42983b05e2f2cc22822e30beb7bdd668.
html). We adopt the stellar spectrum from the optically thin mass section above,
scaled to the centre of the gas ring (7.5 au) to obtain the stellar radiation field. We
find that the star dominates over the interstellar radiation field, and that the CO
photodissociation timescale (1/k) at the ring’s radial location is approximately one
day. The shielding effects are estimated using pre-computed shielding constants [71];
we interpolate the constants for stars of 4000 K and 10000 K to a stellar tempera-
ture of 8000 K, closest to the effective temperature of HD 172555. The CO column
density is calculated from the centre of the ring along the line of sight to the star,
using our best-fit uniform ring model parameters. To find the Hy and C column den-
sities that provide sufficient shielding, we interpolate the shielding constants along

the column-density axis and find the column density required.

4.2.7 Delivery from an outer belt
Replenishment requirement

We consider a scenario where the dust grains and CO gas are produced from sublimation-
driven release by Solar-System-like comets entering the inner region of the HD 172555
system. This requires replenishment of the observed total dust mass (in grains up
to centimetres in size) on timescales comparable to their removal (assuming steady
state). We assume that their removal is dominated by collisions, setting up a cascade
down to the smallest grains (of size approximately 3.5 ym for a grain density of 2700
kg m~3) that are then removed by radiation pressure from the central star, to derive a
mass-loss rate of 2.2 x 1072Mg, Myr~! (using equation (21) in ref. [126]). We neglect
the effect of gas drag, assuming that the larger, centimetre grains are unaffected.
We use the results of thermochemical modeling [112] calibrated on Solar System
comets to estimate the mass-loss rate per unit surface area of an exocomet at 7.5 au
around 7.7 L, to be 5.6 x 107% kg m~2s™! of dust in grains up to centimetres in size.

Dividing by an assumed bulk density of 560 kg m~3, and assuming a 1:1 dust/ice
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ratio, this corresponds to an erosion rate of 0.62 m yr—!. Therefore, a comet with a
10-km radius will be emitting dust at a rate of 7040 kg s~ (3.72 x 1078 Mg Myr—!)

and will survive (if continuously sublimating at this rate) for about 16 kyr.

High-eccentricity exocomet population

In the first case, we assume exocomets arise from a yet-undetected belt at 100 au (a
typical location of cold exocometary belts around A stars [127]) and approach the
inner regions on eccentric orbits. The velocity distribution from the observed CO

1
, correspond-

emission implies line-of-sight velocities for the gas of about 14.5 km s~
ing to 7.5 au for circular orbits around HD 172555. However, these velocities will
be achieved at larger radii for comets with non-zero eccentricities, random pericentre
directions and orbiting in the same plane as the inner system of HD 172555. The
pericentre distance corresponding to pericentre velocities of about 14.5 km s~! will
increase with the apocentre (and therefore the eccentricity) of the orbits; for an apoc-
entre of 100 au, we derive a pericentre distance of 13.2 au. Therefore, we expect gas
released from exocomets on these orbits to be located at and beyond about 13.2 au
from the central star. For comparison, this is 80% larger than the radial location
derived for circular orbits (7.5 au). However, eccentric exocomets with the observed
velocities would produce a CO ring with diameter about 26 au (0.9"), which is com-
parable to the resolution element of our observations, implying that the ring would
have been marginally resolved, which is not the case. In addition, scattered light
observations strongly constrain dust emission to less than 0.9" (30) diameter, with a
sharp outer edge. The fact that the expected radius of a CO ring would significantly
exceed the observed value makes the eccentric exocomet scenario inconsistent with
the available observations. Note that reasonably changing the apocentre location, and
therefore the radius of the hypothetical cold belt where the exocomets originate, does
not alter our conclusions significantly. For example, assuming an outer belt location
of 20 au instead of 100 au implies exocomet pericenters at 10 au. This would produce

CO emission with a minimum expected diameter of 20 au (0.7") and extending much

beyond it, which probably would have been spatially resolved in the ALMA data.
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Low-eccentricity exocomet population

In the second case, we assume exocomets are being continuously scattered inward
from an outer belt by a chain of low-mass planets, undergoing multiple scatterings
and producing a low-eccentricity comet population at about 7.5 au. We here assume
circular orbits for simplicity. The dust observed requires replenishment at a rate of
2.2 x 1072Mg Myr—!. Assuming exocomets of 10 km in size with an exocometary
dust release rate of 3.72 x 1078Mg Myr~!, 5.9 x 10° exocomets are required to be
sublimating at around 7.5 au at any point in time. For a bulk density of 560 kg
m~3, this corresponds to 2.3 x 107*Mg in 10-km exocomets. While sublimating
at this rate, such an exocomet would survive for about 16 kyr, so comets would
need to be resupplied by inward scattering to the inner planetary system at a rate of
1.4x1075Mg yr~!. Inward scattering is an inefficient process; simulations maximizing
inward scattering by chains of low-mass planets indicate that only a few per cent
of comets encountering an outermost planet make it into the inner regions, as the
vast majority are ejected [116]. Therefore, higher supply rates of the order of about
107%Mg yr ~! from a putative outer belt are probably needed, which would imply that
a currently undetected outer belt would have resupplied 23 Mg in 10km exocomets

into the inner regions over the 23 Myr age of the system.

We can compare this to the upper limit on the presence of an outer belt at 100
au from our ALMA data. Assuming blackbody temperatures, and the same dust
opacity as used for dust in the inner regions, we derive an upper limit of less than
1.8 x 1073 Mg, (30) on the mass of solids up to centimetre sizes. Extrapolating from
centimetre-sized grains up to 10-km exocomets (assuming a size distribution with
a constant power-law slope of -3.5), we obtain an upper limit on the total mass in
10-km sized exocomets of less than 1.8Myg (30). Therefore, the current mass of the
outer belt would be at least a factor of about ten smaller than the mass that has been

removed from the belt over its lifetime, which is by itself not impossible.

However, it is likely that exocomets reaching their inner regions would retain

some eccentricity, which would prolong their survival (lower sublimation rates) and
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also potentially make the gas velocity distribution inconsistent with the observations.
In addition to that, the narrow CO radial distribution is in tension with production
rates of Co as a function of heliocentric distance in sublimating Solar System comets
[15], which show no clear enhancement in production rates at radii whose thermal
conditions are comparable to that of HD 172555. Although inward scattered, subli-
mating exocomets could produce a steeper-than-collisional size distribution of grains,
down to sizes smaller than the radiation pressure blow-out limit, they would not be
able to reproduce the peculiar dust mineralogy indicative of the energetic processing
typical of hypervelocity impacts, unless exocometary impacts in the inner regions
contribute, and/or are the source of the dust and gas observed. In conclusion, subli-
mating exocomets could be replenished in the inner system at high-enough rates to
explain the observed dust emission, but are unlikely to explain the relatively narrow

distribution of CO, and the dust mineralogy observed around HD 172555.

4.2.8 In situ giant impact constraints from axisymmetry and

width of debris

Observations of both CO and dust [180, 55] are consistent with the CO and dust
distribution being axisymmetric. Because of this, the time since impact must be at
least the symmetrization timescale, which is on the order of a few tens of thousands
of orbits [205] (about 0.2 Myr at 7.5 au). Constraints on the planet mass can be
derived from the width of the debris, as a proxy for the velocity dispersion of released
material. The width, dr, is given by dr = 2re,, where e, is the proper eccentricity
of the orbiting debris [201]. This eccentricity is related to the velocity dispersion, o,,
through o, ~ \/ﬁepvk, where vy, is the Keplerian velocity at the given semimajor
axis. We assume the velocity dispersion is related to the escape velocity v, at the

surface of the colliding bodies [205] by o, ~ 0.46v.s. ~ 0.46 2%];4”, where G is the

universal gravitational constant, and R, is the planetary radius. Thus, for an observed
3/2
debris width dr, a planet of mass M, ~ 10357 (%)3 in Mg is expected, where p,
Pp

is the planet’s bulk density in g cm™3, M, is the stellar mass in Mg, and both r and
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dr are in astronomical units. If the planetary bodies colliding have rocky, Earth-like
compositions, they will have bulk density of about 5.5 g cm™3. We assume that the
solid debris is confined to the same radial width as the dust width derived from mid-
IR Q-band imaging [180], which finds drg.s/r ~ 1.2, where drg,s is the width of the
dust ring. These assumptions yield a planetary mass on the order of about 8/M,. We
note that the mid-IR imaging is sensitive to small grains whose width might have
been broadened due to radiation pressure from the central star; if radiation pressure
inflated the width compared with that expected from the velocity dispersion, the
planetary mass involved would be reduced. If instead the bulk planetary density is

lower, the mass of planet involved in the collision would be larger.

4.2.9 Constraints from debris survival

Progenitor mass constraints must also be considdered in the context of debris survival;
the observed debris must survive encounters with a leftover planet in the time since
impact. We conservatively assume that the mass of the largest product of the impact
is on the order of the mass of the impact progenitors, and consider the outcome of
encounters between debris and a surviving planet [200]. Given an assumed planetary
density similar to that of the Earth, and a semimajor axis of 7.5 au, we first note
that for a leftover planet with mass below about 1.8 Mg, the predominant (eventual)
outcome of an encounter will be accretion, whereas for masses above that threshold,
the predominant (eventual) outcome will be ejection. However, timescales of accre-
tion and ejection have a role in debris survival. These timescales must be at least as
long as the symmetrization timescale (0.2 Myr) to ensure that the debris produced in
an impact could be seen in the symmetrical structure observed today. For progenitor
masses in the range derived from the debris width constraints above, the reaccretion
and ejection timescales are much longer than the symmetrization timescale. There-
fore, giant impact debris at 7.5 au is expected to survive encounters with leftover
planets with masses on the order of 8M,,, as large as those of the progenitors, on a

timescale longer than the symmetrization timescale.
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Figure 4-3: Posterior probability distributions for the model parameters obtained
from the emcee fitting process. All parameters are well constrained, with best-fit
values listed in Extended Data Table 4.1. This model was fitted to spectral data
retianing original channel widths, assumed a Gaussian prior on the inclination, and
assumed a stellar mass of 1.76 M
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Chapter 5

Simulation of multibandpass spectra

of known, highly-inclined debris disks

5.1 Introduction

Debris disks are the natural outcome of planet formation, as they are composed of the
remnant planetesimals that constituted the protoplanetary disk. Disks are tracers for
the history of an individual system: the composition of dust in disks yields information
about the primordial matter that was available for planet formation. In addition, the
particle size distribution of dust grains in the system yields information about the
history of planetary bodies.

Dusty debris disks are second-generation; the dust observed in circumstellar disks
is often attributed to origin in a steady-state collisional cascade [204][203][199]. How-
ever, departures from the canonical steady-state particle size distribution indicate that
a history of giant impacts may be at work in the system, as seen in [176, 83, 105].
Disks are also stirred and shaped by the presence of extant planets; interactions be-
tween the parent planetesimal bodies and planets in the system are expected to lead
to dust production, which may lead to the bright disks seen at earlier ages, as in
[90, 20, 144].

Debris disks are most often discovered through excesses in the spectral energy

distributions of their host stars [54]. For many of the brightest disks, additional
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characterization is possible; many disks have been imaged via the Hubble Space Tele-
scope (HST) [174], ground-based observatories such as SPHERE and GPI, and the
Atacama Large Millimeter Array (ALMA). Work such as [171] indicates that to fully
understand the characteristics of a debris disk, multi-bandpass characterization is re-
quired. Indeed, [171] show that the fits to compositions for the HR 4796 A system are
dramatically different when considering only scattered light as opposed to thermal
emission from dust. Instead, they find that the best fits to available data occur when
the system is examined in context, with all wavelengths fitted simultaneously. The
consideration of scattered light only allows for a much wider range of silicate compo-
sitions, as well as iron compositions and carbonaceous compositions to fit the data.
In contrast, fitting of only the thermal data yields exclusively carbon compositions as
good fits for the data. When considering both scattered and thermal light, the best

fits are narrowed to a small range of silicate compositions.

This suggests that it may be necessary to undertake multi-bandpass characteri-
zation of known debris disks to better understand the particle size distributions and
compositions of dust in these disks. Forward modelling of dust in debris disks can
be computationally expensive, however. In advance of data from the James Webb
Space Telescope (JWST), we seek to develop methods that will decrease the param-
eter space for disk modeling by providing a set of simulated spectra of nine known,
highly-inclined debris disks for a range of dust compositions and particle size distri-
butions. By implementing principal component analysis, we can develop preliminary

metrics for characterization of disks.

In section 5.2 we discuss the motivation for the disks selected as part of this
sample. In section 5.3 we discuss the methods used to simulate the scattered light
and re-emitted absorbed radiation of dust in these disks. In section 5.4 we discuss
the outcome of this modeling, while in section 5.5 we put these results into context

and discuss additional work required.
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5.2 Disk sample

Highly inclined disks (i.e disks that are close to edge-on) simplify the geometric prob-
lems of interpreting disks by effectively reducing the structure to a 1 dimensional
point. This simplification can be made because debris disks are optically thin. Ad-
ditionally, for edge-on systems, the ansae of the disk - i.e. the apparent extremities
of the disk when viewed close to edge-on - are the brightest features in the disk, and
light that is scattered from the ansae is scattered at an angle of /2 radians into
the direction of the observer. This geometric orientation allows the simplification
to consider the disk spectrum as originating in the ansae. We set a minimum disk
inclination of 60° relative to face-on as a lower bound on inclusion in the sample.

In addition to seeking out disks with high inclinations, we selected disks that have
previously been imaged in visible wavelengths (whether through HST or ground-
based observatories). Most of these disks additionally have ALMA data in the sub-
millimeter, and most will be accessible to imaging via JWST. Only HD 139664 and
HD 202917 lack data in ALMA bandpasses. The systems and stellar properties of
the host stars included in the sample are listed in Table 5.1. Table 5.2 lists the
properties of the debris disks in the sample, as well as relevant citations as to the
disk properties and prior observations. These disks surround stars with spectral type
ranging from K1V to A0V and encompass a broad range of system ages from 10 to
440 Myr. Further, the disks vary in their fractional luminosities as well as distanes

from the star.

5.3 Methods

5.3.1 Overview of zodimap

The modeling of the dust spectra is done using zodimap, a new python package I have
developed to calculate the scattered light and thermal emission spectra of dust grains.
This package calculates single-scattering and emission under the assumption that the

dust mass is optically thin; debris disks are characterized by optically thin dust across
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Table 5.1: List of systems

System L, (Le) T Spec Dist (pc)if T (K) T Age (Myr)
HD 109573 25.7+0.6 A0V 71.91 9788 ~10
HD 216956 16.6 £ 0.3 A4V 7.7 8617 ~440
HD 172555 7.8+0.1 ATV 28.79 7844 ~23
HD 32297 8.2+0.3 A0V 129.73 by <30
HD 15745 4.23£0.04 FOE 71.99 6800 ~100
HD 15115 3.71£0.03 F4v 48.77 6724 ~12
HD 139664 3.39+£0.03 F3Vv 17.39 6716 ~300
HD 202917 0.69 £0.01 G2V 46.85 5440 ~30
HD 92945 0.37 £0.01 K1v 21.54 5105 ~80

T Obtained via fitting T GAIA Data Release 2

Table 5.2: Debris disk properties

System Disk Lrg/L, * Inner Edge (au) Outer Edge (au) Disk 4 Citation
HD 109573 (443 £0.7) x 1071 60 87 774 [171][118]
HD 216956 (7.7£0.5) x 107 100 140 65.9 [85][107]
HD 172555 (5.240.1) x 107 6 9 78 [55][176]
HD 32297 (5.54+0.3) x 107° 78 122 88.7 [53][108]
HD 15745 (18.9 4 0.4) x 10~* 128 480 67 [84][174]
HD 15115 (6.9£0.6) x 107° 92.2 85.8 85.8 [174][109]
HD 139664 (125 £ 0.9) x 1075 60 109 85 [86][174]
HD 202917 (3.1£0.1) x 1074 55.4 68.6 68.6 [175]

HD 92945 (6.840.2) x 10~ 43 65 62 [61][115]

T Obtained via fitting

the electromagnetic spectrum [77]|. Although this package is able to calculate the light
scattered off of dust grains at any location around a central star, we use it to instead
calculate the ansae spectra for the disks in this sample. The ansae spectra can be
approximated by considering the light scattered off of and emitted from a grain at a
single location; we model the spectra at the midpoint of the dust ring locations.
Both absorption and emission coefficients, as well as the scattering phase function,
are calculated via Mie theory for a range of particle sizes and wavelengths through
built-in functionality of zodimap. A selection of the Mie theory coefficients are vali-
dated through comparisons to the outputs of existing Mie theory codes. The use of
Mie theory assumes that the dust particles are spherical. Although this is not likely
to be accurate, this approximation is used in the literature elsewhere. It is also pos-
sible that the scattering for a suite of many irregularly-shaped grains with random

orientations will average out to be the scattering for a collection of spherical particles.
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From the Mie theory coefficients, the scattered flux can be calculated as
R
F = B*ﬁwQscarﬁqﬁ (5.1)

where B, is the stellar emission, R, is the stellar radius, d is the distance to the dust,
Qscq 18 the Mie scattering efficiency, r4 is the dust radius, and ¢ is the scattering
phase function, as calculated from Mie theory.

We determine dust grain temperature by self-consistently balancing input and
output radiation. The dust grain temperature allows us to calculate the thermal
emission from a grain by taking into account the dust blackbody emission modified

by the effective emitting cross section:
1 2
F= Z—leQabsT’d (52)

where B, is the dust blackbody emission and )., is the Mie absorption efficiency.

5.3.2 Model parameters

We adopt PHOENIX [78] model stellar spectra that have been fitted to multiband
optical and near-IR photometry using the MultiNest code [57]. Stellar properties
(i.e. distance, temperature, luminosity) that are adopted are listed in Table 5.1; the
luminosity, temperature, and stellar radius are all best-fits from the MultiNest fitting.
The dust properties adopted (location, inclination), as well as the references to those
values, are listed in Table 5.2

We use 50 distinct particle sizes spaced logarithmically between 0.1 and 1000
pm. These particle sizes then are used in 48 particle size distributions, with power
law slopes evenly spaced between -2.5 and -4.5. The canonical steady-state power-
law exponent that arises from a collisional cascade is -3.5, so the power law slopes
are chosen to provide a range above and below the steady-state predictions. We
consider 2000 logarithmically spaced wavelengths between 0.1 and 28.5 pum, and an
additional 500 logarithmically spaced wavelengths between 600 and 1400 gm. These
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wavelengths are chosen to span Hubble Space Telescope (HST), James Webb Space
Telescope (JWST) and Atacama Large Millimeter Array (ALMA) bandpasses.

The composition of dust in debris disks is going to be set by the composition of
the planetesimals from which the dust originates. In disks of these ages, the presence
of dust requires some secondary production mechanism, as small grains are blown
out on timescales shorter than the system lifetime. Canonically, grains are thought
to originate in steady-state collisional cascades [204] [203] [199]. We can look to the
compositions of planetesimals and dust within the solar system to identify candidates
for compositions of dust in other systems. We examine a total of 7418 compositions,
calculated from mixtures of 18 root compositions (see Table 5.3) at various porosi-
ties (approximated with vacuum). The root compositions were selected in line with
the compositions of [171]; they are representative of the constituents of comets and
asteroids in the solar system (see [87, 165, 207]). The optical constants of mixed
compositions were calculated with Bruggeman effective medium theory [147]. For
single-component porous compositions, porosities ranging from 5-95% in increments
of 5% are used. For two-component mixtures, mixing ratios ranging from 10-90%
in steps of 10% are used. For two-component porous mixtures, each two-component
mixture is blended with vacuum in mixing ratios from 10-90% in steps of 20%. These

model parameters produce a set of 9 systems with 356064 sample spectra each.

5.3.3 Application of Principal Component Analysis

Principal Component Analysis (PCA) is a technique that reduces the dimensionality
of large data sets by transforming the data into an orthogonal basis where each
principal component explains decreasing amounts of variance in the data. We use the
sklearn python package functions StandardScaler and decomposition.PCA to scale
the data and compute the principal components for the full set of spectra for a given
stellar system. We consider the first two components, which cumulatively explain

81% of the variance in the spectra.
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Table 5.3: Root compositions and families

Family Root composition

Olivine astrosilicates|102], amorphous
olivine[101], iron-poor olivine* nominal
iron olivine*, iron-rich olivine*, crystalline

olivine[102]

Pyroxene iron-poor orthopyroxene*, nominal iron
orthopyroxene*, iron-rich orthopyroxene*, . T
pyroxene** '

Organics amorphous carbon|208], organics”®,
organics|101]

Water ice water ice*, water ice[103|, water ice[195]

Iron iron*
Troilite troilite*

Henning (https://www2.mpia-hd.mpg.de/home/henning/Dust_opacities/
Opacities/opacities.html)
“* Aigen Li, priv. comm

5.4 Results

First, we will examine general trends that can be observed in the spectra by examining
illustrative cases of the variation across the parameter space of the model. Then, we

will examine the results from PCA applied to the full set of spectra.

5.4.1 Selected spectra

In each of the figures 5-1, 5-2, 5-3, and 5-4, the spectra are shown as qualitative
comparisons on a log-log scale. The x-axes represent the wavelength in microns,
while the y-axes are an arbitrary scaling in flux. The curves are offset for ease of
comparison. The purpose of these figures is to get a general idea of the parameter
space explored in this work.

Figure 5-1 illustrates the variation in spectra between systems in this sample. The
spectra shown are the ansae spectra for each system considering an astrosilicate dust

composition [102] with a particle size distribution with power-law slope of -3.5. As
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Astrosilicate spectra for all systems

- hd109573 (9788 K)
hd216956 (8617 K)
hd172555 (7844 K)
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hd15115 (6724 K)
hd139664 (6716 K)
/ hd207129 (5929 K)

hd202917 (5440 K)
hd92945i (5105 K)

107! 10° 10! 6x102 10
Wavelength (um)
Figure 5-1: Spectrum for each system in our sample for an astrosilicate dust com-
position with a particle size distribution with power-law slope of -3.5. The spectra
from top to bottom are in order of decreasing stellar temperature. The x-axis is the

wavelength in micron, while the y-axis is an arbitrary flux in log-space, offset for
clarity.

can be seen, the primary variation between systems is in the UV to visible wavelength
range, where stellar features will be seen in the scattered emission. There is some

variation in the slope of in the sub-millimeter to millimeter range.

Figure 5-2 examines the effect of increasing porosity on a sample spectrum. The
spectra here are for the HD 109573 system with an astrosilicate dust composition
with a PSD with power-law slope of -3.5. For the most part, there is little variation
between spectra of increasing porosities. However, as the porosity increases beyond
75%, the slope of the spectrum in the ALMA bandpasses shifts from positive to
negative. This is such a small shift, however, that it is unlikely to be detected when

observational uncertainties are taken in to account.

Figure 5-3 examines the effect of altering the power-law slope of the particle size
distribution from -4.5 to -2.5 The canonical steady-state power-law slope in a debris
disk is -3.5 In principle, the spectrum should change with changing PSD. However, it

is quite apparent from this figure that the models we have produced do not change.
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HD 109573 spectra for astrosilicates, varied porosities
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Figure 5-2: Spectra for the HD 109573 system for an astrosilicate dust composition
with a particle size distribution with power-law slope of -3.5. The spectra from top

to bottom are in order of increasing porosity.The x-axis is the wavelength in micron,
while the y-axis is an arbitrary flux in log-space, offset for clarity.

This is likely an artifact of the model. As the particle sizes chosen are log-spaced,
there is an additional disproportionate weight placed on small particles, as there are
more constituting the spectrum. Further work is required to ensure that the simulated

spectra adequately reflect an altered particle size distribution.

Figure 5-4 examines the spectra for the 18 root compositions considered in this
sample. The displayed spectra are from the HD 109573 system, with a PSD power-law
slope of -3.5. This is the parameter space where we see the most variation in spectra.
It is not useful to look at the features in the sub-millimeter. Spectral features here,
beyond the general slope of the spectrum, are artifacts of Mie theory, and result
from a lack of the largest particle sizes. These features are expected to disappear
with an increase in the maximum particle size. The silicates (green and orange color
families) show features in the same region of the spectrum; water ice (blue color
family) has features in an overlapping region, although additional features that do

not overlap with the silicates exist. Carbonaceous species and iron-bearing species
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HD 109573 spectra for a range of particle size distributions
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Figure 5-3: Spectra for the HD 109573 system for an astrosilicate dust composition.
The spectra from top to bottom are in order of increasing power-law slope.The x-axis

is the wavelength in micron, while the y-axis is an arbitrary flux in log-space, offset
for clarity.

have few discernible spectral features. These qualitative results suggest that it will be

difficult to differentiate specific silicate compositions without finely-resolved spectra.

54.2 PCA

The principal component analysis can be seen in Figure 5-5. The x and y axes cor-
respond to the first two principal components, and each dot represents the location
in PC-space of a single spectrum for the HD 109573 system. Initial analysis has
not yielded a physical explanation for the origin of variation in the first two princi-
pal components. The colors of the points correspond to the compositional families
described in Table 5.3, with the olivines and pyroxenes treated as a monolithic ’sili-
cate’ class (represented in yellow), and the iron and troilite identified as iron-bearing
(represented with red). Water is represented in blue, and carbon in black. Mixtures

between these components are captured as blends of these four base colors, with the
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HD 109573 spectra for base compositions

Troilite
—_— e lron

Amorphous Carbon
Organics - Hennings
% e Organics - Li
Crystalline Olivine
Astrosilicates
Amorphous olivine
Nominal olivine

Iron-rich olivine
Iron-poor olivine

)

|

\j NN H,O - Hennings
/ H,0 - Warren
e HO-Li
Pyroxene

Nominal orthopyroxene
Iron-rich orthopyroxene
e Iron-poor orthopyroxene

=

10 10° 10! 6x10% 10°
Wavelength (um)
Figure 5-4: Spectra for the HD 109573 system with a particle size distribution with
power-law slope of -3.5. The spectra are of the root compositions in the sample,
with families of compositions illustrated in the same color family. Greens correspond
to pyroxene compositions, blues to variations of water ice optical constants, oranges
to silicates, blacks to organic/carbon-based compounds, and purple to iron-bearing

compounds.The x-axis is the wavelength in micron, while the y-axis is an arbitrary
flux in log-space, offset for clarity.

vacuum porosities captured in the opacity of the marker.

Principal component analysis should group together spectra that are similar to
each other. In this iteration of PCA, we see that water, silicates, and carbon all group
together in PC-space, with iron-bearing species forming two wings (left panel, Figure
5-5). Mixtures of these compositions fill out spaces between them. There is some
separation in water, silicates, and carbon (see Figure 5-5); the separation is made
more complicated as mixtures of compositions result in spectra that appear to be
more similar to one another. The same trends observed in the HD 109573 PC analysis
emerge for the other 8 disks in our sample. This figure follows the same format as
Figure 5-5, with the exception that porosity is not reflected in the marker opacities.
HD 172555 clusters in a way that diverges from the other disks, as the carbonaceous

compositions extend further up along the second principal component axis. This is
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Figure 5-5: Principal component analysis of HD 109573 system with a particle size
distribution with a power-law slope of -3.5. Porosity of the dust grains is reflected
in the opacity of the point. Colors are represented as blends of four base composi-
tional families: red represents troilite and iron composition, yellow represents silicate
compositions, blue represents water compositions, and black represents carbonaceous
compositions. The left plot examines all of the compositions in the sample, while the
right plot considers only those compositions that do not include any iron or troilite
component.

likely a result of the unique temperature and location of the HD 172555 dust; the
other disks in our sample have colder dust that is much further out than HD 172555.
We also utilize PCA on subsets of the spectra; specifically, we perform PCA on the
spectra between 0.1 and 2.5um (HST), between 2.5 and 28.5 ym (JWST excluding
HST overlap), spectra between 0.1 and 28.5 ym (HST and JWST), and between 600
and 1400 pm (ALMA bands 6 and 7). This analysis seeks to understand how the
PC-space alters if only subsections of the dust spectra are taken into consideration.
As can be clearly seen in Figure 5-7, the PC space alters significantly if any one of the
telescopes is used alone, suggesting that different conclusions as to the compositional
nature of dust will be arrived at if the dust spectra is not examined in context. When
HST and JWST bandpasses are taken into consideration, the PC-space does look more
comparable to the PC-space for the full spectrum, but there are notable difference -

primarily that the water ice features do not separate out as clearly. This indicates
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Figure 5-6: Principal component analysis for all 9 systems in the sample for particle
size distributions with a power-law slope of -3.5. Porosity is not reflected in the opacity
of the point. Colors are represented as blends of four base compositional families:
red represents troilite and iron composition, yellow represents silicate compositions,
blue represents water compositions, and black represents carbonaceous compositions.
These systems are around a varied set of stars, at a range of ages, for a variety of
distances from the star, and with different relative luminosities in comparison to their
host stars.

107



that for the systems where ALMA data is not yet available, it should be a priority to

acquire band 6 and 7 constraints on continuum emission to fully characterize dust.

5.5 Discussion

The lack of spectral variation observed for changing particle size distributions (Fig-
ure 5-3) is unexpected. In [171], similar particle sizes (and spacings), as well as
distributions are chosen. Their discussion lacks mention of the PSD effect on their
resulting spectra, so it is possible that their fits show no variation based on varying
PSDs. We believe that the lack of PSD-driven variation in these samples is due to the
choice of logarithmically-spaced particle sizes. This artificially places excess weight
in the smallest particles in the distribution, and future work should choose to adopt
linearly-spaced particle sizes. Although this will increase the computational load of
the calculations, it is necessary for accurate modeling of the PSD in a system. It
is also necessary to increase the maximum particle size considered in these models.
Currently, the maximum particle size considered is 1000 pm, which corresponds to a
maximum Mie size parameter of 4.5. For some compositions, this seems to be large
enough to enter behavior approximating the geometric optics regime; for others (most
notably carbonaceous compositions), the spectra in the ALMA bandpasses are domi-
nated by Mie resonances. This is not accurate of the actual spectra we may see from
these disks, and as such it is necessary to include larger particle sizes to fully capture
the scattered and thermal emission of dust in these disks. [51] suggests that maxi-
mum particle sizes should be ~3 times as much as the maximum wavelength of the
observation, which yields a maximum particle size of 4200 pym. It may also be worth
exploring alternate weighting schemes for the PSDs to correct for the logarithmic
spacing.

We note that the PCA results diverge from what we might naively expect based
on the by-eye examination of the HD 109573 root composition spectra in Figure
5-4. Examining these spectra, it seems that the troilite, iron, and carbonaceous

compositions might cluster together, with both water and silicates showing distinct
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Figure 5-7: Principal component analysis for HD 109573 system for a particle size
distribution with power-law slope of -3.5. Porosity is not reflected in the opacity of
the point. Colors are represented as blends of four base compositional families: red
represents troilite and iron composition, yellow represents silicate compositions, blue
represents water compositions, and black represents carbonaceous compositions. Top
left panel is looking at the PCA results when considering just spectra in the HST
range. Top right panel displays PCA results when considering spectra in the range
between the end of the HST range and the end of the JWST range. Bottom left panel
looks at PCA results when looking at HST and JWST wavelength ranges together.
Bottom right panel looks at PCA results when looking solely at ALMA bands 6 and
7.
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features that result in separation in PC-space. Instead, iron and troilite appear
to be most differentiated from a grouping of water ice, silicate, and carbonaceous
compositions. To identify whether this is a persistent trend, we anticipate running
PCA analysis for the new dataset with a better sampling of particle sizes, as described
above. Additional principal components should also be used to see if water, silicates,
and carbon cluster apart from each other in the subsequent principal component.
For these models to be usable in advance of upcoming data from JWST, the sim-
ulated spectra need to be passed through realistic telescope models for HST, JWST,
and ALMA and binned appropriately. PCA applied to binned data may pull out
different variances, which will result in different clustering within PC space. Realistic
telescope models will take into account the spectral width of bins, systematic noise
effects, and the relative strength and weighting of the different telescope facilities.

We anticipate collaborating with observers who are more familiar with this process.

5.6 Conclusions

Principal component analysis of the spectra for each system in our sample suggest
that iron- and troilite-dominated compositions are easy to differentiate from a core of
water, silicate, and carbonaceous compositions. The latter three are more complicated
to disentangle, and require additional follow-up work to identify the feasibility of
use of PCA to understand acquired spectra. However, the PCA suggests that it
may be possible to reduce the explored parameter space when fitting observations of
nearly edge-on debris disks. If the acquired spectra are transformed into PC-space,
the location of the spectrum will point to a subset of compositions that should be
explored while fitting. If a subset of compositions can be explored rather than the

full parameter space, computational time will be greatly reduced.
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Chapter 6

Conclusions

This thesis uses three methodologies to probe planetary system histories by exam-
ining different aspects of circumstellar gas and dust at varied ages. In Chapters 2
and 3, experimental methods were used to determine the desorption binding ener-
gies and entrapment efficiencies of neon, argon, krypton, and xenon. These physical
quantities allow us to probe the gas-phase and solid-body distribution of the noble
elements within the protoplanetary disk. Entrapment experiments are applicable to
understanding the survival of noble gases entrapped in interstellar medium analog
ices while desorption experiments are key to understanding noble snowline locations
in the protoplanetary disk. We find that the behavior of argon, krypton, and xenon
is markedly different from the behavior of neon. In the case of argon, krypton, and
xenon, the desorption binding energies are well-characterized within the experimental
setup. Additionally, the three heavier noble gases are efficiently trapped within water
ice mixtures; in astrophysically relevant ices, entrapment efficiencies range from 65
to 95%. In contrast, the desorption binding energy of neon is not well constrained
within the experimental setup, likely due to the forced desorption of neon by hy-
drogen. In addition, neon is inefficiently trapped. In mixture ices, less than 1% of
neon is entrapped, while in burial entrapment experiments, at most 10% of neon is
trapped. These results have implications for the formation histories of the planets
within our solar system; due to the inert nature of the noble gases, we currently only

have measurements for noble gases in solar system bodies via in-situ studies. It is
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important to note that neon is expected to be a tracer of exclusively nebular gas;
if neon is detected in a planetary atmosphere, it is quite likely that the planetary
body accreted some nebular gas. In contrast, the heavier noble gases argon, krypton,
and xenon are expected to be tracers for both nebular gas and solid-body delivery.
A comprehensive understanding of formation histories of solar system bodies will be
dependent on models that incorporate these experimental results. Any model seeking
to explain the migration of bodies and timing for accreting atmospheres will need to
account for the noble gas content. It is thus quite promising that the next several
decades will increase our understanding of noble gas distributions within the solar
system. Upcoming probes to Venus, Titan (in the form of the Dragonfly mission),
and the planned flagship mission to Uranus will provide critical data constraining the
noble gas content of solar system bodies, which will enable us to better understand

formation conditions for the bodies within our solar system.

While Chapters 2 and 3 trace the accretion histories of planetary bodies, Chap-
ter 4 instead focuses on a case study for the evolution of planetary atmospheres.
This chapter presents archival observations from the Atacama Large Millimeter Ar-
ray (ALMA) that have identified the first protoplanetary atmosphere stripped in a
giant impact. Although theory has predicted the ability of giant impacts to strip
primary atmospheres from terrestrial bodies, these observations of the HD 172555
system are the first direct evidence of the phenomena. The critical finding here is
that it is important to examine both gas and dust in tandem to fully understand
the history of giant impacts. Although previous studies examined the atypical dust
present in the system, debate within the community existed over whether the dust
could be explained by a steady-state asteroid belt. The presence of carbon monoxide
gas in the system, however, provides additional evidence that excludes other origins
for the gas and dust. The work here demonstrates the need to understand circum-
stellar gas and dust. It also provides an avenue towards identifying more systems
where giant impacts have taken place. It is a bit of a quandary in the literature that
more giant impact systems have not been identified, as solar-system evidence points

to the phenomena being a ubiquitous process. If more systems can be identified as
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having both atypical dust signatures and the presence of unexpected gas, a process of
exclusion such as the one we exploit in Chapter 4 can be used to identify giant impact
candidates. Although no other known systems with the presence of tektite and ob-
sidian mineralogy have been identified, it may be possible to search for systems with
non-steady-state particle size distributions. For systems with this anomaly, follow-up
searches for CO gas in the system would be worthwhile.

In Chapter 5, a cautious attempt at simulating multibandpass observations of
highly inclined debris disks was undertaken. The parameter space explored includes
composition as well as particle size distribution. We find that iron and troilite dom-
inated compositions are easy to differentiate from water, silicate, and carbonaceous
compositions in principal component space. We also find that multibandpass charac-
terization is required to fully understand dust compositions. Further improvements
to the model will enable us to identify anomalous particle size distributions, providing
candidate systems in which to search for the evidence of giant impacts. The ability
to quickly identify candidate systems for giant impacts, as well as to better under-
stand the bulk compositions of parent planetesimals within debris disks, will provide
a better understanding for the formation histories of debris disk systems.

It is clear from this thesis that circumstellar gas and dust must be understood to
probe the histories of planetary systems. Noble gases within solar system planetary
atmospheres are excellent tracers for the accretion and evolution of those atmospheres
from the protoplanetary disk to today. Understanding the dust in debris systems is
critical to understanding parent planetesimal compositions and atypical particle size
distributions, which provides candidate systems for follow-up observations. Under-
standing both the dust and the gas within the HD 172555 system has enabled us to

identify for the first time a stripped protoplanetary atmosphere.
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Appendix A

List of Acronyms

ALMA Atacama Large Millimeter Array
ASW Amorphous solid water

au Astronomical Unit

CASA Common Astronomy Software Applications
DI deionized

FTIR Fourier Transform Infrared
FWHM Full-width half-maximum

GHz Gigahertz

HST Hubble Space Telescope

IR Infrared

IRAS Infrared Astronomical Satellite
ISM Interstellar medium

JWST James Webb Space Telescope

K Kelvin

LTE Local thermodynamic equilibrium
MCMC Markov chain Monte Carlo

ML Monolayer

MMSN Minimum mass Solar nebula

Myr Million years
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NG
OFHC
pc

PC
PCA
PSD
QMS
SED
TPD
UHV
Uv
WTTS

Noble gas

oxygen-free high thermal conductivity
parsec

Principal Component

Principal component analysis
Particle size distribution

Quadrupole mass spectrometer
Spectral energy distribution
Temperature programmed desorption
Ultra-high vacuum

Ultraviolet

Weak-lined T Tauri Stars
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