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Abstract

“We are dreamers, shapers, singers, and makers. We study the mysteries of laser and
circuit, crystal and scanner, holographic demons and invocations of equations. These
are the tools we employ and we know many things”

— J. Michael Straczynski, The Geometry of Shadows, Babylon 5

In this dissertation, I integrate atmospheric modeling and laboratory characteriza-
tion of clouds and hazes for temperate sub-Neptune exoplanets and Neptune’s moon,
Triton. I draw on advances in laboratory atmospheric experiments for the Solar System
and in modeling for exoplanets, where previously a gap existed between the two. My
work continues this laboratory characterization of exoplanet and Triton-like hazes,
then ties this information to modeling of diverse worlds. These data are amenable for
comparison to observations of exoplanet atmospheres in transmission and reflected

light, as well as from potential future missions to the outer Solar System.

The first chapter puts upper limits on the cloud and haze contents of the TRAPPIST-
1 planets. Transmission spectroscopy performed with Hubble (HST) suggests these
planets do not possess clear hydrogen atmospheres. I reassess this conclusion with
updated masses and expand the analysis to include metallicity, cloud top pressure, and
haze scattering. I connect laboratory results of particle size and production rate for
exoplanet hazes to a one-dimensional atmospheric model, obtaining a physically-based
estimate of haze scattering cross sections. I find larger haze scattering cross sections

than supported by laboratory measurements are needed in Ha-rich atmospheres for
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TRAPPIST-1 d, e, and f to match the HST data. By modeling a cloud deck and
high metallicity atmospheres, I also determine that either Ho-rich atmospheres with
high altitude clouds (<12mbar) or that metallicities of at least 60x solar with tropo-
spheric (0.1 bar) clouds are required to match HST data. My results therefore suggest

secondary atmospheres for the TRAPPIST-1 planets.

The second chapter delves specifically into the chemistry of the laboratory-made
exoplanet hazes themselves. I use very high resolution mass spectrometry to measure
the chemical components of solid particles produced in atmospheric chamber exper-
iments for exoplanet atmospheres with hydrogen-, water-, and carbon dioxide-rich
atmospheres at 300, 400, and 600 K. I detect many complex molecular species with
general chemical formulas C,,H,O,N,, including oxygen ratios of up to 20%, an order
of magnitude greater than that assumed in typical exoplanet haze models. I also
find molecular formulas of prebiotic interest in the data, including those for a variety
of amino acids, nucleotide bases, and several sugar derivatives. Additionally, the
exoplanetary haze analogues exhibit diverse solubilities, which provides insight into

their further alteration and evolution in exoplanetary atmospheres.

The final portion of this thesis centers on the physicochemical properties of
laboratory hazes produced for a Triton-like atmosphere. Triton conditions have
commonalities to the best characterized Titan tholin, yet include larger amounts of
carbon monoxide, allowing for a deeper examination of the role of oxygen-bearing
molecules on haze properties. Using Fourier Transform Infrared Spectroscopy, I
measure the spectra of the analog hazes and measure their composition with high
resolution mass spectrometry. When carbon monoxide dominates over methane in
the initial gas mixture, oxygen content of the solid particles greatly increases, with
observable effects in the near-infrared spectra of the material. These Triton results
emphasize the importance of understanding trace species in the pathway to haze

formation, particularly regarding the role of carbon-carrier and oxygen-carrier species.
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cases where multiple cases are statistically significant to the
same confidence level, to show the higher metallicity value.
Metal-rich atmospheres offer 1o agreement to the data for plan-
ets d, e, and f. High altitude clouds are required with planet
d observations to both 1o and 30, but high clouds are only

needed for planets e and f within the 1o uncertainty bound. .
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Figure 2.3

Figure 3.1

Figure 3.2

All plots show line strength as a function of metallicity for
TRAPPIST-1 d, e, f and g (labeled). We define line strength
as the difference between the maximum peak and minimum
continuum of the transmission spectrum between 1.1 um and
1.7 pm. Each curve shows cloud-top pressures according to
the color bar. 1o and 30 lines show the uncertainty bounds
of the model to the HST observations of de Wit et al. (2018).
For planet g, we plot the highest reduced-y? we were able to
obtain as the line labeled <lo. Note that planet d has a larger
range of line strengths, due to its higher temperature and lower

density coupling to give it a significantly larger scale height. .

Generalized schematic of PHAZER chamber experimental ap-
paratus used to produce the exoplanet haze analogues. Specific
gas mixtures, temperature, and energy source differs between
experimental conditions. . . . . . . ... ...
Results of elemental analysis performed with assignments based
on Orbitrap MS measurements and ¢dmol analysis. “Pla” and
“UV” labels denote whether the sample was produced via AC
plasma or the UV lamp energy source. These values are com-
pared to PHAZER standard Titan tholin sample, with elemen-
tal ratios determined by combustion analysis. All exoplanet
experimental samples have dramatically more oxygen than the
Titan sample, presumably due to enhanced oxygen in the initial
gas mixtures, suggesting that oxygen is readily incorporated
into the solid. These measurements are subject to significant un-
certainties as discussed in Section 3.2.4 and reported in Tables
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Figure 3.3

Figure 3.4

Results of testing various solvents to dissolve the exoplanet haze
analogue solid products for use in the Orbitrap. All samples
here were produced by plasma discharge, as the amount of UV-
produced samples tend to be small and qualitative solubility
observations are not possible. Red hatched squares indicate
complete lack of solubility, yellow checkered squares indicate
that solids partially dissolved, and green shaded squares indicate
substantial solubility. The solvents were tested in subsequent
order left-to-right, stopping if a solvent dissolved the sample.
The solvents tested were methanol (CH3;OH), followed by a
toluene-methanol (C;Hg - CH3OH) solution, followed finally by
a hexane-methanol (CgHy4 - CH30H) and/or a dichloromethane-
methanol (CH2Cly - CH30H) solution. . . . . . . . ... ...
Mass spectrum of a blank (left). Mass spectrum of a soluble
sample (right). The blank spectrum intensity is typically lower
and no clear structure exists as compared to the mass spectrum
of the sample. The insoluble samples have mass spectra that
appear more similar to blank (left) than to the samples that
were soluble (right). We also compared assigned peaks in the
sample against the blank to ensure no potential contamination

was unaccounted for. . . . . . . .. ...
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Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Mass spectra from 150 to 450 m/z for all 100x metallicity plasma
and UV samples, all dissolved in methanol. The 300 K plasma
discharge case shows clear signs of structure, while the two
higher temperature samples are noisy and were not subjected
to further analysis. The 300 K plasma sample intensities were
offset by a factor 10 to clearly show the stair-step structure of
the mass spectra. UV sample spectra are less structured, likely
due to lower sample concentrations. . . . . .. .. ... ...
Mass spectra from 150 to 450 m/z for all 1000x metallicity
plasma and UV samples, dissolved in methanol. While all
are highly structured, the 300 K case of the plasma products
displays a unique shape that indicates its distinctive chemistry

as compared to the hotter two samples. UV sample mass spectra

are all less structured, likely due to lower sample concentrations.

Mass spectra from 150 to 450 m/z for all 10000x metallicity
plasma and UV produced samples, dissolved in methanol. Both
the 300 K and 400 K samples were determined to be soluble
based on their mass spectra. . . . . .. ... ... ... ...
Van Krevelen diagrams of each measured set of samples, show-
ing the hydrogen-to-carbon vs nitrogen-to-oxygen ratios (top
row) and hydrogen-to-carbon vs oxygen-to-carbon ratios (bot-
tom row) in each set of solid haze analogue material. Red
symbols correspond to the 600 K samples, purple to 400 K
samples, and blue to 300 K samples. The labels of compound

regions on the lower 100x plot apply to the entire lower row.
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Figure 4.1

Figure 4.2

Schematic of the PHAZER chamber set-up at Johns Hopkins
University. The 0.5% CO, 0.2% CHy in Ny gas mix is flowed
through the cooling coil submerged in the liquid Ny bath before

flowing into the reaction chamber. The mass flow controllers

are set at 10 sscm so that the pressure in the chamber is 1 mbar.

The gas mixture is then exposed to the AC glow discharge, and
analogue haze chemistry proceeds. . . . . . .. .. ... ...
Top: PHAZER production rates (in mg/hr) of the amount of
solid produced from the Triton gas mixture (CO = 0.5%; CH,4
= 0.1%; top bar in turquoise) compared to our Titan-like tholin
(CH4 = 5%; CO in varying mixing ratios from 0% to 5%; He
et al. 2017, middle and lower orange bars). Bottom: PAMPRE
production rates from the room temperature Pluto-like tholin
(CO = 500ppm; CH4 = 1%, upper light purple bar and CHy
= 5%, lower purple bar) of Jovanovi¢ et al. (2020). Note that
due to differing experimental set-ups, the absolute production
rates between the PHAZER and PAMPRE apparatus cannot
be directly compared and have different x-axis limits. While
CO alters the haze chemistry, higher methane mixing ratios

generate larger amounts of haze material in both experimental
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Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Average elemental composition of Triton tholin from positive,
negative, and combined ions, as determined by Orbitrap MS
analysis (left three bars), combustion analysis (fourth bar), and
comparison to standard PHAZER Titan values from combus-
tion analysis (right). Triton tholin more strongly incorporates
oxygen, apparently through carbon depletion. Hatching on the
right two bars indicates these results come from combustion
analysis. . . ...
Positive (teal) and negative (purple) ion mode mass spectra
of the Triton haze analogue particles from 150 to 525 m/z.
Due to differing ionization efficiencies, the negative ion mode
intensities are systematically lower. Peak groupings of ~13.5
amu repeat across the oberved mass range. . . . . .. .. ..
Double Bond Equivalent (DBE) versus mass. Left (in magenta)
is derived from positive ion measurement; right (teal) from

negative ion measurement. As in seen previous Titan tholin

113

116

characterization, the degree of unsaturation increases with mass. 118

Van Krevelen diagrams of the PHAZER Triton haze analogues
(top) and PHAZER Titan haze analogues (bottom). Left shows
the more typical H/C vs O/C; right shows H/C vs N/C common
in other tholin studies. The molecular character clearly differs
between negative and positive ionizations, underscoring the
need for both to understand the sample’s chemistry. The
nitrogen incorporation also clearly differs between the Titan
sample and the Triton sample produced from a gas mix with
CO dominant over CH,. Note that the axis limits differ between

the left (O/C) and right (N/C) columns. . . . . . .. ... ..
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Figure 4.7 An empty Van Krevelen diagram showing H/C vs O/C with

Figure 4.8

Figure 4.9

shaded, labeled regions denoting where particular molecular
functional groups tend to cluster, following Ruf et al. (2018).

Transmittance (teal) and reflectance (periwinkle) of the Triton
tholin. A downward slope is visible from 15000 cm™! in trans-
mission and features from O-H, N-H, C-H, C=C, and C=N
are present from 4000 to 2000 cm™! in both transmittance and

reflectance spectra. The relfectance spectrum has been offset

from the transmittance spectrum in the NIR by 0.4 for clarity. 1:

Transmittance spectra of various tholins produced from No-CHy
mixtures. The full details of each experiment can be found
in Table 4.111. Some features are present in all tholin. In the
Triton tholin of this work, we attribute some of the broadening
between 3500 and 3200 cm ™! and additional absorption between
3000 and 2500 cm ™! to be due uniquely to O-H bonds. These
bonds likely result from CO > CHy in the initial gas mixture.

All spectra have been offset vertically for clarity. . . . . . ..
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Chapter 1

Introduction

“If you wish to make an apple pie from scratch, you must first invent the universe.”

— Carl Sagan, Cosmos

1.1 Foreword

Where to start? How does one sum up five years’ worth of work that took turns and
stops and starts? No one expects a Global Pandemic'. The fourth chapter of this
work, intended to continue the previous chapters’ focus on exoplanets, instead is now
concerned with Triton, Neptune’s largest moon. As such, this introduction, which
once would have been a “streamlined”” discussion of our current understanding about
exoplanet aerosols, now must rise to the task of linking exoplanet atmospheres to
that of a small, cold outer moon whose atmosphere is so tenuous that we aren’t sure
whether it persists across its whole year. Forgive me if [ aim too high and miss. Yet,

we must try, so here goes nothing...”

1Or the Spanish Inquisition

2unlikely

3Tt should be noted that this chapter is the only one that will never be published. No one reads
dissertations anyway, right? My inner voice of snarky asides therefore has been allowed to run free,
but I have done my best to relegate these to footnotes.



1.2 Planetary Atmospheres Near and Far

All kinds of star systems have been found to have planets, from our own Sun to binary
systems to brown and red dwarf stars to white dwarfs to pulsars. The presence of
hot Jupiters and now mini-Neptune and super-Earth type planets has revolutionized
our understanding of planet formation and star system structure. We went from not
knowing for certain if any planets existed outside our Solar System to being able
to statistically say that stars, on average, have at least one planet (Fressin et al.,
2013). In only 30 years, the field of exoplanets has gone from merely theoretical to
bursting with new discoveries. In light of this overload of new exoplanetary data,
the atmospheres of distant worlds are within our grasp through models and through

spectroscopic observations.

This work all depends on our understanding of the radiative transfer processes
within these atmospheres, which depends in turn on composition, particle size, cloud
properties and locations, and our ability to model these aspects of the atmosphere in
computationally reasonable ways. Furthermore, all of these properties have profound
implications for planetary habitability, from determining the surface temperature and
allowing liquid water (or other molecular species that could enable life to prosper)
to protecting the surface from harmful radiation. Due to the many uncertainties in
the above quantities, experimental work provides a way forward to both provide data
where it is lacking and inform the data that comes down from telescopic observations.
These experiments are only beginning — much analysis remains; more phase space

awaits .

At the same time, our own Solar System teems with a fascinating diversity of
worlds, from terrestrial planets to gas giants to moons with oceans under the surface.

The detailed physics and chemistry we can obtain from our own cosmic backyard has

“Yay for job security?



much to teach us about the workings of planetary atmospheres, and only by putting
together our ideas about the formation and evolution of Solar System planets and

exoplanets can we hope to know the workings of planets as a whole.

In both our Solar System as well as for exoplanets, initial results powerfully show
that experimental work is paramount to understanding future model and observational
data in the upcoming era of JWST, large ground based telescopes, future space-based
missions, and further Solar System exploration. Our galactic neighborhood grows ever
more crowded with potential worlds, and all techniques must work in concert with

each other to understand them, near and far.

1.2.1 Atmospheric Origins

Broadly speaking, atmospheres can be broken down into two types, primary and
secondary atmospheres. Primary atmospheres are those that are directly accreted
from the protoplanetary disk, and are largely comprised of molecular hydrogen and
helium, with lesser contributions from other refractories and volatiles, the exact
compositions of which are set by the snowlines of each species and evolve with time
and location within the disk. The composition of the primary atmosphere, and its
C/O ratio in particular, is therefore often treated as a tracer for the location of the
planet’s formation, though both planetary migration and chemical evolution over the
timescale of atmospheric accretion complicate this simple picture (Eistrup et al., 2018).
If a planet loses its primary atmosphere — whether due to thermal or hydrodynamic
escape, impact erosion, or otherwise — a secondary atmosphere can be generated by
volcanic outgassing (e.g., Kite & Barnett, 2020) or cometary impacts (e.g., Zahnle
et al., 2020).

Recent work also suggests that there may be a universal control on whether or not a
world — within the Solar System or beyond it — maintains an atmosphere, as determined

mainly by the balance between instellation and its escape velocity, a concept known



as the “cosmic shoreline’” (Zahnle & Catling, 2017); see Figure 1.1. However, such a
relation does not tell us whether an atmosphere is thick or thin, primary or secondary.
This dichotomy is made more pressing by the fact that the most common planet
archetype, sub-Neptunes, appear to be made up of two populations, super-Earths and
mini-Neptunes, with a so-called Radius Gap of fewer planets around 1.6 Rg (Fulton
& Petigura, 2018; Fulton et al., 2017). This transition in planetary radius could occur
through escape of the original, primary atmosphere by photoevaporation or other
thermal escape processes or be the natural result of planetary formation (Cloutier &
Menou, 2019; Gupta & Schlichting, 2019); see Figure 1.2. Knowing the atmospheric
composition could offer a window into a planet’s formation and evolutionary history,
breaking the degeneracy between these two processes, yet for the vast majority of
planets outside our Solar System, our mass and radius measurements are not yet
precise enough to constrain even the planet’s bulk composition (e.g., Damasso et al.,

2018), much less its atmosphere (Batalha et al., 2019).

A multitude of processes clearly shape a planetary atmosphere (overviewed in
Figure 1.3) after its formation, including instellation from the host star, atmospheric
escape, photochemical and disequilibrium processes in the upper atmospheric layers
to dynamics, mixing, and chemical equilibrium at depth for thick atmospheres, or
atmosphere-surface interactions for thin atmospheres. The challenge for both as-
tronomers and planetary scientists is to determine which process(es) dominates a

particular atmosphere to produce the observed or modeled planet.

1.2.2 Measuring Atmospheres

For worlds of the Solar System, our options to measure the composition and dynamics
of atmospheres rely primarily on imaging both from Earth or from flybys/orbital

missions, with lesser contributions from solar occultations or, when we're lucky’, in

®Sometimes astronomers/planetary scientists can be poetic.
Sor NASA is especially motivated
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Figure 1.1. The “cosmic shoreline”, as proposed in Zahnle and Catling (2017), showing
the worlds of the Solar System (colored shapes) and exoplanets (blue circles) with and
without atmospheres. Adapted from Zhang (2020).

situ probes. An excellent example of the power of a solar occultation is shown in Figure
1.4. The shape of the lightcurve allows us to observe that Pluto has an atmosphere
while Charon does not — the dropoff in flux as Pluto’s atmosphere absorbs sunlight is
gradual as the atmosphere becomes more and more optically thick, creating a sloped
lightcurve before it flattens out, while the flux dropoff from Charon is sharp and

immediate as the solid, atmosphere-less body blocks our view of the sun.

Exoplanet transits offer a similar viewing geometry, and if we had the same kind of
time and spatial resolution as a flyby, we could perform a similar measurement to detect

whether or not a particular planet has an atmosphere. Transmission spectroscopy,
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Figure 1.2. The Radius Valley (Fulton et al., 2017), suggesting that sub-Neptune worlds
are the most populous in the galaxy with a dearth of planets around 1.6 Rg. This valley
could form by photoevaporation driving mini-Neptunes into super-Earths (Owen & Wu,
2016). Adapted from Zhang (2020).

by splitting the light up by wavelength, allows us to infer the presence of particular
molecular absorbers, enabling atmospheric detections. A schematic of transmission

spectroscopy is found in Figure 1.5.

In addition to transmission spectroscopy, exoplanet atmospheres can also be
observed through emission spectroscopy, where light directly radiated away by the
planet is inferred when the planet is in secondary eclipse with its host star, and from
direct imaging, where light reflected directly off the planet is detected. While these
latter two techniques have much to teach us about exoplanet atmospheres and their
aerosols, here I focus primarily on transmission spectroscopy given its prevalence of

use.
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Figure 1.3. An overview of the processes at work in planetary atmospheres and the
wavelengths that penetrate each depth of the atmosphere. A subset of elemental and
molecular species which can be probed at these wavelengths and temperature profiles
of a highly irradiated planet with a temperature inversion (red), without a temperature
inversion (blue), and a poorly irradiated planet (grey, dashed) are also shown. Adapted
from Madhusudhan (2019).
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Figure 1.4. A solar occultation of Pluto (right) and its moon Charon (left), from the New
Horizons flyby. Flux is shown as a function of time. The shape of the lightcurve shows the
presence of an atmosphere vs a world with none. Image credits: NASA/JHUAPL /SwRI
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Figure 1.5. A exoplanet transit depth lightcurve, divided by wavelength. At certain
wavelengths, the atmosphere is more optically thick and less light is transmitted. Image
credits: NASA's Goddard Space Flight Center

1.3 Aerosols: Clouds, Hazes, and Tholins

Before we delve into a discussion of the observational evidence for aerosols’*® across
a diversity of atmospheres, it is instructive to be abundantly clear’ about the usage
of terms. As in Gao et al. (2021), which was itself inspired by Horst (2016), T use
throughout this work the terms “clouds” and “hazes” in the following way: Clouds are
particles suspended in the atmosphere that are generated purely through condensation.
That is, a temperature-pressure differential forces vapor into solid or liquid particles.
In most cases, this process requires moist convective action in the atmosphere, as

vapor is lofted to higher (and therefore cooler) altitudes. For hazes, I imply particles

"For planetary scientists. if you ask an Earth climate scientist about this, as I did once during a
department social hour, your head will hurt.

8Writing your dissertation on aerosols during a Global Pandemic”™ that is primarily trasmitted by
aerosols and which literally forced a reckoning between physical aerosol scientists and infectious disease
scientists — https://www.wired.com/story /the-teeny-tiny-scientific-screwup-that-helped-covid-kill/ —
is a trip, let me tell you.

9Ha!



that are the result of a chemical, and more specifically usually photochemical, process.
Incident stellar light breaks apart the constituent gases of the atmosphere, which
form ions and radicals that subsequently continue reacting until solid particles of
increasing complexity are produced. This process begins naturally then at the top of
the atmosphere, or at the depth at which stellar photons are able to penetrate. In
this sense, clouds can be thought of as a “bottom-up” phenomena while hazes are
more “top-down”. Figure 1.6 shows all the major known condensate cloud species
temperature-pressure dependencies, along with the atmospheric temperature-pressure

profiles of Solar System worlds and a handful of extrasolar worlds and brown dwarfs.

While in some sense these definitions are rather rigid, implying a physical under-
pinning for clouds and a chemical underpinning for hazes, the truth is likely murkier'”.
In some cases, the condensable gas in an atmosphere can only form through a chemical
reaction, as occurs with the sulfuric acid clouds of Venus. In other cases, hazes them-
selves may act a seed particles, or cloud condensation nuclei, upon which a cloud may
eventually form (e.g., Gao & Benneke, 2018; Yu et al., 2020). Atmospheric dynamics
may drive both gases and particles out of equilibrium where they initially form, compli-
cating the simplistic “bottom-up” and “top-down” picture I've painted. Nevertheless,
these definitions offer a useful framework for understanding the mechanisms behind

aerosol formation on a variety of diverse worlds.

In contrast to these real substances found in planetary atmospheres, we next turn
to the definition of “tholin”. First coined by Carl Sagan and Bishun Khare in 1979"",
tholin refers to the solids or residues produced when gas or ice mixtures are subjected
to UV, X-ray, or other energetic discharges which kickstart chemical reactions. These
tholins are therefore meant to represent our best guess of the results of a particular

planetary atmospheric or surface condition or process, but tholin is not the actual

0or hazier, if you will
T think star tar is better, but they didn’t ask me.
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Figure 1.6. Temperature-pressure profiles for all major atmosphere-having Solar System
worlds, along with a subset of those for exoplanets and brown dwarfs. GJ 436 b is a sub-
Neptune, HD 209458 b a “typical” hot Jupiter, and WASP-189 b an ultra-hot Jupiter. The
dashed lines show condensation curves of major expected and observed cloud species. Solar
metallicity abundances are assumed for most condensates. Note that these cloud curves are
metallicity dependent and since they assume solar metallicity, Venus' temperature-pressure
profile does not cross the condensation curve of H,SO, in this schematic at the actual
location clouds form on Venus. Additionally, Venus' sulfuric acid clouds are also likely not
pure HySOy, but contain some percentage of water as well, depressing the condensation
temperature. Adapted from Zhang (2020).

substance that swirls about a planetary atmosphere or coats an icy surface. We use
tholins, and the laboratory generally, to better understand the physical and chemical
processes and properties of aerosols on other worlds, but until a mission can directly
sample this aerosol material'?, we cannot be sure how close our experiments come to
reality. While particular properties of specific tholins may match certain observations
better than others, we still must always caution that tholins are a laboratory substance,

not a real aerosol.

12¢cough—Dragonfly—cough

10



1.4 Observational Evidence for Planetary Aerosols

Many of the exoplanets that host atmospheres have muted transmission spectra
(Pont et al., 2008; Wakeford et al., 2019b), indicative of significant and as of yet
unconstrained opacity sources in their atmospheres. Aerosols, i.e., clouds and hazes,
are a potential explanation for this observational feature. In fact, the very first
hot Jupiter exoplanet transmission spectrum showed a weaker sodium feature than
expected from a clear sky, solar metallicity atmospheric model (Charbonneau et al.,
2002), which could be explained by a high altitude aerosol layer. Since then, muted
spectral features have been detected in dozens of atmospheres. Either clouds or hazes
in these atmospheres, or some combination thereof, have been invoked to explain the
observed spectra of these exoplanets (e.g., Dragomir et al., 2015; Knutson et al., 2014b;
Kreidberg et al., 2014a; Sing et al., 2016). Given the ubiquity of clouds and hazes
on every world across our own Solar System, aerosols on extrasolar worlds should be
expected, not surprising'?. In fact, the first theoretical studies of hot Jupiters did
indeed include cloud treatments (e.g, Brown, 2001; Hubbard et al., 2001; Seager &

Sasselov, 2000), but subsequent work then ignored clouds for nearly the next decade.

In the Solar System, evidence for aerosols often comes from imaging, where we
see for example the alternating bands of bright and darkly colored clouds on Jupiter
or short-lived bright white clouds on Neptune. On hazier worlds, we often see
enhancements in blue scattered light in the upper atmosphere, as on Pluto (see Figure
1.7) or Titan. Titan’s thick haze in the atmosphere eventually becomes optically thick

and gives the moon its characteristic orange color in visible wavelengths.

The more detailed information we gain from spectroscopic studies of Solar System
atmospheres can tell us about the particle size and shape, but spectra are often all we

have to go on for exoplanet atmospheres, wherein the whole planet is reduced to the

Band yet

11



Figure 1.7. Pluto’s haze layers, which because of their small particle sizes, are dominated
by Rayleigh scattering and appear a serene blue. Image credits: NASA/JHUAPL/SwRI/-
Jason Major

dimming of light over the course of a planetary transit. A first evidence of diversity
in exoplanetary atmospheres, as is clear exists in the Solar System from the vibrant
range of colors and shapes we see, was strongly shown in the collection of hot Jupiter
transmission spectra from the PanCET (PanChromatic Exoplanet Treasury) program

from Hubble observations, as displayed in Figure 1.8.

There, Sing et al. (2016) showed a continuum of cloudy to clear atmospheres,
with increased slopes toward the blue, indicative of smaller, high altitude particles,
and weakened features in the infrared around the water band at 1.4um. The very
best evidence for aerosols in a sub-Neptune atmosphere came with the mini-Neptune
GJ 1214 b. Its infrared spectrum was measured to extremely high precision with
Hubble, disproving a clear solar metallicity atmosphere, a clear water atmosphere, or
a clear methane atmosphere, as shown in Figure 1.9. Given its mass and radius, its
bulk composition dictates it must be made mostly of hydrogen and helium, yet the
measured transmission spectrum is devoid of any molecular features. This was smoking
gun evidence that either clouds or hazes (or both) were present in the atmosphere
and dramatically altering our telescopic observations. This planet set off a plethora of

studies to explain how and what kinds of clouds and hazes could cause the observed

12
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Figure 1.8. The wide diversity of aerosol conditions for a range of hot Jupiter atmospheres,
as observed by Hubble. Adapted from Sing et al. (2016).

spectrum (e.g., Charnay et al., 2015; Gao & Benneke, 2018; Miller-Ricci Kempton

et al., 2012; Morley et al., 2013; Ohno & Okuzumi, 2018).

13



a 1500 ——T T T T T —T— T

E 1000 - -
Q
\9_/ - 4
£ 500
(0]
©
5 0
g i ‘
o -500 .- + Solar
= I .. — 100%H,0 ]
& -1000 |- i
1500 N T T . . . [ AL G
06 08 1.0 2.0 3.0 40,50
b T T T T T T T T T T T *
200 [ 100% CH, |

100% H, O |

150 -
I 100% CO, ]

100
50

-50

Relative transit depth (ppm)

-100

!

-150 L | L | L | L L
1.1 1.2 1.3 1.4 1.5 1.6 1.7

Wavelength (um)

Figure 1.9. Hubble observations of GJ 1214 b. Aerosols must be present in the planetary
atmosphere to explain the flatness of the measured transmission spectrum of this mini-
Neptune. Adapted from Kreidberg et al. (2014a).

As additional sub-Neptunes amenable to atmospheric characterization have been
found and their atmospheres measured, clouds and hazes have been observed to be just
a ubiquitous beyond the Solar System as inside it. A very tentative trend has been put
forward with the half dozen sub-Neptune planets thus characterized, which suggests,
as for hot Jupiters (Gao et al., 2020), that a strong compositional trend exists wherein
planetary atmospheres colder than ~800 K are dominated by photochemical hazes.
Crossfield and Kreidberg (2017) suggested this is due to the stronger methane mixing
ratios that exist under chemical equilibrium at these temperatures. In Figure 1.10, this
tentative trend is shown, with the height of the water feature increasing as a function

of increasing temperature. Because spectroscopic measurements of sub-Neptunes are
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currently mainly limited to the wavelength coverage and transit depth precisions of
Hubble, whether this trend will persist with more planets and at all wavelengths, such

as those covered by JWST, remains to be seen.
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Figure 1.10. An extremely tentative trend of exoplanet haziness with temperature,
suggesting that hazier planets are those with temperatures below 800 K. Adapted from
Crossfield and Kreidberg (2017).

1.5 Modelling Planetary Atmospheric Aerosols

When attempting to explain the observed contributions of aerosols near and far, the
accuracy and efficiency of models depends on the parameterization and simulation of
the relevant physical processes. There must be a subtle balance between simplifying
the physical equations and resolution so the computational expense is reasonable while

still maintaining clear and meaningful results.
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1.5.1 Types of Models

The way atmospheric models treat aerosols varies greatly in complexity, with the
level of detail in approximating the aerosol’s effect on the atmosphere dependent
on the exact question we're trying to answer. In the simplest' of cases, a highly
parameterized model is usually used for the computationally intensive process of
atmospheric retrievals. In this case, aerosols are usually treated as a gray cloud
absorbing completely at some atmospheric pressure level or as enhanced Rayleigh
scattering through either a multiplicative amplitude factor or a higher order power
than the 4 used in a true Rayleigh scattering case (e.g., Goyal et al., 2018); see
further examples in Gao et al. (2021). Increasing in complexity, spherical particles
treated by Mie theory, spatially distributed aerosols, or a few different compositions
of aerosol have often been included in retrievals (Barstow, 2020; Gao et al., 2021). A
review of the various implementations reveals that while we cannot determine the
specific properties of the aerosol with current retrieval efforts, the ultimate effect on
the atmosphere overall does not depend on the particular aerosol implementation
(Barstow, 2020).

Moving to slightly less parameterized methods, radiative-convective models calcu-
late the temperature and pressure at which a cloud will condense (see Figure 1.6 for
examples of these), but do not nescessarily account for the microphysical processes
that dictate whether a cloud will actually form. The widely used Ackerman and
Marley (2001) — often called “Eddysed” — is frequently used in forward modeling
(e.g., Morley et al., 2015) and generates cloud particle distributions by invoking
radiative-convective equilibrium and essentially balancing whether a particle can stay
aloft or whether it sediments out of the atmosphere. Eddysed includes vertical mixing
and can treat multiple cloud species at once as long as the optical properties are

known. Photochemical models attempt to generate hazes from the initial gaseous

Mor most complex?
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contents of the atmosphere (Hu & Seager, 2014; Kawashima & Ikoma, 2019), but
rely implicitly on our knowledge of the relevant chemical reactions'”. Some pseudo-
photochemical models use a “haze efficiency” parameter, where some fraction of a

subset of photochemically active gases'®

are agnostically prescribed to end up as
haze particles (Morley et al., 2013), the properties of which depend on the particular
implementation. Microphysical models are used to kinetically calculate the number,
particle size distribution, particle shape, and extent of aerosols. To do this, they
calculate the production rate of particles based on their nucleation efficiencies, which
in turn are generated from the number density of cloud condensation nuclei and
the composition and material properties of the cloud species in question. Various
microphysical models exist for use in planetary and exoplanetary aerosols, but some
of the more well-known are CARMA (e.g., Gao & Benneke, 2018) and DRIFT (Helling,
2019), whose heritage come from rather opposite ends of astronomy and planetary

science, with the former being developed from Earth-based models and the latter from

gas-grain chemistry of molecular clouds.

Finally, in even further complexity, some models treat the full extent of atmospheric
mixing through turbulence and diffusive mixing in 3-D GCMs once aerosols are
generated in the model. However, these models are somewhat beyond the scope of
this thesis and the work it contains, so I direct the reader to a review of these found

in Gao et al. (2021)'".
1.5.2 Radiative Transfer in Atmospheric Models

Cloud and haze properties that affect radiative flux are complex. Thermal emission
requires knowledge of the emissivity and temperature of the aerosol particles, while

vertical fluxes throughout the atmosphere depend on aerosol particle cross-sections,

3which are, to say the least, underconstrained
6spoiler: it’s almost always methane and its initial photochemical products
17this section is already too long and we have to move on.
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their scattering phase function, and the albedo for each species in the atmospheric
composition for which clouds can form. Additionally, aerosol temporal and spatial evo-
lution is governed by many other processes. Nucleation is the microscopic description
of the process by which the gases in the atmosphere condense, for example through
collisions of particles in the vapor phase into larger molecules. Evaporation, diffusion,

precipitation, and coalescence all also affect the cloud dynamics (Marley et al., 2013).

Due to the lack of observational constraints, the first of many exoplanet atmospheric
models treated cloud effects in an extremely simplified manner, by merely accounting
for a cloud’s influence as a modified surface albedo. A reference case is obtained by
adjusting the surface albedo to obtain the mean surface temperature of an Earth-like
system. The adjusted surface albedo found to match the observed surface temperature
of Earth is then used in all further model calculations, assuming that the net effect
of clouds on the climate is captured without regard to cloud composition, size, or
optical properties such as scattering or optical thickness (Marley et al., 2013). This
method is extremely crude, and cannot be used in cases that significantly deviate
from the reference used (usually Earth), as ought to be the case more often than
not given the great diversity of planetary atmospheres and their constituents. Less
simple models may try to include cloud effects where the particular properties of the
clouds are known or have been studied. In the case of water clouds, the microphysics
have been developed for Earth models, and mean cloud properties under different
atmospheric conditions can be folded in. Still, assumptions about the distribution of

cloud condensation nuclei must be made (Gao et al., 2021; Marley et al., 2013).

Specific radiative properties of each atmospheric component must be computed,
which means a hierarchy of models are frequently necessary to achieve each coefficient
used in a given atmosphere. The atmospheric components of a given atmosphere are
determined through spectroscopy, where specific absorption lines denote particular

gases. However, planetary atmospheres typically have hundreds of thousands of lines
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and features, and the model must determine absorption coefficients for each gas at
specific temperature and pressure. Alone, this is already computationally expensive.
This is complicated by the fact that there can be huge uncertainties in the exact
behavior of absorption features: multiple transitions to non-quantized upper states
can create a continuum instead of distinct line features, molecular collisions behave
differently than single molecules creating new additional spectral lines, and so on.
Some of these collisions may be very rapid, which leads to very wide lines which can
overlap and create a continuum rather than individual features (Forget & Lebonnois,
2013).

Several methods for dealing with the radiative transfer problem exist. The simplest
is called the gray gas radiative transfer scheme, in which the radiative transfer is
simply assumed not to be wavelength dependent'®, and the absorption coefficient is
constant across all wavelengths of incoming radiation. Sometimes this is extended to
a “semi-gray” regime where shortwave and longwave radiation are treated separately
(e.g., Koll & Abbot, 2016). These approximations work fairly well for global means,
but absolutely cannot capture many specifics, such as cloud or haze effects. The next
approach is called a two-stream approximation, where the radiative flux is broken into
an upward stream and a downward stream, instead of having to account for scattering
in each direction. For application in planetary atmospheres, the consequence of the two
stream approximation is often that one absorption coefficient is used at longer, thermal
radiation wavelengths and another approximation is used at shorter wavelengths, as
in the semi-gray gas case, but with a slightly more complicated parametrization to
represent strong forward scattering by small particles at shorter wavelengths (e.g.,
Forget & Lebonnois, 2013).

Another approach would be a line-by-line algorithm, wherein the monochromatic

equation of radiative transfer is solved at a given wavelength for known lines one by

Ban utterly incorrect assumption!

19



one. Databases of spectroscopic molecular absorption information exist for Earth, but
the full range of temperature and pressure space to cover Solar System and exoplanet
regimes does not. Several databases are actively tackling this problem for other worlds,
such as the most frequently used for exoplanets, HITRAN (Gordon et al., 2017) and
its offshoot for significantly high temperature atmospheres, HITEMP, and ExoMol
(Chubb et al., 2021; Tennyson & Yurchenko, 2012). The parameters in HITRAN and
ExoMol are a mixture of direct observations, theoretical calculations which result from
quantum-mechanical solutions, and semi-empirical values. Different line lists offer
slightly different values of the molecular absorption depending on their accuracy and
applicability to a particular atmosphere given temperature and pressure conditions,
and thus the choice of line list for a model can have great repercussions in interpreting

data (e.g., Madhusudhan, 2019).

A line-by-line calculation is heavily taxing computationally, so many models,
particularly already complex ones like Global Circulation Models (GCMs) typically
use instead band models, which integrate radiative flux with respect to wavelength
over many different lines and attempt to statistically represent the behavior of photons
within bandwidths. In this sense, band models are somewhere between a line-by-line
and two-stream model. Finally, the most widely used development in radiative transfer
algorithms, which is oft used for forward modeling — the subject of Chapter 2 — is the
correlated-k distribution technique. In the correlated-k approach, individual absorption
intensities derived from a line-by-line spectrum at given temperature and pressure are
used to derive probability density distributions at a given resolution (Lacis & Oinas,
1991). In effect, this treats opacity as correlated'’ throughout the atmosphere, and it
is generally considered quite accurate while tractable computationally (Leconte, 2021;

Zhang et al., 2020).”"

Yhence the name

20T would like to personally shout out Zhang et al. (2020) for their excellent description of the
correlated-k method that was the first to ever make intuitive sense to me. Any failure to translate
that here is the fault of mine alone.
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Clearly, the addition of a more realistic radiative transfer scheme allows more
situations to be probed, and despite the computational cost provides valuable un-
derstanding to the conditions and will be paramount to teasing out the possible
conditions, including habitability, of exoplanets. However, especially in the case of
the new regime of mini-Neptunes and super-Earths, we have little understanding of
the wavelength specific behaviors of any atmospheric hazes or clouds, or even what
the major atmospheric constituents might be. While a few of these are included in
HITRAN, for example, they are a tiny fraction of what likely exists out in the universe.
To that end, we must turn to laboratory experiments to begin to probe the possible

phase space in order to provide predictions upon which models can rest.

1.6 Experimental Approaches in Planetary Hazes

*! The vast majority of laboratory experiments investigating hazes have been performed
for Titan’s atmosphere, though in many ways tholin experiments have heritage back
to the Miller-Urey (Miller, 1953; Miller & Urey, 1959) “primordial soup” experiments
investigating prebiotic synthesis on the Early Earth. For Titan experiments, gas
mixtures primarily are made up of Ny/CHy4 and are performed at room temperature
(<300 K) or colder. Such experiments have been performed since the 1970s, even
in advance of the Voyager spacecraft’s visit to the Saturn system, given the ample
evidence for Titan’s aerosol layer from remote sensing (e.g., Bar-Nun & Podolak, 1979).
Our current knowledge of exoplanet aerosols is in some sense therefore mirroring this
history of Titan aerosol work. An excellent in-depth review discussing the effect
of the particular energy source, gas mixture, temperature, and experimental set-up
on the resulting composition, structure, and optical properties of the solid and the

composition and yield of gas phase products for Titan experiments in particular is

21Full disclosure, much of this section is adapted from the laboratory section of a recent review of
exoplanet aerosols, of which T am a coauthor: Gao et al. (2021). T have expanded upon that section
in all its messy glory for this introductory chapter of my thesis.
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found in Cable et al. (2012). I discuss the relevant prior experiments for Triton at more
length in Chapter 4, but here I focus primarily on the newer generation of exoplanet

experiments that have been performed in the last several years.

In general, haze analogue experiments involve exposing various gas mixtures in a
chamber under vacuum to an energy source, which dissociates and ionizes molecules
that can then recombine and grow into larger haze particles. Initial experiments cover
a variety of possible atmospheres and temperatures, from those of hot Jupiters to
temperate terrestrial planets. Each laboratory is distinct in its choice of temperature,
pressure, and composition phase space, as well as in its technical practicalities such as
the gas flow rate and the choice and power of energy source(s). Since only a handful
of exoplanet focused experiments have yet been performed, due caution must be taken
when drawing larger trends out of their results. This is yet another area where Solar
System experiments can offer great insight since they have had much more time to
pursue the specifics of any tentative trends exposed by these exoplanet experiments.
Additionally, since as discussed above, the true atmospheric constituents of exoplanets
are very poorly constrained, gas mixtures in these experiments is either based on

equilibrium model predictions or extrapolations of Solar System compositional regimes.

Fleury et al. (2019) performed a study for a hot Jupiter-like atmosphere by
running an experiment of Hy and 0.3% CO at temperatures of 600 K to 1500 K. They
exposed this mixture to a UV lamp giving off Lya, 121.6 nm photons to simulate the
photochemistry of the upper atmosphere. No solid aerosol material was observed for
most of their temperature range except at 1473 K and after very long UV exposure
times, though contamination by the ambient atmosphere influenced their results.
In the PHAZER laboratory at JHU, upon which the work of this dissertation is
primarily focused””, He et al. (20182) and He et al. (2018h), He et al. (20202), He et al.

(2020Db), Horst et al. (2018a) have conducted a series of experiments targeting hazes in

22Meaning I have excised discussion of my own results to Chapter 3
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mini-Neptunes and rocky planets with temperatures between 300 and 800 K. The gas
mixtures chosen for this series of sub-Neptune atmospheres are dominated by Hs, HyO,
and COs, with varying amounts of CH,, CO, NHj, Ny, and H,S, as determined by
equilibrium chemistry calculations at metallicities from 100x to 10000x solar. Both
plasma discharge and UV energy sources were used, mimicking stellar photons for the

latter and a more generalized “energetic upper atmosphere” for the former.

These sub-Neptune experiments showed that increasing Hy tended to decrease
aerosol particle production, while the water-dominated atmospheres actually pro-
duced more haze than Titan experiments, suggesting that some temperate terrestrial
atmospheres may be extremely hazy (He et al., 2018a; Horst et al., 2018a). The
visible appearance of these haze materials are highly diverse, as shown in Figure 1.11,
implying that the resulting optical properties and influence of photochemical hazes on
spectra will be equally diverse. This result also suggested accompanying diversity in
exoplanet haze compositions (the subject of Chapter 3 of this work) would vary greatly
as well. In addition, the inclusion of sulfur species appears to dramatically increase
haze production in terrestrial-like CO5 atmospheres, which results in organosulfur
haze compositions (He et al., 2020a; Vuitton et al., 2021). Organosulfur hazes are
in contrast to the elemental sulfur species, such as Sg, that have been predicted by
some photochemical models (Hu & Seager, 2014; Zahnle et al., 2016), underscoring
the importance of laboratory work in concert with modeling approaches. Another
study examined No/CH,/HyS gas mixtures (Reed et al., 2020) and also produced
organosulfur haze materials, hinting that oxygen-bearing species are not essential
to the production of organosulfur hazes, opening the possibility for their presence
in more reducing atmospheres. Gas phase compositions from the mini-Neptune and
super-Earth experiments include a substantial abundance of organic species (He et al.,
2019), the implications for which I explore further in Chapter 3. Previous more

oxidizing Solar System gas mixture experiments, mostly focused on the atmospheric
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chemistry of the Early Earth, demonstrated that oxygen is readily integrated into
the haze particles along with nitrogen and carbon (Hasenkopf et al., 2010; Horst &
Tolbert, 2014; Trainer et al., 2006; Ugelow et al., 2018), which is also borne out further

in Chapter 3 and 4 of this dissertation.
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Figure 1.11. Laboratory hazes made from hydrogen-rich, water-rich, and carbon dioxide-
rich atmospheres from 300 K to 600 K show significant variance in visible color, hinting at
observable differences for future telescope observations of exoplanet aerosols. Adapted

from He et al. (2018b).

Critically, exoplanet aerosol experiments have demonstrated that methane, long

used in the exoplanet literature as an essential component of haze formation (e.g., Gao
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et al., 2020; Kawashima & ITkoma, 2019; Morley et al., 2015), is not always needed
to produce substantial amounts of haze (Fleury et al., 2019; He et al., 2018a; He
et al., 2020a; He et al., 2020b; Horst et al., 2018a) and that exoplanet hazes likely
contain more than just hydrocarbons or by-products of methane photolysis (Reed
et al., 2020; Vuitton et al., 2021). While methane may be an intermediary gas product
in some of the experiments that use CO and CO, as the primarily carbon reservoir,
as in Fleury et al. (2019), gas phase results show that it is not part of the chemical
pathway in all cases, which instead seem more dependent on CO or CO, photolysis
(He et al., 2019; He et al., 2020b). Additionally, photochemical models are typically
limited to hydrocarbon species containing up to only five carbon atoms (Arney et al.,

2017; Zahnle et al., 2016) or even fewer (Kawashima & Ikoma, 2019), but laboratory
work focusing on Titan hazes shows that higher order reactions must be considered to
realistically capture aerosol growth (Berry et al., 2019). Taken as a whole, laboratory
results have clearly shown that the formation of haze in exoplanet atmospheres is not
nearly as simple as that assumed in previous and current models (Gao et al., 2020).
Given the vast phase space in temperature and composition that exoplanets likely
occupy, a correspondingly complex array of haze species and properties should be

inferred.

These results may complicate the idea that a transition exists from silicate clouds
to hydrocarbon hazes in light of the possible increase of CHy below 950 K (Crossfield
& Kreidberg, 2017; Gao et al., 2020). However, both the hot Jupiter results (Fleury
et al., 2019) and the mini-Neptune/super-Earth results (He et al., 2018b) tentatively
suggest that increased temperatures result in refractory haze particles, which could
be consistent with hydrocarbon “soots” that are also sometimes used in exoplanet
modeling studies (Gao et al., 2020; Lavvas & Koskinen, 2017; Morley et al., 2013).
Many more experiments must be performed to fully validate this hypothesis in

conjunction with observations to test the proposed hydrocarbon haze to silicate cloud
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transition.

Gavilan et al. (2017) and Gavilan et al. (2018) conducted spectroscopy and
ellipsometry of solid material produced from essentially Titan-like atmospheres at 300
K, with the addition of CO,. They found that the aerosols they made were composed of
complex organics, with prominent amide, hydroxyl, and carbonyl groups. In addition,
the increased oxidation of the hazes were found to strongly increase their absorptivity
in the UV and the mid-IR, particularly between 0.13 and 0.3 gm and 6 and 10 pm, as
well as blueshift the absorption edge from the visible to the UV, consistent with an
early Earth experiment of similar composition (Hasenkopf et al., 2010). In contrast,
another similar composition early Earth-focused laboratory study, but which also
contained molecular oxygen, found no UV absorption from oxidized hazes, though
their experimental set-up limited their results to discrete wavelength measurements at
405 and 450 nm (Ugelow et al., 2018). These works constitute the only measurements
of spectra or refractive indices of exoplanet haze analogs thus far and likely represent
only a tiny fraction of the potential diversity of haze optical properties. Solar system
studies have shown that gas composition, pressure, temperature, and energy source
all impact the spectral response of the resulting haze particles (Brassé et al., 2015;

Imanaka et al., 2004).

Measuring the optical properties of exoplanet aerosol materials allows for a direct
link to observations and models of exoplanet atmospheres. While refractive indices of
a variety of cloud compositions exist (Wakeford & Sing, 2015); see Figure 1.12; these
measurements are not necessarily representative of exoplanet atmospheric conditions
since most were performed at temperatures and pressures easier to replicate in Earth-
based laboratories. Meanwhile, the most frequently used (e.g., Gao et al., 2020;
Kawashima & Ikoma, 2019; Kitzmann & Heng, 2018; Morley et al., 2015; Ohno &
Kawashima, 2020; Wakeford & Sing, 2015) set of haze refractive indices in exoplanet

investigations have come from the work of Khare et al. (1984), who measured the
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optical properties of Titan tholins from the X-ray to mid-IR. Given the diversity
in visible color seen in Figure 1.11, this assumption for the refractive of indices of
exoplanet hazes is likely quite simply incorrect, but without wide wavelength coverage
of more relevant exoplanet-like hazes”’, the reliance on Khare et al. (1984) will likely

continue.

The particle size distribution of aerosols offer a glimpse of the microphysical
processes involved in aerosol formation and growth. Size distributions measured
by He et al. (2018a), He et al. (2018b), He et al. (2020b) for the temperate, high
metallicity mini-Neptune and super-Earth atmospheres ranged between 20 and 200 nm
for the temperatures, initial gas mixtures, and energy sources considered (Figure 1.13),
which would be able to produce spectral slopes in optical and near-infrared exoplanet
transmission spectra, as further discussed in Chapter 2. Size distributions were wider
for experiments conducted with UV as the energy source than for those conducted
with plasma, but the plasma experiments generated more particles. This variance
in particle sizes likely results from the difference in energy densities imparted by the
UV versus the plasma discharge, but extrapolation to meaningful proxies for diverse
stellar types is unclear (see discussion in Chapter 3). High temperatures produced
narrower size distributions than cooler temperatures, but the cooler temperatures bore
the largest particles. Higher metallicity atmospheres produce both more and larger
particles, suggesting that the increased chemical complexity of the atmosphere is able
to generate increasingly large, complex molecules. This is further displayed with the
addition of sulfur in the form of HyS to the initial gas mixture, which resulted not
only in increased particle production (He et al., 2020a), but also in larger particle
effective densities (Reed et al., 2020). Microscopy of the particles showed that not all
of them are spherical, and that some particles clump into more aggregate structures,

while some form linear chains. Though this is qualitatively consistent with modeling

23just you wait
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Figure 1.12. The scattering behavior of various proposed exoplanet aerosols, including

the Titan-like tholin of Khare et al. (1984), as a function of the spectral features normalized
by atmospheric scale height. Adapted from Gao et al. (2021)
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Figure 1.13. Summary of particle size distributions from the laboratory haze experiments
of He et al. (2018a), He et al. (2018b), He et al. (2020a) for 300-800 K (top), 100x—
10000 solar metallicity (middle) atmospheres bombarded by UV photons and plasma
discharges (bottom). Adapted from Gao et al. (2021).
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studies that consider aggregate particles (Adams et al., 2019; Arney et al., 2017;
Ohno & Kawashima, 2020), the specific growth mechanisms of exoplanet hazes made
in the laboratory remains highly uncertain past their initial formation. It should
also be noted that these laboratory hazes were generated at pressures of a few mbar,
and so the pressure-dependence of particle size is uncertain for exoplanets, though
Titan studies show the composition and spectral response does change as a function
of pressure (Imanaka et al., 2004). Moreover, the experiments do not fully capture
the dynamics of haze particles in the atmosphere. Atmospheric dynamics can cause
particles to move through the atmosphere, collide, coagulate, and grow, whereupon

they may sediment out of the atmosphere or be upwardly mixed”*.

1.7 This Work

Evidence for planetary aerosols abounds, yet the possibly unique compositions of these
aerosols and the energetic regimes in which they are formed remains an outstanding
and open question even as new planet candidates are discovered with TESS and as
new missions to worlds within the Solar System are debated. A few questions I seek

to answer in this dissertation include:

e What are the chemical and physical properties of clouds and hazes formed in

exoplanets and Solar System worlds?

e How will our knowledge of analogue hazes generated in the laboratory, and their
coupling to clouds, aid in observational predictions made for Hubble, JWST, and

future observatories and planetary missions?

e What implications do these clouds and hazes have for the habitability of these

worlds?

24but that’s a thesis for another day
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In light of the above context, this dissertation therefore makes the first attempts to
link exoplanet laboratory haze information to atmospheric models; this is the subject
of Chapter 2, which is published in The Astronomical Journal as Moran et al. (2018).
Next, I investigate in Chapter 3 the chemical composition of the first laboratory hazes
produced for super-Earth and mini-Neptune exoplanets, which is published as Moran
et al. (2020) in the Planetary Science Journal. Chapter 4 has been submitted to the
Journal of Geophysical Research — Planets and concerns the detailed chemistry and

spectra of laboratory hazes made under Triton-like conditions.
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Chapter 2

Limits on Clouds and Hazes for
the TRAPPIST-1 Planets

“A philosopher once asked, ‘Are we human because we gaze at the stars, or do we
gaze at them because we are human?’ Pointless, really... ‘Do the stars gaze back?’
Now, that’s a question.”

— Neil Gaiman, Stardust

2.1 Introduction

! Aerosols, including clouds and hazes, in the atmospheres of exoplanets are currently
the subject of intense scrutiny. These aerosols can hinder our ability to study the
presence and composition of exo-atmospheres, and their presence is often invoked to
explain a lack of large spectral features in transmission spectroscopy studies (e.g.,
Dragomir et al., 2015; Knutson et al., 2014a; Knutson et al., 2014b; Kreidberg et
al., 2014a; Sing et al., 2016). Yet, much remains uncertain as to the likelihood of
aerosol formation and physical properties in unexplored radiation regimes, such as
those of M-dwarf systems like the TRAPPIST-1 planets. Here, we connect Hubble
Space Telescope (HST) observations to a laboratory-based study of exoplanetary haze

properties to investigate the likelihood of aerosols in hydrogen-rich atmospheres for

IThis chapter is published in as Moran, Horst, Batalha, Lewis, and Wakeford (2018), “Limits
on Clouds and Hazes for the TRAPPIST-1 Planets,” the Astronomical Journal, 156 (6), [252], doi:
10.3847/1538-3881 /aae83a

32



the TRAPPIST-1 system.

The TRAPPIST-1 system (Gillon et al., 2017) is the first known multi-planet
system of Earth-sized worlds. Additionally, three to four of its currently known
planets are in the classically defined habitable zone, and all seven currently known are
amenable to observational transmission spectroscopy studies. Here and throughout
this work, we refer to the “classical” habitable zone, defined as the circumstellar region
where liquid water can persist on a planet’s surface given a substantial planetary
atmosphere (Kasting et al., 1993). As such, TRAPPIST-1 is a powerful natural system
for insights into the formation and evolution of planetary atmospheres in a system
outside our own. Furthermore, the Transiting Ezoplanet Survey Satellite (TESS),
launched in April 2018, is expected to find hundreds of terrestrial planets around
M-dwarf stars in the nearby galactic neighborhood (Sullivan et al., 2015). These new
worlds will have their own unique radiation regimes and will require further study to

understand their aerosol content and the effects of any aerosols on future observations.

Previous studies of the TRAPPIST-1 planets have investigated their orbital evo-
lutionary histories (Luger et al., 2017; Quarles et al., 2017; Tamayo et al., 2017;
Unterborn et al., 2018b). These planets have long-term stable orbits, which provides
adequate time for substantial evolution of the planetary atmospheres (Dong et al.,
2018). Despite the high UV-flux of the host star (O’'Malley-James & Kaltenegger,
2017; Wheatley et al., 2017) as well as frequent flaring events (Vida & Roettenbacher,
2018), the planets of the TRAPPIST-1 system still may have large amounts of water
(Bolmont et al., 2017; Bourrier et al., 2017). This has motivated multiple investigations
of the planets’ habitability through the presence of surface liquid water and biomarkers
(Alberti et al., 2017; Barstow & Irwin, 2016; Turbet et al., 2018; Wolf, 2017). Studies
regarding the interior structure (Kislyakova et al., 2017; Suissa & Kipping, 2018) and
bulk densities (Grimm et al., 2018) of the TRAPPIST-1 planets also suggest terrestrial

rather than gaseous worlds.
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Observations from HST have determined that TRAPPIST-1 d, e, and f have
muted transmission spectra with features in the <500 ppm range, rather than the
large features (~1000 ppm) expected for extended, clear hydrogen-rich atmospheres
(de Wit et al., 2018). “Hydrogen-rich”; in this case and throughout our analysis, refers
to Hy-He envelopes greater than 0.01% of the total planet masses given their radii. de
Wit et al. (2018) ruled out clear hydrogen-rich atmospheres for TRAPPIST-1 d, e,

and f to high confidence. Later, the TRAPPIST-1 planetary mass measurements were

kT

updated (Grimm et al., 2018). The scale height of the atmosphere, given by H = g

where £ is the Boltzmann constant, 7' is temperature, p is the mean molecular weight
of the atmosphere, and ¢ is the gravity, is dependent on planetary mass. The predicted
atmospheric scale heights for these planets have thus changed in light of these new
mass estimates. Therefore, the initial findings of de Wit et al. (2018), in which clear
hydrogen-rich atmospheres were ruled out, must be revisited. We do so as part of
our analysis for this study. Any further mass refinements will have an effect on these

results, which we explore in more detail in §4.

Clouds and/or hazes in planetary atmospheres can obscure and mute the larger
spectral features indicative of clear hydrogen-rich atmospheres. There is ample evidence
for the presence of clouds and hazes in the atmospheres of planets across all masses,
from hot Jupiters (e.g., Sing et al., 2016) to exo-Neptunes (e.g., Knutson et al., 2014b;
Lothringer et al., 2018) to super-Earths (e.g., Kreidberg et al., 2014a). Hazes in these
atmospheres are of particular astrobiological interest. Hazes can substantially impact
the planetary surface temperature as well as provide a source of UV absorption to
protect the planetary surface (e.g., Arney et al., 2017). TRAPPIST-1 A has high flux
in the UV and X-ray (Wheatley et al., 2017), as is typical of late M-dwarfs (France
et al., 2013). Protection from the high flux of the host star would likely be paramount
for any possible life to persist. Furthermore, hazes themselves are thought to be

important for the formation of prebiotic molecules (e.g, Horst et al., 2018b; Horst
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et al., 2012; Rimmer et al., 2018).

The formation mechanisms and physical likelihoods of clouds and hazes in the
atmospheres of exoplanets, and their subsequent effect on observations, remain largely
unknown. Nearly all previous studies of haze and clouds in exoplanet atmospheres
have depended upon the particle sizes and compositions of Solar System photochemical
hazes (e.g., Howe & Burrows, 2012; Lincowski et al., 2018; Miller-Ricci Kempton
et al., 2012; Morley et al., 2013; Morley et al., 2015; Rackham et al., 2017) rather
than those in exoplanet atmospheres, as no direct measurements of these aerosols are
currently possible. From these Solar System-like hazes, previous studies then assume
these properties a priori and provide predictions for the types of transmission and

emission spectra expected.

Here, we take the opposite approach, by making no direct assumptions about the
cloud or haze species contributing to these transmission spectra. Instead, we calculate
from the recent HST (de Wit et al., 2018) observations upper limits on possible cloud
and hazes, remaining agnostic about their origin. We then compare these values to
recent experimental work investigating exoplanet haze properties for the first time in
the laboratory. These exoplanet experiments studied haze formation under a range of
planetary temperatures and atmospheric compositions, including under hydrogen-rich,
water-rich, and carbon dioxide-rich cases (He et al., 2018a; He et al., 2018b; Horst
et al., 2018a). These experiments are thus applicable to expected scenarios for the
TRAPPIST-1 planets near and within the classical habitable zone. As such, our

investigation represents a new approach to characterizing the TRAPPIST-1 planets.

In §2, we describe our methodology for modeling spectra informed by the laboratory
results; in §3, we present our results; in §4, we discuss and contextualize the results

we have obtained; and in §5 we summarize our findings with concluding remarks.
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2.2 Methods

We aim to determine lower limits on the cloud top pressures and upper limits on the
strength of haze scattering in the outer TRAPPIST-1 planets d, e, f, and g. To do so,
we use CaltecH Inverse ModEling and Retrieval Algorithms (or CHIMERA) (Line et al.,
2013b) to generate model transmission spectra to compare to the HST observations of
these atmospheres. Table 2.1 shows the TRAPPIST-1 planetary parameters explored
here, with the measurements we used in our models. We begin by first noting an
important distinction between our definitions of a cloud versus a haze, as these terms
are often used interchangeably when, at least in our analysis, we use them to mean
very specific physical phenomena. Hazes refer to the solid, suspended particles that
are the result of photochemical reactions in the atmosphere. Clouds, on the other
hand, are either solid or liquid particles that are the result of condensation processes
due to temperature and pressure conditions of the atmosphere. Together, these two

sets of suspended particles are encompassed by the generic term “aerosols”.

We investigate three different effects clouds and hazes can have on an atmosphere.
First, for each planet, we investigate the effect of adding haze into our spectral
models. We fix the composition of a cloud-free model while varying the magnitude
of Rayleigh-scattering haze. We increase the strength of the haze until the model
attains a statistically significant agreement to the HST data, using a cutoff threshold
of reduced-x? of 1.16 (or 1o, based on the 10 HST data points) and then again until
we reach a reduced x? of 2.8 (3¢). If we cannot reach these cutoffs, we report the

highest confidence value we are able to obtain, with all of our results, in Table 2.11.

Second, we examine the effect of atmospheric composition in a cloudy atmosphere.
We fix the strength of haze scattering to zero and keep the cloud top pressure at 0.1
bar, the expected pressure of the tropopause (Robinson & Catling, 2014), while varying

the amount of water in the atmosphere. We increase the water mixing ratio until
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our model reaches the 1o and 30 uncertainty bounds of the HST data. Third, we fix
the atmospheric composition and vary the cloud-top pressure, effectively moving the
cloud layer in altitude until we again reach the 1o and 3¢ thresholds. The simplicity
of this method is motivated by the low precision of the de Wit et al. (2018) data. We

describe each of these methods in more detail in the following subsects.

2.2.1 Modeling Haze Opacity with Laboratory Measurements

Different methods exist to account for the effect of hazes on transmission spectra
in exoplanet atmospheres. These techniques range in complexity from including the
output of a full set of haze species’ opacity coupled to photochemical models (e.g.,
Miller-Ricci Kempton et al., 2012; Morley et al., 2013) to a more simplistic treatment
wherein the haze scattering is parameterized by a power law (e.g., Line et al., 2014;
Line et al., 2013b; Robinson & Catling, 2014; Robinson & Catling, 2012; Sing et al.,
2016). This simpler method is often employed where data are not sufficiently precise

to merit more complex treatment.

In light of the large uncertainties associated with the HST TRAPPIST-1 obser-
vations (de Wit et al., 2018), we use the parameterization for the scattering cross

section, o, derived in Lecavelier Des Etangs et al. (2008):
g = O'()()\/)\(])a (21)

where g is the reference scattering cross section, )\ is a reference wavelength, \ is
the wavelength of radiation, and « is the power law slope of scattering. The Rayleigh
approximation, in which o = -4, applies when the diameter of particle d, << A. The
exoplanet haze analogues from the laboratory range in particle size d, from 25 nm
to 180 nm (He et al., 2018a; He et al., 2018b). For the wavelengths covered by the
HST/WFC3 observations, from A = 1.1 pum to 1.7 um, this allows us to treat these

exoplanet haze analogues as Rayleigh scatterers in our model. The scaling factor of
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the haze cross section oy can be approximated by

To

. (2.2)

og =

where 19 is the optical depth at a reference altitude, ng is the number density of the
scatterer at the reference altitude, and H is the scale height of the atmosphere. We
compute upper limits on oy based on the HST observations and then compare these
results to the laboratory results of Horst et al. (2018a) to determine whether our

computed upper limits are physically plausible.

There is no direct physically motivated formulation to turn the exoplanet haze
production efficiencies from the laboratory (Horst et al., 2018a) to a theoretical
scattering cross section. However, laboratory results from Horst et al. (2018a) show
maximum production rates for 300 K to 600 K exoplanetary atmospheres similar to the
production rate of Titan experiments with the same experimental set-up. Therefore,
we are able to use Titan as a benchmark because its haze formation is well-studied
in the laboratory (e.g., He et al., 2017) as well as directly observed through remote
sensing.

To approximate the connection from laboratory production rates to Eqn. 2.1, we
calculate o as defined in Eqn. 2.2 from the combined results of Tomasko et al. (2008)
and Robinson et al. (2014). Tomasko et al. (2008) reports the measured haze particle
number density as a function of altitude on Titan, and Robinson et al. (2014) used
the haze parametrization of Lecavelier Des Etangs et al. (2008) to fit the slope of
Titan solar occultation observations, in effect treating Titan as an exoplanet in transit.
Tomasko et al. (2008) and Robinson et al. (20141) suggest a scattering cross section for
Titan’s haze of oy ~ 1077 cm?. For reference, Earth’s scattering cross section is on the
order of ~ 10727 cm?. The haze production rates for the exoplanet experiments were
not higher than for similar Titan experiments (Horst et al., 2018a). Therefore, we

assume that this scaled haze scattering cross section 10~7 cm? is a reasonable physical
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upper limit for haze scattering in the TRAPPIST-1 atmospheres.

We reiterate the important caveat to our methodology described here: the produc-
tion efficiency measured in the laboratory does not directly correspond to the cross
sectional strength of the haze observed in a planetary atmosphere. The laboratory can-
not capture processes such as atmospheric escape and rainout, which would both work
to decrease the column density and decrease the cross sectional scattering strength.
Thus our assumption of the production efficiency being representative of the column
density of the haze particles is an approximation. For our purposes of attempting to
estimate the haze content of the TRAPPIST-1 planets, our approximation is justified
by the large uncertainties already inherent to the HST observations from de Wit et al.
(2018), as well as guided by our overall goal of obtaining an upper limit rather than

an exact constraint of the atmospheric scattering due to haze.

2.2.2 Modeling Cloud Opacity

There are many techniques to account for the effects of clouds on transmission spectra.
These techniques exist along a continuum of complexity. These range from full 3-D
dynamically-radiatively-convectively driven cloud microphysics models (e.g., Lee et al.,
2015), to models which globally average the balance between turbulent mixing and
sedimentation of condensates (e.g., Ackerman & Marley, 2001), to simply modeling a
grey opacity source (e.g., Batalha & Line, 2017; Line et al., 2013b). Here, we choose
to use the method of Batalha et al. (2018), where a grey absorbing cloud is set at a
specific pressure, below which the transmittance is zero. This allows us to remain
agnostic about the properties of the cloud being formed in each case, and provides a
lower limit on where an optically thick, global cloud layer would have to exist to match
the HST observations. This method has been used in observations of hot Jupiters
(e.g., Sing et al., 2016), warm Neptunes (e.g., Kreidberg et al., 2014a; Wakeford et al.,

2017), and studies of the TRAPPIST-1 system (e.g., Batalha et al., 2018; Morley
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et al., 2017Dh).

To provide additional context for our cloudy cases, we also run models wherein we
place this opaque cloud at the nominal tropopause of 0.1 bar. This follows the analysis
of Robinson and Catling (2014), which observes that all Solar System planetary bodies
have a tropopause at 0.1 bar, where thick clouds are observed to form. In our models
with tropospheric clouds, we examine the effect of increasing the metallicity of the
atmospheres by varying the water mixing ratio. Multiple studies have suggested
that the outer TRAPPIST-1 planets in the classical habitable zone, due to their
likely origin further out in the protostellar disk before inward migration (Quarles
et al., 2017; Unterborn et al., 2018b), are still able to harbor multiple Earth ocean’s
worth of water despite having lost huge amounts of water over their evolutionary
histories (Bolmont et al., 2017; Bourrier et al., 2017; Dong et al., 2018). Recent
revisions of mass estimates for the planets (Grimm et al., 2018) allows a large water
reservoir to remain a reasonable assumption (Unterborn et al., 2018a). This motivates
our approach to using water as our proxy for heavy atmospheric enrichment. We
also focus on water because of the significant water feature at 1.4 um centered in
the HST /WFC3 bandpass. Additionally the equilibrium temperatures of the outer
TRAPPIST-1 planets d, e, f, and g, ranging from about 300 K to 200 K, include
water’s triple point. Water could then contribute to atmospheric dynamics on the
TRAPPIST-1 planets as it does on Earth through cloud condensation and rainout
processes (e.g., Turbet et al., 2018). We start from the solar water mixing ratio of 7.8
x 107* (with a solar C/O ratio of 0.5) (Lodders, 2003), and increase this value until
reaching our statistical thresholds of 1o and 3o.

Finally, for clouds we explore the degeneracy between cloud top pressure and
metallicity by running a full grid of forward models in fixed parameter combinations.
We examine a range of metallicities from 1x to 1000x solar (in fifteen logarithmic

steps), as well as a range of cloud top pressures (in ten steps) from a clear atmosphere
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(i.e., where molecular opacity becomes optically thick well before the cloud deck) to a
cloud deck at 1 pubar. Our grid thus includes a total of 150 distinct models each for
TRAPPIST-1 d, e, f, and g.

2.2.3 Modeling the Transmission Spectra

We use a version of the atmospheric modeling code CHIMERA (Line et al., 2013a; Line
et al., 2014; Line et al., 2013b), a radiative transfer code that uses the correlated-k
distribution technique. CHIMERA has been used to model hot Jupiters (Kreidberg
et al., 2014b), sub-Neptunes (Kreidberg et al., 2014a) and recently the TRAPPIST-1
system (Batalha et al., 2018). Given molecular opacities, planetary mass, radius,
temperature, atmospheric mixing ratios, cloud top pressure level, and haze cross section
(0), we produce transmission spectra at R = 100, consistent with the HST /WFC3

measurements.

For our temperature-pressure profiles, we use the parameterized 1-D, 5 parameter
profile of Guillot (2010). We include molecular opacities from to Hy/He CIA, CHy,
H50, CO,, and Ny (Freedman et al., 2014; Freedman et al., 2008), informed by
the dominant gases in the atmospheres of Solar System worlds as well as previous
TRAPPIST-1 atmospheric studies (Batalha et al., 2018; Morley et al., 2017b). For our
atmospheric mixing ratios, we take two separate approaches: one composition for hazy
atmospheres and a separate set of compositions for cloudy atmospheres. Both of our
approaches involve setting mixing ratios rather than exploring a fully self-consistent
calculation of gases in chemical equilibrium. The TRAPPIST-1 atmospheres are likely
not in chemical equilibrium (Bourrier et al., 2017; Dong et al., 2018). Additionally,
in our models with photochemical haze formation, we inherently assume that this is
not the case. We assign mixing ratios in order to determine upper limits on aerosol

content rather than providing constraints for any physical atmospheric parameters.

For our hazy atmospheres, we use Hy/He background gas atmospheres with 1%
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mixing ratios of CHy, HyO, CO,, and Ns, giving a mean molecular weight p of 3.02.
This composition is motivated by two factors. First, nitrogen, methane, water, and
other carbon-bearing species have all been shown to play important roles in haze
production in laboratory settings (e.g., Horst & Tolbert, 2014; Imanaka & Smith,
2010; Trainer et al., 2012; Trainer et al., 2004). Second, these constituent gases were
used in the relevant exoplanet laboratory haze experiments (He et al., 2018a; He et al.,

2018b; Horst et al., 2018a).

For our cloudy atmospheres, we consider atmospheres of Hy/He and H,O since
we are comparing our results to the HST /WFC3 G141 bandpass, where water has a
prominent molecular feature. Therefore we use the water mixing ratio as a proxy for
varying the scale height due to increasing metallicity (where metallicity refers to the
overall heavy-element abundance). We begin from a Hy/He atmosphere with a solar
H50 mixing ratio with a mean molecular weight p of 2.32 and then scale upward to

higher metallicities by increasing the water mixing ratio.

H Planet Mass (@) Radius (@) Ty (K) H

d 0.297 0.784 288.0
e 0.772 0.910 251.3
f 0.934 1.046 219.0
g 1.148 1.154 198.6

Table 2.1. TRAPPIST-1 planet parameters via Grimm et al. (2018) used in our model
atmospheres.

2.3 Results

Photochemical hazes are not expected to persist in temperate hydrogen-rich atmo-
spheres from theory (Hu & Seager, 2014; Miller-Ricci Kempton et al., 2012; Morley
et al., 2015). Laboratory measurements (He et al., 2018b; Horst et al., 2018a) suggest
inefficient photochemical haze production for hydrogen-rich background gas mixtures.

Our results in Figure 2.1 show the model outputs for hydrogen-rich atmospheres
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containing 1% volatiles with haze amplitudes to the 1o and 3¢ confidence levels for
HST data of TRAPPIST-1 d, e, and f. Clear hydrogen-rich atmospheres with 1%
volatiles as well as solar composition atmospheres are also shown for planets d, e, f,
and g. Additionally, we show in Figure 2.2 our model outputs to 1o and 3o levels
for a global cloud deck at the nominal tropopause with high metallicity atmospheres
as well as for a global cloud deck with a solar composition atmosphere. Finally,
we compare the results of increasing metallicity to increasing cloud top pressure in
Figure 2.3. We show that aerosols, either as photochemical haze or as an opaque
equilibrium cloud layer, are likely unable to mute spectral features to within the
observational uncertainties from de Wit et al. (2018) for all but planet g, if we consider
the laboratory-supported haze production rates. A summary of our results given the

model conditions and the statistical significance of the models is found in Table 2.11.

2.3.1 Haze

Adding a global layer of Rayleigh-scattering haze weakens spectral features short of 1.7
microns, as seen in our transmission spectra models in Figure 2.1. We increased the
strength of the haze scattering cross section while maintaining a Rayleigh scattering
slope of A as described in §2.2. We determined that to 1o for TRAPPIST-1 d, e,
and f, we can rule out models with large haze scattering cross sections. However, to
30, our model outputs with updated mass constraints cannot exclude purely haze-free

solar composition atmospheres except for planet d.

For TRAPPIST-1 d, a clear solar atmosphere is excluded to >200, while a clear
hydrogen-rich atmosphere with 1% water, carbon dioxide, nitrogen, and methane is
excluded to >150. We are able to exclude these cases for TRAPPIST-1 d to such
high certainty because of the planet’s low gravity and (relatively) high temperature.
At TRAPPIST-1 d’s equilibrium temperature of 288 K, mass of 0.297 Mg, radius

of 0.784 Rg, assuming a solar composition atmosphere with p of 2.32, we obtain a
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Planet|| Haze Scattering Cross Section (cm?)
lo 3o

d Ix107"%  6x10~*
e 3x1072 9x1072°
f 6x1072  3x10°% (2.50)
g <lo <lo
Planet|| Cloud Top Pressure (bar)
lo 30
d 8x 107" 2x 107
e 2x1072 1x10 (20)
f 1.26x102%  clear (20)
g <lo <lo
Planet Metallicity (xsolar)
lo 30
d 500 300
e 500 100
f 630 60
g <lo <lo

Table 2.1l. Summary of upper and lower limits found from model outputs for our test
cases with statistical certainties to HST data. Our haze scattering cross sections represent
the scattering strength needed to reach 1o and 30 agreement to the HST data in
hydrogen /helium atmospheres with 1% H,0O, CO,, CH,, and Ny mixing ratios. Cloud top
pressures given are the lower boundary of pressure levels required in each atmosphere with
a solar composition to agree with the HST data to 1o and 30. The metallicity given is
the lower limit of the water mixing ratio, with a cloud at 0.1 bar, needed to agree with the
HST observations to 1o and 30. For planet g, the observational uncertainty is such that
we are unable to generate any models that can be confidently excluded from agreement
with the HST data.

scale height of 216 km. This is likely unphysical for such a small planet; for reference,
Earth and Venus have scale heights of ~8.5 km and 16 km, respectively. To 3o, we
exclude haze scattering cross sections of less than 6x1072° cm? for TRAPPIST-1 d;
to 1o we can increase the haze cross section up to 1x107' em?. This haze scattering
cross section for TRAPPIST-1 d suppresses the molecular features of the spectrum to
the point where only the small scattering slope remains to be observed. For reference,
our computed cross sections for TRAPPIST-1 d to 1o and 30 are both on the order

of 107 times that of the scattering of Earth’s atmosphere.
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Figure 2.1. Black circles and error bars indicate the previous HST /WFC3 observations
(de Wit et al., 2018) for TRAPPIST-1 planets d, e, f, and g. The blue solid lines indicate
our baseline aerosol-free solar composition case. The rest are models of a hydrogen-rich
atmosphere containing Rayleigh scattering haze, with mixing ratios for water, carbon
dioxide, nitrogen, and methane at 1%. Green dotted lines indicate a zero magnitude
haze scattering cross section; purple dashed lines indicate that the haze cross section was
increased to give 1o agreement with the HST data; orange dash-dot lines display haze
cross sections increased to give 30 agreement with the HST data. Only planet d results
in the clear exclusion of a haze-free atmosphere.

For TRAPPIST-1 e, we can only exclude a clear solar atmosphere to 2.50, in
contrast to the result of de Wit et al. (2018) which used previous mass estimates in
their analysis to exclude such a case to high confidence (> 60). A clear hydrogen-rich
atmosphere with 1% volatiles, however, is excluded with 50 certainty. We can rule

out haze scattering cross sections of less than 9x1072% cm? to 30 and 3x 1072 cm? to

45



lo. These values are ~ 450x and 14000x Earth’s mean atmospheric scattering.

For TRAPPIST-1 f, a clear solar atmosphere, a 1% volatiles atmosphere, or an
atmosphere with a 3x1072° cm? haze scattering cross section are unable to provide
a solid 3o exclusion by the HST data, with confidence values of 20, 2.80, and 2.5¢0
respectively. For the hazy model, we maximize our confidence value at this haze
scattering cross section of 3x107%5 cm? (125x Earth scattering). For our 1o cutoff,
we are able to impose a maximum value of 6x107% cm? (28000x Earth scattering)

for the haze scattering cross section.

For TRAPPIST-1 g, the HST observations are not sufficiently precise to exclude a
clear 1% volatile or solar composition atmosphere, as in de Wit et al. (2018). As such,
our hazy models do not provide any meaningful additional limits on the TRAPPIST-1

g atmosphere and will await future observations of higher precision.

2.3.2 Clouds

Our cloudy atmosphere model results are displayed in Figure 2.2. We are able to
rule out a clear solar composition atmosphere for TRAPPIST-1 d. However, such
clear atmospheres cannot be ruled out to high confidence for planets e, f, and g (the
statistical significance of these cases are 2.50, 20, and < 1o, respectively). This result
for planets e and f is in contrast to de Wit et al. (2018), whose analysis depended on

previous planet mass estimates.
2.3.2.1 Increasing the Water Mixing Ratio with Tropospheric Clouds

With a grey cloud at 0.1 bar (the tropopause of Solar System bodies, following
Robinson and Catling (2014)), the mean molecular weight must be supersolar in
order to statistically match the HST observations. This is shown in Figure 2.2. For
TRAPPIST-1 d and e, the model with a cloud deck at the tropopause requires an H,O

mixing ratio of 39%, or ~500x the solar ratio, to agree with the HST observational
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error bars to 1o. To 30, we calculate a water mixing ratio of 24%, or a ~300x solar
atmosphere for TRAPPIST-1 d. For TRAPPIST-1 e, the tropospheric cloud layer
necessitates a model with an 8% water mixing ratio, or ~100x solar, to 3o confidence.
To produce a model with a cloudy tropopause, consistent at 1o with TRAPPIST-1 f
observations, entails a 49% water mixing ratio (~630x that of solar). At 3o confidence,
however, only a 4.5% water mixing ratio (60x solar) is needed. As in our hazy model
results, adding clouds to the tropopause of a hydrogen-rich version of planet g offers

no better statistical certainty than a clear hydrogen-rich atmosphere.
2.3.2.2 Moving Clouds in Pressure Space

If instead the cloud layer is allowed to move in pressure space while keeping the HoO
ratio steady at 0.08% (a 1x solar ratio), we find that high altitude clouds (< 12mbar)
are needed in the model for a 1o exclusion of the data except for planet g, where
again no statistically significant model can be found with the current observational
uncertainties. For TRAPPIST-1 d, e, and f, these clouds are at 0.8 pbar, 20 mbar,
and 12.6 mbar, respectively. These pressures in Earth’s atmosphere are comparable
to that of the thermosphere (0.8 pbar) and stratosphere (20 and 12.6 mbar). Under
our more conservative 3o cutoff, we rule out clouds below 2 pbar for TRAPPIST-1 d,
again placing an opaque cloud deck in what would be the thermosphere on Earth. For
TRAPPIST-1 e, we can only rule out clouds below the level of Earth’s tropopause (0.1
bar) to 20 in a solar composition atmosphere while for f we cannot rule out a clear
solar atmosphere beyond 20.

2.3.2.3 The Intersection of Cloud Top Pressure and Atmospheric Metal-

licity

There is a known degeneracy between cloud top pressure and metallicity, which both
act to mute spectral features (Batalha et al., 2017; Kempton et al., 2017). Here we

explore both cloud top pressure level and metallicity, using the water mixing ratio
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Figure 2.2. Black circles and error bars are from the HST observations (de Wit et al.,
2018) in all plots. Solid lines are model output atmospheres of solar composition with no
clouds, dashed lines are for solar composition atmospheres with a cloud at high altitude,
dash-dot lines are model outputs for metallicity-enhanced atmospheres with a cloud layer
at the tropopause. All cases are labeled with statistical significance. We have chosen, in
cases where multiple cases are statistically significant to the same confidence level, to show
the higher metallicity value. Metal-rich atmospheres offer 1o agreement to the data for
planets d, e, and f. High altitude clouds are required with planet d observations to both
1o and 30, but high clouds are only needed for planets e and f within the 1o uncertainty

bound.
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as a metallicity proxy (e.g. Batalha et al., 2017). We map the statistical significance
from our previous analysis onto this parameter space. Figure 2.3 shows our results
for these combined parameters. We define line strength as the difference between the
maximum peak and minimum of the continuum of the transmission spectrum between
1.1 pm and 1.7 pm. The line strength peak observable in the cloud contours results
from the water feature at 1.4 um. As the water content of the atmosphere increases,
this water feature gets stronger and creates a spectral feature of larger amplitude. At
the same time, increasing the water mixing ratio increases the mean molecular weight
1. As scale height is an inverse function of mean molecular weight, adding more water
decreases the scale height and thus weakens the line strength observed in transmission.
A competition thus develops between scale height and the height of the individual
water feature as water content increases, which manifests as the turnover observed in

our contour plots.

We can rule out distinct combinations of both metallicity and cloud top pressure
for TRAPPIST-1 d, e, and f. For TRAPPIST-1 d, we can exclude clouds at 1ubar
up to 20x solar metallicity, and a clear atmosphere up to around 400x solar. For
TRAPPIST-1 e, we can exclude “tropospheric” clouds at 0.1 bar between 4x solar
and 100x solar, while for TRAPPIST-1 f we exclude clouds at 0.1 bar between 8x
solar and 60x solar. Again, as the precision of observational data for TRAPPIST-1
g is relatively poor, we are unable to make any significant diagnostics across either
metallicity or cloud pressure space. Additionally, we show the level of precision needed
to distinguish between various high metallicity atmospheres with clouds for all planets,
regardless of the current HST observations. For example, we show for TRAPPIST-1
d that the difference between a clear atmosphere and a cloud deck at the tropopause
will not be observable even with 1 ppm precision. For TRAPPIST-1 e and f, we will
be able to distinguish between a cloudy tropopause and a completely clear atmosphere

at approximately 20 ppm precision.
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Figure 2.3. All plots show line strength as a function of metallicity for TRAPPIST-1 d,
e, f and g (labeled). We define line strength as the difference between the maximum peak
and minimum continuum of the transmission spectrum between 1.1 ym and 1.7 um. Each
curve shows cloud-top pressures according to the color bar. 1o and 3¢ lines show the
uncertainty bounds of the model to the HST observations of de Wit et al. (2018). For
planet g, we plot the highest reduced-x? we were able to obtain as the line labeled <1o.
Note that planet d has a larger range of line strengths, due to its higher temperature and
lower density coupling to give it a significantly larger scale height.

2.4 Discussion

2.4.1 Stellar Contamination in the Transmission Spectra

Our results are predicated on the observations of de Wit et al. (2018). Rackham
et al. (2018) recently called into question the fidelity of these HST measurements
because of the effects of unaccounted-for stellar contamination. Spots and faculae
in the photosphere of M-dwarf host stars, such as TRAPPIST-1 A, may contribute
to stellar contamination in the planetary spectra, which Rackham et al. (2018) refer

to as the “transit light source effect”. Specifically, this effect impacts the near-IR
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HST/WFC3 bandpass to which we compare our models. To address this question of
stellar contamination, Zhang et al. (2018) reanalyze the HST /WFC3 data previously
published by de Wit et al. (2018). They use a different data reduction strategy in
an attempt to minimize systematics, and ultimately find transit depths consistent
with those of de Wit et al. (2018) within error bars. However, they also model the
“transit light source effect” and determine that these data are fully consistent with

stellar contamination in the transmission spectrum.

With this possibility of stellar contamination in the TRAPPIST-1 spectra (Zhang
et al., 2018), Rackham et al. (2018) suggest that any molecular features in the region
of interest (as here, from 1.1 to 1.7 pym) would be impacted up to 77 ppm. However, for
the HST /WFC3 data presented in de Wit et al. (2018), the uncertainty due to signal
and potentially unaccounted-for instrument systematics are actually larger than this
across the entire wavelength band, with a minimum error twice that (~145 ppm). Only
for higher precision transit observations, such as with the James Webb Space Telescope
(JWST) with a noise floor of 30 ppm (Batalha et al., 2018), is stellar contamination
likely to impact planetary spectra and molecular feature identification. Still, in light of
these complexities, our analysis, as described in §2, does not attempt to fit our model
to the HST data. Instead, in order to calculate conservative limits of the metallicity,
cloud top pressure, and haze scattering cross sections of the TRAPPIST-1 planets d, e,
f, and g, we only report agreement of our models within the HST uncertainty bounds.
Our analysis presented here is therefore minimally affected by spots or faculae in the
stellar spectrum. Our results do not depend on a true fitting of the transit spectra
and further efforts to characterize any stellar contamination present would likely only

reduce the uncertainties inherent to the HST data and improve our results.
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2.4.2 Effect of Temperature-Pressure Profiles and Planetary
Mass on Scale Heights

We use water as a proxy for increased metallicity in our model atmospheres (see §2).
We find that for TRAPPIST-1 d, e, and f, 500x to 600x solar metallicities are within
the bounds of the HST uncertainties to 1o if a tropospheric cloud layer is included
in the model. These results imply large (> 6) mean molecular weights, p, which
work to reduce the scale height of the atmosphere, given by H = ’;—5. However, the
effect of temperature T on scale height is dependent on our assumed T-P profiles,
where we use the parameterized 1-D, 5 parameter profile of Guillot (2010). Our T-P
profiles are in agreement with those explored in Morley et al. (2017h) and Batalha
et al. (2018); however the true temperature structures of the TRAPPIST-1 planets
are highly unconstrained. If the true temperatures were warmer, our upper limits for
metallicity would have to be larger to compensate for this increase in temperature.
Alternatively, our models would have to include higher altitude clouds or more strongly
scattering haze particles. Quantitatively, any 50 K difference in our models changes
our upper limit of metallicity by ~2-2.5 dex (e.g., from 500 to 700xsolar) for planet d
and 1 dex for planets e and f. Our cloud top pressure changes by 1 mbar for planet
d, 10 mbar for planet e, and 6 mbar for planet f with a 50 K change in temperature.
Finally, our haze scattering cross sections change by no more than 9x 10727 cm? for all
planets with any 50 K temperature adjustment. This 50 K change is within the range
of albedo explored by Morley et al. (2017h). Because we only consider transmission
spectra, as opposed to highly temperature-dependent emission spectra, our results are
relatively unchanged by our choice of T-P profile parameterization. With our current
T-P parameterization, our results provide a conservative limit to the metallicity and /or

aerosol content of the TRAPPIST-1 planet atmospheres.

Like temperature, the mass of the planet is linearly related to the scale height. The

masses of the planets in the TRAPPIST-1 system have undergone several refinements
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with additional TTV measurements, as reported in Grimm et al. (2018). These
mass updates changed the mass estimates by 10% to 25%, and correspondingly affect
the computed scale heights for our model atmospheres by the same amount. This
allows us to show that the solar composition atmospheres which de Wit et al. (2018)
exclude for TRAPPIST-1 e and f cannot be discounted. Any further mass refinements
will thus affect the atmospheric scale heights and could substantially change the
atmospheric metallicity and aerosol contents we find in this work. For example, if
the planetary mass of TRAPPIST-1 e were to decrease by 15%, we could exclude
a hydrogen-rich atmosphere to 30. If TRAPPIST-1 d were to increase in mass by
25%, our exclusion of a hydrogen atmosphere would fall from >200 to only >70.
These examples demonstrate the extreme importance of having high-precision, high-
fidelity mass measurements for these small planets, as determining the nature of their

atmospheres is highly dependent on this information.

2.4.3 Aerosol Mass Loading

For our cloudy models, our findings suggest a solid layer of high altitude clouds for
TRAPPIST-1 d, e, and f as an upper limit within 1o. The lower boundary of the
cloud layers are, at minimum, at 0.8 pbar, 20 mbar, and 12.6 mbar respectively for
each planet, consistent with pressures in the thermosphere (0.8 pbar) and stratosphere
(20 and 12.6 mbar) on Earth. However, our treatment of the cloud opacity does not
attempt to self-consistently model the cloud formation. In a real atmosphere, there is
likely not enough material for solid, grey clouds to form at the altitudes of our lower
limits — stratospheric clouds and higher are optically thin on Earth due to the low
number density of molecules available at these millibar pressures (Seinfeld & Pandis,
1998). A solid grey cloud at the 0.01 bar level is the most pessimistic case considered
in Batalha et al. (2018), for example. However, Kopparapu et al. (2017) suggest that

for slowly or synchronously rotating planets, thick convective clouds may be more
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easily able to form and persist at higher altitudes. Despite this, for TRAPPIST-1 d,
even at 30, an opaque cloud no lower than 2 pbar is required by our model. This
pressure can be safely ruled out even in the most generous of cloud formation models,
implying that clouds are not the source of the observed muted transmission features
for planet d. At 30 only TRAPPIST-1 e allows a cloud at 0.01 bar, but e has a density
of 1.024 pg (Grimm et al., 2018), which is consistent with a volatile-rich rather than

extended hydrogen-rich atmosphere Lopez and Fortney, 2014; Rogers, 2015.

If we turn to haze scattering as an aerosol source, we find haze scattering cross
sections 102 to 107 times that of Earth’s atmospheric scattering are needed to be
within the uncertainty of the HST observations for planets TRAPPIST-1 d, e, and f.
However, laboratory results show that hydrogen-rich atmospheres are not very efficient
at making haze (He et al., 2018a; Horst et al., 2018a), and all of our model atmospheres
considered here are heavily hydrogen-rich with minor volatile contents. For Titan,
the haze scattering cross section is ~10~7 c¢m?, as described in §2.1. Laboratory
results for Titan’s haze production rate are the same order of magnitude for the most
efficient exoplanet haze production rates (Horst et al., 2018a), suggesting that any haze
scattering cross sections substantially greater than Titan’s are unphysical. However,
the most haze-productive laboratory atmospheres were run at temperatures of 400 K
(the equilibrium temperature of TRAPPIST-1 b rather than those of the outer planets
d, e, f, and g considered here). Furthermore, these highly productive laboratory
experiments contained more metal-rich atmospheric compositions (1000x solar) than
our models (~100x solar). For the laboratory atmospheres comparable to TRAPPIST-
1 d conditions considered here ( 300 K, ~100x solar), the haze production rate is
three orders of magnitude lower. Again, there is no direct way to translate laboratory-
measured haze production rates to haze mass loading in a planetary atmosphere. Still,
it is likely that the less productive laboratory cases also represent less hazy worlds.

Our results only conclusively rule out haze scattering cross sections well under that of
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Titan-like conditions, but the disconnect between the laboratory conditions and our

models means that more precise constraints remain elusive.

Lincowski et al. (2018) used a coupled photochemical, climate, and radiative
transfer model to consider the effects of Earth- and Venus-like aerosols such as water
and sulfuric acid clouds as well as the photochemical products of these and other
molecules within the TRAPPIST-1 planets, for oxygen-rich and carbon dioxide-rich
atmospheres. They found aerosol scattering cross sections up to 103 times that of
Earth’s ozone, which is consistent with our result for the upper limit of the haze
scattering cross section suggested by the laboratory exoplanet haze samples. Within
the current HST observational uncertainty, we cannot make statistically significant
determinations regarding the likelihood of such hazy metal-rich atmospheres based
on observations. Our findings thus represent an upper limit to haze in hydrogen-rich
models of the TRAPPIST-1 outer planet atmospheres. The laboratory measurements
of Horst et al. (2018a) and He et al. (2018a), He et al. (2018D), as well as the modeling
work of Lincowski et al. (2018), help to inform whether our results are physically
realistic. More observations to better precision of the TRAPPIST-1 planets (as
are currently planned with JWST GTO Cycle 1) will be required to make further
predictions as to the haze content of these worlds. Figure 2.3 shows the precision
required to rule out aerosols in heavy mean molecular weight atmospheres. For
TRAPPIST-1 e and f, the worst-case scenario of 1000x solar with low clouds requires
a precision of approximately 20 ppm, which is beyond the expected 30 ppm noise floor
for JWST (Batalha et al., 2018). However, for more optimistic scenarios, 50 to 100
ppm would be enough to differentiate between various cloud cases for metallicities on

the order of 100x solar.
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2.4.4 Complexity of Combined Parameters

In Figure 2.3, we show the intersection of cloud top pressure levels with increasing
metallicity and how this changes the observed strength of the transmission spectra.
These results demonstrate the important likelihood that a combination of factors is at
play in the small (< 500 ppm) features of the TRAPPIST-1 spectra. If indeed these
atmospheres are not mainly primordial hydrogen, but secondary and composed of
higher metallicity species, we may begin to speculate as to the types of clouds present
in these atmospheres and on the ability of these cloud species to form thick, grey
absorbing clouds. Schaefer et al. (2012) suggests that HoO and CO, are the likeliest
components of secondary atmospheres of Earth-like planets, and therefore these cloud

species merit further investigation (Marley et al., 2013).

2.4.5 Aerosol Particle Properties

While we include in our models the effects of Rayleigh scattering haze, this does
not capture the complexity of the full distribution of particles that may exist in the
TRAPPIST-1 planet atmospheres. The laboratory results upon which we base our
models show that very small particles are produced and are readily treatable by the
Rayleigh approximation at HST /WFC3 wavelengths. However, it is possible that
in a real planetary atmosphere, haze particle aggregates would form and grow large
enough that their effect on radiative transfer would lie in the Mie regime (where the
particle diameter d, ~ \) and require full treatment with Mie theory to capture (e.g.,
Kitzmann & Heng, 2018; Wakeford & Sing, 2015).

Additionally, the optical properties of particles must still be accounted for even if
particles are small. In fact, the laboratory results of He et al. (2018h) show that the
exoplanet haze particles have varying colors in the visible, which may suggest that
their scattering and absorption properties in the near-IR wavelengths considered here

may not be a simple matter of inducing a Rayleigh scattering slope. This question
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awaits further laboratory measurements to characterize the optical properties of these

haze analogues, which can then be more rigorously implemented into our models.

2.4.6 Future Observations

While the current HST observations have considerable limitations that prevent robust,
specific predictions of the atmospheric properties of such small planets as found in the
TRAPPIST-1 system, the James Webb Space Telescope (JWST) will have both the
resolution and wavelength coverage to greatly enhance our ability to measure their
atmospheres (Batalha et al., 2018). The effects of differing atmospheric compositions
as well as the effects of any aerosols should be observable for several of the TRAPPIST-
1 planets in only a few orbits (Morley et al., 2017b). Furthermore, upcoming HST
observations of TRAPPIST-1 g (GO Proposal 15304, PI J. de Wit) may offer additional
precision on its atmosphere. Planet h’s atmosphere has not yet been observed in
transit, though these observations are also upcoming (GO Proposal 15304, PI J. de
Wit), and would naturally provide additional information as to the nature of this
system. Finally, our results show that, in light of updated mass measurements, the
previous HST observations do not rule out hydrogen-rich atmospheres for either
planet e or f, as found by de Wit et al. (2018). This motivates new observations with
higher precision, such as JWST can achieve, to provide better constraints on these

atmospheres.

2.5 Conclusion

We have performed a modeling analysis supported by recent laboratory measurements
to explore the nature of the outer TRAPPIST-1 planetary atmospheres. We find
that, using laboratory-based and Solar System constraints for haze formation, there
are upper limits on haze scattering cross sections in a hydrogen atmosphere to high

statistical certainty with the HST data. These haze scattering cross sections range
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from a minimum of 9x1072% cm? for planet e to a maximum of 1x 1071 em? for planet
d. We found a minimum and maximum metallicity for a case with a 0.1 bar grey
opacity source. Using water as a proxy for metallicity, we find that planets d, e, and f
allow, at maximum, hydrogen-to-water mixing ratios of 500 to 630 x solar, respectively.
For our cloudier cases, we find that a high altitude cloud deck (12 mbar or lower in
pressure) is needed to generate a model within the current precision of the HST data
for planets d and e with solar composition. It is likely unphysical that such clouds
could form and persist in the TRAPPIST-1 d and e atmospheres. The possibility of
enhanced atmospheric metallicity has also been posed by previous studies about the
water content of the TRAPPIST-1 system. Some of our results differ considerably
from those of the original HST analysis; this difference ensues from additional mass
constraints of the TRAPPIST-1 planets. High-precision mass measurements are of
utmost importance to constrain the atmospheres of small terrestrial planets, and
any further improvements on mass will allow better estimates of both atmospheric

composition and aerosol content.

Our results further support secondary, post-primordial atmospheres for the TRAPPIST-
1 planets d, e, and f, which could include substantial amounts of aerosols. Here we
seek only to provide limits on the possible metallicity, cloud top pressure, and haze
scattering cross sections of these atmospheres in light of the recent HST campaign.
While our results suggest that the outer worlds d, e, and f of the TRAPPIST-1 sys-
tem could have volatile-rich secondary atmospheres, determining the aerosol content
of such volatile-rich atmospheres requires greater precision than the current set of
HST data can provide. We show that at least 20 ppm precision will be needed to
discern between cloudy versus clear cases in high metallicity atmospheres. Further
investigations into the habitability of these worlds must include full consideration
of atmospheric composition and aerosol content. In light of these possibilities, the

TRAPPIST-1 planets should be of high priority for further examination with both
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current and future observatories.
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Chapter 3

Chemistry of Temperate
Super-Earth and Mini-Neptune
Atmospheric Hazes from
Laboratory Experiments

“Knowledge is invariably a matter of degree: you cannot put your finger upon even

999

the simplest datum and say ‘this we know’.

— T.S. Eliot, Knowledge and Experience in the Philosophy of F.H. Bradley

3.1 Introduction

'Exoplanets, those planets outside our own solar system, can now be counted in the
thousands thanks to past and ongoing surveys, e.g., Kepler (Borucki et al., 2010) and
the Transiting Exoplanet Survey Satellite (TESS) (Ricker et al., 20141). Follow-up
observations of the most promising planetary targets with the Hubble Space Telescope,
Spitzer Space Telescope, and ground-based facilities have thus far shown a wide range
of atmospheric conditions. Many of these planets host atmospheres that have muted
transmission spectra (Wakeford et al., 2019b), indicative of significant and as of

yet unidentified opacity sources in their atmospheres. Either condensate clouds or

IThis chapter is published as Moran, Horst, Vuitton, He, Lewis, Flandinet, Moses, North, Orthous-
Daunay, Sebree, Wolters, Kempton, Marley, Morley, and Valenti (2020), “Chemistry of Temperate
Super-Earth and Mini-Neptune Atmospheric Hazes from Laboratory Experiments,” the Planetary
Science Journal, 1 (17). doi: 10.3847/PSJ/ab8ecae
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photochemical hazes in these atmospheres, or some combination thereof, are compelling
candidates to explain the observed spectra (Dragomir et al., 2015; Knutson et al.,
2014b; Kreidberg et al., 2014a; Sing et al., 2016). As clouds and/or hazes are observed
in our solar system on every world with a substantial atmosphere, the presence of
such aerosols on extrasolar worlds comes as no surprise. Yet, the possibly unique
compositions of these aerosols and the energetic regimes in which they are formed

remain outstanding questions.

Photochemical hazes in particular can impact planetary atmospheric temperature
structure (e.g., Zhang et al., 2017), the chemical inventory of the atmosphere and
surface (e.g., Grundy et al., 2018), and ultimately the habitability of worlds near and
far (e.g., Horst et al., 2012; Trainer et al., 2006). The composition of photochemical
hazes will impact their spectroscopic properties, and thus their ability to absorb
radiation across the electromagnetic spectrum. Haze opacity affects general energy
transport and atmospheric dynamics (Helling, 2019; Marley et al., 2013), can shield
the planetary surface from harmful radiation (Arney et al., 2017), and affects telescope
observations of exoplanets in both transmission and emission (e.g., Morley et al.,

2017a) and reflected light (e.g., Gao et al., 2017h).

Titan, the largest moon of Saturn, is the best-studied hazy world of our solar
system and provides critical context for the study of hazes on other worlds. However,
in-situ measurements of distant solar system worlds, such as Titan, remain challenging.
Therefore, a long history of laboratory experiments has shed light on the formation,
physical properties, and chemical structures of potential hazes in the atmospheres of
solar system planets (Cable et al., 2012). These experiments have provided insights
into the chemical pathways to haze formation in Titan’s atmosphere (e.g., Bonnet
et al., 2013; Gautier et al., 2014; Gautier et al., 2016; Horst et al., 2018c; Vuitton
et al., 2010), and revealed that photochemical processes can produce amino acids

and nucleobases suggestive of prebiotic chemistry (Horst et al., 2012). This legacy
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of laboratory work has contributed greatly to our understanding of Titan’s overall

atmospheric chemistry and climate (see, e.g., Horst 2017).

il

The haze analogues formed in these solar system experiments — so-called “tholins’
— have thus far been the product mainly of methane, nitrogen, and carbon monoxide
gas mixtures that represent the atmosphere of Titan or conditions on the early Earth
(e.g., Horst et al., 2018b). Additionally, models of exoplanet photochemistry have
also primarily focused on “hydrocarbon” hazes similar to that of Titan (e.g., Howe
& Burrows, 2012; Kawashima & Ikoma, 2019; Miller-Ricci Kempton et al., 2012;
Morley et al., 2013; Morley et al., 2015), if only because these are the chemical
pathways for which there are data. Experiments exploring the wide range of possible
atmospheric conditions found in exoplanet atmospheres remain mostly untapped. The
few that have been performed have focused either on optical properties of essentially
Titan-like atmospheres with increased oxidation to mimic early Earth-like exoplanets
(Gavilan et al., 2017; Gavilan et al., 2018) or gas phase chemistry of hot Jupiter-like
atmospheres with temperatures in excess of 1000 K and with Hy/CO-dominated gas
mixtures (Fleury et al., 2019).

This work presents the first solid phase chemical composition measurements from
a series of experiments designed to explore the wide range of possible atmospheric
compositions for sub-Neptune planets. Current exoplanet population statistics suggest
a dichotomy between planets 1.75-3.0 Rg and planets 1.1-1.75 Rg (Fulton & Petigura,
2018; Fulton et al., 2017; Hardegree-Ullman et al., 2020), which have been termed
“super-Earths” and “mini-Neptunes,” respectively. Theories of planetary formation
and evolution have suggested that these could be two distinct planet classes that
differ due to the presence or absence of a substantial hydrogen-helium envelope, which
is then eroded by subsequent stellar photoevaporation (Cloutier & Menou, 2019;
Lehmer & Catling, 2017; Lopez & Fortney, 2014; Owen & Wu, 2016). Another

model, core-powered mass loss, suggests that these planets form with hydrogen-poor
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atmospheres (Gupta & Schlichting, 2019), and can also explain the radius gap between
mini-Neptunes and super-Earths as the result of late-stage planet-disk interactions.
Current population statistics do not favor one model over the other (Loyd et al., 2020),
and it is unclear whether these are in fact two separate outcomes of planet formation
or if they are a single planet population sculpted by atmospheric evolution through

time (Leconte et al., 2015).

Moreover, observational data to determine the atmospheric compositions of these
planets is also extremely sparse. Only two observational constraints at the mini-
Neptune end of this planet distribution currently exist, and have confirmed hydrogen-
rich atmospheres for two planets, K2-18 b (Benneke et al., 2019b; Tsiaras et al.,
2019) and GJ 3470 b (Benneke et al., 2019a). On the super-Earth end of the planet
distribution, while Hao-rich atmospheres have been ruled out for a number of planets
(e.g., Demory et al., 2016; Kreidberg et al., 2019), no definitive atmospheric composition
constraints are possible with current instruments. Compositional constraints of heavier
mean molecular weight atmospheres will require the higher-precision capabilities of
future observatories like the James Webb Space Telescope, the ARIEL Space Telescope,
or Extremely Large Telescopes on the ground. Therefore, the experiments described
here have had to rely on atmospheric modeling approaches to determine the likely kind
of atmospheres to consider for super-Earths and mini-Neptunes. These theoretical
modeling studies have shown that these atmospheres could range from secondary
“terrestrial” compositions due to outgassing to primordial Hy-dominated compositions
(Elkins-Tanton & Seager, 2008; Fortney et al., 2013; Hu & Seager, 2014; Moses et al.,
2013; Schaefer et al., 2012).

Previous measurements resulting from these super-Earth to mini-Neptune experi-
ments have reported production rates for a range of composition, temperature, and
energy sources (He et al., 2018a; Horst et al., 2018a), the color and size of haze

particles (He et al., 2018b), and the gas phase chemistry occurring during the experi-
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ments (He et al., 2019). Here, we explore the effect of temperature, composition, and
energy source on the chemistry of the resulting solid haze particles across the range of

experimental conditions.

3.2 Methods

We produced analogue haze particles in an atmospheric chamber under theoretical
super-Earth and mini-Neptune conditions. We then collected the solid sample produced
in this experiment and performed very high resolution mass spectrometry with a
Thermo Fisher Scientific LTQ-Orbitrap XL mass spectrometer. We also performed
elemental combustion analysis to provide a starting point for the compositional study
in order to identify specific molecules. Once measurements were taken, we used
custom IDL software, idmol, to analyze the data and make molecular identifications.

A detailed summary of each step in our procedure follows.

3.2.1 Laboratory Haze Sample Production

We produced laboratory exoplanet haze analogues in the PHAZER chamber (He
et al., 2017) at Johns Hopkins University, a set-up that allows us to simulate particle
production over a variety of atmospheric conditions. A schematic of the PHAZER

chamber and supporting equipment is provided below as Figure 4.1.

The conditions explored for this particular experiment target a broad range
of possible super-Earth and mini-Neptune atmospheric conditions, including three
different temperatures (300 K, 400 K, and 600 K) and two kinds of energy sources: a
Lyman-a UV lamp, which is a proxy for the UV flux from a stellar host; and an AC
cold plasma discharge. The AC cold plasma glow discharge does not directly replicate
a specific atmospheric process, but it is a useful proxy for the energetic environments
of planetary upper atmospheres in which dissociation of more stable molecular bonds

occurs (Cable et al., 2012).
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Figure 3.1. Generalized schematic of PHAZER chamber experimental apparatus used to
produce the exoplanet haze analogues. Specific gas mixtures, temperature, and energy
source differs between experimental conditions.

Within each temperature bin, we simulated three compositional regimes: 100x,
1000 %, and 10000x metallicity atmospheres. Metallicity is the enhancement factor
for all elements other than hydrogen and helium, relative to composition of the solar
atmosphere. Broadly, our experimental conditions simulated hydrogen-rich, water-rich,
and carbon-dioxide rich atmospheres at the three temperatures. These compositional
breakdowns were determined through equilibrium chemistry calculations (Moses et al.,
2013) for each temperature at 1 mbar in atmospheric pressure. Chemical equilibrium is
a good first-order approximation of the dominant available constituents in a planetary
atmosphere. Various modeling approaches (Hu & Seager, 2014; Moses et al., 2013)
have suggested a range of possible gas mixtures resulting from chemical equilibrium.
These cases can range from Hs-rich atmospheres, likely more representative of a pri-
mordial atmosphere that accreted directly from the proto-planetary disk, to outgassed
atmospheres dominated by water or carbon dioxide. Without a statistically significant
sample of observational constraints to work from, our gas mixtures are by necessity
determined from theoretical modeling outputs. Our experimental conditions therefore

sample a range of potential theoretical atmospheric outcomes thought to be common
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for super-Earths and mini-Neptunes. We derive the mixing ratios from equilibrium
chemistry calculations based on the Chemical Equilibrium and Applications code
(CEA, Gordon and McBride 1996) and cap the constituent gases present at 1% or
greater to provide a reasonable amount of experimental complexity. More details
about the reasoning behind our initial gas mixtures can be found in He et al. (2018a)
and He et al. (2018b), Horst et al. (2018a).

Table 3.1 lists initial gas mixing ratios for all nine experimental conditions. Each
experiment was run with gases flowing continuously for 72 hours to produce ample
solid sample and to provide comparison to previous Titan experimental production
rates (Horst et al., 2018a). FEach experiment was performed at 1 mbar in pressure,
where haze formation occurs in Titan’s atmosphere (Cable et al., 2012; Horst, 2017)
and where we perform Titan tholin experiments for comparison. The experimental
chamber was then moved to a dry (< 0.1 ppm H,0), oxygen-free (< 0.1 ppm O,)
N, glove box (Inert Technology Inc., I-lab 2GB). Within the glove box, solid sample
produced was collected from the chamber walls (in the case of high production) and
from mica or glass discs placed at the bottom of the chamber during the experiment
(in the case of low sample production). In the dry, oxygen-free glove box, samples were
then transferred to plastic vials or cases, which were then sealed with parafilm and
covered with aluminium foil for storage. The use of the glove box prevented alteration
of the samples by ambient Earth atmospheric conditions or light sources. Additional
details about the sample production can also be found in He et al. (2019) and He

et al. (2018a), He et al. (2018b), Horst et al. (2018a).

3.2.2 Orbitrap Mass Spectrometry Measurements

Each sample was prepared immediately prior to performing measurements, in order to
minimize contamination by ambient atmosphere. If enough solid sample was produced,

we dissolved each sample in CH3OH (methanol) at 1 mg/mL. If the PHAZER chamber
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Metallicity

Temperature 100 x 1000 % 10000 x
600 K 72.0% H, 42.0% H, 66.0% CO4
6.3% HyO 20.0% CO4 12.0% Ny
3.4% CHy4 16.0% H,O 8.6% Hy
18.3% He 5.1% Ny 5.9% H,0O
1.9% CO 3.4% CO
1.7% CHy 4.1% He
13.3% He
400 K 70.0% H, 56.0% H,0 67.0% CO,
8.3% H,0O 11.0% CH,4 15.0% H,0
4.5% CHy 10.0% COq 13.0% Ny
17.2% He 6.4% Ny 5.0% He
1.9% H,
14.7% He
300 K 68.6% Hs 66.0% H,O 67.3% CO,
8.4% H,0 6.6% CHy 15.6% Hy0O
4.5% CHy 6.5% Ny 13.0% Ny
1.2% NH;3 4.9% CO, 4.1% He
17.3% He 16.0% He
PHAZER Titan “tholin” 95.0% Ny
5.0% CHy

Table 3.1. Initial gas mixtures used in each exoplanet experiment, determined by equilibrium
chemistry calculations at the specified pressure and composition relative to the Sun (Moses
et al., 2013). Metallicities of 100x, 1000x, and 10000x solar generally correspond to
Hs-rich, HyO-rich, and COs-rich atmospheres. PHAZER Titan gas mixture also shown.

produced only a thin film, we collected the film from the mica or glass disc by soaking
the disc in 1 mL of CH3OH for a minimum of 3 hours before collecting the resulting
CH30OH-sample mixture and transferring it into a vial. Samples then underwent
sonification (1 hr) and centrifugation (5 minutes, 10000 rpm) before an additional
dilution at 1 mg/mL in CH3OH. The soluble fraction of the sample was then injected
into a Thermo Fisher Scientific LTQ-Orbitrap XL mass spectrometer (Hu et al., 2005;
Perry et al., 2008) with electrospray ionization (ESI) (IPAG, Grenoble, France). The
Orbitrap provides high resolution mass spectrometry, with resolving power better than
10° between 200 m/z and 400 m/z and exact mass determination accuracy of +2ppm.

“Blank” solutions from either a blank sample vial or disc and CH3OH, but no sample,
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were also injected and measured in the Orbitrap to account for any possible background
contamination in the measurements (see Figure 3.1). Mass calibration using Thermo
Fisher Scientific caffeine, MRFA peptide, and Ultramark solution was performed prior
to measurements each day. Measurements were taken in three mass-to-charge (m/z)
range bins, from 50 - 300 m/z, 150 - 450 m/z, and 400 - 1000 m/z. Overlap between
bins ensures that signal at the edges of mass bins is properly accounted for. Instrument
settings in each mass range were adjusted to ensure the best signal: the tube lens was
set to 50 V, 70 V, and 90 V, respectively. We obtained 128 microscans at a flow rate
of 3 puL/min with 4 scans per mass bin. We obtained measurements in both positive
and negative ion polarities, as the resulting ions have displayed different molecular
formulas for previous studies and thus allow a more complete view of the whole sample
(Bonnet et al., 2013; Horst, 2011). Samples in solution were stored in the refrigerator

when not in use.

As some samples were insoluble in CH3OH, additional solvents were also used
in combination with CH;OH, including toluene (C;Hg), dichloromethane (CH,Cly),
and hexane (CgHy4). Figure 3.3 shows which haze analogues were dissolved in which
solvents. See Section 3.4.1 for further discussion about the solubility of the haze
samples. These additional solvents were combined in approximately 1:1 solutions with
methanol. Data acquisition and preliminary processing were performed with Thermo

Fisher Scientific Xcalibur software provided by the manufacturer.

3.2.3 Combustion Analysis

Elemental combustion analysis was performed with a Thermo Scientific Flash 2000 El-
emental Analyzer (Department of Chemistry and Biochemistry, University of Northern
lowa, [A, USA) on the two haze analogues that produced the most sample volume, the
400 K and 300 K at 1000x solar metallicity under the plasma source. We placed 1 to

2 mg of each sample in the analyzer for combustion analysis. The resulting elemental
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percentages of C, H, and N are directly measured and the percentage of O is then
determined by mass subtraction. These elemental ratios are presented in Table 3.11
for the plasma products and Table 3.111 for the UV products. PHAZER standard
“Titan tholin” composition (produced from a 5% CH, in Ny gas mixture) is provided

as a point of comparison. Figure 3.2 shows this information in graphic form.
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Figure 3.2. Results of elemental analysis performed with assignments based on Orbitrap
MS measurements and idmol analysis. “Pla” and “UV" labels denote whether the sample
was produced via AC plasma or the UV lamp energy source. These values are compared to
PHAZER standard Titan tholin sample, with elemental ratios determined by combustion
analysis. All exoplanet experimental samples have dramatically more oxygen than the
Titan sample, presumably due to enhanced oxygen in the initial gas mixtures, suggesting
that oxygen is readily incorporated into the solid. These measurements are subject to
significant uncertainties as discussed in Section 3.2.4 and reported in Tables 3.1| and 3.111.

3.2.4 Data Analysis

Only samples which showed substantial solubility (see Section 3.4.1) were subjected
to detailed data analysis, i.e., the green shaded boxes in Figure 3.3. We accounted
for solubility and potential contamination in two ways. We compared the mass
spectrum of a blank taken directly prior to the sample with the mass spectrum of
the sample. The intensity of the signal in the mass spectrum was used as a first pass

diagnostic; however, the Orbitrap instrument always tries to maximize the number of
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Figure 3.3. Results of testing various solvents to dissolve the exoplanet haze analogue solid
products for use in the Orbitrap. All samples here were produced by plasma discharge, as
the amount of UV-produced samples tend to be small and qualitative solubility observations
are not possible. Red hatched squares indicate complete lack of solubility, yellow checkered
squares indicate that solids partially dissolved, and green shaded squares indicate substantial
solubility. The solvents were tested in subsequent order left-to-right, stopping if a solvent
dissolved the sample. The solvents tested were methanol (CH3OH), followed by a toluene-
methanol (C;Hs - CH3OH) solution, followed finally by a hexane-methanol (CgHy4 -
CH30H) and/or a dichloromethane-methanol (CH,Cl, - CH30H) solution.

ions accumulated and therefore intensities alone are not sufficient to determine signal
(Hu et al., 2005). The next comparison was the structure of the mass spectrum itself.
Repeating mass peak groupings are clearly observed in cases of true sample signal as

compared to the blank, as shown in Figure 3.4.

These data contain many hundreds to thousands of peaks, making manual iden-
tification impractical. As such, data were analyzed with custom IDL/FORTRAN
software, called idmol (Horst, 2011), which quickly assigns molecular peaks. First,
idmol calculates all possible molecules from the mass spectrum and then narrows
down the options based on user input parameters such as the maximum number of
oxygen molecules, the mass tolerance, and the nitrogen-to-carbon ratio. The program
then eliminates peaks that are below the noise level or due to Fourier ringing in the

most intense peaks (Horst, 2011). Idmol uses the nitrogen rule (i.e., that compounds
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Figure 3.4. Mass spectrum of a blank (left). Mass spectrum of a soluble sample (right).
The blank spectrum intensity is typically lower and no clear structure exists as compared
to the mass spectrum of the sample. The insoluble samples have mass spectra that
appear more similar to blank (left) than to the samples that were soluble (right). We
also compared assigned peaks in the sample against the blank to ensure no potential
contamination was unaccounted for.

with an even nominal mass have an even number of nitrogen atoms and vice versa for
compounds with odd nominal masses) to make assignments for lower mass peaks and
then assigns likely higher mass peaks based upon its previous lower mass assignments.
Assigned molecules are then compared against a database of known molecular formulas
for prebiotic material, including amino acids, nucleobases, and simple sugars taken
from the literature (e.g., Cooper et al., 2018; Lu & Freeland, 2006). Once formula
assignments were made by idmol, we checked each assigned peak in the sample against
the corresponding blank to ensure any potential contamination was accounted for in
the sample. No assigned peaks listed in Tables 3.1V, 3.V, 3. VI, 3. VII, 3.VIII, or 3.1X

appeared in the corresponding blank data.

Additionally, final molecular assignments from i¢dmol were compared to the elemen-
tal ratios from combustion analysis, as confirmation of accurate molecular identification.
Elemental ratios were determined by calculating the intensity weighted average com-
position based on the assignments made by idmol. Previous work (Hoérst, 2011)
shows that oxygen-containing molecules tend to have lower intensities as measured by
Orbitrap, and that boosting the lowest 10% intensities by a factor 10 brings elemental
analysis results from Orbitrap and combustion analysis into reasonable agreement;
therefore, we have performed this same correction here. Tables 3.1 and 3.I11 and

Figure 3.2 present results averaged over positive and negative ions. Previous analysis
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of Titan haze analogues demonstrates that averaging over positive and negative ion
modes is necessary to obtain accurate bulk sample composition (Horst, 2011). Certain
species are more likely to be either negatively ionized or positively ionized within
the mass spectrometer, requiring measurement in both modes to describe the bulk
sample. Error is reported as the standard deviation of the calculated ratios of all mass
ranges for both positive and negative ions. Differing ionization efficiencies between
molecules and the fact that the samples are not completely soluble will affect the
Orbitrap results. Thus the intensity-weighted elemental analysis reported here has
significant uncertainties associated with it, which the errors reported in Tables 3.11
and 3.1 reflect. The elemental ratios reported here should therefore be interpreted
as general trends in the bulk sample composition rather than a strict adherence to

the specific values reported.

3.3 Results

We observe broad trends in haze chemical properties for different metallicities and
temperatures, driven in part by the impact of the initial gas mixture. Further
experiments isolating only temperature or only the initial gas mixtures would provide
additional insight as to the particular formation conditions of each solid compound.
For this work, we focus on the broad trends observed and prebiotic molecular formulas

detected in each experiment.

We observe regular spacings of peak groups within each metallicity case, observing
spacings of 13.5 u for the 300 K, 100x (hydrogen-rich gas mixture) hazes, between 13
and 14 u for the 1000x (water-rich gas mixture) hazes at all three temperatures, and
between 10-14 u for the 10000x (carbon dioxide-rich gas mixtures) hazes at 300 and
400 K. These groupings likely correspond to chemical families in the solid products.
Figures 3.5, 3.6, and 3.7 show the mass spectrum for each sample for both positive

and negative ions, as well for both plasma discharge- and UV-produced samples.
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Additionally, we detect hundreds to thousands of different stoichiometries in
each particular haze analogue, indicating very complex mixtures. Each individual
stoichiometry represents a possible molecule. Tables 3.1V, 3.V, 3. VI, 3.VII, 3. VIII,
and 3.1X report those with the molecular formulas for amino acids (both biological
and non-proteinogenic), nucleotide bases, and sugars and their derivatives for each

metallicity case.

3.3.1 Hydrogen-rich Atmospheres Results

For the hydrogen-rich (100x metallicity) initial gas mixtures, only the 300 K condition
produced particles that were adequately soluble for further analysis within the Orbitrap.
We observe repeating mass peak group spacings of 13.5 u in both the positive and
negative ions of the data, likely corresponding to additions of repeated chemical groups
combining in specific ratios, as has been seen previously in studies of Titan “tholin”
(Horst, 2011). In this set of gas mixtures, only the 300 K case contained NH3, which
suggests that ammonia, despite only being present at the ~1% level in the gas phase,
plays a key role in the resulting chemical incorporation of solid particles. NHj is highly
susceptible to photolysis, as demonstrated in the models of Miller-Ricci Kempton et al.
(2012).

Figure 3.5 shows mass spectra for all temperature cases. The 400 K and 600 K
samples yielded noisy spectra with little to no structure. Both positive and negative
mode data are superimposed upon each other, showing the spectral intensity for
negative ions is systematically lower than the intensity for positive ions, as is typical
for the Orbitrap instrument and results from differences in ionization efficiencies
between positive and negative modes and instrument systematics (Hu et al., 2005;
Perry et al., 2008). The 300 K plot shows intensities offset by a factor 10 so that the
clearly structured stair-step pattern in the mass spectra of the positive and negative

mode is more visible.

73



100x MetaII|C|ty 600 K, PIasma 100x MetaII|C|ty 600K uv

| I’f‘;.iwjft . kol
ut okl ‘” 'ul.u,ruvw M!HH i i " il 0 il «w i
Eizz ‘ Ox Metallcity, 300 K. P 1°°X Metalicity. 3°°K o

{7 T J 0

Figure 3.5. Mass spectra from 150 to 450 m/z for all 100x metallicity plasma and UV
samples, all dissolved in methanol. The 300 K plasma discharge case shows clear signs of
structure, while the two higher temperature samples are noisy and were not subjected to
further analysis. The 300 K plasma sample intensities were offset by a factor 10 to clearly
show the stair-step structure of the mass spectra. UV sample spectra are less structured,
likely due to lower sample concentrations.

For our molecular detections, we report in Table 3.1V only the molecular formulas
for amino acids, nucleotide bases, and sugars. The 300 K 100x sample showed
the presence of C3HgOg3, which is the formula for glyceraldehyde. This is the first
known atmospheric experiment in the absence of liquid water, to our knowledge, to
detect the molecular formula of a simple sugar from the solid products (for further
context and discussion, see Section 3.4.2). Additionally, we detected the formulas for
adenine, glutamic acid, and histidine, which are a nucleobase and proteinogenic amino
acids respectively, from the 300 K hydrogen-rich gas mixture. All play vital roles in

Earth-based metabolisms. We explore the implications of this further in Section 3.4.2.
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3.3.2 Water-rich Atmospheres Results

For the water-rich (1000x metallicity) initial gas mixtures, all samples produced
highly structured mass spectra, indicating that the samples are composed of highly
complex molecular compounds, as well as that they were soluble in methanol. We
observe repeating mass peak groupings of between 13 and 14 u in both the positive
and negative ions of the data, again pointing to repeating distinct chemical groups.
Mass spectra for all conditions are found in Figure 3.6. The water-rich cases yielded
the largest number of molecules with prebiotic roles, so we provide a separate table for

each temperature. Tables 3.V and 3.VI present results for 600 K, Table 3.VII presents
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Figure 3.6. Mass spectra from 150 to 450 m/z for all 1000x metallicity plasma and
UV samples, dissolved in methanol. While all are highly structured, the 300 K case of
the plasma products displays a unique shape that indicates its distinctive chemistry as
compared to the hotter two samples. UV sample mass spectra are all less structured, likely
due to lower sample concentrations.

The 600 K and 400 K samples have similarly shaped peak groupings separated

by 13 to 14 amu (averaging to 13.5 u). The 300 K sample has a different peak group
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shape with consistent spacing of 14 u. The water-rich cases can be differentiated by
certain unique constituents: only the 600 K case contained CO and only the 300 K gas
did not contain Hs. Additional experiments isolating changes in temperature or gas
mixture could help identify the source of the 300 K sample’s unique mass spectrum

shape.

We detected a multitude of formulas for amino acids, both biological and non-
proteinogenic, in each set of solid particles produced from the water-rich gas mixtures,
for both positive and negative ions. We detected nucleotide base formulas in the
water-rich samples from each set of temperatures — all three contain the formula for
guanine, while the 300 K condition additionally contains the formula for adenine.
The 600 K and 300 K samples have the formula for thymine glycol, a derivative of
the nucleotide base thymine. Finally, we detected the formula for the sugar acid
gluconic acid in the 600 K sample and the formula for glyceraldehyde, the simplest

monosaccharide, in the 300 K water-rich sample.

3.3.3 Carbon Dioxide-rich Atmospheres Results

For the carbon dioxide-rich (10000x solar metallicity) inital gas mixtures, only the
two lower temperature samples produced structured mass spectra, indicating soluble
complex molecular compounds in the solid products. We observe repeating mass peak
groups, though far less regular than that of the lower metallicity cases, of 10 u to
14 u in both the positive and negative ions of the data. The less regular mass peak
groupings likely result from a weaker overall signal from these samples. Figure 3.7

shows mass spectra, while Table 3.1X lists molecular formulas.

Carbon dioxide-rich cases produced very small amounts of sample, relative to
the water-rich cases, and analysis was feasible for only two cases (300 K and 400
K). Nevertheless, in both samples we still find a number of prebiotic molecular

formulas, including those for both derivatives of biological amino acids as well as

76



non-proteinogenic amino acids. Notably, both soluble 10000x metallicity samples

contain the formula for sugar alcohol glucitol, while the 300 K sample also contains

the formula for glucose, the most common monosaccharide on Earth.
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Figure 3.7. Mass spectra from 150 to 450 m/z for all 10000x metallicity plasma and
UV produced samples, dissolved in methanol. Both the 300 K and 400 K samples were
determined to be soluble based on their mass spectra.

3.4 Discussion

3.4.1 Solubility of Exoplanet Haze Analogues

As shown in Figure 3.3, the exoplanet haze analogues produced in the laboratory
with the plasma energy source exhibited diverse solubility behavior. Quantitative
measurements of solubility were outside the scope of this study. Additionally, there are
various inconsistencies in the literature about protocols used to determine solubility of
the complex mixtures often referred to as “tholin” (for discussion see e.g., Carrasco et
al., 2009; He & Smith, 2014). Instead our solubility metric was qualitative, determined
both by visual inspection of the sample within the solvent as well as visual inspection

of the resulting mass spectral data (which can be affected by other chemical properties).
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During visual inspection of a sample in a solvent, we noted any color change and any
visible decrease in the amount of solid. We also visually compared the mass spectrum
for each sample in solution with corresponding results for a control blank solvent (see
Figure 3.4). From these post-measurement observations, we made a determination
about the fidelity of the signal, and thus whether any sample had dissolved in the
solvent. As the UV energy source produces significantly less sample (He et al., 2018a),

solubility observations of the kind performed here were not possible.

As discussed in detail below, the lower temperature plasma samples always appeared
soluble while the higher temperature samples were more likely to resist dissolving
in a particular solvent. The hydrogen-dominant (100x solar metallicity) initial gas
mixtures yielded methanol-insoluble solid haze particles except for the 300 K condition,
which notably includes trace amounts of NH3, ammonia. For the water-rich (1000 x
metallicity) cases, all solid samples appeared soluble in methanol, the first choice
solvent for measurements. This solubility behavior is similar to Titan-like “tholin”
haze analogues that result from nitrogen gas mixtures with trace amounts of methane
and carbon monoxide (Carrasco et al., 2009), which often demonstrate significant
solubility in methanol. Finally, the two lower temperature cases for the COy-dominant

(10000x metallicity) gas mixtures were somewhat soluble in methanol, while the

highest temperature 600 K condition yielded highly insoluble solid products.

Both polar solvents and polar-nonpolar mixtures were tested. Samples were only
soluble in the pure polar solvents. From previous measurements of the particle
structure (He et al., 2018b), long chains of particles were observed for the water-rich
(1000x) 300 K and 400 K solid products. This structure suggests that the compounds
themselves are polar, and thus their high solubility in the polar solvent of methanol is
consistent with the general chemical rule “like dissolves like”. The other polar solvent,
dichloromethane, was also effective at dissolving the solid haze analogue samples. Titan

“tholin” also exhibits highly polar solubility (see e.g., Carrasco et al., 2009), marking an
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additional similarity in the broad chemical behavior of our exoplanet “tholin”. While
the 1000 x metallicity exoplanet analogues share some physical characteristics with
Titan haze analogues, elemental analysis (see Table 3.11) shows they are chemically

distinguishable.

While earlier works suggested that the soluble fraction of “tholin” from Titan and
similar planetary atmospheric experiments were representative of the sample as a
whole (Carrasco et al., 2009), more recent studies found that the soluble and insoluble
fractions may be chemically distinct (Maillard et al., 2018; Somogyi et al., 2016). This
suggests that in addition to the limitations of our study regarding the solubility of
our samples, the data we do have may not reveal the full chemical complexity of our
exoplanet haze analogues. Future work on the chemistry of exoplanetary hazes should
consider additional measurements that are not solubility dependent. For example,
laser desorption /ionization (LDI) mass spectrometry measurements do not require
soluble sample and have successfully identified insoluble macromolecules in Martian
meteorite samples (Somogyi et al., 2016).

In addition to practical experimental considerations, the solubility of planetary
haze analogues has further implications for planetary atmospheres themselves. For
example, haze particles are known to act as cloud condensation nuclei (CCN) in
many atmospheres, such as the organic haze for ethane/methane clouds on Titan
(Horst, 2017), meteoritic smoke particles for water ice clouds on Mars (Hartwick et al.,
2019), and sand storms and seaspray for low lying clouds on Earth (Helling, 2019).
Solids that are soluble in the atmospheric condensates of a world (such as salt in
seaspray in water vapor on Earth) promote cloud formation and enable the creation
of significant cloud belts. These condensation seeds facilitate cloud formation by
reducing the level of saturation required for cloud materials to condense (Helling,
2019). The production of polar soluble solid haze particles high in the atmosphere,

as analogous to the experiments considered here, may suggest that polar condensible
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atmospheric constituents may more easily form clouds in exoplanet environments
similar to our experimental atmospheres. For example, the hazes produced in our
laboratory simulations might promote water cloud formation in cool enough atmo-
spheres, which would be particularly relevant to our 300 K temperature regime across
all metallicity conditions. Both the composition of the insoluble experimental hazes

and their effectiveness as cloud seed particles are avenues for future study.

3.4.2 Prebiotic Material in Exoplanet Haze Analogues

Some of the first investigations of prebiotic chemistry assumed that synthesis required
liquid water to occur (Miller, 1953; Miller & Urey, 1959). However, aerosols have
long since been recognized as a source of prebiotic material, including amino acids,
nucleobases, sugars, purines, and pyrimidines on the early Earth (e.g., Dobson et
al., 2000). Mass spectrometry has been used in a variety of exobiology focused
investigations from meterorites to Mars to Titan (e.g., Callahan et al., 2011; Neish
et al., 2010; Sarker et al., 2003; Somogyi et al., 2016; Vuitton et al., 2014, and
references therein), and its use has successfully enabled identification of amino acids
and nucleobases in the products of Titan atmosphere simulation experiments (Horst
et al., 2012; Sebree et al., 2018), as well as both amino acids and sugars in meteorite

samples suggested to have seeded the early Earth (Cooper et al., 2001).

Here, we have identified molecular formulas for eight biological amino acids (tyro-
sine, tryptophan, histidine, pyrrolysine, lysine, arginine, glutamine, glutamic acid) as
well as dozens of their derivatives and two nucleobase formulas (guanine and adenine)
as well as the formula for a derivative (thymine glycol deriving from thymine). We
also detect, for the first time in the products of an atmospheric experiment that did
not contain liquid water, the molecular formulas for simple sugar molecules and sugar
derivatives (collectively called polyols): glyceraldehyde, gluconic acid, sucrose, glucitol,

and glucose.
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Previous laboratory simulations of UV-radiated precometary ice analogues (de
Marcellus et al., 2015; Meinert et al., 2016; Nuevo et al., 2018) and laboratory
simulations of high velocity impacts (e.g., Civis et al., 2016; Ferus et al., 2019) have
detected numerous saccharides including ribose and deoxyribose, bolstering the theory
that prebiotic planetary chemistry relies on external delivery via cometary, meteoritic,
or interplanetary dust sources. Moreover, analysis of extraterrestrial sources such as
the Murchison and Murray meteorites also shows the presence of both simple sugars,
sugar alcohols, and sugar acids (Cooper et al., 2001; Cooper et al., 2018). Even more
recently, bioessential sugars such as ribose and other pentoses have also been found in
Murchison and NWA 801 meteorite samples (Furukawa et al., 2019). Other probes
of external delivery sources farther afield than the local solar system neighborhood
also exist. The simplest sugar-related molecule, glycolaldehyde, has been detected
in interstellar molecular clouds (Hollis et al., 2000), and amines and amides have
been detected throughout the interstellar medium (Kwok, 2016). In addition, the
well-studied formose reaction, in which formaldehyde reacts to form a multitude of
sugar molecules, has been studied both for interstellar synthesis of sugars in the gas
phase (Jalbout et al., 2007) as well as extensively in aqueous solutions mimicking
hydrothermal vents deep in the prehistoric Earth’s ocean (Kopetzki & Antonietti,
2011) and under more temperate alkaline liquid water conditions (Pestunova et al.,
2005).

Our results suggest that, given the right mixture of gases, a planetary atmosphere
alone could photochemically generate not only amino acids and nucleobases, but even
simple sugars. While not discounting external delivery of prebiotic materials, this
result underscores the idea that at least preliminary abiogenesis can occur both in
interstellar space and via external delivery as well as in situ in the atmospheres of
planets themselves. The yields of any such prebiotic materials made in planetary

atmospheres would require careful consideration, however (e.g., Harman et al., 2013),
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and further reactions to generate more complex sugars and eventually biomolecules

still would likely require liquid water and remain challenging (Schwartz, 2007).

Our 300 K, 100x metallicity simulated atmosphere, which is primarily hydrogen
with lesser amounts of water and methane and trace amounts of ammonia, produced the
formula for the simplest monosaccharide, glyceraldehyde (C3HgO3). This atmosphere,
with its high Hy content, is likely most analogous to that of a mini-Neptune. The
heavier metallicity experimental atmospheres (likely more analogous to super-Earth
atmospheres) containing larger amounts of water, carbon dioxide, and methane were
additionally able to produce more complex sugar molecular formulas such as glucose,
sucrose, glucitol, and gluconic acid. Notably, these molecular formulas all occur across

our range of temperatures from 600 K to 300 K.

We advise a note of caution in all our reported molecular detections. We detect
only the formulas for all of the molecules in Tables 3.1V 3.V, 3.VI, 3.VII, 3.VIII,
and 3.1X. Our instrumental set-up alone cannot confirm molecular structure. High
resolution mass spectrometry, as performed here, gives very precise molecular mass
measurements. However, with complex mixtures of the kind examined here, many
possible molecular combinations exist and overlap. Identifications that rely on mass
only for such complex mixtures are therefore highly degenerate. Verification of the
prebiotic molecules discussed here will involve follow-up measurements with other
techniques that can infer and isolate molecular structure, such as high performance

liquid chromatography (HPLC).

3.4.3 Chemical Pathways to Haze Formation

Gas phase results from these laboratory experiments have already been published (He
et al., 2019), and allow us to hypothesize some chemical pathways for the formation of

the solid hazes discussed here. Our gas phase study found that abiotic production of
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oxygen, organics, and prebiotic molecules occurs readily in these mini-Neptune to super-
Earth analogue atmospheres, suggesting that even the co-presence of such molecules
ought not to be taken as a biosignature. The results presented here about the ability
of such atmospheres to form sugars, amino acids, and nucleobases shows that while the
presence of such “false positive” biosignature gases should be treated with skepticism,
they also allow for the formation of a rich prebiotic inventory. The remaining steps
from prebiotic chemistry to biology remains an open question. Observers in future
exoplanet studies must balance biosignature searches with the knowledge that while
abiotic production must always first be ruled out, the coexistence of such gases may
also indicate that prebiotic chemistry has progressed significantly in the atmosphere

and could further develop on any putative surface.

For the conditions in which we detected the formula for glyceraldehyde (the 300 K
100x and 1000x experiments), the gas phase results showed increased production of
hydrogen cyanide (HCN) and formaldehyde (HCHO) (He et al., 2019), both known
to participate in the generation of sugars (Cleaves, 2008; Schwartz et al., 1984). The
production of the variety of amino groups in the solid phase is also unsurprising given

the number of organic precursors observed in the gas phase.

Between different atmospheres, we observe that the solid haze analogues appear to
incorporate certain molecules more readily than others. In Figure 4.6, we show Van
Krevelen diagrams, which are widely used in the petroleonomics field and have since
been used for Titan atmospheric haze studies (e.g., Horst, 2011). These diagrams help
visualize classes of compounds, as these have characteristic elemental ratios, resulting
in clustering of similar compounds in specific locations on a Van Krevelen diagram
(Kim et al., 2003). We show two forms of this diagram. The first (top row of Figure
41.6) compares H/C to N/O, which shows that distinct nitrogen-to-oxygen ratios form
in all of our samples. The second (bottom row of Figure 4.6) shows H/C vs O/C. We

follow the ratio bounds of Ruf et al. (2018) to map where carboxylic acids (fatty acids),
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unsaturated hydrocarbons, aromatic hydrocarbons, amino-acid-like compounds, and
carbohydrates/sugars fall in this H/C vs O/C phase space. Distinct diagonal, vertical,
and horizontal lines are visible in this phase space as well. Such lines form along
characteristic H/C and O/C ratios, which are characteristic of particular reaction
pathways, such as methylation or demethylation, oxidation or reduction, etc. (Kim
et al., 2003).

Interestingly, in the 1000 x experiments, in the initial gas mixtures oxygen increases
with decreasing temperature, but the opposite is seen in the elemental analysis of the
solid haze products. From the least oxygen-rich and most carbon-rich gas mixture (the
600 K case), we see the strongest incorporation of oxygen into the solid, while with the
least carbon-rich and most oxygen-rich gas mixture (the 300 K case), we see the least
oxygen. This is clearly observed in the middle panel of the bottom row of Figure 4.6,
which is in part why we are able to identify so many amino-acid-like formulas in this
sample. Previous experiments on haze formation found that the increasing presence
of carbon monoxide promotes aerosol production (Horst & Tolbert, 2014), which the
authors speculate could occur by shifting the oxygen incorporation more readily into
the solid phase. Notably, the 1000x experiment showing the largest oxygen solid
content (the 600 K case) is the only initial gas mixture to contain carbon monoxide,
which is consistent with this interpretation by Horst and Tolbert (2014). This further
suggests that not only does the initial gas mixture matter in terms of the elemental
species present, but the molecular carriers of these species matters greatly as well
because these molecular carriers determine which elements are able to participate
effectively in haze formation.

Furthermore, the role of nitrogen in haze formation is clearly very important,
yet poorly understood (e.g., Horst et al., 2018¢; Imanaka & Smith, 2007; Trainer
et al., 2012). Our only 100x experiment to produce soluble haze products is also

the only 100x experiment that contained a nitrogen-bearing molecule in the initial
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gas mixture, NH;. With the UV energy source, this nitrogen-containing gas mixture
also had the highest production rate of the 100x conditions and the second highest
production rate of any condition (He et al., 2018a). This 300 K, 100x experiment
produced the formulas for a nucleotide base, a monosaccharide, and both biological
and non-proteinogenic amino acids, underscoring the dramatic role nitrogen can play
in haze formation. Its ability to change the solubility of the hazes produced may have

additional implications for its role in the chemistry of the system as well.

In comparison to previous Titan work, all our haze samples across metallicities
and temperatures have far more oxygen, as shown in Figure 3.2. Although some of the
physical characteristics of the haze products are similar, i.e., production rate (Horst
et al., 2018a), color and particle size (He et al., 2018b), and solubility (this work),
our elemental analysis demonstrates robustly that these haze analogues are quite
distinct chemically. Therefore, modeling efforts that use so-called “hydrocarbon” haze
as a proxy in exoplanet studies must practice due caution as the optical properties
and spectroscopic impact of true exoplanet hazes, at least for a wide range of super-
Earths and mini-Neptunes, will likely also be different than that of hydrocarbon
hazes. Furthermore, aside from incorrect observational interpretations from exoplanet
transmission, emission, or reflectance spectroscopy, the chemical interpretations of
such worlds will also be misconstrued if hydrocarbon haze proxies are used. Finally,
such photochemical modeling efforts typically only include up to Cg species due to
computational complexity and expense as well as a lack of required information such
as reaction rates and photolysis cross sections (Vuitton et al., 2019). However, recent
work exploring Titan-like hazes shows that heavy molecular weight compounds (= Cg)
are needed to fully explain aerosol formation and growth for Titan’s haze (Berry et al.,
2019). Considering the significant addition of oxygen in the exoplanet simulations
performed here, inclusion of heavy molecular weight compounds is likely paramount

to properly capturing exoplanet hazes through photochemical modeling.
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Figure 3.8. Van Krevelen diagrams of each measured set of samples, showing the
hydrogen-to-carbon vs nitrogen-to-oxygen ratios (top row) and hydrogen-to-carbon vs
oxygen-to-carbon ratios (bottom row) in each set of solid haze analogue material. Red
symbols correspond to the 600 K samples, purple to 400 K samples, and blue to 300 K
samples. The labels of compound regions on the lower 100x plot apply to the entire lower
row.

3.4.4 Influence of Different Energy Sources on Haze Forma-
tion and Composition

Our results show general broad agreement within error between the elemental compo-
sition of hazes produced with the AC plasma and the FUV lamp. As noted previously,
the AC plasma is not directly mimicking any specific process, but is instead a proxy
for highly energetic upper planetary atmospheres. This suggests that the overall
elemental composition of atmospheric hazes may not be as strongly affected by the
source of energy imparted onto the atmosphere. However, the specific molecular
identifications we are able to make does vary greatly between the two energy sources.

As the energy density of the UV lamp is lower than that of the plasma (He et al., 2019),
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the plasma source typically produces both more and larger solid particles (He et al.,
2018a; He et al., 2018b). This may contribute to our seeing many more molecules
in the mass spectral data of the plasma produced particles, as well as our ability to
make molecular identifications. Additionally, because there is less sample to dissolve
in the solvent, the concentration of the UV produced haze analogues injected into
the mass spectrometer is typically lower than that of the plasma. These results are
consistent with a study of Titan-like aerosols, in which the use of UV-photolysis as
the energy source also generated fewer MS/MS detected prebiotic molecules than did
plasma-produced aerosols (Sebree et al., 2018). Because the UV light source imparts
less energy into the system, longer experimental steady states (beyond what is practical
for the laboratory) would likely be required to generate more complex molecules. In
a real planetary atmosphere, such timescales of UV photon bombardment may be
less of an issue. However, the gases in the atmosphere will still require sufficiently
energetic UV fluxes to dissociate their bonds to produce photochemical aerosols of
any complexity.

These results may have implications for the ability of various stellar types of stars to
induce complex photochemistry on their hosted planets. Recent modeling of quiescent
M-dwarfs with less intense UV fluxes has shown that reaction rates for prebiotic
chemistry on planets around M-dwarfs should be slower and that prebiotic pathways
may in some cases be unable to proceed at all (Ranjan et al., 2017). Additional
studies comparing the reaction rates of known pyrimidine synthesis in the presence
and absence of UV light reiterates this result for M-dwarf planets, though they also
consider whether the more frequent powerful flaring events on M-dwarfs may be
enough to overcome this lack of quiescent UV flux during most of the stellar lifetime

(Rimmer et al., 2018).

Another complication is that currently, we have relatively few measurements of

planet host spectra in the UV. While these data gaps can be overcome with modeling
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approaches (e.g., Peacock et al., 2019) and additional observational campaigns (e.g.,
Youngblood et al., 2017), translating these UV fluxes into proxies usable in the
laboratory remains challenging. Any close-in exoplanet would likely be subject to
charged particles traveling along stellar magnetosphere lines or bombardment by
cosmic rays. These high energy particles could induce prolific chemistry in a planetary
atmosphere. However, constraining the rates and magnitudes of such energetic particles
deposited into the atmosphere is also outside the ability of current observations, and

thus quantifying this energy flux for use in laboratory simulations is also difficult.

3.4.5 Prospects for the Observability of Exoplanet Haze Chem-
istry

As shown in this work, we expect a broad range of hazes over the diverse phase
space of exoplanet atmospheres. While the chemistry described here is intriguing
for exoplanet studies, there is currently a disconnect between laboratory production
of these haze analogues and detection of these materials in exoplanet observations.
Future measurements to obtain the optical properties of these hazes will provide
observers with spectral features to search for with future spectroscopic observatories
such as the James Webb Space Telescope (JWST), the ARIEL Space Telescope, or
the Wide Field Infrared Survey Telescope (WFIRST) beyond merely the muting of
spectral features as observed thus far (e.g., Kreidberg et al., 2014a). Moreover, such
optical property measurements would provide an additional layer of confirmation as to
the presence of various chemical bonds in the haze particles and would thus provide
additional evidence for our compositional measurements performed here.

The ubiquity of planetary hazes will impact both transiting exoplanet studies as
well as future direct imaging missions to obtain spectra of exoplanet atmospheres in
reflected light. Our experiments show substantial differences in haze production (He

et al., 2018a; Horst et al., 2018a), likely leading to impacts for observations across
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a diverse range of atmospheres. However, observations of the atmospheres of mini-
Neptunes and super-Earths to obtain their gas composition across wide wavelength
ranges that probe different pressures in the atmosphere may also help reveal whether
any substantial photochemistry is occurring on the planet. As we now have both gas
phase chemistry (He et al., 2019) and solid phase chemistry constraints (this work) for
photochemistry of a subset of these atmospheres, we may begin to infer the presence

or absence of these processes from observations.

Observations of mini-Neptune atmospheres have just begun to produce compo-
sitional constraints. For example, a recent study of GJ 3470 b found a hydrogen-
dominated atmosphere with depleted water, ammonia, and methane gas and Mie
scattering aerosols (Benneke et al., 2019a), reminiscent of the gas phase chemistry
of our 300 K, 100x metallicity experiment (He et al., 2019), though this planet has
a much higher equilibrium temperature of nearly 700 K. Another cooler (~300 K)
mini-Neptune, K2-18 b, was recently shown to have significant water and possible
water clouds in its atmosphere (Benneke et al., 2019b; Tsiaras et al., 2019), showing

the diversity of mini-Neptune atmospheres.

This diversity may result from temperature differences between the planets resulting
in differing atmospheric chemistry, as shown is likely from our laboratory experiments.
When optical properties of the hazes discussed here are obtained, these exoplanets
would make fascinating targets for future observatories. With observations of both
individual planets as case studies and of larger planetary trends in temperature
and atmospheric composition, we can explore whether any of the hazes we find
experimentally are truly present in existent exoplanetary atmospheres and thus further

investigate the prevalence of various chemical pathways.
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3.5 Conclusion

We have conducted very high resolution Orbitrap mass spectrometry measurements
of the solid haze products resulting from a suite of laboratory experiments from the
PHAZER chamber, exploring temperate exoplanet atmospheres over a range of initial
gas chemistries. We find that these haze products show varying solubility behavior,
with all solids being at least partially soluble in polar solvents, suggesting that these
hazes may make for effective cloud condensation nuclei in exoplanetary atmospheres
with polar condensible material. Additionally, we find that all haze products have very
large oxygen contents in the solid products, showing a marked difference in elemental
composition to previous Titan atmospheric work. Finally, we detect a number of
prebiotic molecular formulas, including those for biological and non-proteinogenic
amino acids, for two nucleotide bases, and for the first time from an atmospheric

experiment without liquid water, formulas for simple sugars.

This work demonstrates the power of laboratory experiments in understanding the
complex chemistry at work in exoplanet atmospheres, both at large general scales as
well as at for detailed single compound detections. Future follow up work is required
to confirm the presence of our prebiotic molecular formula detections, as well as to
understand the ability of haze particles to act as cloud condensation nuclei in such
atmospheres. Connecting the chemical information gathered here to a telescopic
observable will be highly important to make the most of these results and their

implications for distant worlds.
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100x Results
600 K material insoluble
400 K material insoluble

300 K
Mass (m/z) £Appm  Detection — Formula Potential Molecule Relevance

90.0317 +2.4 - C303H;g glyceraldehyde monosaccharide

129.0426 +0.9 - CsNO3H/ pyroglutamic acid non-proteinogenic amino acid
135.0545 +2.1 - CsNsHs adenine nucleotide base

147.0532 +1.5 - CsNO4Hy glutamic acid biological amino acid
155.0695 +2.3 - CgN3OHg histidine biological amino acid
159.0895 +0.8 - C;NO3H3 L-valine, N-acetyl non-proteinogenic amino acid
211.0845 +1.3 p C1oNO4H;3 tyrosine, 3-methoxy non-proteinogenic amino acid
219.0743 +1.8 p CgNOgH 3 O-Succinylhomoserine  non-proteinogenic amino acid
246.1216 +1.2 +/p C10N2OsHs Boc-L-glutamine non-proteinogenic amino acid

Table 3.1V. Molecular formulas detected from each 100x metallicity experiment. Detec-
tion column indicates energy source and detection polarity. Plasma (+: positive ion, -:
negative ion) and UV (p: positive ion, n: negative ion). We report the smaller Appm
between measured m/z and exact m/z when a detection was made in more than one
instrument mode.
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1000x, 600 K Results

Mass (m/z) +Appm Detection Formula Potential Molecule Relevance

102.0429 +1.7 + C3N,0.Hg  cycloserine non-proteinogenic amino acid
103.0633 £1.7 + CyNOyHg N,N-Dimethylglycine amino acid derivative
114.0429 +1.4 + CyN,O5Hg  [-cyanoalanine non-proteinogenic amino acid
132.0899 +1.0 + Cs5N,O5H 5  ornithine non-proteinogenic amino acid
146.0691 +2.4 + CsNy03H;p  glutamine biological amino acid
146.1055 +2.3 + CgNoOoHyy  lysine biological amino acid
151.0494 +2.7 - C;N5O0Hj5 guanine nucleotide base

153.0426 +2.6 - C;NO3H/ p-Aminosalicyclic acid aminobenzoic acid

153.0790 +0.4 +/- CsNOyH;;  dopamine non-proteinogenic amino acid
155.0695 +0.02 +/- CgN305Hg  histidine biological amino acid
156.0647 +0.3 +/- CsN4OoHg  1,2,4-Triazole-3-alanine non-proteinogenic amino acid
157.0375 £3.0 - CsNO,H~, aminohexa-dienedioic acid non-proteinogenic amino acid
157.0739 +£0.4 +/- C;NO3H;; furanomycin non-proteinogenic amino acid
157.1103 +0.6 + CsNOyH; 5  cyclohexylglycine non-proteinogenic amino acid
158.0328 +2.7 - Cs;NyO4Hg  dihydroorotic acid pyrimidinemonocarboxylic acid
159.0895 +3.5 - C;NO3H;3 L-valine, N-acetyl non-proteinogenic amino acid
159.1259 4+0.2 + CsNOyH 7  octanoic acid, 8-amino- non-proteinogenic amino acid
160.0484 +3.4 - C;NyO4Hg  thymine glycol nucleotide base derivative
160.1212 +0.4 + C7NyO3Hg  L-Lysine, N-methyl- non-proteinogenic amino acid
161.0688 +1.9 - C¢NO4H1;  2-Aminohexanedioic acid  non-proteinogenic amino acid
167.0695 +0.02 +/- C;N309Hg  f-Pyrazinyl-L-alanine non-proteinogenic amino acid
169.0851 +0.13 +/- C7N305H;;  3-Methylhistidine non-proteinogenic amino acid
171.0644 +1.0 +/- CsN303Hg  B-hydroxyhistidine non-proteinogenic amino acid
171.1259 +0.2 + CoNOyH 7  cyclohexylalanine non-proteinogenic amino acid
172.0960 +1.0 +/- CeN4OoH 5 enduacididine non-proteinogenic amino acid
173.0437 +£2.9 - CsN304H;  azaserine non-proteinogenic amino acid
174.1004 +1.3 +/- C7Ny0O3Hy4 formyllysine non-proteinogenic amino acid
174.1117 £0.8 + CgN4OoHy4 arginine biological amino acid
175.0845 +2.7 - C;NO4H;3  spermidic acid non-proteinogenic amino acid
175.0957 +£0.9 +/- CgN3OsHys citrulline non-proteinogenic amino acid
181.0739 +2.5 - CyoNO3H;;  tyrosine biological amino acid
182.0804 +1.5 +/- C;N,O5Hyp lathyrine non-proteinogenic amino acid
188.1161 +0.8 +/- CsNyO3H6  leucine, glycyl- non-proteinogenic amino acid
188.1273 +1.1 + C7;N4OoH4 homoarginine non-proteinogenic amino acid
195.0895 +3.4 -/n C1oNO3H;3 tyrosine, O-methyl non-proteinogenic amino acid
196.0484 +3.2 - CsN,O4Hg  phenylglycine, m-nitro non-proteinogenic amino acid
196.0848 +2.6 - CoN5yO3Hy,  pyridinylmethylserine non-proteinogenic amino acid
196.0583 +2.2 + CeOrHypo gluconic acid sugar acid

199.0845 +3.1 - CyoNO4H;3  anticapsin non-proteinogenic amino acid

Table 3.V. Molecular formulas detected from the 600 K, 1000x metallicity experiment.
Detection column indicates energy source and detection polarity. Plasma (+: positive
ion, -: negative ion) and UV (p: positive ion, n: negative ion). We report the smaller
Appm between measured m/z and exact m/z when a detection was made in more than
one instrument mode.
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1000x, 600 K Results

Mass (m/z) £Appm  Detection Formula Potential Molecule Relevance

205.0851 +3.0 - C1oN3OoHy;  tryptazan non-proteinogenic amino acid
206.0804 +3.5 - CgN,OsH;y  benzotriazolylalanine non-proteinogenic amino acid
208.0848 £2.8 - C10N3O3Hy5  phenylasparagine non-proteinogenic amino acid
210.0641 £2.8 - CoNy;0O4H;y  p-Nitrophenylalanine non-proteinogenic amino acid
211.0845 +3.6 - C1oNO4H;3  tyrosine, 3-methoxy  non-proteinogenic amino acid
224.0797 +3.2 - C1oN2O4H15  3-hydroxykynurenine amino acid metabolite
226.1066 +3.1 - CyN4O3Hy4  alanylhistidine amino acid metabolite
246.1328 +1.8 +/- CyN4O4H13  octopine amino acid derivative
255.1583 +1.1 +/- C12N303Hs;  pyrrolysine biological amino acid
267.1219 +3.0 - C1oN3O4H 7 agaritine non-proteinogenic amino acid
270.0964 +3.1 - C1oN4O5Hy4  histidine, S-aspartyl ~ non-proteinogenic amino acid
342.1162 +1.3 n Ci12011Hyy sucrose disaccharide

465.3090 +1.2 —+ Co6NOgHy3  glycocholic acid bile acid

Table 3.VI. Molecular formulas detected (continued) from the 600 K, 1000 x metallicity
experiment. Detection column indicates energy source and detection polarity. Plasma (+:
positive ion, -: negative ion) and UV (p: positive ion, n: negative ion). We report the
smaller Appm between measured m/z and exact m/z when a detection was made in more
than one instrument mode.
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1000x, 400 K Results

Mass (m/z) £Appm

151.0494 +3.9 - CsN5OHj guanine nucleotide base

151.0633 £3.6 - CgNO,Hg 2-Phenylglycine non-proteinogenic amino acid
153.0426 +1.7 -/n C;NOsH~ p-Aminosalicyclic acid  aminobenzoic acid

153.0790 +4.3 - CgNOoH; dopamine non-proteinogenic amino acid
155.0695 +4.4 - CgN305Hg histidine biological amino acid

156.0647 +4.0 - Cs5N,O2Hg 1,2,4-Triazole-3-alanine  non-proteinogenic amino acid
157.0739 +3.4 - C7;NOsH; furanomycin non-proteinogenic amino acid
159.0895 +£3.5 - C7NOsH3 L-valine, N-acetyl non-proteinogenic amino acid
165.0790 £3.5 - CoNOoH; phenylalanine non-proteinogenic amino acid
167.0695 +4.1 - C7N305Hg [-Pyrazinyl-L-alanine non-proteinogenic amino acid
169.0851 +0.1 +/- C;N305H;;  3-Methylhistidine non-proteinogenic amino acid
171.0644 +£3.7 - CsN303Hg [B-hydroxyhistidine non-proteinogenic amino acid
176.0586 +3.7 - C9N2OoHg  phenylglycine, m-cyano non-proteinogenic amino acid
179.0946 +4.5 - C10NOoH;3  homophenylalanine non-proteinogenic amino acid
181.0739 +3.7 - CoNO3H; tyrosine biological amino acid

182.0804 +3.5 - C7N4OsHyy  lathyrine non-proteinogenic amino acid
193.0739 +4.2 - C10NO3Hy;  phenylglycine, m-acetyl non-proteinogenic amino acid
195.0895 +3.4 -/n C1oNO3Hy3  tyrosine, O-methyl non-proteinogenic amino acid
196.0848 +3.9 - CgNyO3H;5  pyridinylmethylserine non-proteinogenic amino acid
204.0899 +4.3 - C11N3OsHys  tryptophan biological amino acid

205.0851 +4.4 - C1oN305H;; tryptazan non-proteinogenic amino acid
206.0804 +3.5 - CoN,O2Hy  benzotriazolylalanine non-proteinogenic amino acid
208.0848 +4.2 - C10N20O3H5  phenylasparagine non-proteinogenic amino acid
210.0651 +4.2 - C9NyO4Hyy  p-Nitrophenylalanine non-proteinogenic amino acid
220.0848 +3.8 - C11NyO3H5  5-Hydroxytryptophan  biological amino acid derivative
224.0797 +4.7 - C10Ny0O4H15  3-hydroxykynurenine biological amino acid metabolite
226.1066 +4.5 - CoN,O3Hy,  alanylhistidine biological amino acid metabolite
236.0797 +3.8 - C11N;O4H15  N-formylkynurenine non-proteinogenic amino acid
246.1004 £4.0 - C13N303Hy,  acetyltryptophan biological amino acid derivative
246.1216 +3.8 - C10N20O5H1s  Boc-L-glutamine non-proteinogenic amino acid
246.1328 +3.8 - CoN,O4H;s  octopine biological amino acid derivative
255.1583 +0.1 +/- C12N303H5;  pyrrolysine biological amino acid

267.1219 +£3.0 - C12N3O4H 7  agaritine non-proteinogenic amino acid
276.1321 +2.4 - C11N9OgHgy saccharopine biological amino acid derivative
342.1162 +1.3 n C12011Hoo sucrose disaccharide

449.3141 +0.1 +/- Co6NOsHys  glycodeoxycholic acid bile acid

465.3090 +1.3 + Co6NOgHys  glycocholic acid bile acid

Detection  Formula

Potential Molecule

Relevance

Table 3.VII. Molecular formulas detected from the 400 K, 1000 x metallicity experiment.
Detection column indicates energy source and detection polarity. Plasma (+: positive
ion, -: negative ion) and UV (p: positive ion, n: negative ion). We report the smaller
Appm between measured m/z and exact m/z when a detection was made in more than
one instrument mode.
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1000, 300 K Results

Mass (m/z) £Appm  Detection  Formula Potential Molecule Relevance

90.0317 +4.5 - C303Hg glyceraldehyde monosaccharide

135.0545 +5.8 - CsNsHs adenine nucleotide base

137.0477 £5.9 - C;NOyH; homarine non-proteinogenic amino acid
141.0426 +£4.9 - CsNO3zH7 aminomuconic semialdehyde biological amino acid metabolite
151.0494 +4.9 +/- CsN5OH;5 guanine nucleotide base

151.0633 +4.7 - CsNOsHy 2-Phenylglycine non-proteinogenic amino acid
153.0426 +5.9 - C;NO3H7 p-Aminosalicyclic acid aminobenzoic acid

153.0790 £5.4 - CsNOoHypy dopamine non-proteinogenic amio acid
155.0695 +4.4 - CgN302Hg histidine biological amino acid

156.0647 +5.1 - Cs5N,0.Hg 1,2,4-Triazole-3-alanine non-proteinogenic amio acid
157.0739 £4.6 - C;NO3Hp;; furanomycin non-proteinogenic amio acid
160.0484 +4.6 - CsN,O4Hg  thymine glycol nucleotide base derivative
165.0790 +4.7 - CoNOoH{ phenylalanine non-proteinogenic amio acid
167.0695 +5.4 +/- C7N305Hq B-Pyrazinyl-L-alanine non-proteinogenic amio acid
169.0851 +4.6 +/- C;N309H;;  3-Methylhistidine non-proteinogenic amio acid
171.0644 +£3.7 +/- CgN303Hg B-hydroxyhistidine non-proteinogenic amio acid
176.0586 +3.7 +/- C9N;OyHg  phenylglycine, m-cyano non-proteinogenic amio acid
179.0946 £4.5 - C10NO9H;3  homophenylalanine non-proteinogenic amio acid
181.0739 £3.7 +/- CoNOsH;;  tyrosine biological amino acid

182.0804 +3.5 +/- C;N4OoHyy  lathyrine non-proteinogenic amio acid
193.0739 +£9.1 + C10NO3H;;  phenylglycine, m-acetyl non-proteinogenic amio acid
195.0895 +£3.4 +/- C10NO3H;3  tyrosine, O-methyl non-proteinogenic amio acid
196.0484 +8.4 + CsN,O4Hg  phenylglycine, m-nitro non-proteinogenic amio acid
196.0848 +2.6 +/- CgNyO3His  pyridinylmethylserine non-proteinogenic amio acid
204.0899 +3.0 +/- C11N2OsHys  tryptophan biological amino acid

205.0851 +4.4 +/- Cy1oN3O9H;;  tryptazan non-proteinogenic amino acid
206.0804 +3.5 +/- CgN4OoHyy  benzotriazolylalanine non-proteinogenic amino acid
208.0848 +1.5 +/- C190N2O3H2  phenylasparagine non-proteinogenic amino acid
210.0641 £7.7 + CoNyO4Hy9  p-Nitrophenylalanine non-proteinogenic amino acid
211.0845 +0.1 p C1oNO4Hy3  tyrosine, 3-methoxy non-proteinogenic amino acid
220.0848 +8.9 +/- C11N2O3H15  5-Hydroxytryptophan biological amino acid derivative
224.0797 £8.3 + C1oN2O4H1s  3-hydroxykynurenine biological amino acid metabolite
226.1066 +1.7 +/- CyN4O3H14  alanylhistidine biological amino acid metabolite
246.1004 £8.1 + C13N20O3Hy,  acetyltryptophan biological amino acid derivative
246.1216 +1.2 p C19N2OsH1s  Boc-L-glutamine non-proteinogenic amino acid
267.1219 +6.0 +/- C12N304H 7 agaritine non-proteinogenic amino acid
276.1321 +4.0 - C11N2OgHgo  saccharopine biological amino acid derivative

Table 3.VIIl. Molecular formulas detected from the 300 K, 1000x metallicity experiment.
Detection column indicates energy source and detection polarity. Plasma (+: positive
ion, -: negative ion) and UV (p: positive ion, n: negative ion). We report the smaller
Appm between measured m/z and exact m/z when a detection was made in more than
one instrument mode.
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10000x Results

600 K material insoluble

400 K
Mass (m/z) +Appm  Detection Formula Potential Molecule Relevance
182.0790 +0.1 -/n CgO6H 14 glucitol sugar alcohol
192.1110 +1.7 p C7NyO4Hyg orthinine acetate non-proteinogenic amino acid
195.0895 +0.1 - C1oNO3H;3 tyrosine, O-methyl non-proteinogenic amino acid
211.0845 £0.1 p C10NO4Hy3 tyrosine, 3-methoxy non-proteinogenic amino acid
246.1216 +1.2 P C10N2OsH1g Boc-L-glutamine non-proteinogenic amino acid
246.1328 +1.2 p CyN,4O4H15 octopine biological amino acid derivative
267.1219 +1.1 p C12N304H7 agaritine non-proteinogenic amino acid
276.1321 +1.1 p C11N9OgHag saccharopine biological amino acid derivative
300 K
Mass (m/z) £Appm  Detection Formula Potential Molecule Relevance
180.0634 +0.7 n CeOgH1o glucose monosaccharide
182.0790 +0.2 +/- CsOpHi4 glucitol sugar alcohol
192.1110 £1.7 p C7N3O4Hy6 orthinine acetate non-proteinogenic amino acid
195.0895 +0.1 - C1oNO3H;3 tyrosine, O-methyl non-proteinogenic amino acid
246.1328 +0.3 p CyN4O4H g octopine biological amino acid derivative
276.1321 +1.1 P C11N,OgHyg saccharopine biological amino acid derivative

Table 3.1X. Molecular formulas detected from the 10000x metallicity experiments. De-
tection column indicates energy source and detection polarity. Plasma (+: positive ion,
-: negative ion) and UV (p: positive ion, n: negative ion). We report the smaller Appm
between measured m/z and exact m/z when a detection was made in more than one

instrument mode.
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Chapter 4

Triton Haze Analogues: the Role
of Carbon Monoxide in Haze
Formation

“So the universe is not quite as you thought it was. You’d better rearrange your
beliefs, then. Because you certainly can’t rearrange the universe.”

— Isaac Asimov, Nightfall

4.1 Introduction

'Triton, as Neptune’s largest moon, is unique among the ice giant moons because of
its thin nitrogen atmosphere and its status as a captured Kuiper Belt Object (KBO)
(Agnor & Hamilton, 2006; McKinnon, 1984). Also considered a candidate ocean world,
Triton thus is a natural comparison to two other worlds, Titan and Pluto, which also
have nitrogen-rich atmospheres with trace amounts of carbon monoxide and methane,
though the absolute mixing ratios differ between the three. Rich photochemistry has
been observed both on Titan and Pluto from dedicated spacecraft observations by
the Cassini-Huygens mission to the Saturn system and the New Horizons flyby of

Pluto. Dramatic haze layers are seen in the atmospheres of both worlds from these two

!This chapter has been submitted to The Journal of Geophysical Research — Planets as Moran,
Horst, He, Radke, Sebree, Izenberg, Vuitton, Flandinet, Orthous-Daunay, Wolters, "Triton Haze
Analogues: the Role of Carbon Monoxide in Haze Formation" for publication therein.
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missions (Porco et al., 2005; Stern et al., 2015). Voyager 2 observations also suggest
that Triton has a haze layer and potentially nitrogen ice clouds (Herbert & Sandel,
1991; Rages & Pollack, 1992; Strobel & Summers, 1995; Yelle et al., 1995), though
the haze properties, especially as compared to that of Titan and Pluto, remain poorly
characterized due to Voyager 2 phase angle and detection limit constraints (Pollack
et al., 1990).

Triton’s atmosphere, due to its extremely cold surface temperature of 38 K (Conrath
et al., 1989), is in vapor pressure equilibrium with its surface ices, making atmosphere-
surface interactions active and strongly seasonally dependent (Cruikshank et al., 1993;
Hansen & Paige, 1992). Similar activity is observed for Pluto (Lewis et al., 2020),
where seasonal sublimation appears to drive winds (Telfer et al., 2018). Measurements
of Triton’s atmospheric pressure at the surface range from 14+1 pbar in 1989 from
Voyager 2 radio science (Tyler et al., 1989) to 19+1.8 pbar from stellar occultations in
1995 and 1997 (Elliot et al., 1998; Olkin et al., 1997), suggestive of seasonal sublimation
and deposition. Nitrogen dominates the atmosphere, and vertical profiles of the Ny
(Krasnopolsky et al., 1993) and CH4 content, which decreases with altitude (Herbert
& Sandel, 1991), have been known since Voyager 2. From the surface at 38 K, the
upper atmosphere reaches temperatures of approximately 90 K (Strobel & Zhu, 2017).
With the Very Large Telescope of the European Southern Observatory, Lellouch et al.
(2010) was able to measure the amount of CO in the atmosphere, where only upper
limits were achieved by Voyager 2. Lellouch et al. (2010) found a partial pressure of

2443 nbar for CO, but did not measure a surface pressure at the time of observations.

Triton’s young (< 10 Ma) surface (Schenk & Zahnle, 2007; Stern & McKinnon,
2000) requires geological activity suggestive of significant internal heating, potentially
provided by obliquity tides (Nimmo & Spencer, 2015), which could maintain a sub-
surface liquid ocean. Plumes/geysers on Triton, observed by Voyager 2, also suggest

seasonally driven winds and/or subsurface activity (Hammond et al., 2018; Hansen
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et al., 1990). Organic material generated by photochemistry in the atmosphere could
then interact with this potential subsurface ocean, or even the plume outflow material
itself, furthering prebiotic chemical reactions, as may also occur on Titan (Neish et al.,
2010).

In Titan’s atmosphere, the dissociation of Ny, CHy, and other minor species that
initiate haze formation is primarily driven by solar UV radiation (Vuitton et al.,
2019), while galactic cosmic ray impacts can also initiate ionization reactions to a
lesser degree (Gronoff et al., 2009; Gronoff et al., 2011). Magnetospheric ions from

2 572 have been detected at

Saturn on the order of up to 1 keV with flux 107¢ cm
Titan (Hartle et al., 2006) and are a minor driver of atmospheric chemistry on the
moon. However, at Triton, Neptune’s magnetospheric particles interact with Triton’s
ionosphere with energies an order of magnitude higher (Krimigis et al., 1989; Stone
et al., 1989; Thompson et al., 1989) and thus may play an increased role in atmospheric
chemistry, though solar EUV photons likely still dominate (Lyons et al., 1992). The
flux of solar photons naturally decreases with distance from the Sun from Titan to
Triton to Pluto, from ~15 W m™2 to ~1.5 W m~2 to ~0.9 W m~2. Determining
how far organic atmospheric chemistry has proceeded on Triton as a result of haze
formation processes, and how this compares to Pluto and Titan, is thus of high interest

given the similarities in bulk composition yet major differences in energy distribution

between the three planetary bodies.

In situ missions to the outer solar system to characterize atmospheric chemistry are
both few and far between, and often only reveal far more complexity than previously
assumed, as in the case of both Titan and Pluto. Additionally, the theorized haze layer
of the Early Earth is also impossible to study in situ in the present day. Moreover,
because of the unique and highly complex chemistry occurring in these haze layers,
theoretical models often cannot fully capture haze formation from initial gases to

complex haze molecules due to both a lack of chemical kinetics of the relevant chemical
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reactions as well as computational expense (Berry et al., 2019; Vuitton et al., 2019).
As such, laboratory synthesis of atmospheric hazes has been performed to generate
and study analogue particles to those potentially made in planetary atmospheres,
including those for Titan (e.g., Imanaka et al., 2004; Khare et al., 1984; Vuitton
et al., 2010), the Early Earth (e.g., Hasenkopf et al., 2010; Horst et al., 2018b; Trainer
et al., 2006), and even exoplanets (e.g., Gavilan et al., 2018; Hoérst et al., 2018a).
These experiments have revealed a wealth of information about haze formation and
properties, including their effect on spectra (Brassé et al., 2015), the production of
prebiotic molecules (Hoérst et al., 2012; Sebree et al., 2018), and potential chemical

pathways to haze formation (Gautier et al., 2014; Gautier et al., 2016).

Previous atmospheric haze formation experiments also exist for Triton specifically
(McDonald et al., 1994; Thompson et al., 1989), but these past experiments included
only nitrogen and methane in their starting gas mixtures. Thanks to more recent
ground-based observations (Lellouch et al., 2010), we now know that CO is in fact
the second most abundant molecule in Triton’s Ny atmosphere, unlike the Plutonian
and Titanian atmospheres where CH, is found in higher mixing ratios than CO
(Krasnopolsky, 2012). Some experiments have included CO in Titan-like mixtures
(Bernard et al., 2003; Coll et al., 2003; Tran et al., 2008), suggesting oxygenated
molecules play a role in the gas phase chemistry. More recent laboratory experiments
have shown that an initial inventory of gas phase CO also substantially affects
resulting tholin particles (He et al., 2017; Horst & Tolbert, 2014). CO was included in
recent atmospheric experiments of a Pluto-like atmosphere (Jovanovié¢ et al., 2020),
with substantial impact on the tholin produced. However, this Pluto experiment,
as well as the previous Triton experiments, were performed at room temperature,
though temperature should also influence the chemistry occurring in the atmosphere.
Moreover, the published spectra and chemical measurements from every No-CHy4-CO

experiment to date has been performed with mixing ratios where CHy; > CO, as
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is more representative of Titan and Pluto rather than Triton. The only published
experiments performed with CO > CHy only examined the particle density and size of
the resulting solid (Horst & Tolbert, 2014), not its chemistry. Therefore, in this study,
we perform a new set of atmospheric chamber experiments for a Triton-like atmosphere
—including this second most abundant molecule of CO at a higher percentage than CHy
and at Triton-like temperatures — to examine the chemical and physical properties
of hazes that may influence Triton’s atmosphere and climate, surface, and planetary

evolution.

4.2 Methods

First, we generated Triton haze analogue particles within the PHAZER (Planetary
HAZE Research) chamber (He et al., 2017) under Triton-relevant temperatures and
pressures with an AC cold plasma discharge as the energy source. We subjected
the resulting solid particles to combustion analysis to obtain the elemental ratios of
C, H, O, and N that make up the particles. Next, we performed a more in-depth
analysis of the chemical composition of the solids produced in the PHAZER chamber
by utilizing very high resolution Thermo Fisher Scientific LTQ-Orbitrap XL mass
spectrometry. Once mass spectrometer measurements were complete, we employed
custom software called idmol (Horst, 2011) to make molecular identifications and
perform data analysis from the mass spectrometry data. Finally, we obtained the
transmittance and reflectance of the Triton haze analogues by measuring thin films of

the particles with a Bruker Vertex 70V Fourier Transform Infrared Spectrometer.

4.2.1 Triton Haze Analogue Production

With the PHAZER chamber and accompanying apparatus (JHU, Baltimore, MD), we
produced Triton haze analogue particles. We continuously flowed a gas mixture of

0.5% CO (Airgas) and 0.2% CHy (Airgas) in Ny (Airgas) for 72 hours, as is standard
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Figure 4.1. Schematic of the PHAZER chamber set-up at Johns Hopkins University. The
0.5% CO, 0.2% CHy, in N5 gas mix is flowed through the cooling coil submerged in the
liquid N bath before flowing into the reaction chamber. The mass flow controllers are
set at 10 sscm so that the pressure in the chamber is 1 mbar. The gas mixture is then
exposed to the AC glow discharge, and analogue haze chemistry proceeds.

PHAZER protocol (He et al., 2017) for the generation of substantial macroscopic
sample. To calculate these mixing ratios, we use the partial pressure of CO determined
by Lellouch et al. (2010), 24 nbar within a factor 3. We multiply the upper limit of this
partial pressure times the surface pressure determined by Voyager 2, 14 pbar, to obtain
0.5% CO in our mixture. Lellouch et al. (2010) reports the surface partial pressure
ratio CO/CHy to be ~2.5, resulting in our CH, mixing ratio 0f 0.2%. The gas mixture
first is flowed through the cooling coil immersed in a liquid 77 K Ny bath, and then into
the reaction chamber so that gases in the chamber are approximately 90 K (He et al.,
2017), following the best fit upper atmospheric temperature determined by Strobel
and Zhu (2017). An AC cold plasma glow discharge then provides an energy density of
order 170 W m~2 into the system (He et al., 2019), which corresponds to approximately
340 days of solar irradiation at Triton. The plasma source is energetic enough to

dissociate even extremely stable molecules, such as Ny and CO (Cable et al., 2012).
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This cold plasma does not directly replicate any single energetic atmospheric process,
photochemical or otherwise. Instead it provides a method by which to approximate
the energetics of upper atmospheres. For Triton’s upper atmosphere, such energy
distributions may derive from a combination of sources such as incident UV solar
photons, cosmic ray bombardment, or charged particles from the magnetic field of

Neptune.

The gases were flowed at 10 sscm so that the pressure within the chamber was
maintained at 1 mbar, which is higher than any pressure in Triton’s atmosphere,
which at highest is estimated to be 40 pbar (Lellouch et al., 2010). Maintaining
the experimental chamber at 1 mbar pressure reduces reaction times, allowing for
completion of experimental runs within a reasonable timeframe. Additionally, this
pressure is dictated by the mean free path within the size of the reaction chamber.
Furthermore, many other haze formation experiments are run at this pressure (e.g., He
et al., 2017; Jovanovié et al., 2020; Khare et al., 1984), which allows for comparison of
the chemical and physical properties of the resulting tholins as a function only of gas
species and temperature without the additional variable of pressure, which previous

work has shown to affect the tholin composition and spectra (Imanaka et al., 2004).

As ionization and dissociation of the inital Ny, CO, and CH4 gas molecules proceeds,
these ions and radicals react to make new molecules, and some combination of initial
and newly created molecules generate longer and longer molecular chains. Eventually,
some such molecules become macroscopic solids and deposit out in the form of orange-
brown powder on the chamber walls, floor, and quartz disks placed at the bottom of
the chamber. After 72 hours, the gas flow is turned off and remains under vacuum for
48 hours to allow volatile dissipation. The chamber is then moved into a dry (< 0.1
ppm H,0), oxygen-free (< 0.1 ppm Os) Ny glove box (Inert Technology Inc., I-lab
2GB) where solid sample is collected and stored, insulated from ambient atmosphere

and light sources.

105



4.2.2 Combustion Analysis

We employed elemental combustion analysis with a Thermo Scientific Flash 2000 Ele-
mental Analyzer (Department of Chemistry and Biochemistry, University of Northern
Iowa, IA, USA) of the Triton haze analogues produced in the PHAZER chamber. We
placed 1 mg of particles in the analyzer to directly measure percentages of C, H, and
N. We then perform mass subtraction to calculate the percentage of O. Figure 4.3

shows the resulting elemental ratios from combustion analysis in the fourth column.

4.2.3 Fourier Transform Infrared Spectroscopy

Using a Bruker Vertex 70V Fourier Transform Infrared Spectrometer (JHU, Baltimore,
MD), we measured the transmission and reflectance of thin films of Triton haze
analogue deposited on quartz substrates from 0.4 to 5 microns. From 0.4 to 1.1
microns, we use a Si-diode detector while from 0.83 microns to 5 microns, we employ
a DLaTGS detector. Overlap between detectors allows for calibration between the
wavelength ranges. The spectrometer is fitted with a quartz beamsplitter, and uses
a near-IR source of a tungsten-halogen lamp. A silicon carbide globar provides the
mid-IR source. When performing measurements, we vent the optical bench to < 1 hPa.
All measurements were performed at room temperature, monitored and held stable
at 294 K. We first take transmission and reflectance measurements of a blank quartz
disc to provide a baseline correction before measuring the Triton sample deposited
on the quartz substrate. We use a source aperture size of 2 mm and average over
250 scans for each measurement. With the instrument settings as configured, our

! Interference fringes are observed in the

measurements have a resolution of 5 cm™
optical to near-IR range (0.4 micron to 3.5 micron), and we perform a correction for

this fringing following the moving average method of Neri et al. (1987), as in He et al.
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(2021). This correction is given as

Fla,) — jl(2G(xn) - G(@nim) + Clznm)) (A1)

where F(x,,) is the fringe-removed spectrum, G(x,) is the original spectrum, and
2m is the number of integer points in d, the average fringe spacing. We find m to be

565 for our transmission and reflectance spectra.

Once fringe removal is complete, we then compare the spectral features observed in
the Triton tholin to both previous results of relevant planetary haze analogues as well
as to general spectral databases in order to identify chemical bonds and functional

groups.

4.2.4 Orbitrap Mass Spectrometry

To investigate the detailed chemical composition of the Triton haze analogue sample,
we employed very high resolution mass spectrometry with a Thermo Fisher Scientific
LTQ-Orbitrap XL mass spectrometer with an Ion Max electrospray ionization source
(ESI) (IPAG, Grenoble, FR), which has resolving power (M/Am) of at least 10° up to
400 m/z and an exact mass accuracy of £2 ppm. Prior to sample measurement, we
performed mass calibration between 200 and 2000 m/z with Thermo Fisher Scientific
Calmix (caffeine, MRFA peptide, and Ultramark 1621 for positive mode and sodium
dodecyl sulfate, sodium taurocholate, and Ultramark 1621 in negative mode) solution.
We also measured a blank solution from 150-1000 m/z of pure CH3;OH with the
Orbitrap to account for and remove any potential contamination in sample signal from
the mass calibration solution, ambient conditions, or the sample vial. To prepare the
sample, we dissolved the Triton haze analogue in CH3OH (methanol) at a concentration
of 1 mg/mL. We then subjected the dissolved sample to sonification for 1 hour, followed
by centrifugation at 10,000 rpm for 10 minutes. The soluble fraction of the Triton

sample was then diluted again in CH;OH at 1 mg/mL. We injected the diluted soluble
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fraction into the Orbitrap with electrospray ionization (ESI) and obtained overlapping
mass-to-charge (m/z) bin measurements of 50-300 m/z, 150-450 m/z, and 400-1000
m/z. The tube lens voltage was set to 50 V, 70 V, and 90 V respectively, with source
voltages of 3.5 kV (positive) and 3.8 kV (negative). For each mass-to-charge bin,
our measurements averaged together four scans of 128 microscans, with the injection
of sample set at a flow rate of 3 uL minute™!, to maximize signal and reduce noise
(Wolters et al., 2020). Initial measurements were taken in positive ion mode. The
instrument polarization was then switched to negative ion mode and allowed to re-
equilibrate for 90 minutes. With the instrument in standby, the capillaries were flushed
with 10 uL. of CH3OH and then the direct injection polyetheretherketone (PEEK)
capillary replaced. The instrument was then mass calibrated again and another blank
solution was taken in negative polarity before the Triton sample was measured in

negative ion mode with the same instrument settings as above.

4.2.5 Data Analysis of Orbitrap MS with idmol

After data acquisition and preliminary inspection with Thermo Fisher Scientific
XCalibur software, we use custom IDL/Fortran software called idmol (Hérst, 2011)
to extract and analyze the mass spectral data. First, we compare the mass spectra
of blank solution to that of the Triton analogue and remove contaminant peaks with
intensities greater than 2x10° in the Triton spectra. More recent work suggests that
this method of blank subtraction can remove useful signal due to the behavior of
the automatic gain control (AGC) of the Orbitrap (see Wolters et al., forthcoming),
but in this case we do not remove many peaks and therefore expect minimal impact
on our results. Next, we use idmol to assign molecular peaks, where the program
calculates all potential molecular combinations and then uses a series of decision trees
based on user inputs regarding minimum N/C ratio, maximum number of oxygens,

mass tolerance, and the nitrogen rule to make assignments of low-mass mass peaks.
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Above 300 m/z, where non-unique mass peaks are no longer within the instrument’s
resolving power (Gautier et al., 2014), the program uses lower mass peak assignments

to choose best fit assignments.

As in previous analyses (Moran et al., 2020; Vuitton et al., 2021), we calculate the
elemental composition of the tholin sample from Orbitrap measurements using idmol
peak assignments weighted by the spectral intensity. We perform a correction to the
intensity weighted elemental composition by multiplying the lowest 10% intensities by
10 to account for differing ionization yields of oxygen molecules, as was shown by Horst
(2011) to mitigate differences between Orbitrap and combustion derived elemental
compositions. We also calculate the non-intensity weighted elemental composition, as
ionization efficiency may prevent a direct proportionality to molecular concentration.
For further discussion regarding ionization efficiencies of various chemical species,

including as a function of positive and negative polarities, see Vuitton et al. (2021).

4.3 Results

In this section, we present the results of the production rate, our elemental, mass
spectrometry, and Fourier Transform Infrared (FTIR) spectroscopy analysis. Broadly,
CO from the initial gas mixture profoundly influences both the resulting composition
and spectra of the solid particles. First, we discuss production rate of haze as a
function of CO and CH,4 mixing ratios. Then we focus on the bulk composition as
determined by both combustion and high resolution mass spectrometry (HRMS). Next
we delve deeper into the composition and specific molecular identifications enabled by
HRMS, and finally we examine the Triton tholin FTIR spectra for signs of the novel

chemistry that may be observable by remote sensing.
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4.3.1 Production Rate of Triton Tholin Particles

In Figure 4.2, we show the production rates of our Triton tholin experiment compared
to that of our standard Titan gas mixture (5% CH, in Ny) with varying CO percentages
(He et al., 2017). While the production rates measured by He et al. (2017) found
that varying CO from 0% to 5% with 5% CH, did not impact the production rate
within the limits of experimental error (0.20 mg/hr), our Triton experiment made
markedly less haze, at only 3.93+0.2 mg/hr compared to the Titan-like production
rates of 7.25-7.42 mg/hr. We also show the production rates (L. Jovanovié, personal
communication) of tholin experiments for Pluto gas composition from the PAMPRE
experimental set-up (Alcouffe et al., 2009; Szopa et al., 2006) at LATMOS, which used
500 ppm CO in Ny with either 1% CH, to simulate Pluto’s atmosphere at altitude of
400 km or 5% CHy for an altitude of 600 km (Jovanovié et al., 2020), though at room
temperature. Like our Triton and Titan results, the Pluto-like results show a much
higher production rate when the methane mixing ratio is higher (14.6 mg/hr with
1% CH4 compared to 24.3 mg/hr with 5% CH,.) While the differing experimental
set-ups prevent a direct comparison between the absolute production rates seen in
PHAZER and PAMPRE, a trend is suggested. The much lower starting mixing
ratio of methane in the Triton mixture (0.1%) and low-altitude Pluto composition
mixture (1%) results in much less haze compared to that of our Titan experiments or

high-altitude Pluto-like experiments with 5% methane.

Other investigations of No-CHy mixtures have shown that aerosol mass loading
is always higher with 2% CH4 than with 0.1% CHy using a spark discharge energy
source, though the opposite is observed when the energy source is a UV lamp (Horst &
Tolbert, 2013). Given the Triton and Titan PHAZER experiments, our glow discharge
is thus likely more analogous to the spark discharge, where the larger methane gas
mixing ratio allows for the production of more solid material. In a later experiment

with the same set-up, the total abundance of gas phase products also increased with
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Figure 4.2. Top: PHAZER production rates (in mg/hr) of the amount of solid produced
from the Triton gas mixture (CO = 0.5%; CH, = 0.1%; top bar in turquoise) compared
to our Titan-like tholin (CH; = 5%; CO in varying mixing ratios from 0% to 5%; He
et al. 2017, middle and lower orange bars). Bottom: PAMPRE production rates from the
room temperature Pluto-like tholin (CO = 500ppm; CH,; = 1%, upper light purple bar
and CHy = 5%, lower purple bar) of Jovanovi¢ et al. (2020). Note that due to differing
experimental set-ups, the absolute production rates between the PHAZER and PAMPRE
apparatus cannot be directly compared and have different x-axis limits. While CO alters
the haze chemistry, higher methane mixing ratios generate larger amounts of haze material
in both experimental set-ups.
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higher methane mixing ratios in the initial gas mixture (Horst et al., 2018c¢). PHAZER
exoplanet atmospheric studies have also shown that higher initial methane mixing
ratios can increase solid material production (Horst et al., 2018a), though the third
highest observed production rate of those experimental conditions did not include
an initial gas phase inventory of methane at all. Additional Pluto-like composition
experiments (of 500 ppm CO in Ny) observed significantly thicker thin films were
produced under 5% CHy conditions than with 0.5% or 1% CH, (Jovanovié et al., 2021).
Prior work has shown that Titan’s methane mixing ratio, represented in the laboratory
by an intial gas phase methane concentration at 5%, appears to most efficiently convert
gas precursors to tholin solids due to competing solid growth mechanisms when CHy
increases beyond this percentage (Sciamma-O’Brien et al., 2010). While we clearly
demonstrate in later sections that the haze chemistry changes under the influence
of very small amounts of CO, the literature suggests CH, may play a larger part in
the ultimate aerosol mass loading. Current trends in the literature when combining
CO and CH, remain tentative or contradictory and could benefit from further study
(see e.g., Horst & Tolbert, 2014). While we identify the methane mixing ratio as the
driver behind increased production, it remains unclear if any carbon source in high
enough quantities could serve to generate substantial haze (see, e.g, He et al. (2018a)
and He et al. (2020b), Horst et al. (2018a). However, the trends we observe with
PHAZER — that a smaller CH,; mixing ratio with small amounts of CO generates
less solid aerosol — fit reasonably with the optically thicker haze observed on Pluto as

compared to Triton (Hillier et al., 2021).

4.3.2 Composition of Triton Tholin Particles

4.3.2.1 Bulk Composition and Differences in Ion Polarities

We observe first that despite CO being present at only a 0.5% mixing ratio in the

initial gas mixture, the bulk solid is approximately 10% oxygen. From the combustion
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analysis, we determine that H, O, C, and N are present at 5.29+0.06%, 10.3+0.3%,
43.740.4%, and 40.7+0.4% respectively. The bulk composition as calculated from the
combined positive and negative ions of the soluble fraction of the tholin from Orbitrap
is 5.44+0.7% H, 9.844.3% O, 47.4+1.7% C, and 37.4+2.8% N. The bulk composition
from the Orbitrap agrees to within 2% or better with the combustion analysis. As seen
in previous work (Horst, 2011), oxygen is primarily detected in the negatively ionized
products from the Orbitrap, which is consistent with the identification of carboxylic
acid groups (discussed further in the following subsections) which are efficient proton
donors (Vuitton et al., 2021). The bulk values obtained for negative, positive, and

combined ions from Orbitrap, as well as from combustion analysis, are shown in Figure

4.3.
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Figure 4.3. Average elemental composition of Triton tholin from positive, negative,
and combined ions, as determined by Orbitrap MS analysis (left three bars), combustion
analysis (fourth bar), and comparison to standard PHAZER Titan values from combustion
analysis (right). Triton tholin more strongly incorporates oxygen, apparently through carbon
depletion. Hatching on the right two bars indicates these results come from combustion
analysis.

Titan tholin produced without CO from the same experimental set-up contains
~2% oxygen (likely due to minor water adsorption during measurements) compared to

the Triton tholin with ~10% oxygen (Figure 4.3). Previous PHAZER CO experiments
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(He et al., 2017) have included up to 5% CO in No-CH, mixtures, yet never observe
more than 8% oxygen in the solid and indeed measure only 5% oxygen in mixtures
with starting CO at 0.5% as in this work. Importantly, these prior experiments were
conducted with constant CH, gas mixing ratios of 5% and thus demonstrate how
much more strongly oxygen can be incorporated into the solid when CO > CHy in the
starting gas mixture. Hydrogen contents remain at approximately 5% across varying
CO/CH, starting ratios (He et al., 2017), and our Triton results here support this
trend. Our elemental analysis results in a bulk N/C ratio for the Triton tholin of
0.93, which is higher than that of “standard” PHAZER Titan tholin at N/C = 0.85.
This result is surprising, considering that past work with No-CH4-CO mixtures has
postulated that the competition between Ny and CO chemistry results in oxygen
incorporation primarily at the expense of nitrogen incorporation (He et al., 2017;
Jovanovié¢ et al., 2020). Here, instead, carbon appears depleted with respect to the
Titan tholin structure. This result is more in line with previous work that explored
the addition of COy and Oy in No-CH, atmospheres (Horst et al., 2018b), which found
increasingly oxidized gas mixtures increased nitrogen fixation in the solid. Nitrogen’s
role in haze formation has been the subject of several studies, where it has been
observed to make up considerable mass of tholin despite production under UV sources
which cannot directly break N=N bonds (Hoérst et al., 2018c; Trainer et al., 2012),
which has defied conclusive explanation. However, recent theoretical calculations show
that intermolecular energy exchange from excited carbon monoxide molecules can
exceed the contribution of direct excitation by photoelectrons on nitrogen dissociation
—i.e., collisional break-up (Kirillov, 2020), potentially providing an explanation for how
nitrogen incorporation happens in UV lamp-driven tholin studies. While a previous
Triton experiment also showed stronger nitrogen incorporation compared to Titan
tholin (McDonald et al., 1994), that experiment contained no CO and likely simply

reflects the lower methane mixing ratio of the starting gas mixture. For PHAZER
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Titan tholin, the C/O ratio of the bulk solid is 22.5 but the Triton tholin’s bulk C/O is
only 4.2. Even the previous PHAZER CO experimental series with the highest starting
CO/CH, gas ratio (1:1) resulted in a C/O ratio for the tholin of ~6, considerably

higher than we observe for the Triton tholin.
4.3.2.2 Molecules in the Triton Sample from HRMS

Following our characterization of the bulk Triton haze analogue sample and its bulk
soluble fraction, we examined the mass spectral data for specific molecular formulas of
interest. The positive and negative mass spectra are shown in Figure 4.4. We detect
thousands of individual peaks across both ionization polarities, indicating the high
complexity of the Triton tholin as is the case with its Titan, Pluto, and exoplanet
counterparts (e.g., Gautier et al., 2016; He et al., 2017; Jovanovi¢ et al., 2020; Moran
et al., 2020). Distinct periodicity is observed in the peak groupings, with a repeating
pattern between 13 and 14 amu across both the positive and negative ions. Positive
ions have peak group periods that average to 13.57 amu; negative ions cluster in peak
groupings with average spacing of 13.66 amu. These values are quite close to the 13.5
amu observed by Horst (2011) and consistent with the frequently observed 12 to 16
amu spacing (averaging to 14 amu) in Titan and Pluto tholin produced in various
set-ups (Cable et al., 2012; Gautier et al., 2014; Gautier et al., 2017; Imanaka et al.,
2004; Jovanovi¢ et al., 2020). These peak spacings display quite regular but not exact
amu periodicity. Therefore, these groupings likely indicate repeating chemical units of

co-added and substituted monomers (such as HCN, CHy, etc.) (Gautier et al., 2017).

We report in Table 4.1 a small subset of the thousands of molecular formulas of
species identified from Orbitrap MS with intensities >10%. These molecular formulas
are consistent with those of various prebiotic molecules, though we stress that without
structural information (which is not possible with the measurements conducted in

this work), we cannot confirm that the formula we identify is in fact the isomer of

115



6 Triton Haze Analogue Material

10

™ —— Positive lons

'§ S —— Negative lons

>10

i

E

> 10°

g T
vo . A A )
150 200 300 350 400 450 500

Mass (m/z)

Figure 4.4. Positive (teal) and negative (purple) ion mode mass spectra of the Triton
haze analogue particles from 150 to 525 m/z. Due to differing ionization efficiencies, the
negative ion mode intensities are systematically lower. Peak groupings of ~13.5 amu
repeat across the oberved mass range.

the prebiotic species indicated in Table 4.I. We detect the formulas for all biologically
relevant nucleotide bases (adenine, CsH5N5; cytosine, C4H5N30; guanine, CsH5N;0;
thymine, C5HgN5O,; and uracil, C;H4N,05) and one non-biologic nucleotide base
(xanthine, CsH4N4O2). We note that while we include the formulas for uracil and
thymine because they represent the remaining nucleotide bases, they are present only
at 10? intensities. Each of these species has been previously identified and confirmed
through alternate measurement techniques in prior tholin produced from No-CH,4-CO
mixtures (Horst et al., 2012; Sebree et al., 2018), raising the likelihood that the
formulas we identify in the Triton tholin could be the prebiotic species in question.
We also identify numerous formulas consistent with isomers of amino acids and their
derivatives. Nearly all of these formulas are also present as at least one ion in HRMS
data of tholin produced under CO-free Titan conditions with the PHAZER set-up, as
indicated in the far right column of Table 4.1. In contrast and most notably, we detect
here the formula C3HgO3 with a potential isomer of glyceraldehyde, the simplest
possible monosaccharide. This species’ formula is unique to the Triton tholin among
all No-CH4-CO experiments to which we compare our results. Only prior tholin work

considering significantly more oxidizing atmospheres has previously observed sugar
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m/z + Appm Ion Formula Intensity Potential Molecule In Titan Sample?
90.0312 0.18 C3HgOg3 9.4 x 103 Glyceraldehyde No
111.043 -045  C,H5;N;0* 1.8 x 10* Cytosine Yes
112.027 0.18 C,H4N,O5 6.9 x 10? Uracil Yes
126.043 0.21 CsHgN2Oy 8.0 x 102 Thymine Yes
135.054 -0.97  CsHsN7 1.6 x 104 Adenine No

0.43 CsHsN5 9.3 x 103 Yes
151.049 -1.56  CzH;N;O* 9.0 x 10® Guanine No
-0.10  CsH5N;0~ 7.4 x 10* Yes
151.063  0.90 CsHgNO; 2.5 x 10? 2-phenylglycine No
152.033 -2.27 CsH4N,O5 1.3 x 103 Xanthine Yes
155.069 -1.45  CgHgN3O5 9.2 x 10° Histidine Yes
041 CgHgN;05 1.0 x 10* Yes
156.065 -0.74 CsHgN,OF 1.2 x 10* 1,2,4-triazole-3-alanine  Yes
-0.04  CsHgN,O5 1.4 x 10* Yes
160.048  0.57 CsHgN,Oy 4.1 x10° Thymine glycol No
167.069 -0.68  C;HgN305 6.4 x 103 [-pyrazinyl-L-alanine Yes
169.085 0.18 C;H1N305 1.4 x 104 3-methylhistidine Yes
-0.78  C;H;1N305 6.0 x 103 Yes
171.064 0.15 Ce¢HoN3O3 3.2 x 103 B-hydroxyhistidine Yes
172.096 0.05 CeH12N,OF 2.7 x 10* Iminoarginine Yes
0.55 CGH12N402_ 1.2 x 103 No
182.080 0.72 C;HoN,OF 1.8 x 104 Lathyrine Yes
0.54  C;HN,O5 1.4 x 10 Yes
193.074 0.32 Ci1oH;1NO~ 1.3 x 10? Phenylglycine, m-acetyl No
206.080 0.76 CoH1oN,4O5 6.2 x 10° Benzotriazolylalanine Yes
226.107 -0.26 CoH14N4O35 2.8 x 103 Alanylhistidine Yes
246.100 -1.85  Cy;3H4N,O5 1.6 x 103 Acetyltryptophan No

Table 4.1. Molecular formulas of prebiotic interest detected in the Triton tholin by HRMS.

relevant formulas (Moran et al., 2020). Again, this result underscores the impact of

a starting CO/CH, mixing ratio over unity. If confirmed, the existing co-presence

of nucleotide bases, amino groups, and sugar molecules in the complex solids that

make up this haze should significantly advance Triton as a target of astrobiological

interest. For each identified formula in Table 4.1, we confirm that it is not present in

the Orbitrap data of the blank solvent above the noise level (intensities > 10%).

In Figure 4.5, we show the Double Bond Equivalent of the molecules identified in

both ionization products of the Orbitrap. The Double Bond Equivalent (DBE), also
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called the degree of unsaturation, is a measure of how many rings and double bonds
are in a molecule and helps elucidate the overall structure of the material with respect
to its hydrogen bonding environment. For C, H, O, N-containing materials, the DBE

is calculated by

h
DBE=c+g—§+1 (4.2)

where ¢ is the number of carbons, n is the number of nitrogens, and h is the
number of hydrogens in the molecule. In both positive and negative ion modes, the
DBE linearly increases with mass, as has been previously observed for Titan tholin
(Sarker et al., 2003). In both ionization modes, the molecules at low masses have DBE
between 1 and 5 (saturated), which increases up to 10 to 15 (increasingly unsaturated)
at the high end of the mass range. Previous Ny-CH4-CO mixtures with large CO
mixing ratios also produced largely unsaturated tholins (He et al., 2017), which could
point to hydrogen atoms in higher masses bonding to nitrogen or oxygen atoms in the

form of O-H or N-H, which we return to in our discussion of the Triton tholin spectra.
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Figure 4.5. Double Bond Equivalent (DBE) versus mass. Left (in magenta) is derived
from positive ion measurement; right (teal) from negative ion measurement. As in seen
previous Titan tholin characterization, the degree of unsaturation increases with mass.

In Figure 1.6, we present Van Krevelen diagrams of both H/C vs. O/C ratios
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of the identified molecules, which are widely used to understand the structures of
complex organic matter on Earth (e.g., Kim et al., 2003), and H/C vs. N/C ratios of
the identified molecules, which are a modification frequently used in the planetary
literature to study complex organic materials like tholin (e.g., Gautier et al., 2014;
Horst, 2011; Jovanovié¢ et al., 2020). We separate the molecular ratios by whether they
were seen in positive or negative ion mode. The difference in clustering between ion
polarities clearly demonstrates that both are needed to understand the full chemical
nature of the tholin. Strongly oxygenated molecules clearly favor negative ionization
while more heavily nitrogenated molecules increase in positive ionization mode. We
compare our results to PHAZER Titan tholin produced without CO. The Titan
Van Krevelen diagrams use molecular assignments performed with slightly different
software, Attributor, (Orthous-Daunay et al., 2020), but which has been benchmarked
against ¢dmol and reliably produces comparable results at masses <300 m/z (Bonnet
et al., 2013; Horst, 2011).

Unsurprisingly, the Triton tholin reach much higher O/C ratios across all H/C
ratios compared to the Titan tholin. Oxygen species are always more prevalent in the
negative ionization data and consequently reach larger O/C ratio in both samples.
We show in Figure 4.7 an empty Van Krevelen diagram that shows the regions in
which particular molecular functional groups fall, for reference. Molecules in the Titan
tholin are primarily confined to H/C < 1.0 and O/C < 0.3, indicative of hydrocarbon
aromatic species. In contrast, the Triton tholin distinctly cluster above an H/C of
1.0, the demarcation of oxidation reactions and more highly unsaturated species.
From the elemental analysis, however, we know that the overall hydrogen content
is comparable between the two samples, reiterating our previous interpretation that
oxygen is incorporated into the solid at the expense of carbon. The Triton tholin

exhibit a shift away from simple unsaturated hydrocarbons to long chain carboxylic

acids (fatty acids), bounded by H/C ratios of 1.0 — 2.0 and an O/C ratio < 0.4.
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Figure 4.6. Van Krevelen diagrams of the PHAZER Triton haze analogues (top) and
PHAZER Titan haze analogues (bottom). Left shows the more typical H/C vs O/C; right
shows H/C vs N/C common in other tholin studies. The molecular character clearly differs
between negative and positive ionizations, underscoring the need for both to understand
the sample’s chemistry. The nitrogen incorporation also clearly differs between the Titan
sample and the Triton sample produced from a gas mix with CO dominant over CH4. Note
that the axis limits differ between the left (O/C) and right (N/C) columns.
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Figure 4.7. An empty Van Krevelen diagram showing H/C vs O/C with shaded, labeled
regions denoting where particular molecular functional groups tend to cluster, following
Ruf et al. (2018).

Additionally, the Triton tholin displays a larger clustering of molecules consistent with
amino acid and peptide-like species (1.0 = H/C < 2.0; 0.2 = O/C < 0.8) compared
to the Titan tholin. Finally, the Triton tholin, due to its increased oxidation, shows
greater clustering above H/C of 1.5 and O/C of 0.8, where carbohydrate species fall

on Van Krevlen diagrams (Ruf et al., 2018).

In H/C vs. N/C space, the Titan tholin is relatively similar between positive
and negative ionization, but the Triton tholin is dramatically different. While the
negatively ionized molecules from the Triton tholin are qualitatively similar to Titan
in this visualization, the nitrogenation of the Triton tholin is clearly enhanced above
that of the Titan tholin as seen in the intense clustering of molecules above an N/C
of 1.0. These results are also in strong contrast to the results of Jovanovi¢ et al.
(2020), who studied varying CO-containing No-CH, mixtures for Pluto atmospheric
composition. Jovanovié¢ et al. (2020) found, like with our Titan tholin, a preference for
molecules with N/C ratios less than one, suggesting that oxygen is incorporated into
the solid at the expense of nitrogen. As discussed in our elemental analysis results, we
find instead that carbon depletion is associated with the addition of oxygen atoms

into the tholin while nitrogen comparatively increases. These results strongly suggest
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an alternative chemical pathway is at work in the production of the solids when CO
gas = CH,. The shift to a more oxidizing atmosphere increasing nitrogen fixation
has precedence in early Earth studies with CO and O, (Gavilan et al., 2018; Horst
et al., 2018b). Morever, unlike our PHAZER Titan tholin, the positively ionized
molecules in our PHAZER Triton tholin are remarkably tightly confined between
N/C ratios of 1.2 and 1.5 and H/C ratios of 0 to 0.5. Combined with the increase in
unsaturation and oxidation, this tight clustering is likely demonstrating that hydrogen
atoms preferentially bond to nitrogen and oxygen atoms. As postulated in Horst
and Tolbert (2014) and He et al. (2017), these reactions may occur due to oxygen
radicals from CO efficiently removing hydrogen atoms and molecules from CH,4 along

the pathway to solid haze formation.

4.3.3 Transmission and Reflectance Spectra of the Triton
Tholin

4.3.3.1 Functional Groups from VIS to NIR

We show in Figure 4.8 the transmittance and reflectance spectra of the Triton tholin
from visible to near-infrared wavelengths, 0.4 to 5 pm (25000 cm™" to 2000 cm™1).
In visible wavelengths, the most noticeable characteristic of the tholin is its sharp
downward slope from 15000 cm ™! in transmission, which is observable to the eye as the
tholin’s brown-ish orange color, well known from Titan tholin studies. In the near-IR,
we attribute the variety of features observed to a combination of N-H, C-H, C=N,
C=C, and O-H bonds. Amine (N-H and N-H,) features are well described in Titan
and Pluto tholin in the 3500 cm™! to 3000 cm™! regions (e.g., Imanaka et al., 2004;
Jovanovi¢ et al., 2020), but given the prevalence of O species identified in the mass
spectral data and combustion analysis, we assign a subset of these features tentatively
to O-H alcohol bonds in addition to amines. We also see features attributable to O-H

bonds between 2600 and 2400 cm ™!, which have not been seen in previous tholin

122



spectra. These features derive from carboxylic acid species with O-H bonds, which is
consistent with the clustering we describe above in the Van Krevelen diagrams. In
the 3000 to 2600 cm™! region, we identify several features consistent with various
C-H bonds, namely alkenes, alkanes, and aldehydes. Between 2300 and 2000 cm ™!,
we see some combination of nitrile, alkyne, and imine functional groups. Overall,
this plethora of features underscores the complex nature of tholin. We provide a
complete list of potential attributions of the spectra in Table 4.11. We also observe some
weak features likely indicative of adsorption from ambient atmosphere or residuals
in the spectrometer (~1 hPa) when the sample is briefly exposed to air (water at
3900-3700 cm ™! and carbon dioxide at 2370 cm™!), which is also seen in Pluto-like
tholin (Jovanovi¢ et al., 2020).

Unfortunately, due to our quartz substrate which strongly absorbs in the mid-IR,
we are not sensitive to wavelengths beyond 5 pym (2000 cm™!), where carbonyl groups
(C=0) have prominent spectral features. The only O bonds we can readily detect
are O-H bonds, which could be alcohols or carboxylic acids. Both of these have
clusters in the relevant regions of our V-K diagrams (Figure 4.6, upper left panel),
but considerably more molecules fall in the carboxylic acid region (where the line
with intercept at H/C = 2.0 has a slope of -1) than in the alcohol region (where
the line with intercept at H/C = 2.0 has a slope of 0). The spectral features we are
able to observe at wavenumbers above 2000 cm™* add credence to the molecules we
identify from the HRMS data (including the detection of C3HgOs3, the formula of
glyceraldehyde) but as with the HRMS data itself, they cannot confirm the presence

of these isomers of the formula assignments due to the complexity of the tholin.
4.3.3.2 Comparison to Other Tholin Spectra

We compare our measured transmission spectrum of Triton tholin to a collection of

literature-reported values for tholin generated from nitrogen/methane atmospheres.
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Figure 4.8. Transmittance (teal) and reflectance (periwinkle) of the Triton tholin. A
downward slope is visible from 15000 cm~! in transmission and features from O-H, N-H,
C-H, C=C, and C=N are present from 4000 to 2000 cm~! in both transmittance and
reflectance spectra. The relfectance spectrum has been offset from the transmittance
spectrum in the NIR by 0.4 for clarity.

We do not report every single tholin experiment to date, but select experiments which
contain CO or have a Triton-focus. We also generally include only those data published
originally as spectra, rather than including each set of published optical constants. We
make an exception for the work of Khare et al. due to their widespread use. The Titan
optical constants of Khare et al. (1981) and the Triton-specific optical constants of
Khare et al. (1994) provide the complex refractive indices, n and k, which they derive
from their measured spectra. To convert these values back to spectra for comparison

here, we follow their method, given by

(n—1)% + k2
R= TR (4.3)
T = (1 - R)eM4mek (4.4)

where R and T are the reflectance and transmittance, respectively, n is the real

refractive index, k is the imaginary refractive index, A is the wavelength in microns,
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Frequency Wavelength Potential functional group Feature

(cm™1) (pm) (bond, type) (extent, strength)
3775 - 3584 2.64 O-H stretching (alcohol) sharp, medium
3900 - 3700  2.56 - 2.7 H,0O adsorption (contaminant) broad, weak
3580 - 3575 2.79 O-H stretching (alcohol) shoulder
3560 - 2889 2.8 - 3.46 N-H stretching (amine) broad, strong
3337 9 99 —NH, asymmetric stretching, sharp, strong

—NH- stretching (amines)
3260 3.07 N-H stretching (amine) sharp, strong

—NH- stretching,
overtone of -NH, bending (amines)

7CH37
3004 - 2906  3.32 - 3.44 ~CHy— asymmetric stretching shoulder, weak
(alkenes, alkanes)

2924 - 2736 3.41 - 3.65 O-H stretching (carboxylic acids) broad, strong

3200 - 3190  3.12 - 3.13 sharp, strong

C-H stretching (aldehyde),
2663 3.7 O-H stretching (alcohol) ? sharp, strong
2631 - 2450 3.8 - 4.08 O-H stretching (carboxylic acids) broad, strong
2370 4.21 CO4 adsorption (contaminant) shoulder
2340 - 2215 4.27 - 4.51 -C=N stretching (nitrile) broad, weak
2210 4.52 C=C stretching (alkyne), sharp, strong

-C=N stretching (aromatic nitrile)

—C=N stretching (nitrile),
2145 4.66 ~N=C=N- (carbodiimide), shoulder
CO fundamental

C=C stretching (alkyne),

2096 4.77 C=C=N stretching (ketene imines)

weak

Table 4.11. Spectral features observed in the Triton tholin by FTIR.

and ¢ is the film thickness, which in the region of interest (0.4 pum - 5 pm) is
approximately 1 um. We affirm that the reflectance spectrum we derive from the

given complex refractive indices in Khare et al. (1984) is identical to their Fig. 5.

A general summary of the experimental conditions used to generate each set

of tholin spectra discussed here is found in Table 4.111. Note that a more detailed
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discussion of most experimental conditions, as well as the wider range of experiments
used to measure optical constants of (Titan) tholin, can be found in the review by
Brassé et al. (2015).

We present a comparison of our Triton tholin transmittance spectra, PHAZER
Titan transmittance spectra (He et al., 2021), and the other experimental data to
which we compare our results in Figure 41.9. The PHAZER Titan tholin spectra has
wider absorption at the blue visible edge (0.4 um) compared to our Triton spectra,
consistent with the slightly bluer cast of Triton’s haze compared to Titan’s, which is
known from photometry (Hillier et al., 2021). The most noticeable similarity amongst
all the spectra is the broad feature between 3600 and 3200 cm™!, which results from
N-H bonds in the form of primary and secondary amines. The most overall similar
spectra are the PHAZER Titan (He et al., 2021) and Triton (this work) spectra, which
is not surprising given the known effect of different experimental set-ups on resulting
tholin properties (e.g., Brassé et al., 2015; Cable et al., 2012). Our Triton tholin
spectra have broad, wide features in the 3600 to 3200 cm™! region, which could also
be due to the inclusion of oxygen in the chemical structure of the tholin, which could
add O-H stretching from alcohols. This broadening is apparent even in comparison to
the PHAZER Titan data, which has absorption neither as wide nor as deep at these

wavelengths.

The second commonality to most spectra (except McDonald et al. (1994) and
Khare et al. (1991) likely due to their very low starting methane mixing ratios) is
a narrower feature at ~ 2200 cm™! (4.5 ym). This absorption is likely from some
combination of C=C (alkyne) or C=N (nitrile) bonds. Our Triton tholin, PHAZER
Titan tholin (He et al., 2021), Imanaka et al. (2004) tholin, and Tran et al. (2008)
tholin all have features at ~3000 cm ™!, which are indicative of C-H bonds in the form
of alkenes or alkanes. These features are notably absent in the spectra of Jovanovic¢

et al. (2020). He et al. (2021), Imanaka et al. (2004), and Tran et al. (2008) all
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produced tholin from much higher methane mixing ratios (or in the case of Tran et. al,
higher mixing ratios of other hydrocarbon species) than either Jovanovi¢ et al. (2020)
or our Triton tholin. This suggests the features we see in the Triton tholin spectra
in this region (~3000 to 2500 cm™!) could derive from additional O-H bonds from
alcohols and carboxylic acids that are not present in the Pluto composition tholin
of Jovanovié et al. (2020) because of the smaller amount of CO in their starting gas
mixture. In a follow-up study, Jovanovi¢ et al. (2021) measured optical constants
for Pluto analogue aerosols as well, varying the CH, mixing ratio but holding CO
steady. In effect, this explored the importance of CO as it competes with CHy. In
agreement with our results here, their optical constants results show that N- and
O-bearing molecules increase and generate additional absorption in the visible and
near-IR with lower methane mixing ratios. Their study extended into the UV as well,
finding that this absorption due to N and O molecules also affects shorter wavelengths
(Jovanovié et al., 2021).

We also note that many of the spectra to which we compare have their strongest
identifying features at slightly longer wavelengths and into the fingerprint region, from
roughly 5 to 15 pm (1700 to 700 cm™!). This region is highly complex because of the
multitude of features found there, but it can also provide much needed context to the
VIS-NIR wavelength spectra explored here, particularly regarding the oxygen-bonding
environment of tholin or haze particles. Carbonyl (C=0) species including aldehydes,
ketones, esters, amides, and carboxylic acids all have prominent peaks from 1800 to
1600 cm ™" (5.55 to 6.25 ym), and in fact have been observed in other studies with
relatively larger CO starting fractions (Tran et al., 2008). Additionally, a study which
examined the effect of CO5 in No-CH, gas mixtures also found significant enhancement
in both N- and O-bearing functional groups as CO; increased (Gavilan et al., 2018).
This study examined both shorter (UV, down to 0.13 pum) and longer (MIR, 6-10 pm)

wavelengths, reitering the importance of wide wavelength coverage in understanding
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increasingly oxidized aerosols.
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Figure 4.9. Transmittance spectra of various tholins produced from N,-CH,; mixtures.
The full details of each experiment can be found in Table 4.1ll. Some features are present
in all tholin. In the Triton tholin of this work, we attribute some of the broadening between
3500 and 3200 cm~! and additional absorption between 3000 and 2500 cm~! to be due
uniquely to O-H bonds. These bonds likely result from CO > CHj in the initial gas mixture.
All spectra have been offset vertically for clarity.
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Reference/Body Gas mixture Temperature Pressure Energy Source
This work 99.3% N
Triton 0.5% CO 90 K ~1 mbar  AC plasma discharge
0.2% CHy
He et al., submitted 95% Ny .
Titan 5% CH, 90 K ~1 mbar  AC plasma discharge
McDonald et al., 1994 99.9% N, room temp .
Triton 0.1% CH, (204 K) ~1 mbar  RF ICP discharge
98% Ny
1.8% CHy
0.2% H,
?g?;net al., 2008 400 ppm CoH, 297 K 900 mbar  Mercury lamp
300 ppm CoHy
20 ppm HC3N
0.3% CO
Jovanovic et al., 2020 99% Ny room tem
Pluto K 1% CH,4 (294 K) P ~1 mbar RF CCP discharge
500 ppm CO
Imanaka et al., 2004  90% Ny room temp )
Titan 10% CH, (204 K) 0.67 mbar RF ICP discharge
Khare et al., 1984 90% Ny room temp )
Titan 10% CIL, (204 K) 0.2 mbar  DC plasma discharge
Khare et al., 1994 99.9% Ny room temp .
Triton 0.1% CH, (204 K) 0.86 mbar DC plasma discharge
Table 4.111. Previous relevant experimental work. Key. AC: Alternating current. RF

ICP: Radio frequency inductively coupled plasma. RF CCP: Radio frequency capacitively
coupled plasma. DC: Direct current.
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4.4 Discussion

4.4.1 Comparison to Existing Observations of Triton

4.4.1.1 Voyager 2 Atmospheric Observations

In situ observations of Triton’s atmosphere are mainly limited to visible and UV pho-
tometry rather than spectra, preventing a true direct comparison of our experimental
tholin results. Voyager 2 imaging and visible photometry observations of Triton’s
atmosphere suggest optically thin hazes (Smith et al., 1989), with scattering optical
depths between 0.001-0.01 that increase with shorter wavelengths (Pollack et al., 1990;

Rages & Pollack, 1992) and particle sizes of around 100-200 nm (Pollack et al., 1990;

Rages & Pollack, 1992). UV occultation data from Voyager 2 suggests significantly
higher (0.024) scattering optical depths, reiterating the wavelength dependent nature
of the haze scattering and suggesting even smaller particles (30 nm) in the Rayleigh
regime (Herbert & Sandel, 1991). At visible wavelengths, the haze is strongly forward
scattering and requires particles larger than 200 nm (Hillier et al., 1991). To meet
these observational signatures of higher scattering in the blue (small particles) and
large forward scattering (large particles) simultaneously, the hazes have been suggested
to be fractal aggregrates (Lavvas et al., 2020; Ohno et al., 2021). Aggregrates also
explain the haze properties of both Titan (Tomasko et al., 2008) and Pluto (Cheng
et al., 2017; Gao et al., 2017a; Gladstone et al., 2016), though the fractal dimension
and growth rate is not settled (Kutsop et al., 2021). This range of particle sizes well
fits with those we produce in the PHAZER chamber (e.g., He et al., 2018b; He et al.,

2017), though these particle sizes may in part result from the physical size of the
chamber itself, which inhibits further growth. Material characterization of PHAZER
Titan tholin particles suggests, however, that the necessary particle sizes and fractals
to match observations through coagulation and growth is consistent with this size

range (Yu et al., 2017). More generally, tholin particles produced in a variety of setups
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seem to easily coagulate and form aggregrates (Cable et al., 2012).
4.4.1.2 Seasonal Changes from Space- and Ground-Based Observations

Ground-based observations were responsible for the initial confirmed detection of CO
in Triton’s atmosphere (Lellouch et al., 2010). However, earlier Hubble Space Telescope
(HST) data using the Space Telescope Imaging Spectrograph (STIS) also provided
upper limits on CO that differed from the initial Voyager 2 data and suggested strong
surface absorption at UV wavelengths, which could be attributable to photochemical
products from the atmosphere settling to the surface (Krasnopolsky & Cruikshank,
1995; Stern et al., 1995). Both the ground- and space-based data indicate that CO
levels in the atmosphere can change over seasonal timescales. Further HST STIS
observations showed that Triton’s UV albedo brightened between the Voyager 2 flyby
and 1999, evidence of ongoing seasonal cycling in the form of volatile transport between
the surface and atmosphere or plume activity (Young & Stern, 2001). Later HST and
ground-based observations continued to find surface reflectivity changes in the UV, as
well as in visible and NIR wavelengths which probe methane abundances, suggestive
of continued seasonal volatile transport on sub-decadal timescales (Bauer et al., 2010;
Buratti et al., 2011). Additionally, both thermal and pressure changes have been
observed from ground-based solar occultations (Elliot et al., 1998; Olkin et al., 1997),
demonstrating that the atmosphere undergoes substantial interaction with the surface.
The surface is predominately Ny ice, with contributions from diluted CO ice (Merlin
et al., 2018). This CO ice and N ice experience greater longitudinal and temporal
variation than does CHy ice present on the surface (Grundy et al., 2002; Grundy et al.,

2010), including over diurnal timescales (Holler et al., 2016).

Given our results regarding the importance of the exact CO/CH4 mixing ratio in
determining both the nitrogenation and oxidation of haze particles, these observations

suggest that large shifts can happen in the dominant haze chemistry over Triton’s
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seasonal cycle, as may also be occuring on Pluto (Bertrand & Forget, 2017). In
their study of Pluto tholin optical constants, Jovanovi¢ et al. (2021) found that the
real refractive index n increased when CO mixing ratios in the gas increased, and
oxidation of the aerosols promoted both UV and visible absorption. Therefore, our
experimental results combined with past observations suggests a complicated set of
processes likely controls Triton’s atmospheric and surface properties. Ices sublimate,
change the overall atmospheric abundances, shift haze chemistry, and these hazes

settle or condense out onto the surface again.

4.4.2 Comparison to Other Experimental Results

We demonstrate above that the formulas for a variety of astrobiologically interesting
molecules (amino acids, nucleobases, and a simple sugar) are present in our tholin, and
subsequent sedimentation of this putative haze material likely coats the icy surface of
Triton, as also likely occurs on Pluto (Grundy et al., 2018; Protopapa et al., 2020).
However, amino acids may be subject to further photolysis on icy surfaces, suggesting
that they are rapidly destroyed unless this material quickly reaches the subsurface
(Johnson et al., 2012), though Triton’s atmosphere attenuates more UV radiation
than Johnson et al. (2012)’s experiment simulated. Complementing our atmospheric
study, Triton surface ice chemistry by photolysis can also produce chemically complex
material from Ny-CHy-CO ice mixtures (Hodyss et al., 2011; Moore & Hudson, 2003).
The products of these surface ice experiments with CO/CH, ~1 include many of the
molecular species and spectral features we identify here, including carboxylic acids,
alcohols, ketones, aldehydes, amines, and nitriles in addition to having similar nitrogen,
carbon, and oxygen abundances overall (Materese et al., 2015; Materese et al., 2014).
Additionally, potential interactions of these ices and tholin-like materials could further
react with water ice deposits present on Triton’s surface (Cruikshank et al., 2000) to

generate molecules of additional prebiotic complexity and interest (Cruikshank et al.,
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2019). Given the seasonal cycling through sublimation and condensation of volatile
ices combined with the products of photochemistry both in the atmosphere and on

the surface, Triton holds great interest for future study.

4.4.3 Haze Formation and Ice Condensation

Efforts to model the haze formation process on Pluto and Triton have shown previously
that the CO and CH, mixing ratios in the atmosphere act as a strong control on the
overall composition of haze (Krasnopolsky, 2012; Krasnopolsky & Cruikshank, 1995;
Strobel & Zhu, 2017), in agreement with our laboratory results. These models have
noted that ethylene, CoHy, as a product of the haze formation process is likely to
condense the most readily of all photochemical products considered (Krasnopolsky
et al., 1992; Wong et al., 2017). The hazes of the upper atmosphere can act as
thermal controls of both the atmosphere and surface (Zhang et al., 2017), which is
critically dependent on the exact composition and optical properties of the material.
Recent coupled photochemical and microphysical modeling suggests that coagulation
of ice particles and hydrocarbon (Cs-based) hazes (Luspay-Kuti et al., 2017) or ice
condensation onto haze particle condensation nuclei (dominated by HCN cores) may
better explain the observations of both Pluto and Triton’s atmosphere (Lavvas et al.,
2020), where CoHy would dominate the composition of these heterogeneous, coated
particles on Triton (Krasnopolsky, 2020). Both spherical and fractal aggregate particles
can explain Triton observations using heterogeneous haze-ice particles, though fractals

are preferred (Ohno et al., 2021).

In fact, Lavvas et al. (2020) argues that Titan, Pluto, and Triton lie along a
continuum of haze formation outcomes, with Titan at the "molecular growth" end
and Triton on the "condensate growth" end, with Pluto in the middle. However, these
comparisons primarily used the optical constants of Khare et al. (1984) Titan tholin

and photochemical models driven by methane photolysis where CO is less important
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(Lavvas et al., 2020), despite CO being a potential driver of increased haze growth
(He et al., 2018a; He et al., 2020b; He et al., 2017; Horst & Tolbert, 2014; Horst
et al., 2018a). More recent optical constants of purely photochemical Pluto tholin
(from CO-containing mixtures) provide better agreements to existing New Horizons
data (Jovanovié et al., 2021), but there may still be a substantial contribution from
condensed ices onto the hazes (see, e.g., Fayolle et al. (2021). Our results, which
show increased nitrogenation and oxidation even over that observed by Jovanovié¢
et al. (2021), Jovanovi¢ et al. (2020), may further resolve observational discrepancies.
Further radiative transfer modeling has suggested that perhaps the redder Pluto and
Titan hazes are more similar to each other in comparison to Triton, which is bluer.
Such differences could be either chemical, perhaps due to higher CO/CH,4 mixing
ratios as we have shown here, or physical, potentially due to the increased contribution
from ice condensates in Triton’s atmosphere (Hillier et al., 2021). However, to pinpoint
the cause of the similarities and differences between the hazes of these three worlds,
further measurements to obtain optical constants of the spectra we provide here, as

well as laboratory measurements of the formation and properties of heterogeneous

haze-ice condensate particles across multiple haze chemistries, is required.

4.4.4 Future Triton Missions

While ground- and space-based observations have furthered our understanding of
Triton in the years since the Voyager 2 flyby (e.g., Bauer et al., 2010; Lellouch et al.,
2010; Stansberry et al., 2015; Stern et al., 1995; Young & Stern, 2001), in situ missions
would dramatically improve our knowledge of the atmosphere, surface, and interior
processes of the moon (Christophe et al., 2012; Fletcher et al., 2020; Hofstadter et al.,
2019; Masters et al., 2014). Several proposed missions in various states of development
would visit Triton, with complementary goals. Trident, a Discovery class mission that

was downselected as a finalist, though not ultimately chosen for flight in the Discovery
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15 and 16 competition, would perform a single flyby of Triton (Prockter et al., 2019).
The Neptune Odyssey mission concept, a Flagship class orbiter and probe under study
for the 2023 Planetary Science and Astrobiology Decadal Survey, would orbit the
Neptune-Triton system with a four year prime mission and would perform ~monthly
flybys of Triton itself (Rymer et al., 2020). Triton Hopper is a mission concept under
study by the NASA Innovative Advanced Concepts (NIAC) program, which would
act as a lander capable of producing its own propellant from surface ices in order to

perform short flights across the surface (Landis et al., 2019; Oleson & Landis, 2018).

Trident’s major scientific goals would be to confirm the presence of a subsurface
ocean and infer whether it interacts with the surface, sample the ionosphere, and
perform repeated surface imaging to characterize its composition and geology (Prockter
et al., 2019). To achieve these goals, Trident would be equipped with, among other
instruments, a plasma spectrometer and a high-resolution infrared spectrometer with
spectral range up to 5 um. In the context of the study we have performed here,
the Trident mission could clearly benefit our understanding of ionospheric processes
driving haze formation by providing better constraints on the ion energies of the
upper atmosphere. On Titan, for example, haze formation in the upper atmosphere
is more strongly influenced by the Saturnian magnetosphere and solar EUV while
longwave solar UV photons primarily dominate haze formation processes below 500
km (Lavvas et al., 2008). In laboratory measurements, plasma or spark discharge
energy sources compared to UV lamps produce tholin which differs in composition and
observable spectra (Cable et al., 2012), illustrating this dual haze formation process.
A better understanding of the Triton ionosphere could similarly help guide future
laboratory experiments and modeling efforts to describe the haze formation process
for Triton specifically. Trident’s infrared spectrometer would have the same range
as the spectral measurements we have performed in this study (out to 5 gm) and

would clearly advance our understanding of Triton’s surface and atmosphere-surface
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interactions (Prockter et al., 2019). However, as we have shown above, the presence
of CO as both a surface ice and and as a minor atmospheric component should induce
significant oxygen chemistry. Such chemistry could be best probed with measurements
that encompass carbonyl groups out past 6 pm, which could be taken into account

with future development of the Trident concept.

The Triton Hopper concept study explored the ability of its design to generate
propellant from the primarily nitrogen-ice surface of the moon, but also considered a
wide instrument package to enable scientific characterization of Triton’s surface and
atmosphere (Landis et al., 2019; Oleson & Landis, 2018). These instruments include
a quadrupole mass spectrometer and a gas chromatograph (based on SAM, Sample
Analysis at Mars) a V/UV/NIR spectrometer, a meteorological package, and an X-ray
spectrometer. In context of increased oxidation of sedimented haze materials on the
surface suggested by our results, the ability of the Hopper concept to use surface
materials as propellant may be impacted. Recent efforts to use Pluto-like tholin to
match the New Horizons surface observations of dark reddish material suggest highly
porous structures of surface ice mixed with aerosols (Fayolle et al., 2021). If similar
porous ice-aerosol structure is present on Triton, or if aerosol is entrained with the
surface ice or snow, the oxidized refractory organic materials that make up the haze

could prevent efficient intake of Ny to melt for propellant.

Neptune Odyssey, as a Flagship class concept, would be equipped with an extensive
suite of instrumentation to enable its wide-ranging science goals, d la a Cassini for
the Neptune system (Rymer et al., 2020). In terms of Triton science, Odyssey would
investigate whether Triton is an ocean world, the source of its plumes, and broad
scale compositional and dynamical processes of the atmosphere, surface, and interior.
Relevant to our laboratory study here, this mission would carry imaging spectrometers
in the UV and VIS-NIR, an ion and neutral mass spectrometer, a thermal plasma

spectrometer, and an energetic charged particle detector. Such a mission would enable
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not only significant comparison to the Saturn-Titan system but also a far deeper
understanding of Triton and Neptune than we currently possess. Nevertheless, the
concept study also only studied a VIS-NIR spectrometer with range up to 5 pm and
an ion and neutral mass spectrometer with range up to 100 amu (Rymer et al., 2020).
Here we have shown that significantly large and complex molecules with significant
oxygen incorporation can be produced under Triton atmosphere conditions, which
could be best explored with spectroscopy beyond 5 pm and mass spectrometry up to
and beyond 450 amu. Lessons learned about the complex atmospheric chemistry of
Titan and its unveiling (and the new questions uncovered) with Cassini should inform
future mission development to explore and understand the correspondingly complex

chemistry of Triton’s atmosphere and surface.

4.5 Conclusion

We simulated haze formation in Triton’s atmosphere using the PHAZER chamber and
apparatus with a starting gas mixture of 0.5% CO and 0.2% CHy in Ny at 90 K. We
then measured the production rate, composition, and spectra of the haze analogues
produced with combustion analysis, very high resolution mass spectrometry, and

transmittance and reflectance spectroscopy.
We find that:

1) Oxygen is incorporated into the elemental composition of the solid tholin
particles at approximately 10% by mass despite its inclusion in the form of CO in the

original gas mixture at just 0.5%.

2) When taking our Triton results and comparing them to previous PHAZER N-
CH,4-CO experiments, the increase of CO over that of CH, in the original gas mixture
shifts the elemental composition away from carbon and toward a more nitrogen-rich

structure, though more CH, may generate larger absolute amounts of solid.
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3) From very high resolution mass spectrometry measurements, we detect, as in
previous studies, molecular formulas consistent with all 5 biological nucleotide bases,
one non-biological nucleotide base, and several amino acid derivatives. Additionally,
we observe the formula for glyceraldehyde, the simplest monosaccharide, for the first

time from a No-CHy-CO atmospheric experiment.

4) Transmission and reflectance spectra of the Triton tholin produce features
attributable to O-H, N-H, C-H, C=N, and C=C bonding. Most of these are also seen
in spectra of similar tholin experimental data, but we also observe additional features

as well as deeper and broader features attributable to oxygen bonds.

5) To take full advantage of the chemistry we observe in our laboratory setting,
future Triton missions should carry instrumentation capable of probing high molecular
weight compounds, such as mass spectrometers with high mass range (=450 amu),
and carbon-oxygen bonds, such as NIR spectrometers with spectral range out to at

least 6.5 pm.

6) The exact CO/CH4 mixing ratio in Ny atmospheres can dramatically affect the
resulting haze chemistry. Since both Triton and Pluto undergo substantial atmospheric
changes through sublimation of surface ices, their haze chemistry may also experience

seasonal dependence.

Given our results along with the existing body of literature for Titan and Pluto,
additional study is clearly motivated into the exact chemical pathways for haze
formation between these three similar, yet distinct planetary bodies. The nature of
this haze chemistry can affect the prebiotic inventories of these worlds, their climates
and radiative balance, and seasonal cycling between their atmospheres and surfaces.
As three worlds with No-CHy-CO atmospheres under different energetic regimes,
Triton, Titan, and Pluto are themselves a fruitful laboratory for understanding carbon

monoxide’s dramatic influence on atmospheric chemistry.
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Chapter 5

Discussion and Conclusions

“To learn which questions are unanswerable, and not to answer them: this skill is
most needful in times of stress and darkness.”

— Ursula K. Le Guin, The Left Hand of Darkness

5.1 Summary

In this dissertation, I have made the first few steps in connecting the results of
laboratory experiments to atmospheric models for exoplanet hazes, as well as performed
a deeper dive into the haze chemistry of the oft-neglected moon of Neptune, Triton.
My work has been driven in part by the new discoveries of the plethora of exoplanets
we now know are out in the universe, which demand exploration. Over the course
of this work, new molecules and gases have been discovered in both exoplanetary
as well as Solar System atmospheres, pushing us to piece together how atmospheric
chemistry functions on distant worlds. I summarize in the following sections a few of
the implications my work has for this understanding of (exo)planetary atmospheric

physics and chemistry.
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5.2 Hazy, Hydrogen-Rich Terrestrial Atmospheres

In Chapter 2, I began the process of linking very fundamental measurements from
the laboratory — particle size and haze production rate — into simple parametrized
atmospheric models for exoplanets. Thanks in large part to our in situ data from
Solar System atmospheres in addition to remote sensing observations, I was able to
provide the first physically motivated treatment of these simple parametric scalings. I
showed that the often invoked very large multiplicative factors of “haze amplitudes”

are, at least for terrestrial exoplanet atmospheres, likely unphysical.

I specifically explored whether we can explain Hubble observations of the TRAPPIST-
1 planets with hazy hydrogen-rich atmospheres. The amount of haze produced in a
hydrogen-rich atmosphere is simply not enough to generate the intensely flat trans-
mission spectra observed. Taking these conclusions beyond TRAPPIST-1, additional
studies of planetary systems with sub-Neptune and terrestrial worlds have built on
this methodology in atmospheric models with hazy constituents (Pidhorodetska et al.,

2021).
5.3 Cloud Decks and Secondary Atmospheres

I also reproduced in Chapter 2 the well-known degeneracy between simple grey
clouds and metallicity (or mean molecular weight) in dampening spectral features in
transmission. I showed that, particularly for the Hubble G141 grism which centers on
the water feature at 1.4 um, increasing water content and moving clouds higher in the
atmosphere cannot be disentangled from each other with only near-IR measurements.
Treating clouds more realistically or extending measurements into longer wavelengths

can both overcome this problem. I demonstrate the latter in my part of the follow-up

work on TRAPPIST-1 g, published in Wakeford et al. (2019a).
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5.4 Characterization of Terrestrial Atmospheres

Finally, my work in Chapter 2 and the publications which followed it demonstrates —
in agreement with much of the literature — that bigger, next-generation observatories
(starting with JWST) are necessary to truly understand the composition of exoplanet
atmospheres below ~1.6 Rg. The transit depth precisions required to observe sec-
ondary, small atmospheres around these planets are on the order of 15 to 20 ppm,

well beyond what is reasonable for small planets by current observatories.

5.5 Exoplanet Tholin Composition

In Chapter 3, I provide the first laboratory measurements about the chemical composi-
tion of exoplanet hazes, using analogue materials produced in the PHAZER (Planetary
HAZE Research) chamber. In particular, my work demonstrated that for planets on
the inner edge of the Habitable Zone and warmer, oxygen is strongly incorporated
into the haze particles, at proportions of up to 20%. These measurements strongly
diverge from the proxy hazes previous literature used to represent hazes in exoplanet
atmospheric models, which are frequently based on (outdated) Titan tholin or soots,
neither of which are oxygen-rich. The first attempts to account for this greater chemi-
cal diversity in hazes, based upon my work, have recently been published in a study

of the planetary system L 98-59 (Pidhorodetska et al., 2021).

5.6 Haze-Cloud Interactions

As part of my work in Chapter 3, I stumbled upon the solubility behavior of exoplanet
hazes as a function of the polarity of the solvent. Given the greater likelihood of
soluble particles being better cloud condensation nuclei (CCN), I suggested that
these exoplanet hazes (for 300 K to 600 K atmospheres between 100x and 10000 x

metallicity) could act as efficient cloud seeds for polar condensibles, like water, in
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exoplanet atmospheres. More recent and in-depth study about the surface energy of
these exoplanet laboratory hazes has confirmed quantitatively that they are likely to
be good cloud condensation nuclei (CCN) under some conditions (Yu et al., 2021).
This result may help explain the beginnings of trends we observe for hazy versus clear

atmospheres in exoplanets of this temperature regime.

Moreover, in Chapter 4, I also find that oxygen due to CO is incorporated at
higher rates than expected into Triton-like haze particles. Given recent scholarship
(Lavvas et al., 2020; Ohno et al., 2021) suggesting an ice cloud component in the
moon’s atmosphere to explain observations, my work on the composition of the haze
should be taken into account for future studies. Oxygen content may both affect the
observed characteristics of Triton’s haze, as well as alter the haze’s ability to act as

efficient cloud condensation nuclei.

5.7 Hazy, Oxygenated Atmospheres as a Source of
Prebiotic Molecules

In both Chapters 3 and 4, I detect a multitude of molecular formulas with prebiotic
roles, including those for nucleotide bases, amino acids, and simple sugars. Given
the high amounts of CHON-bearing molecules that form these hazes, such a result is
perhaps unsurprising. Previous, Titan-focused work has already shown that nucleotide
bases and amino acids can readily form under these upper atmosphere-like conditions
(Horst et al., 2012; Sebree et al., 2018). However, the experiments here show that
additional oxygen into the system does not create such an oxidizing environment that
formation of these prebiotic species cannot proceed, and in fact, this additional oxygen

could enable the generation of simple monosaccharides.

While confirmation of molecular structure, and not merely formula, is absolutely
required to confirm my results, my work again reiterates the importance of upper

atmospheres as a prebiotic pathway both in the Solar System and beyond. The
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exact mechanisms that lead to such molecules, how and whether they are generated
in substantial enough quantities to enable further prebiotic and ultimately biotic
chemistry, and the specific locations across the universe where such reactions have or

can occur is left to future work by other researchers.

5.8 Trace Species and Alternate Haze Formation
Pathways

While T showed conclusively the powerful role oxygen can play in haze formation
throughout Chapter 3 and 4, a further revelation from these experiments is the
importance of the specific bonding environment of the oxygen-bearing molecules, as
well as that of other elements like nitrogen and carbon. In Chapter 3, I show that
nitrogen in the form of ammonia in the gas phase can substantially alter the solubility
of the haze particles, with implications for the ability of cooler planets to form water
clouds. Chapter 3 also demonstrates that the hottest of our experimental water-rich
atmospheres, at 600 K, generates the most oxygen-rich hazes despite having the least
oxygen by weight percentage in the starting gas mixture. Of the water-rich cases, this
experiment alone contains carbon monoxide in addition to water and carbon dioxide
vapor. We hypothesize, therefore, that carbon monoxide acts as a more efficient seed

to build up eventual haze particles than the dissociation of water molecules.

In Chapter 4, I also demonstrate that the mixing ratio of carbon monoxide to
methane gas in the starting mixture is critical to the ultimate oxygen content of the
haze particles. Again, the mechanism for the greater oxygen inclusion in the haze may
follow from building on top of carbon monoxide rather than breaking up methane,

but further work is needed to elucidate the exact pathway of this chemical process.

On the note of haze formation pathways, Chapter 3 and 4 clearly break the
“conventional” wisdom long assumed in both exoplanetary and solar system atmospheric

photochemical and parameterized models that only methane or hydrocarbons are
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the dominant precursors to haze formation. In addition to my work here, further
exoplanet experiments in the PHAZER lab have shown that carbon monoxide and
carbon dioxide (He et al., 2020b), as well as sulfur-bearing hydrogen sulfide (He et al.,
2020a), can generate substantial organic and organosulfur hazes (Vuitton et al., 2021).
Clearly, more work is needed to understand the many potential chemistries to create
hazes in planetary atmospheres, as well as their ultimate effect on the climates of

these worlds.

5.9 Observational Tracers of Haze Chemistry

In Chapter 4, I present transmittance and reflectance spectra of the Triton analogue
hazes, clearly showing that oxygen-bearing molecules create observable spectral features
for future observations and missions to search for in the atmosphere. I also demonstrate
that a true understanding of the haze is likely best achieved with longer wavelength
observations, where carbonyl features are located out near 6 ym. Given the high
oxygen contents of the exoplanet tholin described in Chapter 2, I expect similar probes
of the haze chemistry will be enabled if exoplanet hazes are present at sufficient
quantities in the atmosphere. In Chapter 2, I utilized the small particle sizes observed
in the laboratory to suggest strong scattering slopes in the optical, in agreement
with previous studies (e.g., Wakeford & Sing, 2015). In this way, shortwavelengh
observations may offer insight into the physics while longer wavelengths open up the

chemistry of planetary clouds and hazes.

5.10 Remaining Questions

I have tackled a number of the questions with which I began, as well as found the

answers to questions I did not think to have. However, many remain. These include:

e What do exoplanet hazes actually look like? Are there spectral features indicative

144



of exoplanet hazes, which JWST and future observatories can search for?

e What are all the possible and/or likely drivers of haze formation in exoplanets?

Are oxygen-bearing molecules as important as my results suggest?

e Do the laboratory hazes we make and analyze here actually share the important

physical and chemical properties of actual hazes in planetary atmospheres?

e How tightly coupled is haze and cloud formation? How do these two processes

interact with each other in the outer Solar System and on exoplanets?

e How can we best treat clouds and hazes in (exo)planetary atmospheres? What is
the right level of complexity that balances physical reality with computational expense

and effort?

e How does our understanding of haze composition and production depend on the

host star?

5.11 Final Thoughts

While T have pushed forward our understanding of both exoplanetary and Triton
clouds and hazes, we have much more learn, as the above list of outstanding questions
suggests. The now months away launch of JWST, along with future observatories and
future outer Solar System missions to Titan (like Dragonfly) and hopefully the Ice
Giant systems, will illuminate whether the work started here is on the right track,
or whether we must throw it all out and start anew. So it goes. Planets and their
atmospheres constantly defy expectations, and I'm (mostly) ever grateful that I can

be part of the story.

Here, at the end of it, I also must grapple with that most fundamental question:
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Why study this at all?' The study of planetary atmospheres outside our own may
not seem the most important of subjects.” But, to me, this pursuit of knowledge is
one of the things that makes us human. No, I'm not curing cancer or developing
vaccines or building better infrastructure. I could give you the clichés about how
learning about other climates teaches us ultimately about our own, or a screed about
the Golden Goose awards and the importance of fundamental research, but honestly,
that’s not why I'm here. I'm here as part of an endeavor as noble as any artistic quest.
We’re looking for meaning beyond ourselves, bits of discarded stardust yearning to
understand its own atoms — the universe working to know itself. It’s a privilege beyond
measure that I can ask those questions and work toward making something like an
answer to a small few of them. Art is worthwhile because it makes us human; it’s an
outlet for the deepest loneliness we hold in our souls. Science of the kind performed
here is no different, really. So why is this important? Because looking for the beauty
in a gravity wave as it sculpts a cloud deck on another world is the same as writing a
great novel. Because searching for the colors of a distant sky is as human as painting a
masterpiece. Because the shadow of a far-off sun as it streaks across a landscape some
tens of lightyears away is no less than the poetry of the universe at work. Because

“we are all in the gutter, but some of us are looking at the stars.””

la rant; a soapbox moment of cheese because it’s my goddamn dissertation, dammit.

2 After all, there’s people that are dying, Kim.
3—Oscar Wilde
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