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Abstract

The gas and dust of protoplanetary disks surrounding solar-mass, T Tauri stars are a

window into the history of the Solar System and extrasolar planetary systems. The

central star plays an important role in shaping disk chemistry and physics, as its UV

and X-ray radiation are strong ionizing agents. However, T Tauri stars are also highly

variable, as X-ray flaring events temporarily increase disk ionization rates from a few

to hundreds of factors times the quiescent rates. My thesis provides the first deep

dive into the theoretical and observational consequences of time-variable flare-driven

chemistry within protoplanetary disks. I use a combination of disk chemical models

and radio observations to determine how individual flares impact molecules on short

time scales (∼weeks) and how flares cumulatively impact the molecules available dur-

ing planet formation. ALMA (Cleeves et al., 2017) and SMA (PI: A. Waggoner)

observations of H13CO+ 3−2 in the IM Lup protoplanetary disk showed that the line

flux approximately doubled for a short period of time while continuum flux remained

constant. Enhancement duration is unknown, since observations were spread out over

a six-year period, but an X-ray flaring event is the most likely source of H13CO+ en-

hancement. I have also identified tentative HCO+ 1 − 0 spectral variability in the

Molecules with ALMA at Planet forming Scales (MAPS) protoplanetary disks, which

may be evidence of flare-driven spatial variability. While a single flare is unlikely to

have a long lasting (> 1 month) effect on disk chemistry, the cumulative impact of
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flares over relatively short astrophysical timescales (hundreds of years) could drive

chemistry to a new ‘steady state.’ I wrote a stochastic X-ray flare model, XGEN, mo-

tivated by observed flare frequency and energy distribution for T Tauri stars. When I

incorporated XGEN into the chemical disk model, I found that flares push chemistry

to a slightly more complex state, which could help explain two chemical puzzles in

disks: the high O2 seen in comets and the low degree of sulfur bearing molecules. In-

corporating flare chemistry slightly enhances O2 and tends to form organosulfides in

our models. Together, my observational and theoretical work support flares playing

a key role in shaping the chemical inventory available to forming planets.
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Chapter 1

Introduction

“I’m certain some will feel threatened by this record. Some few may feel liberated.

Most will simply feel that it should not exist. I needed to write it anyway.”

Brandon Sanderson, Oathbringer



2 Chapter 1. Introduction

1.1 Astrochemistry: What is it?

While we traditionally give Dmitri Mendelev credit for inventing the modern pe-

riodic table, decades of research and ingenuity from chemists and physicists from

around the world contributed to the final product we recognize today.1 Some of the

earliest versions of the periodic table were quite ingenuitive, for example G. D. Henrich

developed a spiral periodic table (Figure 1.1). While the Mendelev periodic table’s

predecessors have faded to a historical fascination, today there exists a plethora of

‘joke’ periodic tables intended to poke fun of the organization of elements.

One such ‘joke’ table is the astronomer’s periodic table, which is meant to repre-

sent the mass of each element contained in the universe. The take-away message: the

universe is filled with hydrogen, helium and metals; metals being every other element

(an example table is shown in Figure 1.1). For many sub-fields in astronomy, this

assumption is mostly true. Hydrogen and helium make up approximately 74% and

24% of mass in the universe, while all other elements make up less than 2% of the

total mass.

So, why would I begin a thesis on astrochemistry with the astronomer’s periodic

table? To emphasize how incredible it is that the earth, our oceans, plant and animal

life, and every human who has ever lived and ever will live are are made up of the

elements categorized as metals. We are the ‘everything else.’ We exist in a universe

where less than two percent of total material comes together in such a way that planets

and life can form. But, how do planets and life form? What chemical and physical

processes does material undergo that leads to our existence? These two questions are

the backbone of astrochemistry.

1Notably, Lothar Meyer independently created a periodic table very similar to Mendelev five
years before him, but Lothar is not given the same credit as Mendelev. See Scerri (2007) Chapters
3 and 4 for a full history on the development of the periodic table.
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Figure 1.1 a) Spiral periodic table produced by G. D. Henrich (taken from Scerri,
2015). b) Example of the astronomer’s periodic table that I made, where the size of
the box represents the total mass that element has in the universe (assuming that H
and He make up 74% and 24% of all mass, respectively).

In this chapter, I will first introduce the astronomical environments involved in the

planet formation process. Next, tools used in astrochemical research will be discussed,

including chemical disk models and how astronomers use radio observations to detect

molecules. Next, I highlight some of my accomplishments in scientific outreach and

communication. This chapter will conclude with an overview of several outreach

initiatives I have taken part in and an overview of the thesis.

1.2 Star and Planet Formation

Planet formation begins in massive clouds composed of dust and gas known as

dense molecular clouds. Over time (up to millions of years), these clouds collapse in

on themselves to form pre-stellar cores (Class 0), where star formation begins. As

material collapses (accretes), a gaseous and dusty disk forms around the young proto-

star (Class I). At this stage, the disk is quite ‘fluffy,’ and over time material settles

out into a more compact disk. Remaining material from the original molecular cloud
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Figure 1.2 A simple graphic representing the planet forming process, as described
in Section 1.2. Graphics are not to scale. To understand the origins of biologically
relevant molecules, we must study the evolution of atoms and molecules throughout
the star and planet forming process.
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dissipates, leaving behind a (relatively) isolated system known as a protoplanetary

disk (Class II). The proto-star at the center of the disk has fully formed into a pre-

main sequence star (meaning that it is not yet burning hydrogen). Protoplanetary

disks are complex environments, with densities ranging from ∼ 10−9 to ∼ 10−18 g cm3,

and temperatures ranging from thousands to 20K Reviews by Henning & Semenov

(2013) and Öberg & Bergin (2021) provide a more comprehensive overview of the

star and planet formation process and disk substructure. Disks are classified by three

layers: the photon dissociative region, the warm molecular layer, and the mid-plane.2

• Photon Dissociative Region (PDR, also known as the Proton Dissociative Re-

gion): This layer corresponds to the outermost layer of the disk, where densities

are lowest and temperatures are highest. The dominant ionization process in

this layer is from UV photons emitted by the central star, and the layer is

composed of ions and atoms. See Wolfire et al. (2022) for a detailed review of

PDRs.

• Warm Molecular Layer: This layer corresponds to the middle layer in the disk,

where the majority of chemical species are in the form of gas-phase molecules

and radicals. UV photons still dominate a large portion of the ionization in this

region, but density levels become high enough to scatter UV photons. X-ray

photons emitted by the central star become the dominant ionizing agent within

inner regions of this layer.

• Mid-plane: This layer is the innermost layer of the disk, where densities are

highest and temperatures are lowest. This layer is primarily composed of dust

particles, where ices (and planets) form. Water ice is the most abundant solid

2This overview is specific for low mass star and disk formation. High mass stars tend to follow
slightly different formation pathways.
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state species, but larger complex organic molecules (COMs) are also thought

to form here. The dominant ionizing agents in this region are external cosmic

rays.

Sometime between the Class I and Class II stages planet formation begins in the

disk mid-plane.3 Planets are believed to cause the presence of disk substructure in

the form of rings, gaps, and spiral arms. Notably, substructure can be explained by a

number of other factors, so in recent years there has been a campaign to model and

observe disk substructure and better understand what causes it.

Two of the largest programs to do so are the Disk Substructures at High Angular

Resolution Project (DSHARP) and Molecules at ALMA at Planet forming Scales

(MAPS) large programs (Figure 1.4). Both programs have led to dozens of publica-

tions, and the program overviews are reported in Andrews et al. (2018) and Öberg

et al. (2021). The MWC 480, HD 163296, GM Aur, AS 209, and IM Lup protoplan-

etary disks were observed by DSHARP and MAPS, and these five disks are covered

in this thesis. For more information on the physical parameters of the disks, see the

previously mentioned overview papers.

Eventually the remaining dust in protoplanetary disks settles into the mid-plane,

and the gas fully dissipates leaving behind a fully formed planetary system (after

∼ 40Myr Carrol & Ostlie, 2007). Astrochemists study chemical evolution across

all of these stages to understand how material necessary for life is incorporated into

planets. The work in this thesis focuses specifically on the Class II protoplanetary disk

stage and how radiation from the young central star impacts the molecular species

that are incorporated into forming planets.

3The exact timing of when planet formation can begin is disputed, but planets and protoplanets
have been detected in both Class I and Class II systems.
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Figure 1.4 Top: CO 2 − 1 moment zero maps for the five disks observed by MAPS
(Öberg et al., 2021; Law et al., 2021). Bottom: Continuum emission for the same five
disks. The IM Lup, AS 209, and HD 163296 continuum images are from the DSHARP
survey (Andrews et al., 2011). The GM Aur continuum image is from Huang et al.
(2020). The MWC 480 continuum image is from the MAPS data. Image beams are
shown in the bottom left corner. This image was taken from the MAPS webpage and
adapted from Law et al. (2021)

1.2.1 T Tauri Stars

T Tauri stars are a specific type of star that are particularly relevant for studying

the origins of the Solar System, as they are essentially ‘baby’ versions of the Sun.

These stars are approximately solar mass pre-main sequence stars (i.e., they do not

yet burn hydrogen), and they are exceptionally more dynamic and X-ray bright than

the modern Sun. For example, the typical X-ray luminosity of a T Tauri star is

LXR ≈ 2 × 1030 erg s−1 (Flaccomio et al., 2003; Wolk et al., 2005), about 104 times

brighter than the modern day Sun (Peres et al., 2000). Additionally, T Tauri stars

commonly undergo flaring events that temporarily increase light emission across the

electromagnetic spectrum. Flare statistics by Wolk et al. (2005) suggest that T Tauri

stars experience flares on an approximately weekly basis.

While the exact mechanism behind flaring events is still debated, one theory sug-

gests this variability occurs because T Tauri stars do not yet have stabilized stellar
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Figure 1.5 This graphic represents how X-ray flares occur in solar mass stars. The
stellar equator rotates more quickly than the poles (a), which causes magnetic field
lines that trace the star’s magnetic field (b) to become twisted (c). The twisted field
lines can connect with each other or ‘pinch’ in a re-connection event (d). This pro-
cesses dramatically heats and ionizes gas/plasma resulting in X-ray photon emission.
Figure (e) is an example of the complex flare structure in solar mass stars. Grey
lines indicate closed magnetic fields, and purple lines indicate open magnetic fields.
This particular example represents the magnetic field topology of the star II Peg from
Rosén et al. (2015). Figure (f) is an image of a flare on the Sun (observation by the
Transition Regions and Coronal Explorer, TRACE, at 171 A). Note that the brightest
emission comes from the hot gas trapped in the field lines, as indicated in (d). Image
is taken from Güdel (2004).
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dynamo, which is a phenomenon caused by differential rotation. The poles of a star

rotate much more slowly than the equator, which entangles magnetic field lines. These

field lines then ‘snap,’ or reconnect, releasing large amounts of heat and energy in

the form of X-ray light. See Figure 1.5 for an illustration of the dynamo or Carrol &

Ostlie (2007) and Shu (1982) for more on flare energetics and physics.

The Sun also experiences flares, notably the source of the auroras, but the flares

are exceptionally less bright and less frequent than in T Tauri stars. Additionally,

the Earth’s magnetic field protects us from weaker modern flares, but the building

blocks of Earth were unprotected from the harsh radiation fields associated with the

protostellar environment.

1.3 Chemical Reactions in Space

At first glance, chemical processes in space seem to break all the rules of chemistry

on the earth, but chemistry obeys the same laws of physics no matter the environment.

Temperatures and densities in star and planet forming regions are so dramatically

different than on Earth, that reactions and processes common in space would be

challenging or impossible on Earth and vice versa. There are no liquids in space

(excluding terrestrial bodies, but we are only considering the planet formation stages

here), so chemistry must evolve in either the gas-phase or in interstellar ices. Planet

forming regions are incredibly dynamic, where species can freeze out, desorb, then

freeze out again throughout the entire star and planet formation process. To gain

a comprehensive view of chemical evolution, we must consider both gas and ice and

how the two are connected.
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Photodissociation AB + hν → A+B
Neutral-neutral A+B → C +D
Ion-molecule A+ +B → C+ +D
Charge-transfer A+ +B → A+B+

Radiative Association A+B → AB + hν
Dissociative Recombination A+ + e− → C +D
Collisional Association A+B +M → AB +B
Associative Detachment A− +B → AB + e−

Table 1.1 A generalized list of reactions and products that are considered in gas-phase
chemical reaction networks. Adapted from Tielens (2005) Table 4.1.

1.3.1 Gas-phase Chemistry

In general, the majority of gas-phase chemical processes in space can be summa-

rized as

A+B → C +D, (1.1)

where the A, B, C, and D include molecules, atoms, ions, phtons, dust grains, and

electrons. For example, in the photoionization of water,

H2O+ γUV → H2O
+ + e−, (1.2)

A and B are the water molecule and UV photon, and C and D are ionized water

and an electron. A list of chemical and physical processes commonly considered in

astrochemical reaction networks is summarized in Table 1.1.

Three-body reactions (or higher) are incredibly rare, since density and pressure

levels in space are so low that the rate of successful three-body collisions is negli-

gible compared to the rate of successful two-body reactions. Additionally, the low

temperatures in space make reactions with barriers practically impossible.4

4Unless we want to start talking about tunneling, but tunneling dominantly occurs in interstellar
ices, and it is not relevant for the topics covered in this thesis.
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In general, reactions that include a photon and/or charged reactant occur more

readily than reactions with only neutral species. For example, neutral association

reactions are less likely to be successful due to the conservation of energy. For two

reactants to successfully create a new bond the following must occur. 1) the new bond

must be at a lower energy state than the independent reactants, and 2) energy must

be emitted in some way, otherwise the reactants will dissociate. Williams & Hartquist

(2013) fully describes this concept with respect to the formation of H2. Reactions

with ions are also faster, since they typically have higher collisional cross sections,

thus increasing the probability that a collision between two reactants will occur at

all. See Draine (1947) for further information on the mathematics of collisional cross

sections.

1.3.2 Chemistry in Interstellar Ices

Within protoplanetary disks, molecules begin to freeze out beyond the snow-line,

which is the radial location where densities are high enough and temperatures are

low enough for a species to stick to dust grains, forming ice layers. A single disk will

have several snow-lines, where water freezes out first, then CO2, then CO, and so on

based on the vapor pressure of the species.

Once a chemical species freezes out onto a dust grain, they can react with neigh-

boring species in neutral-neutral reactions that are inefficient in the gas. Additionally,

atoms and some molecules can migrate, or hop, across the ice, which allows for fur-

ther reactions (mostly hydrogen, since the more mass a species has the slower it

migrates). For example, methanol (CH3OH) forms dominantly in the ice via a series

of neutral-neutral protonation reactions of CO (Watanabe & Kouchi, 2002). Many or-

ganic molecular species, particular complex organic molecules5 (COMs), are thought

5Complex organic molecules (COMs) are defined as any carbon bearing species with six or more
atoms; methanol being the simplest COM. To methanol’s credit, it once was considered a complex
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Figure 1.6 Examples of chemical and physical processes that occur in ices on dust
grains. UV radiation and cosmic rays can ionize and desorb ices. Exothermic reactions
can give reaction products enough energy chemically desorb. Taken from Meinert
et al. (2011).

to form almost exclusively in the ice. See Figure 1.6 for further examples of processes

that occur on ices.

1.3.3 Chemical Modeling: the Rate Equation Method

There are many different types of chemical and astrochemical models, but for

the purpose of this work we focus on models based on the rate equation method

(Wakelam et al., 2013). These types of models are created to monitor how chemistry

evolves over time using reaction kinetics. Essentially, the change in the abundance of

molecule A at one moment in time compared to a previous moment in time can be

species in space, but in recent years larger molecules like aromatic rings have been discovered at
an increasing rate (e.g. McGuire et al., 2020; Burkhardt et al., 2021). This has spurred a debate
amongst astrochemists on what ‘complex’ means and if we need to revise our terminology.
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defined as the sum of the amount of A created minus the amount of A destroyed at

a moment in time.

Assuming that all reactions can be summarized as Equation 1.1, then the rate of

destruction of reactants A and B is defined as

d[A]

dt
=

d[B]

dt
= −k[A][B], (1.3)

where k is a reaction rate constant. Similarly, the rate of formation of products C

and D defined by
d[C]

dt
=

d[D]

dt
= k[C][D]. (1.4)

The rate coefficient, k = σν, is determined by collisional cross section between

the reactants, σ, and the velocity of a particle, ν. The collisional cross section is

the minimum distance required for two particles to collide. This is also the reason

charged particles tend to have faster reactions rates, since they tend to have higher

attractions to other species, so the two reactants do not need to get as close to each

for a successful collision to occur. A particle’s velocity is defined as

< ν >= (
8KBT

πµ
)0.5, (1.5)

where µ is the species mean molecular weight, KB is the Boltzmann constant, and

T is the system temperature. Therefore, the warmer a system is the higher the rate

coefficient is.

Based on the reaction kinetics in Equations 1.3 and 1.4, the rate at which a

reaction occurs is dependent on three factors. 1) The amount of reactant in the

system. 2) How likely two particles are to successfully collide. 3) The temperature

of the system. Yamamoto (2017) and Draine (1947) include a more comprehensive
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overview of reaction kinetics, and I recommend referring to them for further details.

The rate equation methods utilizes these ideas to determine the abundance of a

species A by

d[A] =
n∑

i=1

ki[A][Bi]−
m∑
j=1

kj[A][Bj], (1.6)

assuming i total reactions that form A and j total reactions that consume A. The

models presented in Chapters 2 and 3 utilize the rate equation method to model

the chemical evolution of a protoplanetary disk. The specific models are covered in

further detail in those chapters.

1.4 Observational Astrochemistry

1.4.1 Radio Interferometers

Protoplanetary disks are relatively small and dim in our night sky, so it is incred-

ibly difficult (if not impossible) to observe them by with single dish radio telescopes.

Protoplanetary disks need interferometers that are not constrained by the size of a

single dish.6 Instead, they use the collective power of several to dozens of individual

antennas to create a single ‘giant’ telescope. Together, many antennas can effectively

create a telescope the size of the Earth, as has been done by the Event Horizon

Telescope (EHT) which directly observed a black hole for the first time ever (Event

Horizon Telescope Collaboration et al., 2022). Notably, the EHT is a combination

of radio facilities from around the world, whereas the ‘typical’ interferometer uses

a single observing facility/telescope. The Atacama Large Millimeter/submillimeter

Array (ALMA) in Chile and the Sub-Millimeter Array (SMA) in Hawaii are two such

6I would like to note that single dish telescopes are powerful tools in the field of astrochemistry,
but not as much for protoplanetary disk chemistry, since they are so faint. Single dish telescopes
have been used to detect some of the most complex molecular species in space to date (e.g. the
GOTHAM and ARKHAM collaborations, McGuire et al., 2020), but for the purpose of this thesis
we are focusing on interferometers.
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Figure 1.7 This figure demonstrates how an interferometer ‘sees’ an image, based on
it’s configuration. In this case, the model image is of a cat (named Dancer), and
synthesized ALMA images were made in compact (C1), intermediate (C5), extended
(C9) configurations, and combined data from the C1, C5, and C9 configurations.
The compact configuration (C1, low baseline coverage) is able to accurately measure
flux, but is not able to resolve the image. In the C1 configuration, we can clearly
see the brightest parts of the image, but we cannot tell that the image is of a cat.
The extended configuration (C9, long baseline coverage) is able to resolve that the
image is a cat, but we not able to tell what parts of the cat are brightest. This
figure was produced using the friendlyVRI software produced by Cormac R. Purcell
and Roy Truelove and is available at https://crpurcell.github.io/friendlyVRI/. Credit
also goes to Dancer for posing for this photograph.

https://crpurcell.github.io/friendlyVRI/
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facilities.

Observations from the SMA led to some of the earliest detections of molecular

gasses in disks (e.g. Öberg et al., 2010), while ALMA observations have revolutionized

the field by providing such high spatial resolution images that we can even indirectly

observe planets.

However, the spatial resolution and flux sensitivity associated with interferometers

come at a price. The ‘giant’ telescope that is created by combining antennas does not

‘see’ the sky the same that a single dish antenna (or even your eyes) can. Instead, an

interferometer can be thought of as a single dish with holes in it. The interferometer

‘sees’ the sky, but the configuration of the antennas determines how sensitive the

telescope is to the emitted light (flux) and how well the image can be resolved (spatial

sensitivity). Antennas close to each other (i.e., short baselines) are significantly more

sensitive to flux, while antennas further apart (i.e., long baselines) have much higher

spatial resolution (see Figure 1.7 for an example). The most powerful images use a

combination of short and long baseline data to utilize the full range of interferometers.

If the reader desires a further explanation of interferometry, I recommend the text

books Shu (1982) and Thompson (2017) for further reading.

1.4.2 Radio Spectroscopy

All light traces and interacts differently with matter. For example, optical and

UV light typically corresponds with electronic excitation in atoms, IR light traces

molecular vibrations, and radio and microwave light trace molecular rotations. Radio

spectroscopy is a particularly powerful tool to study the gas-phase composition of

astronomical environments, since each and every molecule has a unique spectrum7

7This is true except for symmetrical molecules, like H2. These species do not have rotational
spectra due to their lack of dipole moment. I recommend Steinfeld (1974) and Bernath (2016) for
more information on spectroscopy.
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or ‘fingerprint.’ Each unique spectrum can be measured in a laboratory vacuum

chamber and then compared to line detections from observations. Laboratory exper-

iments combined with observations allows for the robust detection and identification

of molecular species in space.8

Radio spectroscopy can also be used to measure disk temperature using rotational

diagrams, molecular abundances and column densities using radiative transfer models

(see Kwok (2007) for details on radiative transfer), and to trace the velocity structure

of objects in space, such as protoplanetary disks.

Protoplanetary disks rotate around the central star, where material closest to the

star rotates the fastest, and material furthest from the star rotates the slowest. The

rotation of the majority of disks can be defined as Keplerian rotation, and the velocity

(ν0) at a radius r can be defined as

ν0 =

√
GM

r
= 30(

r

1au
)−0.5(

M

1Msun

)0.5kms−1, (1.7)

where M is the mass at radius r and assuming Mstar >> Mdisk (Yamamoto, 2017).

This velocity gradient causes lines to have a ‘double horn’ shape, instead of a single

peak like would be measured in a stationary environment (see Figure 1.8).

In this thesis, I use radio spectroscopy to search for variations in line flux, and

therefore molecular abundance. Additionally, I search for variations in the spectral

shape of HCO+ and H13CO+, which would correspond to changes in molecular abun-

dance at different radial locations.

8This process can actually be very complicated, and I’ve just described a ‘best case scenario’
detection.
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Figure 1.8 This graphic demonstrates line broadening due to the Keplerian rotation
of a protoplanetary disk, assuming that the disk is being viewed edge on from the
position of Doppler shift arrows. The inner disk, which rotates the fastest, has the
highest velocity shift, while the outer disk, which rotates the slowest, is closest to the
line’s true transition frequency.

1.5 Science Communication

Communication is one of the most important aspects of science. To fully dis-

seminate our work with the world, we must be able to convey our our knowledge to

experts in the field, young scientists, students, and even the general public. I would

argue that scientific communication is not only an essential part of being a scientist,

but it is our responsibility to ensure that science is accessible to all.

I have over nine years of experience in scientific outreach towards children; I

am an active member of the Astrobites collaboration; I am currently advising an

undergraduate student on their senior thesis; I participate in public nights at telescope

facilities such as McCormick Observatory and Fan Mountain; I have presented at

several Astronomy on Tap events. These are but a few examples of the scientific

outreach and communication skills I have gained during my scientific career. In

the following sections I go into further detail on some of the advising and outreach
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initiatives I have participated in.

1.5.1 A Guide for CASA Imaging Disk Continuum and Lines

During the 2023-2024 academic year I advised Claire Thilenius for her undergrad-

uate senior thesis. During this time, Claire completed an imaging guide using the

interferometry imaging software CASA (Common Astronomy Software Applications).

Her guide is intended to walk the user through the basics of interferometry, contin-

uum imaging, and line imaging; it includes examples on how robust values, mask

shape/size, signal to noise ratio, and other important factors impact an image.

Intended for individuals with little to no experience with radio astronomy, the

guide runs through an online Jupyter notebook on GitHub, and it utilizes the software

MyBinder so that users do not need to create a local python environment to use the

guide. This guide will be open access, and we hope to share it with undergraduate

astronomy classes and early career scientists who are newer to the field. At the current

moment, we are preparing to send the code out for beta testing. The guide will be

complete publicly available on GitHub once complete.

Additionally, I worked with Claire during the 2022 Fall semester, where she used

the models presented in Chapter 3. A brief summary of her results are included there.

1.5.2 Dark Skies, Bright Kids!

I’d like to ask that you take a second and imagine a scientist. What do they look

like? What are they wearing? What are they doing? What makes them a scientist?

Everyone who answers those questions will answer them differently, but the sad

reality is that the majority of people will imagine the same thing. White men in lab

coats (just try google image searching the word “scientist"). And unfortunately, the

demographics of astronomers in the United States9 reflects this stereotype. Today,

9Motivated by the DATA USA 2021 survey: linked here.

https://datausa.io/profile/soc/astronomers-physicists##demographics
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Figure 1.9 Volunteers for Dark Skies, Bright Kids after our annual Star Party in
September 2022.

many scientists are striving to remove said stereotypes and make astronomy more

accessible to under-represented groups. I decided to include an adapted version of

an Astrobites article I wrote 10 in this thesis, as it encompasses much of the effort

I have put into astronomy accessibility and Diversity, Equity, and Inclusion (DEI),

particularly towards children. The majority of text in this section was originally

published in an Astrobites article I wrote, entitled "Beyond: Making Astronomy DIY

During a Pandemic."

There are many ways for scientists to be more inclusive, but one graduate-student

lead organization aims to aid in DEI is by working directly with children to remove

these stereotypes. Dark Skies, Bright Kids! (DSBK11) is a non-profit volunteer orga-

nization lead by the University of Virginia astronomy graduate students. Our mission

statement: “Enhance science education and literacy in Virginia elementary schools,

primarily in under-served areas.” DSBK hosts weekly after school clubs, summer

10Original article can be found here: https://astrobites.org/2020/11/20/template-post-2-3/
11Check out the DSBK website: https://www.darkskiesbrightkids.com/

https://astrobites.org/2020/11/20/template-post-2-3/
https://www.darkskiesbrightkids.com/
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clubs, and one-off events such as an annual Star Party. Each club covers a different

science topic (e.g. the Solar System, astrobiology, galaxies and stars). Each club

is designed to foster a natural curiosity in children using hands on activities that

introduce astronomy and the scientific process.

How do we know if DSBK is challenging preconceived notions of who can be a

scientist? We ask the children to do the very same thing I asked you to do. Imagine

a scientist. We ask children to “draw a scientist” before and after numerous weekly

activities during semester club, and our assessments team analyzed our success in re-

moving stereotypes in science. (Hayes et al., 2020) found that our hands-on activities

have a positive influence on children’s perspective of science.

1.5.3 Astrobites

Astrobites is a graduate student run organization with members from around the

world. Astrobites’ mission is to make astronomy accessible to early career scientists.

As a member of the Astrobites collaboration, I have written research summaries

(bites), attended AAS 236 and 237 for press-coverage, chaired the hiring committee

for three years, and I am a Co-PI on an education study, where we measured the

efficacy of Astrobites lesson plans in an undergraduate classroom setting (see Chapter

6). I have included some of this work in my thesis. Through Astrobites, I have learned

to approach the role of astronomer from the perspective of an educator, rather than

a student. These experiences will continue to influence and motivate my future work

just as much as my scientific research. Below are a list of my Astrobite articles. The

titles are hyperlinked in the online version of this thesis.

• Outreach for Astronomers; Skype a Scientist and Dark Skies, Bright Kids (writ-

ten with Briley Lewis).

• Beyond: Making Astronomy DIY During a Pandemic.

https://astrobites.org/2022/11/16/outreach-for-astronomers-skype-a-scientist-and-dark-skies-bright-kids/
https://astrobites.org/2022/11/16/outreach-for-astronomers-skype-a-scientist-and-dark-skies-bright-kids/
https://astrobites.org/2020/11/20/template-post-2-3/
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• Bio-signatures with Flare, a summary of Chen et al. (2021).

• How do Imines Form in Space Clouds? a summary of Lupi et al. (2020).

• Pencil Lead in Space, a summary of Rahul et al. (2020).

• There "Where’s Waldo?" of Astrochemistry, a summary of Shingledecker et al.

(2019).

• Baby Stars, X-rays, and Planets: How are they Related? a summary of Dupuy

et al. (2018).

• Dynamic Desorption: A Tale of Cosmic Rays, a summary of Sipilä et al. (2021).

1.6 What’s in this Thesis

While there are decades of research investigating X-ray flares and how they im-

pact temperature, magnetic activity, and accretion in protoplanetary disks, there is

relatively little work on the impact of flares on gas and ice composition, even though

the atomic and molecular species in gas and ice are the sources of pre-biotic species

in planets. This thesis aims to do just that.

Traditionally, light from the Sun and Sun-like stars is considered relatively stable

in astrochemical models, even though X-ray flares have been seen to increase disk

ionization levels by up to several hundred factors. Since ionization reactions are some

of the strongest driving forces of gas-phase chemistry, could flares temporarily cause

chemistry to progress more rapidly? And if so, would this effect be permanent or

short lived with respect to the disk’s life time? For example, HCO+ is one of the

most abundant gas-phase cations in disks and is known to be highly sensitive to

ionization rates (Figure 1.10). My research uses techniques explained in this chapter

to determine if flares impact the building blocks of Earth and life, and if so, to what

extent?

https://astrobites.org/2021/02/20/template-post-2-2-2-2-2/
https://astrobites.org/2020/10/26/template-post-2-2-2-2/
https://astrobites.org/2020/09/15/template-post-2-2-2/
https://astrobites.org/2020/05/18/template-post-2-2/
https://astrobites.org/2020/02/21/template-post-2/
https://astrobites.org/2021/07/14/template-post-2-2-2-2-3/
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Figure 1.10 Magnetic reconnection events on the surface of T Tauri stars results in an
X-ray flare. Flares then increase X-ray ionization rates in the surrounding protoplan-
etary disk, which causes a temporary enhancement of some gas-phase cations, like
HCO+. Flares are particularly powerful in the ’mid’ disk, as UV photons and cosmic
rays tend to dominate ionization in the disk surface and mid-plane, respectively.

Chapters 2 and 3 utilize chemical disk models to gain an in-depth perspective of

flare-driven chemistry. Chapters 4 and 5 present observational evidence of X-ray flare

driven chemistry. Additionally, Chapter 6 discusses an outreach initiative I co-lead

through Astrobites. These five chapters are further summarized below. Chapter 6.6

provides an overview of this thesis, further applications to the field, and future work.

Chapter 2: Modeling Time Dependent Water Due to Powerful X-ray Flares from

T Tauri Stars. Originally published in Waggoner & Cleeves (2019), this Chapter

uses chemical models to explore how a single and powerful X-ray flare impacts the

abundance of gas-phase water in a protoplanetary disk.

Chapter 3: Classification of X-ray Flare Driven Chemical Variability in Proto-
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planetary Disks. Originally published in Waggoner & Cleeves (2022), this Chapter

present a new X-ray flare model, XGEN, which was then incorporated in to the chem-

ical disk model used in Chapter 2. In this chapter, I performed a comprehensive study

on flare driven chemistry throughout the entire disk.

Chapter 4: Variable H13CO+ Emission in the IM Lup Disk: Further Evidence

for X-ray Driven Time-dependent Chemistry. This chapter is in preparation to be

published, and presents SMA observations of H13CO+ 3−2 in the IM Lup protoplan-

etary disk. This chapter is a follow-up to (Cleeves et al., 2017), who first identified

variability in this line in this disk.

Chapter 5: MAPS: Constraining Serendipitous Time Variability in Protoplane-

tary Disk Molecular Ion Emission. This chapter is originally published in Waggoner

et al. (2023) and uses data taken as a part of the MAPS large program. I imaged

HCO+ 1− 0 data for each unique observation epoch for each disk to search for vari-

ations in the line spectra.

Chapter 6: Improving Undergraduate Astronomy Students’ Skills with Research

Literature via Accessible Summaries: A Case Study with Astrobites Based Lesson

Plans. This Chapter is a part of collaborative project through Astrobites. It is

available on ArVix (Lewis et al., 2024) and is currently in peer review with Physical

Review Physics Education Research. I was a co-principal investigator with Briley

Lewis on this project, and I am second author. We implemented Astrobites lesson

plans in undergraduate classrooms to determine if the lessons have an impact on

students’ perspective of understanding and belonging in astronomy.





27

Chapter 2

Modeling Time Dependent Water

Chemistry Due to Powerful

X-ray Flares from T-Tauri Stars

“Each experiment done, each step on the path of knowledge, is achieved by striking

out into the darkness. You can’t know what you will find, or that you will find

anything at all.”

Brandon Sanderson, The Sunlit Man
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2.1 Abstract

The work presented in this chapter has been published in the Astrophysical Jour-

nal with L. Ilsedore Cleeves as a coauthor (Waggoner & Cleeves, 2019).

Abstract: Young stars emit strong flares of X-ray radiation that penetrate the

surface layers of their associated protoplanetary disks. It is still an open question as

to whether flares create significant changes in disk chemical composition. We present

models of the time-evolving chemistry of gas-phase H2O during X-ray flaring events.

The chemistry is modeled at point locations in the disk between 1 and 50 au at verti-

cal heights ranging from the midplane to the surface. We find that strong, rare flares,

i.e., those that increase the unattenuated X-ray ionization rate by a factor of 100

every few years, can temporarily increase the gas-phase H2O abundance relative to H

by more than a factor of ∼ 3− 5 along the disk surface (Z/R ≥ 0.3). We report that

a “typical” flare, i.e., those that increase the unattenuated X-ray ionization rate by a

factor of a few every few weeks, will not lead to significant, observable changes. Disso-

ciative recombination of H3O+, H2O adsorption and desorption onto dust grains, and

ultraviolet photolysis of H2O and related species are found to be the three dominant

processes regulating the gas-phase H2O abundance. While the changes are found

to be significant, we find that the effect on gas-phase water abundances throughout

the disk is short-lived (days). Even though we do not see a substantial increase in

long-term water (gas and ice) production, the flares’ large effects may be detectable

as time-varying inner disk water “bursts” at radii between 5 and 30 au with future

far-infrared observations.
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2.2 Introduction

The composition of planets is likely affected by the physical and chemical processes

that occur during their formation in the protoplanetary disk stage. It is therefore nec-

essary to understand these processes in order to create accurate models of planetary

system formation. Observations have shown that protoplanetary disks are flared dust

and gas rich disks with radii as large as hundreds of au (Ardila et al., 2002). Disks

are composed of three layers: i. the photon-dominated region (PDR), which is rich in

atomic and ionic species, ii. the warm molecular layer, where molecular and radical

species can exist (Aikawa et al., 2002), and iii. the mid-plane, where molecular and

atomic ices can form on dust grains (Bergin et al., 2007). Photons can easily pene-

trate the surface layers of the disk since it is a low density area with little shielding.

Some UV and X-ray photons can penetrate the warm molecular layer, fostering ac-

tive chemistry, but few photons reach the dense mid-plane due to the high levels of

extinction in this region (Bethell & Bergin, 2011b; Fogel et al., 2011).

The presence of these high energy photons influences the chemistry of the disk,

which is thought to evolve slowly over the disk lifetime of ∼ 3 − 10 Myr (Strom

et al., 1989; Glassgold et al., 1997; Haisch et al., 2001; Fedele et al., 2010). Chemical

species observed in disks are primarily small and simple molecules like CO, HCO+,

CN, H2O, OH, CO2, HCN, CS, C2H, and N2H+, and some complex molecules, such

as formaldehyde, methanol, and methyl cyanide (Dutrey et al., 1997, 2007; Aikawa

et al., 2003; Öberg et al., 2015; Walsh et al., 2016). The chemistry of many of these

species is directly or indirectly related to the presence or absence of energetic photons

or particles from the star and/or environment.

The stellar radiation environment is not constant in time. In fact, short-term

X-ray flaring is common in young solar mass stars (e.g., Montmerle & Casanova,
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1996), and can produce enough X-rays to dynamically affect the chemical and physical

properties of the disk (Glassgold et al., 2005). There is some possibility that short-

term X-ray activity can impact the chemical composition of the disk. Ilgner & Nelson

(2006c) considered the theoretical impact of flares on the disk ionization fraction by

computing electron abundances using a full chemical model. They found flares could

play a significant role in the ionization fraction of the disk, which directly impacted

the extent of disk “dead zones.” Cleeves et al. (2017) found evidence for variations

in the disk molecular ion abundances based on multi-epoch submillimeter wavelength

data of H13CO+ emission in the IM Lup protoplanetary disk. Since this molecule

is directly and efficiently formed from H+
3 , one possible explanation for the observed

time variability is chemistry induced by an X-ray flare.

Among molecules detected in disks, H2O is one of the most important, owing to

its role in the formation of habitable planets like Earth. In addition H2O ice, referred

to here as H2O(gr), may enable grains to more efficiently stick together when they

collide (Wang et al., 2005). For planets formed by core accretion, it is believed that

both terrestrial and gas giants’ rocky inner cores are formed from such inelastic grain

collisions (e.g., Pollack et al., 1996). Without an ice coating, the grains are more likely

to bounce off each other in an elastic collision, which suggests that planet formation

can be impacted by the presence of water-rich ice.

Like HCO+, H2O is sensitive to the ionization state of gas, as most processes that

form water involve the initial ionization of H2 (Cleeves et al., 2014b). We present

a theoretical study of how water chemistry can be impacted by X-ray flares emitted

from a T Tauri star, a star similar to the Sun in the early stages of its life. We adapt a

model based on the physical structure of a disk where variability has previously been

detected, IM Lup (Cleeves et al., 2017), a solar mass T Tauri star (Panić et al., 2009).

The present paper aims to understand how a dynamic X-ray radiation field affects
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Table 2.1 Initial Chemical Abundances
H2 5.0× 10−1 Grain 6.0× 10−12

H2O(gr) 8.0× 10−5 CO 1.3× 10−4

O 1.0× 10−8 C 5.0× 10−9

O2 1.0× 10−8 NH3 8.0× 10−8

He 1.4× 10−1 HCN 1.0× 10−8

N2 3.75× 10−5 C+ 1.0× 10−9

CN 6.0× 10−8 HCO+ 9.0× 10−9

H3
+ 1.0× 10−8 C2H 8.0× 10−9

S+ 1.0× 10−11 CS 4.0× 10−9

Si+ 1.0× 10−11 SO 5.0× 10−9

Mg+ 1.0× 10−11 Fe+ 1.0× 10−11

both instantaneous (∼days) and long-term (∼Myr) H2O abundances in protoplane-

tary disks, and to identify key species and processes contributing to H2O abundance

changes during energetic flares.

2.3 Model

2.3.1 Disk Model

To model the chemistry in a dynamic X-ray environment we adopt the model

from Fogel et al. (2011), updated in Cleeves et al. (2014b), which includes 647 species

and 5944 reactions and processes. The code adopts the rate equation method and

calculates the non-equilibrium chemistry as a function of time.

The code begins with the initial chemical abundances motivated by interstellar

cloud models (Table 2.1), which are designed to be representative of molecular cloud

abundances. The code runs for 0.5Myr to reach a pseudo steady state equilibrium

at the time of the flare, where 0.5Myr is redefined as t = 0. The code then slows

down to calculate the chemistry during the event with fine resolution (30 minute

time steps). All chemical abundances are presented with respect to total number of
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Figure 2.1 This figure is not a part of the original publication, but has been included
to demonstrate the dominant processes and how they are connected. See Table 2.2
for additional reactions.
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Table 2.2 H2O Related Processes

Dissociative Recombination
1. H3O+ + e− → H2O + H
2. H3O+ + Grain− → H2O + H + Grain

Photo-Chemistry
3. H2O + γUV → H2O+ + e−

4. H2O + γUV → OH + H
5. H2O + γUV,fl → OH + H
6. H2O + γUV,fl → O + H2

Neutral + Neutral
7. H + OH → H2O
8. H2+ OH → H2O + H
9. OH + OH → H2O + O

10. H + H2O → OH + H2

Ion + Neutral
11. O− + H2 → H2O + e−

12. OH− + H → H2O + e−

13. H+ + H2O → H2O+ + H
14. C+ + H2O → HOC+ + H
15. C+ + H2O → HCO+ + H
16. HCO+ + H2O → H3O+ + CO

Adsorption and Desorption
17. H2O(gr) + Heat → H2O
18. H2O(gr) + γLyα → H2O
19. H2O(gr) + γUV → H2O
20. H2O + Grain → H2O(gr) + Grain

hydrogen atoms.

Physical parameters of the IM Lup protoplanetary disk were used in this model,

the first source to show significant chemical variability (Cleeves et al., 2017). The

model inputs include gas density (ρ), gas temperature (Tgas), dust temperature

(Tdust), UV flux, and X-ray ionization rate, and are sampled from the Cleeves et al.

(2016) IM Lup disk model. The simulations were run at discrete points labeled by

their radial distance from the star (R) and vertical height from the mid-plane (Z/R),
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see Appendix A.1. The disk is assumed to be azimuthally symmetric and reflected

about the mid-plane. The model treats the point locations independently and does

not take into account interactions between horizontal zones.

Parameters for the central star are as follows: effective temperature of Teff = 3900

K, stellar radius of 2.5 R⊙ (Pinte et al., 2008), stellar mass of 1 M⊙ (Panić et al.,

2009), which is held fixed as was done in Cleeves et al. (2016).

The Smith et al. (2004) Ohio State University (OSU) gas-phase chemical network

was used as a basis for the chemical network, and the method of Hasegawa et al.

(1992) was used to model grain-surface chemistry. The six types of chemical and

physical processes most relevant for the present paper include:

1. dissociative recombination reactions, where a molecular ion accepts a negative

charge and dissociates (Table 2.2, Reactions 1 and 2),

2. photolysis, where high energy photons dissociate or ionize species (Table 2.2,

Reactions 3-6),

3. neutral + neutral association reactions, defined as

A+B → C +D (Table 2.2, Reactions 7-10),

4. neutral + ion association reactions, defined as

A+B+/− → C +D+/− (Table 2.2, Reactions 11-16),

5. gas-grain adsorption and desorption (Table 2.2, Processes 17-20),

6. grain surface chemistry, such as A(gr)+B(gr) → AB(gr) (not shown in Table 2.2).

Four types of photons were included in the model for photolysis reactions. UV

Photons (γUV) produced by the star’s accretion shock (Gullbring et al., 1998); Lyα

photons (γLyα
), which can carry up to 85% of the UV flux (Herczeg et al., 2004);
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X-ray photons produced by the central star; UV photons (γUV,fl) produced when

electrons are ejected during X-ray ionization of H2, that impact H2 and create a

fluorescent UV field that can dissociate and ionize chemical species (Maloney et al.,

1996).

2.3.2 Chemical Analysis During Flares

The chemical response to X-ray flares was examined at a total of 35 points with

radii of R = 1, 5, 10, 20, 30, 40, and 50 au and normalized vertical heights of Z/R =

0.0, 0.1, 0.2, 0.3, and 0.4 (Appendix A.1, Figure A.1). These points were chosen since

they are are relatively close to the star, and the vertical heights allow us to examine

chemical responses in the different regions of the disk. We additionally explored

models beyond 50 au and saw relatively little change as discussed below in Section

§2.4. The cosmic ray rate was held constant at a low value of 2.0×10−20 ionizations

per H2 per second. However, Cleeves et al. (2013) determined that cosmic rays are

energetically negligible compared to X-rays at the disk surface, the region focused on

in this paper, and so the specific value of this input parameter does not impact our

findings. See Table A.1 for physical values at all twenty points. Changes in chemical

abundance per H atom are determined by plotting ∆χ, which represents the relative

change in abundance compared to a model with no X-ray flares, versus time and is

defined as:

∆χ =
∆χwith flare

∆χwithout flare

It should be noted that for a given flare, highly abundant (≥ 10−5) molecules do not

show relative change as strongly as those with low abundances (e.g., ≲ 10−20 per

H). Individually, these models show H2O responses at specific locations in the disk,

but together they create a 2D model mapping out H2O flare responses in radius and

height, as shown in Figure 2.3.1.
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Figure 2.2 H2O response grid from Test 1. See §2.3.2 for test parameters. Initial H2O
abundances appear at the top of each plot and correspond to ∆χ = 1. Curve types
are described in §2.4.2, and represent the five different response curves seen in the
model.
For the points where the maximum abundance is not visible on the plot, the maxima
occur: 1. (R,Z/R) = (10 au, 0.4) at t = 1.3 days, ∆χ = 13.4, 2. (R,Z/R) =
(5 au, 0.2) at t = 1.1 days, ∆χ = 15.5. Analyzed points representing Curves 1-4 are
highlighted in tan. Detailed analysis is presented in §2.4.2.

The peak X-ray flare strength used in our fiducial model is 100 times the magnitude

of the baseline X-ray luminosity, which was LXR = 4 × 1030 erg s−1. This high flare

value was chosen to show the maximum impact on water abundance due to X-ray
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flares. The flare rise time is 3 hours, and the exponential decay time is 5 hours. These

timescales are chosen to be typical of observed X-ray flares from T-Tauri stars (e.g.,

Preibisch & Feigelson, 2005). We additionally ran models for both single flare and

multi-flare events. Test 1 was run with a single flare initiated at 0.5Myr (t = 0days).

We define the beginning of the flare as six e-folding times prior to the flare peak,

effectively setting the flare strength equal to zero at t = 0. Test 2 was run with

two flares in rapid succession at 0 days and 5 days. Each test was modeled for

approximately 23 days after t = 0. Note that the timescales presented in §2.4 do not

include light travel time, so it assumed that the X-ray ionization rate at each time

step reaches each location in the disk instantaneously.

2.4 Results

To guide the discussion in the following sections, Table 2.2 lists the key reactions

and processes at the twenty points of the disk considered here. The following sections

will refer back to these processes.

2.4.1 General Trends Throughout the Disk

The model revealed that H2O responses beyond 50 au are insignificant compared

to distances interior to 50 au. At distances greater than 50 au there are X-ray flare

responses, but responses are typically ≤ 10%, and the H2O abundance is ≤ 10−10 at

most points. As such, we focus the remainder of our analysis on radii ≤ 50 au.

Figure 2.3.1 shows H2O responses at 35 points across the disk inside of 50 au.

Several trends are seen in the responses both vertically and radially. The mid-plane

is along Z/R = 0, and has no flare response. This behavior is expected because

photons are absorbed in the PDR and warm molecular layer before reaching the mid-

plane. Likewise, response strength decreases radially from the inner disk atmosphere
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to the outer disk atmosphere as X-rays become geometrically diluted with distance

from the star.

The effect of the snow line, the point at which H2O exists primarily in the solid

rather than gas-phase state, can also be seen as drops in H2O abundances across the

disk. Generally, any points where gas-phase H2O abundance is less than 10−5 are

exterior to the snow line, where H2O(gr) is the dominant phase of H2O. The surface,

such as the point (R,Z/R) = (1.0 au, 0.4) is an exception, since this region is strongly

impacted by UV radiation from the star and neither gas-phase nor ice-phase H2O

exist in high abundance due to the high levels of photodissociation.

2.4.2 Analysis of Different H2O Response Curves

Five types of time-varying abundance curves of H2O are observed in the disk.

All 35 positions are labeled with their closest response curve type in Figure 2.3.1,

alongside the adopted X-ray light curve. The responses include:

1. abundance decrease, such as at (R,Z/R) = (1.0 au, 0.4), where the response

curve is a narrow negative spike,

2. production with a fast exponential rise and decay (t < 10 days), such as (R,Z/R)

= (10.0 au, 0.4), where the response curve is a positive sharp rise,

3. initial production with a slow decay (t > 10 days), such as (R,Z/R) = (10.0 au, 0.3),

where the curve increases and experiences little to no decay,

4. hybrid, such as (R,Z/R) = (5.0 au, 0.4), where the curve decreases to a mini-

mum below the initial abundance then increases to a maximum spike,

5. and no observable flare response, such as (R,Z/R) = (1.0 au, 0.0), where ∆χ = 0

or ∆χ ≤ ±0.05 and abundance < 10−13 with respect to H atom.
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These curve types are further analyzed in the following sections. Moreover, the seven

fastest processes involved in the production and destruction of gas-phase H2O were

analyzed for each response type using Table 2.2 for reference.

Type 1: Short-term Destruction

Only one point in the disk shows a net destruction curve, (R,Z/R) = (1.0 au, 0.4),

shown in Figure 2.4.2. Water abundance drops by 15% after 0.75 days, then quickly

increases to approximately its initial abundance.

Detailed rates for reactions and processes involving H2O are evaluated at three

representative times, before the flare (t = 0 days), at the peak H2O response (t = 0.75

days), and after the peak H2O response (t = 3 days). Of all the disk points modeled,

this one is the closest to the star and at the disk surface. This point is more strongly

irradiated than other points in the disk, and the increase in X-ray photons during

the flare tends to enhance the H2O photodissociation rate. This behavior can be

seen by the appearance of Reactions 5 and 6 at t = 0.75 days. These two reactions

involve H2O destruction by UV photons that arise from X-ray photon induced H2

fluorescence (γUV,fl). At t = 0 days and t = 3 days Reactions 5 and 6 are not among

the seven fastest processes and only appear during the time of the flare. After the

flare ends H2O is reformed by Reactions 7 and 8 to return to its initial abundance.

The abundance of OH was expected to increase since it is a product of Reactions

4 and 5: however, Figure 2.4.2 shows that OH abundance decreases. There are two

explanations as to why. First, Reactions 4 and 5 are not among the seven fastest OH

reactions, so it is likely that these are not the dominant OH production mechanisms.

In addition, OH experiences multiple destructive photolysis reactions, including OH

ionization and dissociation to form O and H.
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Figure 2.3 Type 1 Reaction Curve: Destruction, (R,Z/R) = (1.0 au, 0.4). H2O is
temporarily destroyed through photolysis to produce OH (Reaction 4), but H2O is
reformed by Reactions 7 and 8 to return to its initial abundance. OH abundance
decreases due to rapid photolysis.



Chapter 2. Modeling Time Dependent Water Chemistry Due to
Powerful X-ray Flares from T-Tauri Stars 41

Type 2: Rapid Production

with Fast Decay (< 10 days)

Type 2 responses, i.e., a rapid production with fast rise and decay, occur commonly

in the disk grid (Figure 2.3.1). The strongest response is at (R,Z/R) = (10.0 au, 0.4),

shown in Figure 2.4.2. At this point H2O abundance increases ∼ 1340% at 1.3 days,

then returns back to its initial abundance after 10 days.

Detailed rates are evaluated at four representative times, before the flare (t = 0

days), at the peak H2O response (t = 1.25 days and t = 4.35 days), and after the

peak H2O response (t = 8 days). This point is both on the surface layer of the disk

and radially close enough to feel a strong impact from the X-ray flare, but not so

strong that the flare is solely destructive like in Type 1. Because of this, neutral and

ionic atoms and some molecules, such as C+ and H3O+ are abundant enough to be

significant in chemical reactions.

Figure 2.4.2 reveals that the H3O+ abundance increases by over 1500% in direct

response to the flare, which then speeds up the dissociative recombination of H3O+,

which in turn drastically increases the production of H2O (Reactions 1 and 2). There

is a flare response delay from H2O because it takes time for H3O+ to find electrons to

dissociatively recombine to form H2O. Reaction 8 also contributes to the production

of H2O due to an increase of 1230% of OH due to the flare. Reaction 8 is an order

of magnitude slower than dissociative recombination, and thus does not impact the

increase of H2O abundance as strongly as Reaction 1.

Once the X-ray flare ends, H3O+ returns back to its initial abundance, Reaction

1 rate significantly drops at t = 4.35 days, which decreases H2O production. Con-

sumption is much faster than production since H3O+ is no longer overly abundant to

produce H2O. The main destructive process is an ion-neutral reaction between H2O
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Figure 2.4 Type 2: Production with fast rise and decay (< 10days), (R,Z/R) =
(10.0 au, 0.4). Dominant H2O production is dissociative recombination of H3O+ (Pro-
cess 1). Dominant H2O consumption is ion-neutral reaction with C+. Refer to Figure
2.4.2 for change in X-ray ionization rate.

and C+ (Reactions 14 and 15), with some contribution from UV photolysis (Process

4). C+ is produced directly from the UV flux, thus H2O is primarily consumed from

photolysis and photolysis dependent processes at this location. Once H2O abundance

has returned to its initial abundance the pseudo steady state equilibrium is reached

and further changes in abundance do not occur.
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Type 3: “Long-lived” Enhancement (> 10days)

Response curves that experience an initial enhancement with a slow decay over

the course of the simulation (> 10 days) are observed along the Z/R = 0.4 and

Z/R = 0.3 vertical heights (Figure 2.3.1). The point (R,Z/R) = (10.0 au, 0.3) was

chosen to represent this trend, and whose evolution in plotted in more detail in Figure

2.4.2. After a 0.2 day delay, H2O increases 73% at 3.3 days, then steadily decreases

until the end of the simulation. Detailed rates are evaluated at four representative

times, before the flare (t = 0 days), after the flare and before/at the peak H2O

response (t = 1.25 days/t = 4.35 days), and after the peak H2O response (t = 8 days)

Like a Type 2 response (§2.4.2), the initial increase in H2O abundance is caused

by a sharp increase in H3O+ abundance (Figure 2.4.2 shows that H3O+ abundance

increases over 2000%). H3O+ undergoes dissociative recombination via Reactions 1

and 2 to produce H2O faster than H2O is consumed. While photolysis does occur, this

point is not as strongly exposed to the destructive photons, so the fastest gas-phase

removal process of excess gas-phase H2O is adsorption onto grains, creating a slower

tail of H2O removal from the gas. Figure 2.4.2 shows that H2O(gr) is steadily increasing

(to ∼4%) as H2O is steadily decreasing. It is to be noted that H2O decline appears

greater than H2O(gr) increase for two reasons. First, H2O(gr) is more abundant than

H2O, so the change in abundance is smaller, and second, H2O is also being consumed

via multiple processes including slow UV destruction, so not all gas-phase H2O is

being converted to ice. Longer simulations are required to determine if the water ice

abundance remains permanently elevated or returns back to its initial abundance.
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Figure 2.5 Type 3: Long-lived enhancement (> 10 days) (R,Z/R) = (10.0 au, 0.3).
Main H2O production is dissociative recombination of H3O+ (Reactions 1 and 2).
Main H2O consumption is adsorption (Process 20). Refer to Figure 2.4.2 for change
in X-ray ionization rate.
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Type 4: Hybrid

Unlike the other curve types, the hybridized response experiences both an absolute

minimum and an absolution maximum. (R,Z/R) = (5.0 au, 0.4) is the only hybrid

response observed in this model (Figure 2.4.2). H2O abundance initially decreases

∼1% at t = 0.5 days, then increases ∼12% above initial abundance at t = 1.6

days, then returns back to its initial abundance for the duration of the run (15 days).

Detailed rates are evaluated at four representative times, before the flare (t = 0 days),

at the absolute minimum H2O response, (t = 0.5 days), at the absolute maximum

H2O response (t = 1.7 days), and after the peak H2O responses (t = 5 days).

Similar to the Type 1 response at (R,Z/R) = (1.0 au, 0.4) (§2.4.2), this point is

strongly impacted by the flare since it is at a close distance to the star (5.0 au) and

on the disk surface. However, it is far enough away from the star to have a high

abundance of gas-phase molecules and ions, such as H2O and H3O+(≥ 10−8 per H).

Because of its proximity to the star and high abundance of gas-phase precursors,

the response of H2O is a combination of Type 1 (§2.4.2) and Type 2 (§2.4.2) curves.

During the initial flare impact, H2O abundance decreases due to an increase photodis-

sociation (Processes 5 and 6), similar to Type 1. After the initial impact, H2O is then

produced via the normal gas-phase channels followed by dissociative recombination

of H3O+, similar to Type 2. An initial decrease in H2O abundance is only observed

at (R,Z/R) = (5.0 au, 0.4) due to the initial enhanced photodissociation by X-ray

induced UV fluorescence. At the end of the flare H2O is no longer being produced by

Process 1 as quickly, since H3O+ abundance decreases (Figure 2.4.2). H2O then re-

turns to its initial abundance due to a combination of photolysis and charge exchange

by H+ (Process 13) followed by dissociative recombination of H2O+.
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Figure 2.6 Type 4: Hybrid, (R,Z/R) = (5.0 au, 0.4). Initially, H2O is consumed by
an increase in photolysis reactions (Processes 5 and 6), then is produced by disso-
ciative recombination of H3O+ (Process 1), then it is consumed by a combination of
photolysis (Processes 4, 5, and 6) and ionization (Process 13) to return to its initial
abundance. Refer to Figure 2.4.2 for change in X-ray ionization rate.

Type 5: No Observable Response

Observable flare responses do not occur at the most dense regions of the disk

(ρ ≥ 10−12 g cm−3) or along the mid-plane for one of two reasons. In regions where

there is a large abundance of gas-phase H2O (≥ 10−7 per H) H2O is not as sensitive to

change. In regions where there is a low X-ray ionization rate (essentially zero) there
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are not enough photons present to initiate chemistry.

2.4.3 Flare Strength Variation

All previous analyses were performed with X-ray flare strengths equal to 100 times

the background X-ray ionization rate, which is considered an extremely strong and

rare flaring event (Wolk et al., 2005). We found that weaker flares (a few times X-

ray ionization rate), which are much more common, produced similar time-varying

abundance profiles in this model, but with smaller amplitude.

Figure 2.4.3 shows H2O responses to flare strengths of 5, 10, 25, 50 and 100 at

(R,Z/R) = (10 au, 0.4). Figure 2.4.3 presents a relationship between the maximum

change in H2O abundance that occurs and flare strength, for values of 100, 50, 25,

10, and 5 times the baseline X-ray luminosity. Both (R,Z/R) = (10 au, 0.4) and

(20 au, 0.4) were found to have a linear dependence on change in H2O abundance

compared to the change in flare strength (Figure 2.4.3). The maximum change in

the H2O abundance in response to a flare follows the following relationships: at

(R,Z/R) = (10 au, 0.4), ∆χ = 0.12 ×∆LXR + 0.88, and at (R,Z/R) = (20 au, 0.4),

∆χ = 0.034×∆LXR+0.97, where ∆LXR is the peak change in X-ray ionization rate.

2.4.4 Impacts of Muliflare Events

In addition to the single flare analysis (Test 1, Figure 2.3.1), we investigate a

model that has multiple flaring events (Test 2, Figure 2.4.4) discussed qualitatively

here. Between Tests 1 and 2 only slight variations occurred. As seen by comparing

Figures 2.3.1 and 2.4.4 the plots have similar response patterns. Figure 2.4.4 shows

that a response to two flares behaves in a similar pattern to a response to one flare,

only the responses “stack up" on each other. This behavior suggests that multiple

flares will have a similar effect as a single flare, and their cumulative effect will be

related to the timing between flares.
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Figure 2.7 H2O responses to flares of different peak magnitudes at R = 10au Z/R =
0.4. Red indicates flare strength 100, blue indicates 50, cyan indicates 25, green indi-
cates 10, and yellow indicates 5 times the background X-ray ionization rate. Note that
the overall abundance profile stays similar while the peak H2O abundance changes
with respect to the X-ray flare strength.
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Figure 2.8 The maximum change in H2O abundance that occurs due to peak flare
strengths of 100, 50, 25, 10, and 5 times the relative background X-ray ionization rate
, along with linear fits as indicated.

2.4.5 H2O Ice Responses

In the following section, we quantify how much of the gas-phase response is im-

parted into the ice. H2O(gr) responses discussed in this section are obtained from the

fiducial strong X-ray flare model. The results of the runs for H2O(gr) are shown in

Figure 2.4.4.

Interior to the snow line there is little H2O(gr), and the small amount that exists

has the same flare response as the gas. When the dust temperature decreases to below

the desorption temperature of H2O, ≲ 170K, H2O(gr) responses start to deviate from

gas-phase H2O. Finally, in colder regions (∼ 20− 100K), ice and gas-phase responses

show little to no correlation.

This suggests that as excess H2O is produced in hot regions by flares, H2O rapidly

adsorbs onto grains to form H2O(gr). As the excess gas-phase H2O returns back to
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Figure 2.9 H2O response grid from Test 2. See §2.3.2 for test parameters.
Flares occur at t = 0 days and t = 5 days. Maximums at (R,Z/R) = (10, 0.4) occurs
at ∆χ = 12.6, t = 1.7 days and ∆χ = 13.4, t = 6.6 days. Second maximum at
(R,Z/R) = (20, 0.4) occurs at ∆χ = 5.8, t = 7.5 days.

its initial pre-flare abundance, H2O(gr) desorbs and does so as well (Processes 17-

19, Table 2.2). At temperatures just below H2O freeze-out (≲ 170K), desorption is

a much slower process, resulting in the observed “longer-lived" response in H2O(gr)

compared to gas-phase H2O.

The cold, shielded regions, including the points from 5 to 30 au at Z/R = 0.3,
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Figure 2.10 Gas-phase H2O and H2O(gr) responses radially along the vertical heights
of Z/R = 0.4 and 0.3, between R = 5 au and 30 au. For the point (R,Z/R) =
(10 au, 0.4), where the maximum abundance is not visible on the plot, the H2O(gr)

maximum occurs at t = 2.3 days and ∆χ = 10.8 and the gas-phase H2O maximum
occurs at t = 1.3 days, ∆χ = 13.4.

there is a small but persistent amount H2O(gr) for the duration of the simulation. At

(R,Z/R) = (30.0 au, 0.4) the increase is much more significant, about 50%, and does

not decrease within the duration of the simulation.

We note that changes to H2O(gr) from discrete flaring events do not strongly

impact the total amount of H2O(gr) the disk, since the majority of H2O(gr) lies near

the midplane and long term surface changes are minimal (up to 3%) but may have

cumulative effects that will be explored in future work.
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2.5 Discussion

2.5.1 Response Trends in the Disk

General reaction trends across the disk can be found by comparing the vertical and

radial response trends in the disk with the five curve types discussed in the previous

Section (§2.4.2) and the physical conditions of the gas as summarized in Table A.1.

A Type 1 response is rare and only occurs in regions along the surface of the disk and

close (∼1 au) to the central star, where the X-ray ionization rate is highest.

Along the vertical height traced by Z/R = 0.3, response curves behave primarily

with a radially fading Type 3 to Type 5 (no response) pattern. The region closest to

the star at (R,Z/R) = (1.0 au, 3) is an exception to this trend, since it has a much

greater H2O abundance (three orders of magnitude) and is located in a region with a

high UV flux.

A second trend occurs along the Z/R = 0.3 vertical height: as radial distance

increases, the response curves begin to develop a more prominent lagging tail (Type

3). This feature is likely because photon intensity decreases as distance from the star

increases, so after the initial H2O production, the weaker radiation field decreases the

rate of photodissociation. Thus, the dominant gas-phase H2O consumption process

transitions to adsorption onto grains. These Type 3 responses show that H2O abun-

dance can increase for tens of days, or more. However, additional longer simulations

show that each Type 3 response does eventually return to its initial abundance within

a year.

Along the vertical heights traced by Z/R = 0, and 1 no significant response

is observed. This height is along and near the mid-plane, and it is very difficult

for photons to penetrate since they are absorbed in the upper layers, so the X-ray
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ionization rate is very low (≤ 10−27 s−1 H−1
2 ).

2.5.2 Potential Observability

The ideal conditions to observe X-ray driven variability on H2O requires both H2O

to be sufficiently abundant (> 10−10 per H) and a sufficiently large response in mag-

nitude, at the very least 5% or greater. In addition, having a moderate-long lasting

effect can help confirm an abundance change. If the change in abundance occurs for

too short of a time, one would have to be very lucky to catch it. Alternatively, if the

changes are too gradual, they may go unnoticed.

The regions that show the greatest magnitude of change in water abundance are

those with X-ray ionization rates ≥ 10−17 s−1 H−1
2 and densities of ≤ 10−12 g cm−3.

When X-ray ionization rates exceed ≥ 10−10 s−1 H−1
2 Type 1 (destructive) response

curves are observed. Correspondingly, the significantly changed regions that are po-

tentially observable lie near the surface of the disk (Z/R ≥ 0.3) and between 10 au

and 40 au distance from the star. These regions can be observed using the ground

state transitions of water in the far infrared at 557 GHz (111 − 000) and 1113 GHz

(110 − 101).

Figure 2.5.2 shows the vertical column density of gas phase water at different times

after our fiducial strong flare model. Changes in radial column density presented in

Figure 2.5.2 incorporate light travel time. The times are plotted such that t = 0 is

defined as six e-folding times prior to the peak flare at the star’s location. The high

column density of water close to the star comes from the water snow line. The inter-

mediate dip and radial rise from 20 to 30 au is caused by increased photo-destruction

of water at these intermediate radii. Between 5 and 30 au the greatest change in

overall column density of gas-phase H2O is seen, varying by just over a factor of two

in column density. Note that even though the change in H2O abundance at individual
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Figure 2.11 H2O column densities, N(H2O), are shown at times before flare impact
(t=0.0 days), at maximum N(H2O) increase (t=1.3 days), and as N(H2O) returns
to pseudo steady-state. The right panel shows a zoom-in of the maximally changed
region of the left panel, highlighting the factor of ∼ 2 change in column density.
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heights can be much greater, but the higher densities in the deeper layers, Z/R = 0.3

and below, more strongly impacts the overall change in column density.

Within this radial range, H2O responses have potential observability up to 10 days

after flare impact, when there is still a 53% and 36% increase in N(H2O) at R = 10 au

and 20 au. H2O ice variability is unlikely to be observed with little to no variation in

column density.

Choice of Disk Model

It is to be noted that IM Lup is extremely massive compared to a “typical" disk,

with 0.17 M⊙ (Cleeves et al., 2016). A typical disk has a mass of ∼ 0.04M⊙ (Williams

& Cieza, 2011). A lower gas mass results in higher photon penetration due to less

absorption along the disk surface. Therefore, more of the disk volume will be exposed

to X-ray flares.

IM Lup also lacks strong disk substructure, with only weak spiral arms and rings

in the millimeter emission (Huang et al., 2018b) and rings in the infrared scattered

light (Avenhaus et al., 2018). We surmise that if such features are associated with low

disk surface density (such as gaps), they will allow for further X-ray penetration into

the disk. The resulting chemical responses will be more intense and extend closer

to the mid-plane than the responses modeled in IM Lup. In addition, IM Lup is

vertically flared, which intercepts more stellar radiation. X-ray flares may not impact

a flat disk as strongly.

2.6 Summary

We have conducted a theoretical study of protoplanetary disk water chemistry

exposed to strong X-ray flaring events. Our models show that the gas-phase H2O

abundance at the surface responds to X-ray flares in many ways, but the effects are
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typically short term, lasting a few days or weeks. Analyzing the chemical reaction

rates in detail reveals that H2O production occurs dominantly by dissociative recom-

bination of H3O+, and gas-phase H2O destruction occurs dominantly by photolysis,

adsorption onto grains, or ion-neutral reactions with C+. Photolysis is dominant in

the warmer (Tg > 200 K) upper layers of the disk, whereas adsorption is dominant in

cooler (Td < 170 K) deeper layers of the disk. Reactions with C+ were only observed

in an ion-rich region along the disk surface.

Overall the dominant production mechanisms for water formation during X-ray

flares are the gas-phase channels. Grain surface chemistry is included in the model,

but it appears to be too slow of a process to impact the short term H2O abundance

changes.

The magnitude of the response is dependent on the local X-ray ionization rate and

gas density. Regions with low gas density have high X-ray ionization rates, which tend

to have large and flare responses, while regions with higher density and low X-ray

ionization rates tend to have no observable flare response. Between these extremes,

we find the largest response on water abundances to flares.

We emphasize, this work focuses on strong X-ray flares to understand the max-

imum effect of these phenomena on H2O. However, these are rare events and occur

every few years. We find that more common flares, i.e., those that increase X-ray

luminosity by factors of a few, do not significantly impact H2O in the disk.

It is possible that any observations done during major flaring events would lead to

a higher observed abundance of H2O than would typically be in the present disk. This

type of time-dependent chemical variability has already been observed and reported

by Cleeves et al. (2017) with H13CO+ in the IM Lup protoplanetary disk.

Short-term chemical variability could occur in a range of astronomical objects,

other than protoplanetary disks, that are exposed to X-ray flaring. Recently, Mackey
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et al. (2019) modeled non-equilibrium chemistry in molecular clouds caused by X-

ray flaring from active galactic nuclei. While conditions used in this model differ

greatly from protoplanetary disk environments, it lends further support to the idea

that astronomical environments are far more chemically dynamic than previously

assumed.

It should also be noted that these simulations are focused on discrete flaring events.

Additional work is needed to examine how the full stochastic behavior of flaring from

a young star might accumulate water over time, thereby influencing the proclivity for

a given disk to form potentially habitable planets.
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Chapter 3

Classification of X-ray Flare

Driven Chemical Variability in

Protoplanetary Disks

“Sometimes, you have to destroy something in order to build something better.”

Brandon Sanderson, Hero of Ages
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3.1 Background and Motivation

The work presented in this chapter has been published in the Astrophysical Jour-

nal with L. Ilsedore Cleeves as a coauthor (Waggoner & Cleeves, 2022). During the

Fall 2022 semester I advised Claire Thilinius for a project where she used this model

to explore sulphur bearing species. A brief summary of her results are included at

the end of this chapter, which was not a part of the original publication.

Abstract: Young stars are highly variable in the X-ray regime. In particular,

bright X-ray flares can substantially enhance ionization in the surrounding proto-

planetary disk. Since disk chemical evolution is impacted by ionization, X-ray flares

have the potential to fundamentally alter the chemistry of planet-forming regions.

We present two-dimensional disk chemical models that incorporate a stochastic X-

ray flaring module, named XGEN, and examine the flares’ overall chemical impact

compared to models that assume a constant X-ray flux. We examine the impact of 500

yr of flaring events and find global chemical changes on both short timescales (days)

in response to discrete flaring events and long timescales (centuries) in response to

the cumulative impact of many flares. Individual X-ray flares most strongly affect

small gas-phase cations, where a single flare can temporarily enhance the abundance

of species such as H+
3 , HCO+, CH+

3 , and C+. We find that flares can also drive

chemistry out of "steady state" over longer time periods, where the disk-integrated

abundance of some species, such as O and O2, changes by a few percent over the 500 yr

model. We also explore whether the specific history of X-ray flaring events (randomly

drawn but from the same energy distribution) impacts the chemical evolution and find

that it does not. Finally, we examine the impact of X-ray flares on the electron frac-

tion. While most molecules modeled are not highly sensitive to flares, certain species,

including observable molecules, are very reactive to the dynamic environment of a
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young star.

3.2 Introduction

The young central star in a protoplanetary disk plays an important role in shaping

the disk’s physical and chemical evolution. Solar mass pre-main sequence stars, i.e., T

Tauri stars, are X-ray bright due to emission from hot ionized gas trapped in magnetic

loops on the stellar surface (e.g., Feigelson & Montmerle, 1999; Favata et al., 2005;

Feigelson et al., 2007). The typical X-ray luminosity of a T Tauri star is LXR ≈ 2×1030

erg s−1 (Flaccomio et al., 2003; Wolk et al., 2005), about 104 times brighter than the

modern day Sun (Peres et al., 2000). In addition to being generally X-ray bright, T

Tauri stars are also highly variable in X-rays. This variability arises at least in part

due to X-ray flaring produced by magnetic reconnection events (e.g., Getman et al.,

2008a,b). The most powerful flares rapidly increase the star’s X-ray luminosity by

several orders of magnitude within a few hours, followed by exponentially decay over

the course of days (e.g., Getman et al., 2021).

As a star ages, the stellar dynamo stabilizes and magnetic fields are thought

to weaken, thus X-ray luminosity and variability becomes less intense and frequent

(see review of Güdel, 2004, and references therein). Therefore, to best understand

how high energy processes impact planet formation, we must understand how the

highly variable X-ray radiation field of T Tauri stars affects the protoplanetary disk

environment.

In general, high energy ionization, including from X-rays, drives disk chemistry

at low (< 100 K) temperatures through ion-neutral reactions (Strom et al., 1989;

Glassgold et al., 1997; Haisch et al., 2001; Fedele et al., 2010; Cleeves et al., 2014a).

X-ray ionization occurs primarily via the ionization of H2 and He (Maloney et al.,

1996). Specifically, the ionization of H2 results in the formation of H and H+
3 , both
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of which are essential in the formation of more complex molecules in both the gas

and ice phases (e.g., McCall, 2006). X-rays also have the potential to drive chemistry

close to the disk mid-plane, since high energy (≳ 5 keV) X-ray photons are capable

of penetrating denser gas (NH = 9 × 1023 cm−2; Bethell & Bergin, 2011a). Less

energetic photons, like UV, are absorbed closer to the disk surface (Glassgold et al.,

2005; Bethell & Bergin, 2011c).

Astrochemical codes typically include X-ray related processes often as a single

value or as a single spectrum constant in time that are representative of a “charac-

teristic” ionization rate. However, there is increasing theoretical and observational

evidence that this simplification may not always be valid. Ilgner & Nelson (2006d)

were first to model how periodic flares impact the ionization fraction of a disk both

using a simplified network and a full chemical network. They found the size of a disk’s

“dead zone” was impacted by flares, but the extent of the variation was sensitive to

the distribution and size of dust grains.

More recently, potential observational evidence of flares was reported in Cleeves

et al. (2017). Specifically, significant (20 σ) changes in the emission of a known X-ray

sensitive molecule, H13CO+, was discovered in the IM Lup protoplanetary disk. With

simple chemical models, they found that X-ray flares were a viable explanation for

this variability. Since H13CO+ is not the only X-ray sensitive molecule, Waggoner &

Cleeves (2019) carried out a theoretical study and found that gas-phase H2O can also

experience a short-lived enhancement in abundance in response to a single, strong

flaring event that enhances the X-ray luminosity by a factor of 100. Chemical evo-

lution in planet-forming disks driven by X-ray flares has otherwise been relatively

unexplored.

We present a comprehensive study on 2D disk chemical responses (radius and

height) to 500 years of stochastic X-ray flaring events. Section 3.3.1 introduces a new,
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flexible X-ray flare model, XGEN, which is used to model a stochastic X-ray light

curve for a T Tauri star. The light curve is incorporated into a chemical disk model

described in Section 3.3.2. The results from the model are presented in Section 3.4,

where chemical responses are categorized and relevant reactions discussed in depth. In

Section 3.5, we discuss the results, such as the short- and long-term impact of flares on

disk chemistry and electron abundances, along with their observational implications.

Lastly, in Section 3.7 a summary of the results and concluding remarks are provided.

3.3 Model

3.3.1 X-ray Light Curve Generator: XGEN

We present a flexible code for generating randomized light curves drawing from

known stellar X-ray flare statistics. The code, called the X-ray Light Curve Generator

(XGEN), models a stochastic light curve based on a user-provided flare frequency,

flare energy distribution, and rise/decay time. Literature has shown that the energy

distribution of stellar flares in an X-ray light curve can be defined by a power-law

distribution:
dN

dE
= βlog(Etot)

1.0−α, (3.1)

where the power-law defines the total number of flares (dN) that occur over an energy

range dE (e.g., Hudson, 1991; Caramazza et al., 2007). Etot signifies the total energy

output of a single flare. β is a normalization factor that controls the total number

of flares the model produces. As described below, the time evolution of individual

flares is represented by a sharp exponential rise followed by a slower exponential

decay. While the present paper applies the code to the case of T Tauri-like stellar

parameters, we note that XGEN is not limited to any particular type of star. Instead,

XGEN can create any light curve based on a power law energy distribution, including
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Figure 3.1 This figure is not a part of the original publication, but is available as an
additional resource for XGEN on github.
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but not limited to flares from main sequence stars or active galactic nuclei.

Overview of Model

XGEN uses a random number generator to determine the probability that a flare

with total energy Etot will occur. Etot is spectrally integrated from 1 - 20 keV.

The spectrum used in this work is considered a typical X-ray emission spectrum

for a T-Tauri star, as was observed by Swift in the IM Lup protoplanetary disk

(Cleeves et al., 2017, Figure 2). XGEN simulates flares by uniformly scaling the

X-ray spectrum based on the flare magnitude. In reality, flares change the X-ray

spectrum by producing proportionally more high-energy, or ‘hard,’ photons relative

to low-energy, or ‘soft,’ photons. This work uses a simplified model, where hard and

soft photons are equivalently increased, and the spectral energy distribution remains

constant. X-ray hardening will be incorporated into future versions of XGEN.

Etot is discretized into energy “bins” within a specific range, so that a finite number

of flare energies are considered possible. The lower and upper boundaries for each

energy bin Etot are defined as Elow and Eup, respectively. The spread of Etot per

energy bin is defined as ∆E, where ∆E = Eup − Elow. In this work, the energy

bins are spaced evenly with ∆E = 100.01 erg. Note that Elow and Eup span the total

energy range considered flares, from Emin to Emax and all energy values in between at a

resolution of ∆E. The random number generator uses the python 2.7 numpy.random

package, version 1.16.6 and build py27hbc911f0_0.

The probability of a flare with energy Etot occurring is defined by

P (Etot) = β (E−α+1
up − E−α+1

low ) (3.2)

β = −F Eα−1
min ∆t (3.3)
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where β is a normalization constant, ∆t is the time step resolution ran in XGEN, and

F is the target flare frequency. Multiple flares are allowed to occur within the same

time step, which represents flares occurring simultaneously on different parts of the

star. Model parameters and their symbols are provided in Table 3.1.

All flares are assumed to have an exponential rise (τrise) and decay (τdecay) time

profile. XGEN is written such that τrise and τdecay can be variable based on a probabil-

ity distribution, but for simplicity, we assume a uniform τrise = 3hr and τdecay = 8hr

for all flares. Given these timescales and a total flare energy, Etot, one can use the

following to solve for useful parameters such as the peak change in luminosity, ∆Lpeak,

and the X-ray luminosity at a given time:

Etot = ∆Lpeak

∫ tpeak

−∞
et/τrisedt+∆Lpeak

∫ ∞

tpeak

e−t/τdecaydt (3.4)

The cumulative light curve is constructed by adding the luminosity of all individual

flares at every time step, then adding in a “baseline” or characteristic luminosity

(Lchar). For the purpose of this study, light curves are also normalized with respect

to Lchar and represented by ∆LXR.

∆LXR =
Lchar +

∑
Lflare

Lchar

(3.5)

XGEN includes flares that are lower than presently detectable, e.g., microflaring

and nanoflaring events. Therefore many of the individually modeled flares overlap

or are below a realistic detection limit. As a result, we define ‘observable flares’ as

those that satisfy two criteria. First, the flare peak must be distinguishable. XGEN

identifies individual flare peaks as any point were the slope is effectively zero (for

practical purposes, where |dLXR/dt| < 0.015). Once individual flare peaks are identi-
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fied, the beginning and end of each flare is determined by a location where the slope

either returns to zero or switches signs. This process constructs each distinguishable

flare. Second, the distinguishable flare must have a total energy greater than a prede-

termined minimum energy value (Emin,obs) to be considered observable (Figure 3.2).

XGEN can then determine energy distribution and frequency of observable and dis-

tinguishable flares, which can then be compared to an observed statistical distribution

(Figure 3.3).

X-ray Light Curve for a T Tauri Star

The light curves presented in this work are modeled after the statistical analysis

of solar type young stars presented in Wolk et al. (2005) from the Chandra Orion

Ultra-deep Project (COUP). The COUP survey is the longest, continuous observation

of stars in the X-ray regime, thus making it the most comprehensive study of X-

ray flaring events in solar mass stars to date (Getman et al., 2005). The energy

distribution of flares observed by Wolk et al. (2005) are best fit by

N = 1.1 log(Etot)
−0.66 (3.6)

where N is the cumulative number of flares observed with total energy Etot or greater

and, when re-cast in dN/dE, representative of α = 1.66.

The observed average flare frequency by Wolk et al. (2005) is approximately 1

flare every 650 ks, with an uncertainty of 10%, or ∼ 50 flares per year. The modeled

light curves are in agreement with an average of F ∼ 64yr−1. This is a slightly higher

flare frequency than the target frequency, but it is only natural that the modelled

flare count is higher than the observed flare count. Since the modelled flare count

comes from a direct comparison to the observed data, the excess flares are attributed
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Quantity Symbol Value
Parameters motivated by observations

Max Flare Energy∗ Emax 1037.57 erg
Min. Flare Energy∗ Emin,obs 1034.0 erg

Target Flare Frequency∗ F 48.5 yr−1

Characteristic Luminosity Lchar 1030.25 ergs−1

Flare rise time τrise 3 hrs
Flare decay time τdecay 8 hrs

Parameters quantitatively fit
Power-law index α 1.64

Min. modeled flare energy Emin,model 1032.50 erg
Energy Step Resolution ∆E 100.01 erg

Table 3.1 Input parameters used to generate an X-ray flare light curve for a T Tauri
star. * parameters based on a statistical analysis of young solar mass stars presented
in Wolk et al. (2005). ** parameters found to produce the best fit energy distribution
(Figure 3.3).

to smaller low energy flares that would not be distinguishable due to observational

limitations.

Flares modeled by XGEN range from Emin = 1032.50 erg to Emax = 1037.57 erg.

Flares with Etot < 1032.50 erg corresponded to ∆LXR values less than 1.004, and are

considered negligible for the purpose of this model. While 1032.50 erg also corresponds

to a negligible flare peak (∆LXR ∼ 1.005), we found that larger Emin values were

unable to fit the desired energy distribution as well. The minimum total energy for

an observable flare was set to Etot of the weakest flare reported in Wolk et al. (2005),

Emin,obs = 1034.0 erg. The maximum allowed flare energy in the model is consistent

with the largest flare energy detected in Wolk et al. (2005) (Etot = 1037.57 erg), and

is in agreement with the ‘super-flares’ detected in Getman & Feigelson (2021). The

characteristic luminosity is set to Lchar = 1030.25 ergs−1 (e.g., Flaccomio et al., 2003).

The maximum flare energy considered is thus equal to the amount of energy output

by the star at quiescence for a period of 8 months.
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Figure 3.2 A simulated light curve for a T Tauri star. Individual modeled flare peaks,
including unobservable flares, are represented by triangles. Individual observable
flares (distinguishable peak and Etot > 1034 erg) are highlighted as purple, blue, and
yellow. Note there are 27 modeled flares but only 3 observable flares based on our
criteria.

To best match the Wolk et al. (2005) distribution, a series of different power

laws were tested with α values ranging from 1.5 to 3.0. For each value of α, 100

one-year curves were produced and analyzed at one hour time step resolution. The

energy distribution of observable flares is sensitive to the chosen α value, as shown in

Figure 3.3. We find that α = 1.64 yielded the best overall fit to the observed energy

distribution of solar mass YSOs with χ2 = 0.15, where χ2 measures the goodness of

fit. This power law index is consistent with the best fit of α = 1.66 reported in Wolk

et al. (2005, Equation 3.6). It should be noted that α = 1.50 appears to better fit the

observed distribution below Etot ∼ 1034.5 erg. However, α values less than 1.64 fail

to fit the high energy flares and have higher χ2 values. For example, χ2 = 0.91 for

α = 1.50. Refitting the light curve to the best fit α value, rather than using α = 1.66,

was necessary since Wolk et al. (2005) empirically derived alpha from data. However,

the synthetic light curves in this work include microflaring and flare blending, neither
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Figure 3.3 Energy distribution of flares from a T Tauri star compared to the observa-
tions of Wolk et al. (2005) shown in black (see their Figure 9). Over-plotted are the
simulated flare energy distributions for α = 1.50, 1.64, and 2.00 tabulated for a 100
year light curve. A power law index of α = 1.64 was found to yield the best match
to the observations.

of which can be identified in observations.

Incorporating all of the effects described above and adopting the observationally

motivated X-ray flaring statistics, Figure 3.4 shows a one year subsection of our model

light curve. As can be seen, moderate flares (changes greater than 10 times Lchar)

happen a few times (in this case 3 times) over the course of a year, while weaker flares

(changes of 2 to 3 times Lchar) are far more frequent.

3.3.2 Disk Chemical Model

The chemical disk model used in this work is modeled after Fogel et al. (2011),

which adopts the rate equation method and includes 644 chemical species and 5944

types of chemical and physical processes. The physical environment is modeled after

the IM Lup protoplanetary disk system, the original source observed to experience

variability (Cleeves et al., 2017). The disk and stellar physical parameters are repre-
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Table 3.2 Initial chemical abundances with respect to H for volatile species. These
values are representative of molecular cloud abundances (Aikawa et al., 1999).

H2 5.0× 10−1 C 5.0× 10−9 CS 4.0× 10−9

H+
3 1.0× 10−8 C+ 1.0× 10−9 SO 5.0× 10−9

He 1.4× 10−1 C2H 8.0× 10−9 S+ 1.0× 10−11

O 1.0× 10−8 N2 3.51× 10−5 Si+ 1.0× 10−11

O2 1.0× 10−8 NH3 8.0× 10−8 Fe+ 1.0× 10−11

CO 1.2× 10−4 HCN 1.0× 10−8

HCO+ 9.0× 10−9 CN 6.0× 10−8

H2Oice 8.0× 10−5 Mg+ 1.0× 10−11

sentative of a solar mass star between 0.5− 1 Myr old (Cleeves et al., 2016).

A two dimensional disk is simulated by running a series of point locations at

various radial distances (R) and vertical heights (Z). We model the chemistry at

radii of R = 1, 5, 10, 20, 30, 40, 60, 80, and 100 au from the central star. We

note that the gas in IM Lup extends to R ∼ 1000 au, but we only model the inner

disk because we find that chemical responses to flares beyond 100 au are generally

negligible. Modeled vertical heights (in cylindrical coordinates) range from the disk

mid-plane to the disk surface with vertical height ratios of Z/R = 0.0, 0.1, 0.2, 0.3,

0.4, 0.5, and 0.6 at each radii.

The model begins with chemical abundances considered typical for a molecular

cloud (motivated by Aikawa et al., 1999, see Table 3.2). We run the model for 0.5 Myr

to achieve a pseudo steady state, then the X-ray flaring events produced by XGEN are

initiated. Once flaring begins, defined as t = 0.0 years in the Figures below, the model

takes linear, four hour time steps for 500 years. Small time steps were necessary to

ensure individual flares in the light curve were not ‘missed’ in the model. We tested

a range of time steps from 1 minute to 2 days, and found that four hours allowed us

to obtain sufficiently long duration models without losing time resolution. We note

that four hours means that we only have 2-3 time steps crossing the flare; however,
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based on our tests of shorter time steps, the chemical results were not significantly

impacted by this. The implication of these tests is that the total flare energy is more

important than the details of the shape of an individual flare. We found that a 500

year model was long enough to probe the diverse range of modeled flare energies while

balancing the computational limits of the model. A 500 year model was long enough

to ensure that at least one of the strongest possible flares occurred (∆LXR > 800),

and the chemical responses to such a flare, could be modeled. In our fiducial model,

two such flares occurred.

Disk density, temperature, UV ionization, and X-ray ionization are extracted sim-

ilarly as was done in Waggoner & Cleeves (2019) and are based off of the Cleeves

et al. (2016) physical structure. To summarize, the energy-dependent X-ray (and

UV) radiative transfer is computed using Bethell & Bergin (2011c). The spectra are

used to compute a local spectrally integrated UV flux, and for the X-rays, to compute

a local H2 and He ionization rate at every (R,Z) position in the disk. The model

uses an incident cosmic ray ionization rate of ζ = 2× 10−20 s−1 (Cleeves et al., 2015).

We note this value is lower than typical ionization rates of ζ ≈ 10−17 s−1; however,

there is increasing evidence of low cosmic ray ionization rates within molecular gas

disks (e.g. Seifert et al., 2021). Figure 3.5 demonstrates regions of the disk where the

X-ray ionization rate dominates the cosmic ray ionization rate.

X-ray flares are incorporated into the chemical disk network by uniformly increas-

ing the X-ray ionization rate, and by extension the X-ray flux, by ∆LXR during flaring

events. We emphasize that this assumption does not incorporate X-ray hardening,

which will be explored in future work. The chemical disk model assumes that flares

do not have a directional preference, i.e., a flare propagates uniformly throughout

the disk and is only attenuated. This assumption is valid if the X-ray illumination is

both azimuthally symmetric and symmetric about the mid-plane. This simplification
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is valid to first order because the size of X-ray emitting coronal loops on T Tauri

stars is expected to be large compared to the size of the star, allowing the disk to be

more uniformly illuminated. Directional flares will be explored in future work. The

observed increase in H13CO+ in IM Lup supports this theory, as enhancement was

the same in both blue- and red-shifted gas (Cleeves et al., 2017).

In this model X-rays interact with the disk by ionizing H2 and He. While previous

work has found that additional noble gasses, such as Ne and Ar, and metals have been

seen to be sensitive to flares, we do not include these species in our network. However,

there is no evidence that these species contribute to the formation of molecules (e.g.,

Ádámkovics et al., 2011), and they are not considered a main source of electrons in

the disk when compared to, e.g., ionization of H2 and He, as well as carbon ionization

by UV. Therefore, omitting these species will not strongly impact our results. We do

note that the metal abundances used in this model (10−11 w.r.t. Htot) are considered

to be a low metal abundance compared to a typical metal abundance in disks (e.g.,

Fogel et al., 2011; Aikawa et al., 1999). In future work we will explore increasing the

abundances of these species, which can act as sources of electrons especially in regions

of the disk where there is little atomic carbon, closer to the midplane.

3.3.3 Assessment of Chemical Variability

To best understand the impact of flares on chemistry in the disk, the column

density, N(R), and disk-integrated number, designated by N , of each species was

calculated at one day resolution. The integrated number of each species is found

by assuming azimuthal symmetry, i.e., N= 2π
∫
RN(R)dR. Since it takes time for

light to propagate from the central star to the disk, the affects of a flare do not

occur instantaneously at all radial distances. For example, when a flare occurs it

takes 8.32 minutes to reach R = 1 au and 13.86 hours to reach R = 100 au. To
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Figure 3.5 Comparison of the X-ray ionization rate to the CR ionization rate. The
background color contours show the non-flaring X-ray ionization rate in the disk.
Overlaid are lines indicating where the X-ray ionization rate is 10−20s−1 for cases
where ∆LXR= 1, 10, 100, and 1000. Outside of 10 au, the CRs are unattenuated, and
therefore these values can be directly compared to an assumed CR ionization rate
(here 2× 10−20s−1). Depending on flaring state, X-rays dominate above the contours
and CRs below.
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accurately model the chemical impact of flares and simulate light propagation through

the disk, both N(R) and N incorporate light travel time as the flare propagates

radially outward. As a reference, the disk integrated number of hydrogen atoms

(in H and H2) is N hydrogen = 9.46 × 1055. Species with N< 1025 (approximately a

fractional abundance 10−30 w.r.t. Htot) are considered below the numerical error of

the model are are omitted from the following analysis.

Species’ level of susceptibility to individual flares is quantified by the standard

deviation, σ, of the relative change in N , ∆N , over the 500 year simulation time. A

large standard deviation is indicative of a highly variable species, and a small (≈ 0)

standard deviation indicates that species is not significantly impacted by individual

flares. The cumulative impact of many flares, i.e., the long-term (centuries) impact,

is quantified by a relative change in the total number of a particular species, C, at

the end of the chemical model (Nfinal) compared to the start (N0) and is defined as:

C =
Nfinal

N0

. (3.7)

Nfinal and N0 are averaged from the first and final 20 time steps (3.3 days) of the model

to ensure flares at the end or beginning of the model do not cause an artificially large

C. In this model, no flares were seen at the end of the 500 year model. C > 1

indicates a net increase and C < 1 indicates a decrease in abundance as a result of

the cumulative impact of flares. C ≈ 1 suggests that species are unaffected by 500

years of stochastic flares.

To test the validity of using a fixed time at 0.5 Myr to compute σ and C, we ran

an additional 500 year model with a constant X-ray ionization rate (no flares). For

the sake of computational efficiency, we ran the evolution after 0.5 Myr in five 100-

year time steps rather than the 4-hour time steps in the fiducial model. We find the
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relative change in a given species’s abundance in the non-flare model over 500 years is

very small, with N changing by less than 1%. This confirms that the chemical model

had indeed reached steady state prior to flare initiation and that changes in chemical

abundance are caused by variations in the X-ray ionization rate.

3.4 Results

Given the large number of locations, species, and timesteps considered in the sim-

ulations, we have aimed to focus the results by grouping them into types of responses

as well as into chemical families. Furthermore, we define here several key terms used

throughout the Results and Discussion sections of this work. The disk mid-plane

corresponds to temperatures < 20K, where CO freeze out occurs. The molecular

layer corresponds to regions where CO can be in the gas-phase (> 20K). The photo-

dissociation or photon-dominated region is defined as regions where CO is dissociated

to C and C+. For more on the physical and chemical structure of disks see the review

of Öberg & Bergin (2021), and references therein.

3.4.1 General Findings

Chemical responses to X-ray flaring events fall into three categories, as demon-

strated in Figure 3.6. While the following percentages are highly model dependent,

they give the reader a baseline to compare which species are more changed compared

to other species. First are flare sensitive species, which are defined as species with an

abundance that varies as a direct result of an individual flare. Flare sensitivity is mea-

sured by standard deviation (σ > 0.05), where the most sensitive species have large

σ values. Second are species with altered ‘steady-states,’ meaning that their average

abundance over time has consistently changed over the duration of the model. An

altered steady state is measured by the relative change in abundance that is at least
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C > 5%. While a 5% change may sound like a small percentage, it is possible that

over much longer - astrophysically relevant - time scales these species could continue

to trend either upwards or downwards. Third are species that are non-responsive to

flares. These species have σ ≤ 0.05 and C ≤ 5%.

The majority of species in the model are unaffected by flares. 27% of species are

considered significantly variable (σ > 0.05), and 8% have an altered steady state (C

> 5%). Even though a relatively small percent of the total species in the network

appear to be impacted by flares, a large fraction of gas-phase species, especially gas-

phase cations, are susceptible to flares. Average standard deviations and percent

changes of each chemical family are shown in Table 3.3. We note that species bearing

phosphorus, chlorine, or metals (e.g., Mg, Fe) are excluded from this analysis due

to their low gas phase abundances, under the expectation that they primarily take

refractory form.

The chemical species used in this model can be categorized into chemical families,

where families are defined as a group of gas-phase species containing oxygen, carbon,

nitrogen, sulphur, or silicon. Additional families include gas-phase anions, cations,

and neutrals in addition to ices frozen out on dust grains. A single species can belong

to multiple families. Table 3.3 summarizes the standard deviation and relative change

of each of these families.

3.4.2 Cations: The Most Responsive Species

Cations are the most flare-responsive group of species in the model. Cations are

more likely to experience both an immediate response to flares and are more likely to

be impacted on longer time scales (≳ months) as a result of a single, strong flaring

event. Gas-phase cations make up 39% of the chemical network. 23% of the modeled

cations have σ > 0.05, and 19% have C > 5%.
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Figure 3.7 Initial products of X-ray ionization in the disk. γXR indicates X-ray photons
and γUV,fl are fluoresced UV photons. When a flare occurs, the X-ray flux increases,
then increasing the ionization rates of H2 and He and causing a temporary enhance-
ment in gas-phase cations. This reaction network is the main driver in all other flare
driven chemistry seen in the model.
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Among the flare sensitive cations, H+
3 , H+

2 , SO+
2 , and O2H+ are significantly more

variable than any other species, including ionized and neutral gas-phase species and

ices, in the network. These four species are seen to increase by up to 500% in N in

response to the strongest flares (∆LXR ≥ 600). The flare enhanced X-ray ionization

rate drives a direct enhancement in H+
2 . H+

2 drives further reactions, leading to the

enhancement in H+
3 and O2H+ by

H2 + γXR → H+
2 + e− (3.8)

H+
2 +H2 → H+

3 +H (3.9)

H+
3 +O2 → O2H

+ +H2. (3.10)

Enhancement of SO+
2 is a result of X-ray ionization of helium, rather than H2:

He+ + SO2 → SO+
2 +He. (3.11)

An example reaction network of these four species and their immediate products

is shown in Figure 3.7. In general, most flare responses can be traced back to the

ionization of H2 and He or UV photons (γfl,UV) produced by collisional de-excitation

of H+
2 . After ionized H2 and He, the dominant chemical drivers are CH+

3 produced

through

CH2 +H+
3 → CH+

3 +H2, (3.12)

and C+ from CO:

He+ + CO → C+ +O+He. (3.13)

Of the family of cations impacted by flares, HCO+ and N2H+ are of of primary
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interest, as they are commonly observed species in disks. Both of these species are

temporarily enhanced by flares. Enhancement is a product of protonation from H+
3 ,

where HCO+ is formed by

H+
3 + CO → HCO+ +H2, (3.14)

and N2H+ is formed by

H+
3 +N2 → N2H

+ +H2 (3.15)

Dissociative recombination with electrons is the primary destruction mechanism for

both species. N2H+ and HCO+ experience a nearly instantaneous enhancement, but

the HCO+ enhancement is sustained for longer periods of time. Figure 3.8 shows how

the radial column density of HCO+ and N2H+ vary as a function of time during a

strong flare. HCO+ stays elevated at all radii for longer (∼ 1 week) than N2H+, which

returns to its pre-flare abundance after a few days. The reason for this difference is

that the N2H+ traces gas closer to the midplane where the densities are generally

higher, which speeds up the dissociative recombination.

3.4.3 Neutral Species

Neutral species (both gas and ice-phase) make up 59% of the chemical network,

and the vast majority are unaffected by flaring events. Only 0.6% of the neutral

species have σ > 0.05, and only 0.9% have C > 5%. The most variable neutral species

are H, HCO, O2H, C3O, C2H4, and C3H4. In this section, we highlight the chemical

and physical processes that drive variability in these species.

Variability in neutral species is driven by an enhancement in H+
3 . For example, H+

3

enhances HCO+ (see Reaction 3.14), which then accepts an electron from a neutral
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Figure 3.8 Top: X-ray flare with a strength of ∆LXR,peak = 80 (Equation 3.5). The
colored lines correspond to the time steps HCO+ and N2H+ column density if plotted
below. Middle and Bottom: Column density (N ) of HCO+ and N2H+ before the flare
(t = 1.0 day), at the flare peak (t = 3.1 day), and after the flare (t = 5.0, 10.0, 19.0
days). Note that both species are enhanced more at shorter radii, and HCO+ is
enhanced for a longer time (∼ 20 days) than N2H+ (∼ 5 days). N2H+ has the same
column density at t = 1.0, 10.0, and 19.0 days.
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donor (represented by M),

HCO+ +M → HCO+M+, (3.16)

to enhance HCO abundance. HCO variability occurs primarily beyond R = 5 au

and within the vertical heights Z/R = 0.2 and 0.3. HCO is relatively constant in

the disk surface, where UV photolysis and destruction reactions with cations are

significantly faster than the neutralization of HCO+. Between Z/R = 0.2 and 0.3

HCO enhancement closely follows HCO+ enhancement. Below Z/R = 0.2 HCO is

not significantly abundant due to the reduced ionization rates.

Additionally, H+
3 leads to an enhancement in CH+

3 by Reaction 3.12. CH+
3 then

can either react with small oxygen bearing species, such as OH,

CH+
3 +OH → H2CO

+ +H2, (3.17)

or be converted to CH4 through a radiative association step:

CH+
3 +H2 → CH+

5 , (3.18)

followed by a dissociative recombination step:

CH+
5 + CO → HCO+ + CH4. (3.19)

These reactions and products branch off to drive enhancement in species such as O2H,

C3O, C2H4, and C3H4. CH+
3 enhancement also plays an important role in carbon,

oxygen, and silicon variability as discussed in later sections.

We note that H+
3 indirectly leads to a 0.5% increase in the amount of free hydrogen
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Table 3.3 Average standard deviation (σ̄) and average change (|1−C̄|) for the defined
chemical families. Note: H+

3 , H+
2 , SO+

2 , and O2H+ were excluded from the O and S
families in these values, as they are significantly more variable than any other species
in the network and skewed σ and C values. Additionally, phosphorus, chlorine, or
metals (e.g., Mg, Fe) are excluded, as they have abundances below the computational
limit of the model..

Family σ̄all σ̄cations |1− C̄all| |1− C̄cations|
Cations — 0.13 — 0.03
Anions 0.02 — 0.01 —

Neutrals 0.00 — 0.00 —
O 0.06 0.10 0.03 0.05
S 0.05 0.08 0.04 0.06
C 0.02 0.03 0.01 0.02
N 0.02 0.04 0.01 0.02
Si 0.01 0.2 0.01 0.02

Ices 0.00 — 0.00 —

atoms. However, given the large uncertainties on H2 reformation on grains (including

H-binding energies), we do not expect this to significantly change the chemistry.

3.4.4 Chemical Families

Oxygen Bearing Species

Oxygen bearing species are the most variable chemical family, where 29% of gas-

phase O-bearing species have σ > 0.05, and 22% have C > 5%. Variability among

these species tends to occur in warmer disk regions, i.e., dominantly near the disk

surface (Z/R > 0.3) and close to the star (R < 40 au). For the most part, changes

in O bearing species can be traced to two pathways originating from enhancement of

H+
3 , as summarized by Figure 3.9.

One chemical pathway is driven by enhancement of CH+
3 (Reaction 3.12). CH+

3

reacts with small species, such as OH, to form larger C and O bearing species, such

as H2CO+. This reaction branch drives short-term variability in larger O bearing



86
Chapter 3. Classification of X-ray Flare Driven Chemical

Variability in Protoplanetary Disks

H3+

OH

H2O+

H3O+

e-

H2

CH3+

CH2

H2CO+

OH
H2CO

γUV,fl

O2H

O2

CO

HCO+

HCO

e-

H(gr)

H

e-

O2

O

OH+

H2

O

e-

Figure 3.9 Example flare-driven reaction network of oxygen bearing species. O-
bearing species are the most flare susceptible chemical family in the network. The
strongest responses occur in regions of the disk near the star and disk surface. X-ray
flares enhance H+

3 in the disk, which then protonates small gas-phase neutral species,
such as CO, O, and CH2. Some O-bearing species, such as O2H and HCO+ are
variable on short time scales (days-weeks), whereas others, such as O and O2, are
gradually impacted over the 500 year model.
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species, including O bearing carbon chains. Additionally, oxygen chemistry is driven

by H+
3 , which directly protonates small O bearing species, such as CO and O. This

reaction branch is interesting, as protonation drives both short-term variability and

long-term changes in abundance. Temporary enhancement of HCO+, as discussed in

Section 3.4.3, is an example of H+
3 driven short-term variability.

Flares are also seen to slowly convert atomic O to O2 over the 500 year model.

The dominate process occurs via a series of gas-phase protonation reactions to form

H3O+:

H+
3 +O → H2 +OH+ (3.20)

OH+ +H2 → H2O
+ +H (3.21)

H2O
+ +H2 → H3O

+ +H. (3.22)

H3O+ then undergoes dissociative recombination to form OH,

H3O
++e− → OH+H2. (3.23)

Additionally, H3O+ can form H2O, as discussed in Waggoner & Cleeves (2019). OH

can then undergo a substitution reaction with O to form O2

OH+O → O2 +H. (3.24)

NO,atomic decreases by 0.2%, and NO2 increases 1.2% over the 500 year model.

While these changes may seem insignificant, atomic O and O2 are both abundant

species in the disk (O and O2 abundances are 1.96 × 10−6 and 1.31 × 10−7 with

respect to H, respectively). Since C is a relative change in disk integrated abundance

abundant species, such as O2 and especially O, are less likely to exhibit a large change
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Figure 3.10 Example flare-driven reaction network of carbon bearing species. C-
bearing species are the second most flare susceptible chemical family in the model,
where the strongest responses occur in colder regions of disk. Variability in C-bearing
species, especially carbon chains, dominantly come from flare enhanced production
of CH4 and C+.

in N . Therefore, these seemingly small fractional changes are indicative of a non-

insignificant conversion of O to O2, as further discussed in Section 3.5.4 and shown

in Figure 3.6b.

Carbon Bearing Species

Gas-phase carbon bearing species are the third most variable species, behind sul-

phur bearing species. While S-bearing species have higher σ and C values than C-

bearing species on average, it should be noted that S-bearing species are generally less
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abundant and are therefore more susceptible to small changes in abundance than C-

bearing species. Gas-phase C-bearing species make up 52% of the chemical network,

where 9% of gas-phase C-bearing species have σ > 0.05, and 8% have C > 5%.

As discussed in Section 3.4.3, carbon chain chemistry can be traced to enhance-

ment of C+ and CH+
3 . While enhanced, C+ and CH+

3 drive carbon protonation

reactions and neutral-neutral and neutral-ion combination reactions between differ-

ent carbon bearing species, as demonstrated in the enhancement of C3H4 and C2H4

(Figure 3.10). Typically, C+ tends to drive variability closer to star and along the

disk surface. CH+
3 tends to drive variability in carbon chemistry along the warm

molecular layer. As a whole, the cumulative impact of flares tends to produce larger

neutral and ionized carbon chains.

Sulphur Bearing Species

Gas-phase sulphur bearing species make up 8% of the chemical network, where

18% have σ > 0.05 and 16% have C > 5%. Variability in S-bearing species is directly

tied to flare driven carbon chain chemistry, as demonstrated in Figure 3.11. C+ and

CH+
3 lead to variability in carbon chains, which react with atomic sulphur and other

small S-bearing species, such as H2S2, H2S, OCS, and S+
2 , to form S-bearing organics.

These smaller S-bearing species are slowly and gradually converted to organosulphur

species, most notably C4S, over the 500 year model at the few percent level (e.g.,

CS = 0.99 and CC4S = 1.02).

Nitrogen Bearing Species

The majority of species containing nitrogen are impacted on smaller scales than

the other chemical families. Most of the nitrogen in the model is in the form of N2,

with fractional amounts in species like N, CN, HCN, and NH3. While the average

σ and C values for N-bearing species (see Table 3.3) suggest that N-bearing species
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Figure 3.11 Example flare driven reaction network for sulphur bearing species. Vari-
ability in S-bearing species is tied to the carbon chain chemistry (Figure 3.10), where
carbon chain cations can react with small S-bearing species (such as S) to form larger
organosulphur species.
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Figure 3.12 Example flare driven reaction network for nitrogen bearing species. N-
bearing species are among the least variable chemical family, but the model suggests
that flares steadily convert atomic nitrogen to N2.
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Figure 3.14 Fractional electron abundance with respect to H (χe−) along the vertical
height Z/R = 0.2 for the flare shown in Figure 3.13. Times are plotted in days at the
same steps as shown in Figure 3.13. The flare peak occurs at t = 3.1 days. Electron
abundance increases by more than an order of magnitude as a result of the flare. χe−

returns to its pre-flare abundance once the flare had ended.
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are variable similarly to C-bearing species, we note that N-bearing species typically

have lower number densities (Ntot = 7× 10−5 w.r.t. Htot, Ctot = 1× 10−4 w.r.t. Htot).

Therefore, the relative variability naturally reports larger than for more abundant

species. Gas-phase N reacts with CN and NO (see Figure 3.12), resulting in the for-

mation of N2. Both CN and NO are increased in abundance in response to individual

flaring events, thus temporarily increasing N2 production during flares. Nitrogen is

then locked up in N2, and over the course of the 500 year model CN, NO, and N

have a decreasing average abundance over time due to cumulative flares. While the

percent change in disk integrated abundance of nitrogen bearing species is small, we

note that these are also relatively abundant species.

3.4.5 Electron Density

The disk-integrated number of electrons (N e− = 7.8× 1047) is relatively constant

throughout the 500 year model (σ < 0.01, C< 1%) 1. However, the fractional electron

abundance with respect to total H (χe−) in the warm molecular layer appears to be

sensitive to discrete flaring events. We find that photoionization from both X-rays

and fluoresced UV photons is the main mechanism behind electron enhancement.

Dissociative recombination with positively charged molecular ions was found to be the

primary mechanism that brings electrons back to their pre-flare abundance. Figure

3.13 shows the time variable χe− in the disk before a flare, near the end of a flare,

and after the flare. While χe− in the upper disk surface and mid-plane are constant

(∆χe− ≈ 1) during a flare, electron abundance at intermediate heights (Z/R < 0.2)

can be temporarily enhanced by several orders of magnitude, as shown in Figure

3.14. The surface is less susceptible since the electron abundance is dominated by

UV photo-ionization. The midplane is also less susceptible due to the impact of flares

1Note that the disk overall remains “charge neutral” as required by the model.
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dropping closer to the dense, X-ray attenuated midplane. Additionally, enhancement

lasts for longer time scales at large radii, since dissociative recombination timescale

scales with ion density. Therefore, more ionized regions, such as those close to the

central star, typically have faster recombination rates. Recombination scales with

respect to HCO+ chemistry are explored more in depth in Cleeves et al. (2017).

The local electron abundance is sensitive to individual flares, but the disk inte-

grated electron abundance remains effectively constant throughout the model. There-

fore, there does not seem to be a long-term cumulative impact of flares on disk ion-

ization.

3.4.6 Significance of Specific Flare History

To test our results’ dependence on the specific history of stochastic flares, we ran

five additional 100 year models to compare chemical responses to different light curves

(Figure 3.15a-e). Each model was run with identical parameters, save for the ran-

domly generated light curve, where each model was given a different random number

seed. The five light curves are in agreement with the target energy distribution and

frequency, as described in Section 3.3.1.

The standard deviation and relative change of chemical species for all five models

are cross compared in Figure 3.15f. We find that the standard deviation and the

relative change in abundance for each species are consistent across the five models

within ⪅ 5% of each other. We find that across the five models when examined over

the full simulation timeframe, highly variable species are always highly variable, non-

responsive species are always non-responsive, and so on. This suggests that when

examined over longer time scales (e.g., 100 yrs), the general behavior of X-ray flare

driven chemistry is not dependent on the history of the light-curve, so long as the

flare energy distribution and flare frequency of the star are consistent.
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3.5 Discussion

3.5.1 Flare Driven Chemistry

The majority of chemical responses to X-ray flares can be traced back to the

ionization of H2 or He, where the immediate byproducts (e.g., γUV,fl, H+
3 , CH+

3 , C+

shown in Figure 3.7) are responsible for causing most chemical variability in the disk.

In general, X-ray flares are most likely to have a significant impact on small, less

abundant (N < 1040, or a fractional abundance < 10−16 w.r.t. Htot) cations, but it

is possible that any species directly related to H2 and He ionization is susceptible to

variable X-ray ionization rates. More abundant species (N > 1045, or a fractional

abundance > 10−11 w.r.t. total hydrogen) and neutral species typically have a lower

global response to flares. However, these species can have strong responses to flares

at individual disk locations, as demonstrated by Waggoner & Cleeves (2019) in the

case of water.

For the most part, oxygen bearing species, sulphur bearing species, and carbon

bearing species are the most flare susceptible species seen in the model (Table 3.3).

Flare driven variability in S-bearing species is directly dependent on variability on the

carbon chemical network, so chemical variability in the disk can be broadly catego-

rized as stemming from the oxygen chemical network or the carbon chemical network.

3.5.2 Application to the Missing Sulphur Problem

Sulphur bearing species are the second most responsive chemical family in the

network. This behavior is tied to carbon cation chemistry. Small S-bearing species

slowly react with flare enhanced carbon cations to form larger organosulphur com-

pounds. The most notable conversion is from atomic sulphur (CS = 0.99) to C4S

(CC4S = 1.02), as shown in Figures 3.6e and 3.11. Sulphur abundances are known to
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Figure 3.15 (a-e) The first ten years of the X-ray light curve for all five 100 year
light-curve models. (f ) A comparison plot of standard deviation (σ, bottom left
plots) and relative change in abundance (C, top right plots) for each combination of
model seeds. All abundant molecules are plotted as a “heat map” where the density
of species within a point are indicated by the color bar. The different seeds give
similar chemical behavior, falling along the indicated one-to-one correspondence line
(dashed), indicating that the history of individual flares is not the primary driver of
the variations found in the models.
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be low in disks, and the lower the abundance the more susceptible a species can be

to having its abundance altered by flaring events. This result is significant, because

observations suggest there is a ‘missing sulphur problem’ in the interstellar medium,

and disks specifically (e.g. Ruffle et al., 1999; Kama et al., 2019; Le Gal et al., 2019).

Recent literature has suggested that sulphur is locked up in larger and more diffi-

cult to detect species in protoplanetary disks and/or frozen out in ices (e.g. Laas

& Caselli, 2019; Shingledecker et al., 2020). The results presented in this work are

significant, because they suggest that X-ray flaring events impact the abundance of

organosulphur species.

We note that the results in this section are speculative, and should not be taken

as definitive. To better constrain the importance of flares on the long-term sulphur

chemical network, more comprehensive models will need to be run. For example, this

model is initialized with a reduced sulphur abundance to take into account refractory

sulfur forms (10−9 per Htot) compared to the Sun and ISM

3.5.3 Disk Ionization

Small, gas-phase cations are the most flare susceptible species in the network.

Flares enhance the abundance of specific cations both temporarily (i.e., in response to

a single flare) and for the duration of the simulation (i.e., reaching a new steady state).

However, the disk integrated number of electrons and number of anions is relatively

unaffected by flares. While the disk integrated number of electrons (N e− = 7.8×1047

at 0.5 Myr) is equal to the disk integrated number of total cations in the disk, N e−

is several orders of magnitude higher than the even most abundant individual cation

species in the disk (N∼ 1043 at 0.5 Myr). Since variability reported in this work is

measured by a relative change in abundance, cations tend to have higher reported

variability than electrons due to their lower individual abundances. The model, by
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construction, remains “charge neutral” when considering all positively and negatively

charged species.

While the disk integrated number of electrons is relatively constant in time, elec-

tron abundance does not respond to flares uniformly at all locations. For example, the

electron density is relatively constant in the disk surface and mid-plane, but electron

abundance can be temporarily enhanced in the warm molecular layer of the disk as

a result of a strong flare (i.e., ∆LXR,peak > 70). Figure 3.13 demonstrates that such a

flare can increase the fractional electron abundance with respect to H by up to several

orders of magnitude along the warm molecular layer. For example, Figure 3.14 shows

that χe− can increase from 10−15 to 10−13 during a flare. The lack of change closer to

the surface is likely because ionization and electron production there is dominated by

UV photolysis of species like carbon, which is approximately two orders of magnitude

faster than the X-ray ionization. So, even when X-ray ionization rates are increased

by flaring events, UV ionization still dominates at the surface. Similarly, cosmic rays

dominate ionization in the disk mid-plane, where gas densities are high enough to

block X-ray photons (see Figure 3.5).

A fractional electron abundance of χe− = 10−14 has been linked to the minimum

ionization required to couple magnetic fields to neutral gas (Igea & Glassgold, 1999).

Once coupled, magnetic fields aid in disk accretion via processes such as magnetorota-

tional instability (MRI; Balbus & Hawley, 1991). While further modeling is required

to confirm this, it is possible that disk accretion rates through the molecular layer

could be temporarily increased during X-ray flaring events.

Previous modeling by Ilgner & Nelson (2006d) has explored this idea, demonstrat-

ing that X-ray flares increase electron column density in magnetically active zones.

The focus of that work differs compared to this work in that they analyze the impact

of flares on the magnetohydrodynamic evolution of the disk rather than the chem-
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ical evolution. Moreover, they focus their modeling between radii of 0.1 au to 10

au. They found that an X-ray flare 100 times the characteristic X-ray ionization rate

is seen to increase the electron abundance by a factor of ∼ 10 at a radial distance

of 1 au at the vertical “transition region” (where the magnetic Reynolds number is

100) for a model assuming low metal abundances. Our models show that the vertical

transition occurs around z ∼ 0.18 au, and at this location, a factor of ∼ 100 flare

can change the electron abundance by significantly more, over 400× from a baseline

of χ(e−) = 7 × 10−15. The main reason for this difference is most likely a differing

underlying model for the disk and for the X-ray ionization. Their model contains

20% less mass than ours inside of 10 au, and solves directly for hydrostatic equilib-

rium, resulting in a vertically “puffier” disk with lower line of sight column densities

to the midplane. These two factors make their model more transparent to X-rays,

and would result in a higher baseline electron abundance in their model compared to

ours. We also include Monte Carlo X-ray transport (including scattering) while they

consider line of sight absorption of X-rays only (Ilgner & Nelson, 2006a). They do not

explicitly report their baseline electron abundance, but these factors point to their

disk being more ionized than ours, resulting in smaller relative changes for similar

flare energies. This comparison suggests that the specifics of the impact of flares on

magnetically active regions in disks will depend on a number of factors, including but

not limited to the disk model itself and the treatment of X-rays (see also the detailed

discussion of Ilgner & Nelson, 2006d), but together make it clear that flares have

the potential to impact MRI through variable disk ionization fraction, and should be

further explored.
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3.5.4 “Permanently” altered species

An individual flare seems to result in a temporary change in disk-chemistry, but

given sufficient time, the system tends to return to the pre-flare chemical state. This

suggests that a single flare is unlikely to have a long term impact for global chemistry.

However, when the system is exposed to multiple stochastic flares over centuries or

longer, the chemical system is unable to fully return to the pre-flare steady state.

We find that the cumulative impact of many flares drives some species to a “new

pseudo steady state” in disk chemistry if the formation or destruction timescales are

much longer than the timescales between significant flares. For example, if a species’

formation is enhanced as a result of a flare-produced product, but the destruction

timescale (via photons or reactions) is greater than the timescales between significant

flares, then the system will not have time to relax before the next flare occurrence.

The exact timescales will depend sensitively on the molecule of interest and the local

physical conditions. While the results from our model generally suggest that most

long-term impacted species have a relative change in N of a few percent or less, some

of the impacted species do not appear to reach a plateau by the end of the 500 year

model. Therefore it is possible that the full extent of flares in driving chemical

change may be much greater.

Examples of species exhibiting the latter behavior are O and O2, where neither O

or O2 reach a pseudo-steady-state after flares are initiated. O is slowly converted to

O2 (Section 3.4.4) at disk positions of R ≥ 20au and 0.4 ≤ Z/R ≤ 0.5. The O2 to total

gas-phase oxygen ratio (O2/Otot) increases by 0.004% (at t = 0, O2/Otot = 0.289%),

while the O to total gas-phase oxygen ratio (O/Otot) decreases by 0.01% (at t = 0,

O/Otot = 2.15%). This conversion may seem insignificant, but if the conversion

continues linearly for 1 Myr in extension to the modeled 500 years, then O2/Otot will
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increase by ∼ 8%, and O/Otot will decrease by ∼ 20%. However, linear extrapolation

is an extreme case; in reality the O to O2 conversion rate may slow down or reach

a new steady state prior to 1 Myr. Previous work has shown that O2 abundance

in comets 67P/Churyumov-Gerasimenko (Bieler et al., 2015) and 1P/Halley (Rubin

et al., 2015) is significantly higher than laboratory and modeling predictions (e.g.

Taquet et al., 2016; Eistrup & Walsh, 2019). While further modeling is required to

know the extent at which flares enhance O2, it is possible that flares could contribute

to the unusually high O2 abundances seen in comets.

Species other than O and O2, such as C4S and S (see Section 3.5.2), are seen to

exhibit a similar behavior in the model. Table B.1 in Appendix B contains the top

30 species with the highest C values.

3.6 A Closer Look at Sulphur

This section is not a part of the original paper. This section was researched by

and written by Claire Thilenius, who I advised during the Fall 2022 semester. Claire

performed a study on C4S and other sulphur bearing species, similar to the study

I performed on water in Chapter 2. I include this section because Claire’s results

are consistent with my results presented in this chapter. Additionally, I wanted to

highlight Claire’s hard work and effort during this semester.

Claire wrote the following in her end of semester report. C4S was analyzed in

the inner disk area at five different radii (R) at three different vertical height ratios

(Z/R). These points sample the inner disk, mapping out the change in abundance

of C4S, HC4S+ , and HCO+ in response to the X-ray Flare events. C4S proved to be

a very interesting molecule within the disk. At a R = 1.0 au and a Z/R of 0.3, the

abundance experienced a short term decrease. This was an unexpected result, the
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major formation pathway from C4S is a dissociative recombination with HC4S+ ;

C4SH
+ + e → C4S + H (3.25)

R = 1.0 au is very near the star, it will be warm (∼ 100K) and highly irradiated

with UV photons, which ionize H2 and making this region very electron dense, thus

allowing dissociative recombination reactions, like Equation 3.27, to readily occur

(Agúndez et al., 2018). Therefore observing a decrease in the rate of formation for

the C4S after a flare was initially unexpected.

A rate analysis was done to determine the major paths of formation and destruc-

tion. The rates of both the major destruction and formation pathways decreased. The

rate of formation remained higher than the rate of destruction throughout the flare,

so the major cause to the reduced abundance is not an increase in the destruction,

but a significant decrease in formation. The main mechanism for formation at this

location is shown in Equation 3.27 , a dissociative recombination, to give C4S and

free hydrogen. Electrons should be very abundant in this dense region very close to

the star after a flaring event, so there must be a significant decrease in the abundance

of HC4S+ that is limiting the rate of this reaction. To determine what causes C4S

flare dependence, HC4S+ was further analyzed. The major formation and destruction

paths of HC4S+ were calculated. Like C4S, both rates of the major destruction and

formation mechanisms decreased, indicating that the cause of HC4S+ depletion occurs

due to a reduction in the reactants of the formation pathway. The major formation

pathway resulted from an ion-molecule reaction between S+ and C4H2;

S+ + C4H2 → HC4S
+ +H (3.26)
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An analysis of S+ and C4H2 yields that rate of S+ destruction at this time significantly

increases due to increased OH;

S+ +OH → SO+ +H (3.27)

The rate of S+ destruction increases by almost an order of magnitude, on an already

very high rate of reaction. The rate of formation of S+ also increases at this location,

however, the destruction dominates, lowering its abundance at this point. In the rate

analysis of C4H2 both destruction and formation rates decrease, following the same

trend as C4S and HC4S+. Therefore, the significant decrease in HC4S+ and by exten-

sion C4S originates from the destruction of S+ by OH. When an X-ray flare occurs

the abundance of OH will significantly increase in this region, as further explained in

Waggoner & Cleeves (2022). The outer surface of the disk will be highly irradiated,

ionizing large amounts of H+ 3 . The hydrogen will react with the abundant oxygen

(O) in the disk beginning the process to form neutral OH, pathway to form OH from

H+ 3 is described in Waggoner & Cleeves (2022). Thus, the decreases in abundance

of C4S and HC4S+ in this region are flare dependent based on the destruction of S+

by OH.

3.7 Conclusions

We present the first study of the impact of stochastic X-ray flaring events on the

long term (500 year) chemistry of a protoplanetary disk. The disk chemistry was

modeled at disk locations ranging from the mid-plane to the disk surface (0 ≤ Z/R ≤

0.6) and from radii spanning R = 1 au to R = 100 au. We find that X-ray flares have

the following impact on disk chemistry:

1. X-ray flares can cause a variety of changes to molecular abundances, including
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short-term (days to weeks), long-term (centuries), or no change on different

species in the disk.

2. The majority of species strongly impacted by flares are of relatively low abun-

dance. Abundant species and commonly observed species, such as CO, HCN,

HNC, C2H, CN, etc., are only impacted up to ≤ 1% by flares.

3. Small, gas-phase cations are impacted significantly more than neutral species

and ices. Cations are the most likely to be impacted by individual flaring events

(i.e., experience short-term variability). This suggests that detections of gas-

phase cations (e.g., HCO+, N2H+) will be more reliable if observed multiple

times.

4. Gas-phase oxygen bearing species are the most variable chemical family seen in

the model, followed by sulphur bearing species and carbon bearing species. This

suggests that X-ray flares may play a role in the formation of more complex

biologically relevant molecules. However, further modeling including a more

extensive chemical reaction network is required to know the extent of this result.

5. The cumulative impact of many flares over hundreds of years appears to drives

a new chemical ‘steady-state’ for certain species in the network, and in other

cases, the impact never levels out, at least over the duration of the models.

Further modeling is required to know the extent of X-ray flare driven chemistry

over the disk life time (millions of years), since this model was computationally

limited to 500 years.

6. In addition, we present a new observationally-motivated X-ray light curve gen-

erator, XGEN. XGEN is able to generate a stochastic light curve based on an

observed energy distribution and flare frequency, along with a user specified flare
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shape. Given commonalities between stellar flares across the age spectrum, we

have made the code publicly available for use in a variety of applications beyond

disk chemistry.

Among the chemical species that have been detected in protoplanetary disks

(McGuire, 2018), we find that only HCO+ and N2H+ are likely to be observed in

a flare enhanced state (i.e., ∆N> 1.20). There is a 15.3% and a 1.4% chance to

randomly observe HCO+ and N2H+ in a flare-enhanced state, respectively. However,

these values only consider variability in disk integrated abundance. Some species may

be observably variable in local parts of the disk, as discussed in Waggoner & Cleeves

(2019) on H2O.

While the observational implications for individual flares may seem low, we note

that only ∼24 species (excluding isotopes) have been detected in protoplanetary disks

at this time. Our findings indicate ≳ 10% of known species are flare susceptible. As

additional species are observed, or unexpected abundance patterns are seen between

species, flare effects, especially on gas-phase cations, should be considered.
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Chapter 4

Variable H13CO+ Emission in the

IM Lup Disk: Observational

Evidence for Flare Driven

Chemistry

“Have you ever known me to make an inflammatory ridiculous statement without

providing an equally ridiculous explanation to substantiate it?”

Brandon Sanderson
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4.1 Background and Motivation

This project uses data from my first successful telescope proposal as a PI. Co-

investigators include L. Ilsedore Cleeves, Sean Andrews, Ryan Loomis, Karin Öberg,

Chunhua Qi, and David Wilner. This chapter will be converted to a paper that will

be submitted to the Astrophysical Journal.

Abstract: In 2017, Cleeves et al. reported that the flux of the H13CO+ 3 − 2

line effectively doubled (flux increased by 28σ) compare to previous observations.

Cleeves et al. report that the most likely source of enhancement was an X-ray flare

from the central star. This work uses data taken by the SMA to determine if the

H13CO+ 3 − 2 line flux is still enhanced or if the line has returned a non-enhanced

flux. These data will help constrain the origins or the enhancement, which will also

constrain whether or not enhancements can occur other disk systems. We find that

the line flux has returned to a ‘quiescent’ state, indicating that the enhancement

was short lived (<years), which is consistent with the X-ray flare theory proposed by

Cleeves et al. (2017). Additionally, we report the HCN 3 − 2 spectrum is consistent

with previous observations (Guzmán et al., 2021), and we report the HCO+ 3 − 2

spectrum in IM Lup for the first time.

4.2 Introduction

Ionization is one the strongest forces of gas-phase chemical reactions in astronomi-

cal environments. This is especially true in protoplanetary disks, which are abundant

in both external (such as galactic cosmic rays) and internal (such as stellar radiation)

sources of ionization. While UV photons are efficient at ionizing small molecules,
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such as CO, X-ray photons are powerful enough to directly ionize hydrogen gas.

H2 + γXR → H+
2 + e−, (4.1)

after which H+
2 proceeds to react with an additional H2 molecule to form H+

3 :

H+
2 +H2 → H+

3 +H (4.2)

This process is particularly efficient in protoplanetary disks, since X-rays are abun-

dantly produced by stellar radiation. In fact, T Tauri stars are typically NUMBER

times brighter than the modern Sun in X-ray light, thus enriching the chemical evo-

lution in the planet forming disk surrounding the star.

Radiation from T Tauri stars is not constant in time. These systems commonly

undergo flaring events, which increases light emission across the electromagnetic spec-

trum and X-ray light in particular. Recent work has suggested that individual flaring

events can temporarily increase the abundance of gas-phase cations and even some

neutral species (Waggoner & Cleeves, 2019). Gas-phase cations like HCO+ are par-

ticularly sensitive to X-ray flares, since HCO+ is formed when the X-ray product H+
3

protonates CO

H+
3 + CO → HCO+ +H2. (4.3)

While a single flare is unlikely to impact disk chemistry on time scales relevant to

the disks’ life time, the cumulative impact of thousands of flares over hundreds of

years may aid in the advancment of chemical complexity Waggoner & Cleeves (2022).

However, at this time there is no direct observational evidence proving that X-ray

flares alter disk chemistry.

Waggoner et al. (2023) searched for flare-driven variations in the HD 163296,
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MWC480, IMLup, GMAur, and AS 209 protoplanetary. They imaged the HCO+

1 − 0 line using individual epochs taken over a ∼year to determine if the spectrum

was constant in time or not in all five disks. They report tentative spectral variability

(< 3σ), indicating that it is unlikely that any of the observation epochs overlapped

with an X-ray flare. However, this is not a surprising result. Flares strong enough

to enhance the abundance of HCO+ (and therefore flux) are relatively rare (Getman

et al., 2005; Wolk et al., 2005; Caramazza et al., 2007), and there is less than a 5%

chance of observing significant flare driven HCO+ enhancement during any single

observation (based on flare statistics for T Tauri stars, Waggoner & Cleeves (2022)).

In fact, Cleeves et al. (2017) is the only work to present strong observational

evidence of flare driven chemical enhancement. They observed the H13CO+ 3 − 2

line on three separate days, 17/July/2014, 29/Jan/2015, and 13/May/2015. On the

first to epochs, the disk integrated H13CO+ 3 − 2 flux was approximately the same

with a peak flux of ∼ 0.2 Jy kms−1. However, on the third and final epoch the

peak flux nearly doubled to ∼ 0.4 Jy kms−1, or by 28σ. This type of variability

has been seen before in systems undergoing an accretion outburst (examples) due to

dramatically enhanced UV ionization rates and disk temperatures. However, the IM

Lup continuum emission remained constant even when the H13CO+ flux doubled, thus

indicating that the increase in flux could not have been caused by an an accretion

outburst. Instead, they find that the most likely source was an increased H13CO+

abundance due to an X-ray flaring event.

While IM Lup dust continuum and molecular gas has been observed in the years

since Cleeves et al. (2017), none of these observations have followed up on the H13CO+

3− 2 line. We have done just this. We report follow up observations of the H13CO+

3− 2 line for the first time since its reported enhancement in 2015. If H13CO+ is still

enhanced, then the X-ray flare theory must be ruled out, and the ionization structure
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of IM Lup will need to be further explored. If H13CO+ has returned to a peak flux

of ∼ 0.2 Jy kms−1, then we have further evidence of flare driven chemical variability

in disks.

4.3 Observations

4.3.1 Observational Setup

SMA observations were carried out on two separate epochs 29 days apart (2020B-

S041) in a compact configuration spanning baselines 8 to 70m with six antennas.

Epoch one was observed on 15/May/2021 with 6 hours on source, and epoch two was

observed on 13/Jun/2021 with 4 hourson source. Traditionally images would only

be created by combining the two separate observations, but for the purpose of this

study we produced images for the first observation day (15/May/2021), the second

observation day (13/June/2021), and the combined observations. We refer to data

produced the ‘traditional’ way as the time-integrated data.

Sentence on the calibrators, but I need to confirm what Charlie did when he

calibrated this data. Weather was dry and stable for both epochs with precipitable

water vapor between 0.6 and 0.8mm on 15/May/2021 and between 0.7 and 1.2mm

on 13/Jun/2021.

The same spectral setup was used for both observations, which covered frequency

windows ranging from 240 to 290GHz with a frequency resolution of 139 kHz (0.16

km/s). We were able to simultaneously observe the H13CO+, HCO+, HCN, and

HC15N J=3-2 lines (see Table 4.1 for transition frequencies). These lines were chosen

for the following reasons. H13CO+ 3 − 2 was the line previously observed to be

enhanced in Cleeves et al. (2017), and we sought to determine the line was still

enhanced. HCO+ 3 − 2 has not been previously observed in IM Lup (by ALMA or
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Molecule Transition Frequency Beam size
(GHz) (",")

HCO+ 3− 2 267.55762590 (3.96± 0.12, 2.20± 0.05)
H13CO+ 3− 2 260.25533610 (4.16± 0.23, 2.41± 0.08)

HCN 3− 2 265.88643430 (3.98± 0.13, 2.22± 0.04)
Continuum 260

Table 4.1 The lines and frequency targeted in these observations. HC15N is not
included, since it was a non-detection. The reported beam covers the range of beam
sizes across all three data sets.

inclination1 47.5
position angle1 144.5
M∗2 (Msun) 1.1
distance3 (kpc) 158.0
system velocity4 (km/s) 4.8× 103

target resolution5 (") 4.0, 4.5∗

dvq5 −2.0

Table 4.2 keplerian mask parameters 1Huang et al. (2018a) 2Teague et al. (2021)
3Gaia Collaboration et al. (2018) 4Pinte et al. (2018b) 5found to best fit the data
∗HCO+ was imaged with a target resolution of 4.0 and HCN mask was generated
with a target res of 4.5.

SMA), and the HCO+ to H13CO+ ratio will constrain optical depth. HCN 3 − 2

has been previously observed by ALMA and is not expected to be sensitive to flares.

This line provides a constraint to determine if the H13CO+ SMA data can be easily

compared to ALMA data. HC15N was a ‘bonus’ line not necessary to complete our

science goals, but would allow us to constrain HCN optical depth if detected.

The typical beam size is near (4.0",2.3"), see Table 4.1 for details. Images were

not smoothed to generate a uniform beam size since the science goal is to determine

whether H13CO+ flux was still enhanced. Since the science goals for this data did

not include classifying minute spectral variations, we find that using images with

approximately the same beam size suffice.
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4.3.2 Imaging Process

We used the python routine keplerian_mask1 to generate two Keplerian masks

centered on the HCO+ and HCN 3− 2 lines (parameters are listed in Table 4.2). We

attempted to image H13CO+ and HCN with the Keplerian masks; however, the final

images and spectra were noisy since the H13CO+ and HC15N lines are exceptionally

fainter than HCO+ and HCN, Instead, H13CO+ and HC15N masks were generated by

clipping the keplerian HCO+ and HCN masks to 5σ. Assuming that the isotopologues

trace each other, this method conservatively masks regions where emission is expected

to occur and produces a more resolved spectrum. Channel maps and masks for

detected line transitions are shown in Appendix C.

We used the task tclean in CASA v6.20.124 to image the four lines. HCO+ and

HCN lines were cleaned using a briggsbwtaper of 0.5 with a spectral resolution of of

0.161 kms−1 (resolution of the observations). The more rare isotopes were imaged with

a robust value of 1.0 and a spectral resolution of three times the natural resolution

(0.483 kms−1). All lines were cleaned to a signal to noise (SN) of 2.

Continuum images were generated by using the CASA task uvcontsub to extract

continuum data from the 260 GHz spectral windows. Continuum data was then

cleaned with the hogbom deconvolver and a robust value of 0.25 to a SN of 0.5.

Spectra, moment zero maps, integrated line and continuum fluxes, and errors are

found using the same methodology as Waggoner et al. (2023) and will not be repeated

here.
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Figure 4.1 Line spectra for HCO+, H13CO+, and HCN 3−2 lines. The dashed grey line
indicates the accepted IM Lup source velocity (4.5 kms−1, Pinte et al., 2018a). Note
that the spectra for each observing day and the integrated spectrum are consistent
within error (see Section C.1).

Figure 4.2 260 GHz continuum images for each of the observations and the integrated
image. The continuum remained effectively constant across both observations.
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Date Disk Integrated Disk Integrated
H13CO+ 3− 2 (Jy kms-1) Continuum (Jy)

17/July/2014∗ 0.466± 0.032 0.286± 0.003
29/Jan/2015∗ 0.590± 0.020 0.308± 0.001
13/May/2015∗ 1.254± 0.019 0.307± 0.001
15/May/2021 0.297± 0.030 0.198± 0.010
13/Jun/2021 0.186± 0.046 0.185± 0.020

Table 4.3 Integrated line and continuum flux for each of the five observation epochs.
The flux was approximately doubled on 13/May/2015, and is approximately the same
on the other four epochs. Notably, the last two observations are slightly lower than
the first two, but this is likely due to SMA and ALMA flux sensitivity differences.
∗ indicates data from Cleeves et al. (2017)

4.4 Spectra and Continuum Images

We found that a source velocity of ∼ 4.8 kms−1 resulted in the best fit masks, but

the the accepted source velocity of IM Lup is 4.5 km−1 (Pinte et al., 2018b). This

velocity shift is most likely caused by cloud contamination in the foreground, which

is consistent with previous observations of the CO 3− 2 and 2− 1 lines.

The HCO+, H13CO+, and HCN 3−2 lines were all clearly detected in both obser-

vation epochs, as shown in Figure 4.1; however HC15N was not detected. Both HCO+

and H13CO+ spectra are consistent with a symmetrical ‘double-horn’ spectrum, which

is caused by the Keplerian rotation of the disk. The HCN line also has features con-

sistent with the double-horn spectrum, but the line is broadened and asymmetrical.

This is likely caused by unresolved hyperfine lines. The detected lines spectra and

continuum flux (Figure 4.2) are consistent across both observations within 1σ, as

further discussed in Appendix C.

1Developed by Richard Teague and publicly available on github at
https://github.com/richteague/keplerian_mask

https://github.com/richteague/keplerian_mask
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Figure 4.3 H13CO+ 3 − 2 spectra observed on five separate days. Data collected
on 17/July/2014, 29/Jan/2015, and 13/May/2015 (indicated by dashed lines) were
collected by ALMA and reported in Cleeves et al. (2017). Data taken on 15/May/2021
and 13/Jun/2021 were taken with the SMA. The line flux is approximately doubled
on 13/May/2015 compared to all other observations.
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4.5 Conclusions

We present SMA observations of the HCO+, H13CO+, and HCN J=3-2 line tran-

sitions in the IM Lup protoplanetary disk. These observations were a follow up of

ALMA observations of H13CO+ 3− 2 reported in Cleeves et al. (2017). Cleeves et al.

observed the H13CO+ 3−2 flux to approximately double on one observation day com-

pared to two previous epochs while continuum flux (and therefore disk temperature)

remained constant.

We re-observed the H13CO+ 3−2 line for the first time since it’s reported enhance-

ment and found that the line has returned to its ‘quiescent’, non-enhanced flux with

a peak at ∼ 0.18Jy. Additionally, we find that the HCN 3− 2 line flux is consistent

with previous observations (Guzmán et al., 2021), and we report the HCO+ 3−2 line

for the first time.

Notably, the SMA data reported here has significantly lower uv coverage compared

to the previous ALMA observations in Cleeves et al. (2017). As discussed in Section

include, telescope configuration and baseline coverage affect the final images. How-

ever, the non-overlapping uv coverage considered here corresponds to longer baselines

achievable by ALMA but not the SMA. Since both telescope facilities have sufficient

uv coverage at shorter baselines, we consider any loss or variations introduced by

varying visibilities to be insignificant within error.

When combined with previous observations, our data supports the X-ray flare

theory proposed by Cleeves et al. (2017); this theory states that a X-ray flaring

event from the young, central star enhanced the abundance of gas-phase cations, like

HCO+. While we cannot constrain the exact duration of enhancement, since the data

has been taken over course of several years, we have confirmed that the enhancement

was short-lived when compared to other astrophysical events.
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These are the first set of observations that directly support the theory that X-ray

flares can temporarily increase the abundance of gas-phase cations. Although the

theory cannot be confirmed, since there were no X-ray observations at the time the

flare would have occurred, these data are the inspiration and motivation behind a

multi-wavelength campaign designed to constrain flare driven physics and chemistry.

These observations are discussed in further detail in Chapter 7.

4.6 Chapter Acknowledgements

This chapter makes use of the following SMA data: 2020B-S041.
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Chapter 5

MAPS: Constraining

Serendipitous Time Variability in

Protoplanetary Disk Molecular

Ion Emission

“If you’re always on time, it implies that you never have anything better you should

be doing.”

Brandon Sanderson, Mistborn
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5.1 Abstract

This chapter was originally published by Waggoner et al. (2023) in the Astrophys-

ical Jounral with the co-authors L. Ilsedore Cleeves, Ryan A. Loomis, Yuri Aikawa,

Jaehan Bae, Jennifer B. Bergner, Alice S. Booth, Jenny K. Calahan, Gianni Cataldi,

Charles J. Law, Romane Le Gal, Feng Long, Karin I. Öberg, Richard Teague, and

David J. Wilner.

Abstract: Theoretical models and observations suggest that the abundances of

molecular ions in protoplanetary disks should be highly sensitive to the variable ion-

ization conditions set by the young central star. We present a search for temporal flux

variability of HCO+ J= 1 − 0, which was observed as a part of the Molecules with

Atacama Large Millimeter/submillimeter Array (ALMA) at Planet-forming Scales

ALMA Large Program. We split out and imaged the line and continuum data for

each individual day the five sources were observed (HD163296, AS 209, GMAur,

MWC480, and IM Lup, with between three and six unique visits per source). Signif-

icant enhancement (> 3σ) was not observed, but we find variations in the spectral

profiles in all five disks. Variations in AS 209, GMAur, and HD163296 are tentatively

attributed to variations in HCO+ flux, while variations in IMLup and MWC480 are

most likely introduced by differences in the uv coverage, which impact the amount

of recovered flux during imaging. The tentative detections and low degree of vari-

ability are consistent with expectations of X-ray flare-driven HCO+ variability, which

requires relatively large flares to enhance the HCO+ rotational emission at significant

(> 20%) levels. These findings also demonstrate the need for dedicated monitor-

ing campaigns with high signal-to-noise ratios to fully characterize X-ray flare-driven

chemistry.
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5.2 Introduction

Molecular abundances within protoplanetary disks have traditionally been ex-

pected to evolve over tens to hundreds of thousands of years or longer (Henning &

Semenov, 2013; Öberg & Bergin, 2021, and references therein). However, young pre-

main sequence stars at the center of disks are active in the X-ray regime on timescales

of days to weeks (e.g. Getman et al., 2005; Wolk et al., 2005; Getman et al., 2022b,a).

Due to an unstable dynamo, young stars regularly undergo magnetic reconnection

events which result in a larger burst of X-ray photons commonly known as an X-ray

flare (Güdel, 2004, and references therein), which can temporarily increase the X-ray

flux and disk ionization rates (Ilgner & Nelson, 2006d). Flares can range in strength,

increasing the flux by a factors of a few to several hundred times the baseline flux

(Getman et al., 2005; Getman & Feigelson, 2021)

Flare-driven variable ionization rates drive variability in chemical species in disks.

This variation largely stems from time variability in the ionization of H2 and He, which

play a major role in driving cold molecular chemistry (Maloney et al., 1996). For

example, a single strong flare (i.e., 100 times stronger than the baseline luminosity)

can temporarily increase the abundance of H+
2 by up to a factor of ∼ 70. H+

2 then

forms H+
3 , which enhances the formation of gas-phase species, such as H2O, near

the disk surface (< 100 au from the central star Waggoner & Cleeves, 2019). Gas-

phase cations are especially sensitive to flares, where some species, such as HCO+ and

N2H+, can be increased by several orders of magnitude for days or weeks depending

on the strength of the flare. For example, Waggoner & Cleeves (2022) found that a

single strong flare can increase the disk integrated abundance of HCO+ and N2H+

by ∼ 4 and ∼ 3, respectively. Additionally, the cumulative effect of thousands of

flares aids in the advancement of chemical complexity over the course of hundreds of
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years by marginally (∼ 1% change) increasing the production of carbon chains and

organosulphides (Waggoner & Cleeves, 2022).

While this study is motivated specifically by flare-driven variable ionization rates,

it is important to note that other processes can drive variability. For example, ac-

cretion outbursts are known to increase UV flux and disk temperature. Observations

and models indicate that outbursts evaporate ices and increase gas density, which

in turn drives chemical reactions (e.g., Molyarova et al., 2018; Kóspál et al., 2021;

Leemker et al., 2021; Ruíz-Rodríguez et al., 2022; Fischer et al., 2022; Tobin et al.,

2023).

Significant enhancement in the flux of a gas-phase cation has been reported pre-

viously by Cleeves et al. (2017) in observations of the H13CO+ J=3 − 2 line with

the Atacama Large Millimeter/submillimeter Array (ALMA). Cleeves et. al observed

H13CO+ J=3 − 2 in the IM Lup protoplanetary disk on three separate days: July

2014, January 2015, and May 2015. In July 2014 and January 2015, the H13CO+

flux was effectively constant, but in May 2015 the flux doubled (an increase by 28σ).

They concluded that enhancement was not caused by an increase in temperature, as

the continuum emission remained constant, thus ruling out an outburst or similar

type event. IM Lup, like most young stars, is known to be X-ray variable (Cleeves

et al., 2017). Indeed, the most likely source of H13CO+ enhancement was due to an

X-ray flaring event.

In fact, the detection in IM Lup was serendipitous and is currently the only

source with reported variability. Espaillat et al. (2022) searched for variations in

CO millimeter emission in GM Aur; however no significant variability was seen. This

result was somewhat expected, since chemical models in Espaillat et al. (2022) and

in Waggoner & Cleeves (2022) indicate that the robust CO molecule is not sensitive

to variable X-ray and UV ionization rates.



Chapter 5. MAPS: Constraining Serendipitous Time Variability in
Protoplanetary Disk Molecular Ion Emission 123

This work seeks evidence of flare driven chemistry by searching for variability of

the HCO+ J=1 − 0 line in the five disks, HD 163296, AS 209, GM Aur, MWC 480,

and IM Lup, observed as a part of Molecules with ALMA at Planet-forming Scales

(MAPS) ALMA Large Program (Öberg et al., 2021), which fortuitously was observed

at multiple dates spanning about a year. Section 5.3 describes the observational set

up, sources, and line selection. Section 6.3 describes the CLEANing strategy, method-

ology, and error analysis. The results are presented in Section 6.4, where the degree

of variability is constrained. In Section 5.6, we discuss the presence/absence of vari-

ability, along with possible connections to X-ray flaring events and/or related variable

ionization rates. Section 5.7 provides a summary of this work along with concluding

remarks.

5.3 Observations

The data used in this work were taken as a part of the MAPS ALMA Large Pro-

gram (2018.1.01055.L, Öberg et al., 2021). MAPS observations included five sources:

the IM Lup, GM Aur, AS 209, HD 163296, and MWC 480 protoplanetary disks. Ta-

ble 5.1 includes the coordinates, systemic velocity, and additional observation details

for each disk. MWC 480 and HD 163296 are both Herbig Ae systems, while the other

three are T Tauri systems. These five disks were selected because they are bright

and chemically rich, thus allowing for more in-depth observations (Öberg et al., 2021,

Section 2.1 for more details).

HCO+ J=1−0 observations were carried out between October 2018 and September

2019, where short-baseline data were collected in October and December 2018 and

long-baseline data were taken in August and September 2019. Table 5.2 provides the

baseline coverage and integrated observation time for each observation of each disk.

A detailed description of data collection and the data reduction analysis is provided
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Source Date uv time
(m) (s)

IM Lup 29 Oct 2018 13.5-1258.6 2470.90
20 Aug 2019 35.7-3188.1 3751.49
21 Aug 2019 39.2-3506.6 3698.02

GM Aur 13 Dec 2018 12.7-667.3 2372.98
15 Dec 2018 12.0-687.8 2345.52
31 Aug 2019 22.7-3143.7 3976.56
02 Sep 2019 24.4-3141.3 8548.70
04 Sep 2019 25.7-2904.0 4218.82

AS 209 26 Oct 2018 14.3-1394.8 2520.43
23 Aug 2019 39.9-3396.5 3660.77
24 Aug 2019 31.6-3330.3 3612.77
03 Sep 2019 70.5-3118.4 3666.29
04 Sep 2019 27.7-3627.5 3641.57

HD 163296 22 Oct 2018 12.7-1347.6 2511.17
23 Aug 2019 56.7-2742.3 3503.42
24 Aug 2019 30.3-3335.1 3499.78
25 Aug 2019 39.1-3389.0 3519.79
04 Sep 2019 34.6-3071.5 3508.90
05 Sep 2019 73.0-3637.1 3527.23

MWC 480 13 Dec 2018 12.0-671.2 2974.51
15 Dec 2018 12.1-691.7 2931.70
31 Aug 2019 23.0-3143.8 4141.15
02 Sep 2019 24.7-3142.6 8573.71
04 Sep 2019 26.1-2884.5 4245.26

Table 5.2 The baseline coverage (uv) and total observation time spent on source for
each observation day for each disk. Each unique observation day was a single ALMA
execution block, except 02/Sep/2019 in MWC 480 and GM Aur, which contain two
execution blocks.
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in Öberg et al. (2021) and Czekala et al. (2021), respectively.

For the most part, there was only a single execution per observation day, with the

exception of MWC 480 and GM Aur. Both of these sources were observed twice on

02/Sep/2019. A one day separation was found to be the optimal time to split the

data based on: 1. timing of the execution blocks, 2. optimizing the signal to noise

ratio of the data, and 3. providing the maximum number of distinct observations

possible to search for variability.

For this work, we chose to limit the data to HCO+ 1−0 taken as a part of MAPS.

There are previous observations of HCO+ emission lines and its various isotopes in the

MAPS sources. However, by limiting the analysis to MAPS data the analysis is much

more homogeneous and allows for a more robust comparison between observations.

5.3.1 Line Selection

We use Band 3 data of HCO+ J=1 − 0 (89.188525 GHz) for each of the five

MAPS disks. HCO+ was found to be the most likely candidate to trace variable disk

chemistry based on models used in Waggoner & Cleeves (2022), as gas-phase cations

have been shown to be the most susceptible to variable ionization rates. Aikawa et al.

(2021) found that the optical depth (τ) of the HCO+ line is ∼ 1 for each of the MAPS

disks. While a more optically thin line would be more ideal for this study, HCO+

1 − 0 is the only gas-phase cation that is sufficiently bright to allow splitting into

individual images for each observation block.

We investigated whether a similar analysis was possible for neutral species ob-

served simultaneously with HCO+; however, the C2H and HCN lines were too weak

to split into individual observations. A search for minor spectral changes was not

feasible due to low signal to noise ratios.

All data used in this work are publicly available directly on the ALMA archive or
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through the interactive MAPS website1 (See also Section 3.5 in Öberg et al., 2021).

The line measurement set, line mask, and line plus continuum measurement set can

be downloaded directly from the MAPS website. Continuum masks were hand drawn

for each disk.

5.4 Methods

5.4.1 CLEANing Strategy

The line and continuum are imaged using the same process starting with the

measurement sets (described in Section 5.3) using CASA version 6.2, where the line

is flagged from the line plus continuum measurement set to generate the continuum

image. Line images are produced using the briggsbwtaper weighting with a robust

value of 0.5. briggsbwtaper is new to CASA as of version 6.2 and handles gridding

more accurately than the commonly used briggs weighting. All images are CLEANed

to 3σ, where σ is the rms measured in the dirty image. The imaging process proceeds

as follows:

1. Data for each observation day is split into a new measurement set using the

function split in CASA. Data taken on individual days was not further split

because sensitivity would drastically decrease. Additionally, a day was found

to be sufficient time for a flare to occur between epochs (for flare statistics see

Wolk et al., 2005).

2. A dirty image is generated to determine the CLEANing threshold and dirty beam

size.

1alma-maps.info

https://alma-maps.info/
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3. A uv taper is estimated from

btap =

(
b−1
dirty − b−1

des

(b−2
dirty − b−2

des)
0.5

)−1

, (5.1)

where btap is the uv taper, bdirty is the dirty beam, and bdes is the desired beam

size. The taper is unique for each observation execution, but the same taper is

used for both line and continuum imaging. The taper is essential to generate

a uniform, approximately circular beam size (the ‘target beam’, Table 5.1) for

each disk. Without a uniform beam, images for individual days could not be

directly compared.

4. The lower resolution images made by applying the taper to the visibilities were

CLEANed using the MAPS mask pre-smoothed to a larger beam to encompass

all of the line emission. The MAPS mask is used to select the CLEANed region;

however, the mask is pre-smoothed to the new, larger beam to encompass the

full flux of the lower resolution line image. Smoothing is carried out with the

CASA function imsmooth.

5. The CLEANed beam is nearly circular from the uv taper, but not perfectly. The

final image is then smoothed using imsmooth to generate a uniform beam size

and shape for each disk (listed in Table 5.1).

The CLEANing scripts are available upon request from A.R.W.

Figure 5.1 shows the moment zero maps for all observations, which shows inte-

grated line emission. In this case, the moment zero maps were generated by integrat-

ing flux across frequency space across the entire image cube. Maps were generated

without use of the mask. Figure 5.2 shows the continuum images for each observation.
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5.4.2 Flux and Error Analysis

The integrated flux for the continuum emission was determined by integrating all

emission within the hand-drawn mask in the continuum image (Figure 5.2). The

integrated flux was found by integrating all channels with significant flux. Channels

containing the line were defined as any channel that contain data emission greater

than 3σ, where σ was the standard deviation of the unmasked data in each channel.

The error for the integrated line flux (FHCO+) was determined as follows. First,

the mask was randomly shifted to 40 different locations off source. The error of the

integrated flux was then found by taking the standard deviation of the integrated flux

within the off source locations. The error for the integrated continuum flux (Fcont)

was found in a similar manner. This sampling method was used, rather than shifting

the mask to line free channels, due to the limited number of channels available in

the MAPS products’ measurement sets. The flux calibration error is < 20% for all

sources, with the assumption that the continuum flux should be constant across all

observations (Figures 5.3-5.7). Flux calibration error ∼ 10% or greater is consistent

with the ALMA technical handbook (Cortes et al., 2022).

To ensure that any changes in HCO+ emission were not due to changes in source

brightness or temperature, the line flux to continuum flux ratio (FHCO+/Fcont) was

used to compare line brightness for individual observation days. The continuum is

expected to be constant, just as it was observed to be in for the IM Lup disk in

Cleeves et al. (2017).

5.4.3 Baseline Coverage

Interferometrically measured flux is inherently sensitive to the baseline coverage

of the observation. Shorter baselines are known to probe flux better, while being
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Figure 5.1 The moment zero map of HCO+ 1− 0 for each observation execution for
each disk. Each column corresponds to a different disk, while each row represents a
separate observation day. The date of observation is shown in the top of each plot.
Each disk has a unique own color bar with units in mJy. The beam for each disk is
shown in white in the bottom left of the top row of images.
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Figure 5.2 The 90 GHz continuum emission for each observation execution for each
disk. Each column corresponds to a different disk, while each row represents a separate
observation day. The date of observation is shown in the top of each plot. Each disk
has a unique own color bar with units in mJy. The beam for each disk is shown in
white in the bottom left of the top row of images.
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less sensitive to structure, and longer baselines probe structure well, while being less

sensitive to flux (for example see Chapter 5 in Thompson et al., 2017). The MAPS

observations utilized multiple ALMA configurations to optimize the baseline coverage

to include both short and long baselines. While this method is incredibly useful in

generating a complete picture of the disk across multiple scales, varying telescope

configurations adds an additional challenge to compare flux on different observation

days.

Observations with longer baseline coverage, i.e., fewer short baselines, miss flux

on larger scales (Thompson et al., 2017). A minimum baseline distance was set for

each disk to ensure that long baseline observations do not have an artificially lower

flux than images with thorough short baseline coverage. Even though the most “flux

sensitive” baselines were removed, there is still sufficient uv sampling across all epochs

to cross compare them. A range of minimum baseline values was examined, and we

selected values that preserved as many short baselines as possible consistently across

different epochs without cutting out too many short baselines that would introduce

imaging artifacts (listed in Table 5.1). On average there was a 22%± 12 loss in flux

as a result of this process based on comparisons between the clipped data and the

full measurement set.

To further ensure that any detected variability was not artificially introduced by

the varying baseline coverage, the PYTHON routine vis_sample2 was used to create

‘mock’ data sets for each observation of each disk. The mock data was generated

by first imaging the time integrated images of HCO+ J= 1 − 0 (i.e., the complete

observation set), as was done by Aikawa et al. (2021). The time integrated image is

considered to be the ‘ground truth’ to generate the mock data set. Synthetic ALMA

2vis_sample is publicly available under the MIT license at
https://github.com/AstroChem/vis_sample and described in further detail in Loomis et al.
(2018)

https://github.com/AstroChem/vis_sample
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observations were created by running the time integrated image through vis_sample

for each of the observation days. This generated a synthetic observation using the

same visibility effects as the actual observation. Mock images were created by imaging

the synthetic observations using the same CLEANing process used for the real data

(described above). This process helps constrain variability in HCO+ or continuum

emission introduced by visibility (i.e., uv sampling) effects, but the possibility of

visibility effects is still considered in the results.

5.4.4 AS 209

AS 209 is the faintest source in HCO+ 1−0 of the five disks (Figure 5.3). Previous

observations have revealed a cold molecular cloud in the foreground of AS 209, and

the cloud absorbs cold emission from AS 209 at select velocities in CO gas (Öberg

et al., 2011; Huang et al., 2016; Favre et al., 2019) and in HCO+ gas (Law et al.,

2021). In this source, HCO+ 1 − 0 is considered to be tentatively variable over the

MAPS observations.

5.5 Results

5.5.1 General Behavior

A variable source is defined as any source with at least one observation where

there is a ≥ 3σ change in disk integrated FHCO+/Fcont. A tentatively variable source

is defined as a source with at least one observation day that has variability in the

HCO+ J= 1 − 0 intensity spectrum. Spectral variability is defined on a case by

case basis in the following sections. In this work, all changes in spectral shape are

considered tentative due to (relatively) low signal to noise ratios (S/N). A tentatively

variable source does not display variations in the disk integrated FHCO+ , Fcont, and

FHCO+/Fcont, i.e. all integrated flux values are within 3σ of each other. All tentative
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Figure 5.3 Left : The HCO+ J=1−0 spectra in the AS 209 disk for each unique observa-
tion day. The grey bars one the left represent the maximum and mean error (standard
deviation) for all channels across all observations. Right : The disk integrated con-
tinuum flux (Fcont, bottom), disk integrated HCO+ 1 − 0 flux (FHCO+ , middle), and
normalized line flux with respect to the continuum (FHCO+/Fcont, top) for each day
HCO+ 1− 0 was observed in AS 209. Units for FHCO+/Fcont are mJy km s−1 mJy−1.
Error bars indicate 1σ. Grey dashed lines in bottom plot indicate ±10% the average
continuum flux.



Chapter 5. MAPS: Constraining Serendipitous Time Variability in
Protoplanetary Disk Molecular Ion Emission 135

variability occurs on a channel by channel basis.

None of the five disks were found to be variable on a disk-integrated basis in

HCO+ J= 1 − 0 emission during the MAPS observations, as is clear in the moment

zero maps (Figure 5.1) which are constant within the error bars across nearly all

epochs. On 03/Sep/2019, the disk integrated HCO+ line flux observed in the AS 209

disk has more of an oval shape compared to the other epochs, which are more circular.

This morphological difference appears to be a result of a small excess of blue shifted

emission on 03/Sep/2019 compared to the other days (discussed further in Section

5.4.4). On 21/Aug/2019, HCO+ emission in IM Lup is brighter than the other epochs.

However, our analysis suggests the brighter line flux is likely caused by differences in

baseline coverage (discussed further in Section 5.5.5).

While the disk integrated flux remained constant within the error bars for all

disks, we report tentative variability in three of the five disks: AS 209, GM Aur,

and HD 163296. Each of these disks feature some form of variability or shift in the

HCO+ spectral shape, as further discussed below (Sections 5.4.4, 5.5.3, and 5.5.4).

MWC 480 also displays a shift in the HCO+ spectral shape, but this shift is at the

level of the noise (Section 5.5.6). IM Lup has a brighter peak at 6.8 km s−1 than

other observation days, but the higher flux is most likely caused by baseline coverage

(Section 5.5.5). Noise on a channel by channel basis is further discussed in Appendix

D.2.

As discussed in Section 5.4.3 and Appendix D.1, we investigate if the differences

in baseline coverage impact the measured flux. A “known flux” model was created

using vis_sample. The analysis suggests that the tentative HCO+ spectral variability

in AS 209, GM Aur, and HD 163296 was unlikely to be introduced by differences in

baseline coverage at the level of the noise in the data. However, IM Lup and MWC 480

appear to have been impacted by these effects.
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5.5.2 Continuum

There are no significant and distinguishable differences in the continuum images

taken as a part of the MAPS observation set (Figure 5.2). For each disk, disk inte-

grated Fcont values (taking into account RMS uncertainty) were within 10 ∼ 20% of

each other. This magnitude of variation is consistent with the acceptable level of flux

calibrator uncertainty reported for ALMA (Francis et al., 2020; Cortes et al., 2022).

Therefore, all observations of continuum emission are constant within error for all

disks.

While a clear (> 3σ) change in integrated flux is not seen, the spectral peak at 6.1

km s−1 relative to the source velocity is ∼ 62% higher on 26/Oct/2018 compared to

the other observation days. Additionally, the emission peak shifts towards the source

velocity by ∼ 5.1 km s−1, or by one channel, on 26/Oct/2018. Notably, October 2018

has the best short baseline coverage, and the increase in emission and peak shift could

be attributed to higher sensitivity to extended emission on this date.

There is also some variability in the wings, notably on 3/Sep/2019 where a higher

flux is is seen at 12.1 and 1.6 km s−1. Emission at 1.6 km s−1 is significant, since this

is the only day that blue shifted emission is detected for any of the observed dates.

While it is difficult to say with certainty, there is a slight elongation in the moment

zero maps (Figure 5.1) on this day compared to the other dates. The channel maps

showed that the excess emission was centrally peaked.

Changes in the spectrum are considered tentative, and a higher S/N is required to

confirm if the general variable behavior of this source is indeed real or a noise artifact.
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Figure 5.4 Same figure description as Figure 5.3, but for GM Aur.

5.5.3 GM Aur

HCO+ 1− 0 is considered tentatively variable in GM Aur due to slight variations

on 31/Aug/2019 (Figure 5.4). On this day, peak FHCO+ at 6.6 km s−1 is ∼ 25%

higher than the other epochs. The peak at 4.6 km s−1 remains constant across all

observations. On 2/Sep/2019 a shoulder is visible at 9.6 km s−1 that is not seen on

the other observation days.

Notably, both occurrences of variability are asymmetric, where channels within

the red shifted portion of the spectrum are enhanced while the blue-shifted side of

the spectrum remains constant. The complex substructure observed in GM Aur may

be the force behind asymmetric variations. As a flare propagates through the disk

light could be asymmetrically scattered due to spiral arms, which were seen in 12CO

gas emission (Huang et al., 2021). However, spiral arms were not seen in HCO+

emission, which indicates that the substructure of GM Aur is complex. Without
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Figure 5.5 Same figure description as Figure 5.3, but for HD 163296.

further modeling it is uncertain how exactly the spiral arms would influence flare

propagation or chemical changes.

5.5.4 HD 163296

HD 163296 is considered tentatively variable in HCO+ 1−0 emission (Figure 5.5).

On 22/Oct/2018 (the first epoch) the double peaks are symmetrically ∼ 15% higher

than the following observations. This change is small, symmetric, and only occurs on

one day, so calibration or baseline effects could have introduced the variation. While

steps were taken to minimize variations introduced by baseline coverage (Section

5.4.3), the October 2018 observation has more complete low baseline coverage than

the later observations. While steps were taken to minimize variations introduced by

baseline coverage, this epoch was the most impacted by flux loss. There was a 42%

loss of flux on this day when small baselines were removed, which indicates that the

October 2018 observation was strongly impacted by visibility effects. This sensitivity
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indicates that the enhancement could be caused by unaccounted visibilities. Even

though our investigation of flux recovery did not suggest this to be true (Figure

D.1c), the possibility is not ruled out.

5.5.5 IM Lup

Though significant variability was seen in H13CO+ J = 3− 2 in previous observa-

tions (Cleeves et al., 2017), the HCO+ 1− 0 flux is observed to be relatively constant

in this data set (Figure 5.6). The spectral peak at 6.8 km s−1 is ∼ 26% higher

on 21/Aug/2019 compared to other observations, which is also seen in the moment

zero maps (Figure 5.1). However, the fluctuation may be due to baseline coverage.

Flux retrieval on a model of known flux (using vis_sample) shows the same spec-

tral variation, suggesting that the increase in emission is introduced by differences in

uv -coverage (Figure D.1d).

IM Lup has slightly better low baseline coverage than the other four sources,

with 90% of baselines being ≥ 280m for IM Lup and ≥ 310m for all other sources.

Additionally, IM Lup is the most extended source (gas emission up to ∼ 750 au; Panić

et al., 2009; Avenhaus et al., 2018) in the sample, thus the large scale emission area

is more sensitive to shorter baselines.

5.5.6 MWC 480

The disk integrated HCO+ 1 − 0 line flux in MWC 480 is effectively constant

during the MAPS observations (Figure 5.7). The line shape is a symmetric double

horned peak and the emission remains constant in flux and shape on all observation

days except 4/Sep/2019. On this day, the spectral shape becomes symmetrically

singly peaked at the source velocity (5.1 km s−1). The data from this day are noisier

with a lower S/N (see Appendix D.2), therefore the single peak profile may be due

to noise.
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Figure 5.6 Same figure description as Figure 5.3, but for IM Lup.

There is also a small blue-shifted peak of emission at −2.4 km s−1 only seen on

4/Sep/2019. The emission is present across two channels and has a peak significance

of ∼ 5σ in disk-integrated line flux. Interestingly, a blue-shifted peak was also seen in

earlier observations of HCO+ 3−2 as a part of the Disk Imaging Survey of Chemistry

with SMA (DISCS) survey (Öberg et al., 2010). At this time the origin of this

tentative enhancement in emission at −2.4 km s−1 is unclear, although it could be

due to a jet (Grady et al., 2010) or other similar phenomena.

5.6 Discussion

This work was motivated by models (Waggoner & Cleeves, 2019, 2022) and ob-

servations (Cleeves et al., 2017) that suggest flare driven variable X-ray ionization

rates result in variable gas-phase cation abundances. In each of the five MAPS disks,

some degree of spectral variation was seen in their HCO+ 1 − 0 emission. However,

generally the variations were small (≲ 3σ), and occurred within discrete parts of the
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Figure 5.7 Same figure description as Figure 5.3, but for MWC 480.

spectrum rather than an overall increase in emission.

5.6.1 Possible Sources of Spectral Variability

The two most likely scenarios that could explain spectral variations seen in this

work are as follows. First, observed changes in flux could be astrophysical, i.e.,

real variations in HCO+ emission. Second, the changes in measured line emission

could be non-astrophysical and instead introduced as a result of the observing and/or

imaging process. In this section, we discuss the possibility of both scenarios, and the

observational consequences of each scenario.

Possible Astrophysical Origins of Variability

In this discussion we classify possible variability sources, but it should be noted

that ‘types’ of variability may not (and are likely not) exclusive to one another. In

reality variability in astronomical sources is incredibly dynamic, where bursts, flares,

and other similar phenomena occur across the electromagnetic spectrum and can even
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include cosmic rays. For example, accretion outbursts increase both UV ionization

rates and temperature (Molyarova et al., 2018), and X-ray flares are often associated

with coronal mass ejections (Benz & Güdel, 2010). Increased ionization rates driven

by radiation are the most likely sources of the spectral changes we report.

X-ray flares are one possible source of variability in the HCO+ spectra. Waggoner

& Cleeves (2019, 2022) indicate that changes in abundance scale directly with flare

strength, where larger flares result in a higher and longer increase in HCO+ abundance

than smaller flares. Relatively large X-ray flares (i.e., flares that increase the baseline

X-ray luminosity by tens or hundreds) can increase the abundance of HCO+ by factors

of 2 or more. Relatively small flares, also known as nano- or micro-flares (i.e. flares

that increase baseline X-ray luminosity by a factors of a few Pearce & Harrison, 1988;

Feldman et al., 1997), result in a relatively small HCO+ enhancement. Radiative

transfer models are required to know precisely how flares of varying strengths impact

the HCO+ flux, so for the purpose of this discussion we assume that flux scales directly

with HCO+ abundance.

According to Waggoner & Cleeves (2022), if a relatively large X-ray flare had

occurred a clear and distinguishable change would have been seen in the HCO+ spec-

tra. Previous observations of H13CO+ in the IM Lup protoplanetary disk support

this, where the H13CO+ flux roughly doubled (28σ Cleeves et al., 2017) in one obser-

vation compared to two others. Since all instances of (tentative) variation seen in this

work are relatively small (< 3σ) a strong flare is unlikely to be the source of variation.

However, a relatively small flare, such as a nano- or micro-flare, would drive relatively

small increases in the HCO+ spectrum. Therefore, if the spectral changes reported

in this work were caused by an X-ray flare, they are most likely to have been caused

by a relatively small flare.

T Tauri stars, such as AS 209, GM Aur, and IM Lup are known to be X-ray bright
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and variable (Güdel et al., 2003), thus suggesting that, if the fluctuations are true

changes in HCO+ emission, they are most likely to be caused by X-rays. Herbig stars,

such as MWC 480 and HD 163296 have bright photospheric UV emission, thus the

chemistry of these disks may be more sensitive to the stellar UV radiation field, and

any associated variations (such as accretion or jet variability, Mendigutía et al., 2013;

Francis et al., 2020; Rich et al., 2020). Unfortunately, with low degrees of observed

variability and without concurrent X-ray or UV observations we are unable to directly

confirm the origin of the observed spectral variations.

Variations in the observed line emission could also be caused by changes in disk

temperature instead of a change in molecular abundance. However, we find that the

disk temperature - at least that in the mid-plane - remains constant to within the flux

and RMS error, as indicated by the continuum measurements. Additionally, if there

was a change in disk temperature the spectra would be universally and symmetrically

scaled (assuming the flare uniformally impacts the disk, e.g. Favata et al., 2005) and

the majority of variations in this work were found to occur asymmetrically on a

channel by channel basis. Assuming that the HCO+ 1 − 0 gas and continuum trace

the same temperature regime, then spectral variations would most likely be due to

changes in HCO+ abundance, rather than temperature.

Possible non-Astrophysical Origins of Variability

Alternatively, the observed changes can be a product of how the disks were ob-

served. Some examples include the following. a) By splitting out data on an day-to-

day basis, the data is naturally noisier than the final time integrated image. Lower

signal to noise, as is the case in the MWC 480 spectra, makes assessing low level

variability challenging.

b) We minimized the effect of baseline coverage as much as possible (see Sections



144
Chapter 5. MAPS: Constraining Serendipitous Time Variability in

Protoplanetary Disk Molecular Ion Emission

5.4.3 and Appendix D.1); however, baseline effects cannot be ruled out for HD 163296,

the shift in AS 209 emission peak, or in IM Lup, since these instances of variability oc-

curred when ALMA was in a compact configuration. Our flux recovery tests indicate

that the variability in IM Lup was likely caused by spatial filtering, but HD 163296

and AS 209 variability likely has a different source.

c) Flux calibrators are ideally considered to be constant on observationally rel-

evant time scales, but this is not always the case. In reality, minor changes in flux

calibrator luminosity do occur. If a flux calibrator varied in brightness, a symmet-

ric and uniform change would be introduced in the HCO+ spectra and continuum.

The variations reported here are asymmetric and non-uniform (except HD 163296).

Therefore, we find that the changes in flux calibrator are an unlikely source of vari-

ability. For a complete list of flux calibrators used in this work, see Öberg et al.

(2021).

5.6.2 Tentative First Detection of Spatial Variability in Disks

AS 209 and GM Aur are the first protoplanetary disks with potential spatial

variability, as indicated by a shift in the spectral peak and variations in the line wings

of the spectra. The physical origin of the peak shifts and fluctuations in spectral wings

(if real) cannot be confirmed due to the timing and limit of observation windows, but

a reasonable explanation is that the shift was caused by an X-ray flare propagating

through the disk. This discussion assumes an enhancement of HCO+ immediately

(within minutes) traces the flare, as indicated by Waggoner & Cleeves (2022).

Light produced by large X-ray flares (i.e., a flare that increases the characteristic

luminosity by > 10×) will symmetrically propagate through the disk (due to the large

size of the X-ray emitting region compared to the physical size of the star, e.g. Favata

et al., 2005). If a disk were to be observed immediately after a flare occurs, i.e.,
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after the flare hits the inner disk but has not yet reached the outer disk (hours after

the flare), then an increase in inner disk HCO+ emission would be seen. This effect

would primarily be seen in the high velocity spectral wings, as seen on 03/Sep/2019

for AS 209 and on 31/Aug/2019 for GM Aur.

If the disk were to be re-observed after the flare has propagated through the entire

disk (over a timescale longer than the light crossing time, ∼days), then a uniform

increase in the spectrum would be seen. A uniform enhancement occurred for HCO+

in HD 163296 in this work and H13CO+ in IM Lup in Cleeves et al. (2017), suggesting

that these observations occurred several days after the flare occurred.

After the flare has propagated through the entire disk, inner disk HCO+ molecules

will rapidly dissociate via electron recombination to H and CO, while the outer disk

HCO+ abundance remains enhanced for a longer period due to a lower level of free

electrons. If HCO+ rotational emission were observed during this time, the spec-

trum closer to the source velocity, including the peaks, would be enhanced while the

wings would be quiescent. The spectra observed on 26/Oct/2018 for AS 209 and on

02/Sep/2019 for GM Aur are consistent with this interpretation. How flares change

the chemistry as a function of radius and time is described further in Waggoner &

Cleeves (2022), who report the same phenomena in models of HCO+ column density

throughout a flaring event (see Figure 7 in Waggoner & Cleeves, 2022).

Large X-ray flares originating within extended stellar coronae are expected to

uniformly illuminate the disk, changing the HCO+ abundance across the entire az-

imuthal range. But this is not consistent with the type of variations seen in AS 209

and GM Aur. Since only half of the AS 209 spectrum is visible due to cloud obstruc-

tion, we are unable to determine if the spectral changes were indeed spectrally (and

spatially) symmetric. Future observations targeting warmer HCO+ lines, which are

expected to be less impacted by foreground absorption, are necessary to explore sym-
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metric variations, as shown by Öberg et al. (2011) and Huang et al. (2017). GM Aur

has a known 12CO spiral structure (Huang et al., 2021). When a flare occurs in this

system, X-ray light would still uniformly propagate outward. Instead of uniformly

impacting the disk and enhancing HCO+, the flare could first impact the closest arm,

thus causing an asymmetric increase in the HCO+ spectrum. This cannot be con-

firmed without additional chemical modeling including 3D structure; however, both

cases where FHCO+ increased in GM Aur only occurred in the red-shifted portion of

the spectrum.

5.6.3 Tentative First Detection of Variability in a Herbig Sys-

tem

We report the first tentative detection of HCO+ variability in a Herbig protoplan-

etary disk system, HD 163296. Unfortunately, the peak HCO+ emission occurred

during the first observation window, and the following observation windows did not

occur until a year later. If HD 163296’s enhancement was real, the duration and be-

havior are unknown since it was not re-observed for 9 months. Thus it is challenging

to determine the exact cause of HCO+ variability in this source. While the source

of variability could be an X-ray flare, it is also possible that a fluctuation of UV

radiation could have led to the higher HCO+ emission observed in October 2018.

Fluctuations in UV flux may be a more likely origin than X-rays in HD 163296,

as Herbig stars are more massive and hotter than solar mass T Tauri stars. Stellar

spectrum for Herbig star emission peaks in the UV range, resulting in much lower

relative contributions from X-ray emission than T Tauri stars. Therefore, Herbig

disk ionization may instead be driven by a variable UV flux. Since HCO+ is sensitive

to disk ionization rates, which is connected to both UV and X-ray flux (e.g. Seifert

et al., 2021), it is impossible to determine the exact origin of variability in HD 163296
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without further multi-wavelength monitoring observations.

5.6.4 Comparison to X-ray Flare Models

How does the degree of HCO+ variability compare with that predicted by chemical

models including X-ray flares? Of the five sources observed by MAPS, none showed

strong variability at the level previously seen in IM Lup as reported in Cleeves et al.

(2017). X-ray flares are known to occur on a regular basis (varying by factors of 4 to

10 about once a week for T Tauri stars, Wolk et al., 2005). Stronger flares are rarer;

they occur only every few months (varying by factors greater than 10.)

We can compare this lack of strong chemical variability with disk models reported

in Waggoner & Cleeves (2022). Based on the typical uncertainty in the measured

disk integrated flux, a minimum change of at least 100% in disk integrated FHCO+

is required to confidently detect enhancement (> 3σ). A smaller change may be

detectable in a disk with a higher signal to noise ratio, but this discussion uses the

typical flux and uncertainties in this work. Flare models predict a 2.2% chance

of observing the disk-integrated HCO+ enhanced by a factor of at least 100% when

observed one time on any given day. Each of the MAPS disks was observed between 3

and 6 times, so we can estimate the probability that they are observed to be enhanced

during at least one of these observations.

In total, 24 separate observations were executed. If this entire data set is consid-

ered, then there is a 41% chance of observing clear and distinguishable variability. If

Herbig (observed 11 times) and T Tauri systems (observed 13 times) are considered

separately, then there is only 22% and 25% chance of observing enhancement, respec-

tively. For the HD 163296 disk (observed six times), there was a 12.5% chance of

observing HCO+ to be enhanced by 100% or greater at least one time. For the disks

observed five times, AS 209, GM Aur, or MWC 480, there was a 10.5% chance of
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observing them with elevated HCO+. Finally, IM Lup was only observed three times,

thus 6.5% chance of observing variability in IM Lup.

Note that the theoretical probabilities discussed here are likely an overestimate of

the chance of detecting a flare, since many of the MAPS observations occurred within

several days with each other, while the modeled statistics are derived from a 500

year window and assume observations are independent. This discussion also assumes

HCO+ emission increases linearly with an increase in abundance, which is only true if

the line is optically thin and the emitting conditions are constant. Additionally, these

statistics are true for X-ray flares produced by T Tauri stars, and the probability of

observing X-ray or UV driven variability in a Herbig star is likely different.

5.7 Conclusions

Fluctuations in ionization, such as an X-ray flaring event, have been shown to

temporarily increase the abundance of gas-phase cations, which results in time vari-

able emission. In this work we searched for variability in HCO+ J=1 − 0 in the

HD 163296, AS 209, GM Aur, MWC 480, and IM Lup protoplanetary disks using

data from the MAPS ALMA Large Program. While disk integrated FHCO+ remained

constant within the uncertainty across all observations, low level spectral variability

was seen in all five disks.

• AS 209: On 26/Oct/2018 the HCO+ spectral peak is increased and shifted blue-

ward toward the source velocity. While this particular shift could be impacted

by baseline coverage, there is also variation in the spectral wings and an increase

in blue shifted emission is also seen on 03/Sep/2019.

• GM Aur: There is an asymmetric increase in peak emission on 02/Sep/2019,

and enhancement in the red-shifted wing is also seen on 31/Aug/2019. The
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asymmetric spectral shifts may be due to disk structural asymmetry, as GM Aur

has spiral arms in 12CO gas emission.

• HD 163296: The spectral peaks are slightly enhanced on 22/Oct/2018 compared

to later observations. While this could be due to an increase in ionization rates,

this fluctuation could also be due to varying baseline coverage.

• IM Lup: There is an asymmetric increase in emission for the red shifted peak

on 21/Aug/2019, but this same phenomena occurs in data simulated using

vis_sample. Therefore, the spectral variation in IM Lup is most likely intro-

duced by differences in baseline coverage between observations.

• MWC 480: There is a change in spectral shape on 04/Sep/2019, where the

spectrum has a single peak compared to two peaks on the other observation

days. However, the change in shape can be attributed to higher levels of noise

and is not conclusively astrophysical.

Our observations are consistent with the theory that a temporary increase in high

energy stellar emission can drive changes in the abundance and flux of gas-phase

cations in planet-forming disks (Waggoner & Cleeves, 2022).

Additionally, we show that substantial serendipitous fluctuations in disk-integrated

flux as was seen in IM Lup (Cleeves et al., 2017) are rare. In order to confidently de-

tect flare driven chemistry and constrain spectral variation, a dedicated time domain

campaign, optimizing high S/N, is required. A designated time domain observing pro-

gram is necessary to measure variable gas-phase cation emission. Such a program will

be scientifically useful, as it could result in measurements of electron abundances and

information about magnetic fields, magnetorotational instability (MRI), and disk ac-

cretion (e.g. Balbus & Hawley, 1991; Glassgold et al., 1997; Ilgner & Nelson, 2006b).
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Chapter 6

Improving Undergraduate

Astronomy Students’ Skills with

Research Literature via

Accessible Summaries

“The purpose of a storyteller is not to tell you how to think, but to give you

questions to think upon.”

Brandon Sanderson, The Way of Kings
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6.1 Abstract

This chapter is a part of collaborative study with Astrobites. This work is cur-

rently in peer review with Physical Review Physics Education Research. As a Co-PI

I am second author on this paper, and Briley Lewis (Co-PI) is the first author. My

primary role in this project was data collection, anonymization, and organization,

but I was also an active member in the data analysis and writing.

Abstract: Undergraduate physics and astronomy students are expected to engage

with scientific literature as they begin their research careers, but reading comprehen-

sion skills are rarely explicitly taught in major courses. We seek to determine the

efficacy of lesson plans designed to improve undergraduate astronomy (or related) ma-

jors’ perceived ability to engage with research literature by using accessible summaries

of current research written by experts in the field. During the 2022-2023 academic

year, twelve faculty members incorporated lesson plans using accessible summaries

from Astrobites into their undergraduate astronomy major courses, surveyed their

students before and after the activities, and participated in follow-up interviews with

our research team. Quantitative and qualitative survey data clearly show that stu-

dents’ perceptions of their abilities with jargon, identifying main takeaways of a paper,

conceptual understanding of physics and astronomy, and communicating scientific re-

sults all improved with use of the tested lesson plans. Additionally, students show

evidence of increased confidence of their abilities within astronomy after exposure to

these lessons, and instructors valued a ready-to-use resource to incorporate reading

comprehension in their pedagogy. This case study with Astrobites-based lesson plans

suggests that incorporating current research in the undergraduate classroom through

accessible literature summaries may increase students’ confidence and ability to en-

gage with research literature, as well as their preparation for participation in research
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and applied careers.

6.2 Introduction

Research experience is an integral part of modern STEM undergraduate education,

especially for students who plan to continue on to graduate study in the field, and

undergraduates are often highly encouraged to get involved in research early in their

careers. Exposure to research during undergraduate education also provides a number

of benefits, including helping students build research skills, providing a basis for

career planning, and encouraging students to develop scientific mindsets (Seymour

et al., 2004). Exposure to current research in the classroom is also known to have a

positive impact on undergraduate learning experiences, as current literature directly

shows students what questions they can answer in their future studies and provides

real-world motivation for course content (Donohue et al., 2021; Wooten et al., 2018).

Recent work exploring Course Based Undergraduate Research Experiences (CUREs)

in physics and astronomy further supports the positive benefits of including research

in the classroom (Rector et al., 2019; Werth et al., 2022; Oliver et al., 2023; Werth

et al., 2023; Hewitt et al., 2023).

However, scientific research requires the ability to comprehend the literature of a

field, and jargon and niche topics used in scientific literature are often a significant

barrier for budding scientists. This barrier can be particularly high for underrepre-

sented students who may not have the support or experience needed to parse dense

and jargon-heavy papers (Barthelemy et al., 2022; James et al., 2020; Kricorian,

Katherine and Seu, Michelle, and Lopez, Daniel and Ureta, Elsie and Equils, Ozlem,

2020). Reading comprehension skills are also rarely explicitly taught in the higher

education science classroom, despite the fact that research shows that interventions

focused on discipline-based reading and writing skills are beneficial to students–for
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example, these interventions can empower students to better contextualize their work

and engage in scientific discourse, making them more effective, culturally-aware, and

well-rounded scientists (Duncan & Arthurs, 2012; Sørvik & Mork, 2015; Szymanski,

2014; Pelger & Nilsson, 2016; Lewis et al., 2022)–and correlate with success in STEM

courses (Akbasli et al., 2016). The recent Phys21 report from the Joint Task Force on

on Undergraduate Physics Programs from the American Physical Society, National

Science Foundation, and American Association of Physics Teachers further empha-

sized the need for literature and communication skills as preparation for 21st century

careers, and the lack of existing preparation for said skills; for example, they state,

“Unless they write a senior thesis, undergraduates are also not often called upon to

search the literature; read, analyze, evaluate, interpret, and cite technical articles;

and make specific use of the scientific and engineering information therein, despite

the fact that graduates are likely to be called upon to do so whether they pursue

graduate study or enter the workforce” (Heron et al., 2019). Reading and writing

skills may be neglected due to a number of reasons: lack of priority in an already

content-packed curriculum (Williams, 2020), lack of awareness of current education

research and methods (Van Schaik et al., 2018; Shkedi, 1998; Young et al., 2022), lack

of preparation for teaching these skills (Adler-Kassner & Estrem, 2007), and a lack

of time and resources to implement new lessons (Henderson & Dancy, 2007; Dancy

& Henderson, 2010). Despite these challenges, there already exist natural opportu-

nities to explicitly introduce reading and writing skills into physics and astronomy

curricula, e.g. via lab courses and CUREs.

Some prior work on reading comprehension in the science classroom has been

completed in physics, including the use of metacognition and question formulation for

improving reading skills (Koch & Eckstein, 1991; Koch, 2001); however, this research

is generally limited, hyper-focused on a specific reading strategy, and not involving
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authentic research literature. The available literature on reading comprehension in

astronomy-specific courses is even more limited (e.g. one study on reading for intro-

ductory non-major courses (Garland & Ratay, 2007)), and the unique culture and

demographic of each STEM sub-field prevents us from blindly extrapolating from the

research of other disciplines, such as biology or chemistry where research comprehen-

sion has been more commonly studied with findings that support the importance of

these skills (e.g. (Susiati et al., 2018).

However, teaching reading comprehension skills for research literature is only one

way to tackle this problem; research literature can also be made more accessible via

simplified summaries written by experts in the field (Kohler et al., 2018; Young et al.,

2022). Accordingly, we propose that offering easy-to-implement, readily available

plans featuring both reading comprehension skills and accessible summaries of recent

literature will be beneficial to student skills and confidence with research literature,

as well as the uptake of educators actually implementing these lesson plans. To this

end, we have developed four astronomy-focused lesson plans to improve students’

skills and confidence with research literature via hands-on experiences with scientific

articles, The concept of using accessible summaries (specifically “science bites”) arti-

cles for reading comprehension exercises in the classroom was originally presented in

Sanders et al. (2012), and practical infrastructure, in the form of sample lesson plans,

are provided in Sanders et al. (2017). Building from these works, this investigation

aims to to gauge the efficacy of interventions focused on reading comprehension and

communication skills involving simplified current literature summaries in achieving

the following goal: improving student confidence with and comprehension of research

literature.

We use lesson plans from the Astrobites website1 as an example of such inter-

1astrobites.org

https://astrobites.org
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ventions, making this a case study from which further research can build to more

generalizable conclusions. These lesson plans harness existing accessible summaries

of research literature hosted on the well-known Astrobites platform supported by the

American Astronomical Society. This website provides accessible daily summaries of

recent research in the field intended for an undergraduate audience, as well as other

professional development and education resources for astronomers. In this work,

we distributed the aforementioned lesson plans and oversaw their incorporation into

undergraduate astronomy courses during the 2022-2023 academic year. Although ex-

isting Astrobites resources can be adapted for a variety of educational levels, this

study focuses on the applications of these lesson plans to undergraduates who are

enrolled in an astronomy or related major 2.

In Section 6.3, we describe the study population, further details on the lesson plans

used, and the design of the surveys and other assessments used in this case study. In

particular, we seek to evaluate the effects of the lessons on their perceived ability to

engage with astronomy literature (particularly with respect to parsing jargon, under-

standing the main takeaways of a paper, their conceptual understanding/intuition,

and their ability to communicate about science) and their perceptions of their broader

ability and belonging in the field of astronomy. In Section 6.4, we discuss the effects

of these lesson plans on students’ perceived abilities, as well as instructor and stu-

dent feedback on these lesson plans. Finally, in Section 6.5, we further explore the

impacts of these lesson plans as shown in our results, and suggest future uses and

investigations inspired by our findings.

2Related majors include physics, astrophysics, biology, math, geology, engineering, chemistry,
computer science, planetary science, and undeclared majors
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6.3 Methods

6.3.1 Lesson Plans

The Astrobites lesson plans can be summarized as follows:

1. Periodic Reading Assignments: Students are assigned Astrobites articles

and an associated list of guided questions which evaluate their conceptual un-

derstanding and reading comprehension.

2. Student Research Project: Students use Astrobites articles to carry out a

research project (delivered as a paper and/or presentation) on an astronomy

topic of their choice.

3. Student Writing Assignment: Students select a research paper and write an

Astrobites-like article summarizing the context, content, and key conclusions.

4. Student Presentation: Students deliver an in-class presentation based on an

Astrobites interview post and paper by the interviewee.

Each lesson plan involves reading about current research topics, whether via an

Astrobites article and/or original research literature. More detailed descriptions can

be found in Appendix E.3, and further detail about Astrobites more generally is pro-

vided in Appendix E.1. Each participating instructor corresponded with the research

team to implement one or more of the lesson plans of the instructor’s choice in their

classroom. All instructors were required to participate in a pre-intervention meeting

to ensure knowledge of study protocols (including how to distribute student survey

assessments) and a post-intervention meeting to gather information on their expe-

rience incorporating the lesson plans in their classes. Research team members only

advised the instructor, answered questions and did not have any direct contact with
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the students themselves. Instructors notified the study team of any deviations from

the lesson plan as provided. Some instructors were allowed to implement multiple

lessons or repeat a lesson multiple times, although the analysis of “dosing effects”

from exposure to multiple lessons is not included in this work.

6.3.2 Assessment Design & Study Population

Student surveys were administered by participating instructors before and after

implementing their chosen lesson plan in the form of a Google Forms survey. The

survey contained both Likert-scale quantitative questions and open-ended written

response questions, probing student perceptions of ability over six categories: pars-

ing jargon, understanding main takeaways, conceptual understanding/intuition, sci-

ence communication ability, broad ability within astronomy, and feelings of belonging

within astronomy. Since the survey did not directly assess student ability, only their

perceptions of their ability, we cannot make strong claims about changes in their ac-

tual abilities or skills, only their confidence. Post-intervention surveys also included

direct questions about lesson plan itself. Student responses were not anonymous,

but identifying information was only used to match pre- and post-survey responses

and categorize students to their instructor to note the lesson plan they completed.

Additionally, instructors participated in post-lesson interviews to gather qualitative

information about the efficacy of the lesson plans and avenues for future improve-

ments. All study protocols and assessments described within were approved by both

UCLA and University of Virginia’s Institutional Review Boards (UCLA IRB#22-

001473 and UVA IRB#5514). Full text of the assessment questions is available in

Appendix E.2.

202 students from 13 courses for astronomy-related majors taught by twelve fac-

ulty instructors across nine institutions participated in this study from Fall 2022 to
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Winter and Spring 2023. Student participants were undergraduates with an intention

to major in astronomy or a related subject, and were either taking the course featur-

ing the Astrobites lesson plan for major or minor credit, or intending to pursue an

astronomy-related career. Six of the host institutions (hosting eight of the courses)

were R1 universities, while three were liberal arts colleges (hosting five of the courses).

Lesson Plan (LP) 1 was taught in eight courses; LP 2 in two courses; a combi-

nation of LPs 1 and 2 in one course; a combination of LPs 2 and 3 in one course; a

combination of LPs 2, 3, and 4 in one course. Out of these 202 students, 82 responded

to both the pre-lesson and post-lesson surveys; all instructors who completed their

participation in the study confirmed distributing the surveys as we instructed, so

we suspect the lower response rate in the post-lesson surveys, leading to the smaller

sample size, is due to an increase in student responsibilities at the end of the school

term when these were often administered. Of the 82 students who participated in

both surveys, 51 were part of Lesson Plan 1, 7 students were in LP 2, and 16 students

were in LP 4. A further 8 students had a combination of Lesson Plan 1 and 2. No

students in both surveys were part of LP 3, neither on itself or in combination with

other LPs.

The qualitative and quantitative data collection for this study took place in paral-

lel. Students responded to both types of questions in a single survey. The investigation

is a convergent mixed-methods study, wherein qualitative and quantitative data are

analyzed separately and then synthesized to provide a broader view of the problem;

as stated in Ponce & Pagán-Maldonado (2015), “The quantitative approach measures

the objective aspects of the problem and the qualitative phase enters the subjective

aspects of the problem or the experiences of the participants.” A consistency anal-

ysis was also completed between the results of the qualitative and quantitative data

collected, as described in Appendix E.6.
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All questions, both qualitative and quantitative, were designed specifically for

this study. Assessments were developed in collaboration with UCLA’s Center for the

Integration of Research, Teaching, and Learning (CIRTL), and drew on established

assessments from education research literature as inspiration to create the surveys

(Bartlett et al., 2018; Elby, 2001; Estrada et al., 2011; Espinosa et al., 2019). The

assessments were pilot tested with astronomy graduate students, who likely have an

experience level intermediate to the undergraduates experiencing the lessons and the

instructors administering them, to ensure the question text was interpreted reliably

and as expected (Litwin & Fink, 1995; Taherdoost, 2016).

6.3.3 Data Analysis

Quantitative Analysis

The data set for quantitative analysis consists of 82 complete pre- and post-survey

responses to the 35 Likert-scale questions listed in Appendix E.2. We summarize the

change in the responses to each question with the 95% confidence interval (‘CI95%’)

for the mean of the pre-post survey differences in student responses. Using the statis-

tics package Pingouin Vallat (2018), we perform a paired t-test for each question

by pairing pre- and post-survey responses for individual students. For each ques-

tion, the p-value was determined using the canonical significance threshold of 0.05

(Bakan, 1966). The effect size is measured by Cohen’s d Cohen (1988), with val-

ues above d = 0.5 classified as ‘moderate,’ values around d = 0.2 as ‘small’, and

smaller values as ‘very small.’ The Bayes factor in favor of the alternative hypoth-

esis (‘BF10’) (e.g., Bartoš & Wagenmakers (2023)) is computed and describes how

many times more likely the observed data are under the alternative hypothesis, ‘H1’:

that student perceptions changed. The survey questions are designed to fit into six

conceptual categories: jargon, main takeaways, conceptual, communication, ability,
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and belonging (Table 6.1). Each question in a category is designed to probe a similar

underlying concept; Figure 6.1 shows the degree to which the questions are related

to each other based on student responses. We also analyzed changes within these

six categories; the same statistical analyses performed with responses to individual

questions were applied to each of the conceptual categories. “Reversed” Likert scale

questions were adjusted 3 by reversing the Likert scale for these responses prior to

performing any group calculations. We also performed an analysis of second-order

correlations, described in Appendix E.7.

Table 6.1 The numbers of questions included in each of the conceptual categories.
The text of each question can be found in Section E.2.

Category Question numbers in category
Jargon 1-5
Main Takeaways 6-11
Conceptual 12-18
Communication 19-24
Ability 25-29
Belonging 30-35

Qualitative Analysis

We explored student responses to open-ended survey questions regarding percep-

tion of ability (Questions 35 through 39, 41, and 44 in Appendix E.2) through reflexive

thematic analysis (Clarke et al., 2015). Codes and sub-codes were determined induc-

tively, based on the content of student responses. All responses were read before

creating codes, and then responses were re-read several times to refine the initial set

of themes/codes. After collective creation of a set of thematic categories by the study

team (referred to herein as codes, and summarized in Table 6.2), five raters (authors

3For quantitative questions 2 and 5, low Likert scores (disagreement) represent greater confidence.
This is the opposite of the majority of the questions, for which higher Likert scores indicate greater
confidence.
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Figure 6.1 Correlation plot showing how survey items are related to each other;
broadly, items in the same category appear to be more closely related. As described
in Table 6.1, Questions 1-5 aim to probe ability with jargon, 6-11 for main takeaways,
12-18 for astronomy concepts, 19-24 for communication skills, 25-29 for perception of
ability, and 30-35 for feelings of belonging.
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BLL, GMD, SH, RL, and IM) independently assigned codes to each response. Codes

applied by a majority of raters were included as the final set of identified codes for

each response, essentially determining the interpretation of the response by consen-

sus; codes applied by ≤ 2 raters were not included, which was relatively uncommon

(≤ 5% of codes were rejected).

We do not compute inter-rater reliability scores here, instead following the philos-

ophy that coding is a flexible and organic process that cannot be separated from the

perspectives of the researchers themselves, and there is no single “accurate” coding

of a qualitative data set (Yardley, 2015; Clarke et al., 2015). It is worth noting that

some students left questions blank, or provided responses that were illegible or unable

to be matched to a code. These responses have all been excluded from the analysis,

and as a result, the number of respondents per question varies; this is accounted for

by reporting percentages instead of raw counts. Responses to student survey feed-

back (Questions 40, 42, and 43 in Appendix E.2) and instructor interviews are read

holistically instead of coded and their broad themes summarized in Section 6.4.2.

Qualitative response codes were tallied, and the percentage of responses in each

main code category (e.g., not including sub-codes) was compared between pre- and

post-lesson surveys. We report the percent change between pre- and post-lesson in

each relevant category and the tallies of post-lesson responses in Section 6.4, Figures

6.3 and 6.4, respectively.

6.4 Results

6.4.1 Observed Changes in Student Attitudes

Summaries from the quantitative analysis are shown in Table 6.3 for the concep-

tual categories and Table 6.4 for selected individual questions displaying particularly
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Table 6.2 Open-ended student survey questions probing perceptions of ability, be-
longing, and learning from the lesson plans, along with the codes used to categorize
them by theme. Sub-codes are indicated with brackets and examples are given in
parenthesis.
Survey Question Codes
How do you feel
about reading scien-
tific research papers?

Intimidation (Int) (intimidated, daunting, overwhelmed, confused,
not comfortable); Require effort (E) (time-consuming, tedious, read
multiple times); Worthwhile (W) (rewarding, useful, necessary); Un-
prepared (U) (lacking knowledge, not taken enough classes, “not
ready yet"); Improved (Imp) (e.g., “better now"); Confidence (Co)
(comfortable, good, “like I can do it"); Cause of feelings (C) [jar-
gon (j), figures (f), writing style (s), audience (a)]; Enjoyment
(En) (interesting, fun, enjoy)

What comes to mind
when you think of as-
tronomy research?

Topics (T) (cosmology, astrobiology, stars, galaxies, exoplanets, etc.);
Perceptions of Research (P) [difficult (d), interesting (i), fun
(f), tedious (t), requires preparation (p) (professors, competence,
education)], Skills (S) [coding (c) (computers, plotting, data anal-
ysis), observation (o) (telescopes, observing), math (m), reading
papers (r), writing (w)], Career desires (C) (e.g. "want to be a
part of it"), Scientific process/discovery (D)

Do you think you
are capable of be-
ing an astronomer
(or related scientist)?
Why or why not?

Yes (Y); No (N); Maybe (M) (depends, yes and no); Confident
(C) (good at it, previous or current experience, have what it takes,
success in classes); Insecure (I) (no, maybe, unsure, grades, imposter
syndrome, doubt); Passion (P) (life long interest, plans for graduate
school); Barriers (B) [learning disorder (d), mental health (h),
minority (m)]

Do you feel like you
belong in astronomy?
Why or why not?

Yes (Y); No (N); Maybe (M); Motivation (Mo) (motivation, pas-
sion, interest); Experience (E) (classes, research, academic success);
Community (C) (welcoming, representation, role models, friends +
peers); Toxicity (T) (toxic, unwelcoming, lack of representation);
Self-doubt (S) (imposter syndrome, negative comparison to peers,
don’t feel smart, lack of academic success, feel overwhelmed)

What is your main
takeaway from this
activity?

Astronomy knowledge (K) (topics, interpreting plots, data); Un-
derstanding of field (U) (breadth of topics, better, how papers writ-
ten, programming, statistics, visuals); Confidence (C) (boost, more
capable, more confident, less daunting, more daunting, decreased); Ac-
cessibility (A) (more accessible, digestible, resources); Motivation
(M)

How have your
feelings about as-
tronomy research
changed as a result
of this activity, if at
all?

Improved (I) (more capable, less daunting, more confident); Enjoy-
ment (E) (appreciation for sci. comm., more inspired to do astro.,
more excited to read papers); Meta-knowledge of field (M) [Re-
sources (r) (e.g. better knowledge of resources available), Options (o)
(better idea of possibilities), Appreciation (a) (appreciation for what
goes into research)]; No change (Nc)
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strong evidence for change: p-value < 0.05, the largest effect sizes (measured by

Cohen’s d), and moderate to extreme evidence for change (measured by BF10). His-

tograms and statistical summaries for all of the questions are shown in Figure E.1

and Table E.1 in Appendix E.5.

All questions but one showed positive mean of differences, indicating an increase

in Likert score, corresponding to an average increase in perceived abilities between

the pre- and post-surveys. The exception is Question 26, “I am capable of succeeding

in my astronomy courses," which had a mean difference of zero and nonsignificant

p-value. The histogram of pre- and post- responses for this question (Figure E.2)

demonstrates that the majority of students perceived themselves as capable of suc-

ceeding in astronomy courses both before and after the intervention.

The analysis for the conceptual categories of questions, as summarized in Table

6.1 and provided in full in Section E.2, is shown in Table 6.3. Every category showed

significant change from pre- to post-lesson. The effect sizes were small as measured

by Cohen’s d, but BF10 provided evidence in favor of change for all groups. Notably,

there is extremely strong evidence for change in the groups perceived ability with

jargon and main takeaways. There is strong or very strong evidence for perceived

ability with conceptual understanding/intuition, perception of science communication

ability, and perceived ability within astronomy. Evidence for changes in feelings of

belonging within astronomy were only anecdotal. This lack of change in feelings of

belonging may be related to Question 26, as described above.

Results from the qualitative coding are summarized in Figures 6.3 and 6.4. In

response to the question “How do you feel about reading research papers?”, responses

citing intimidation lowered by 13.6%, unpreparedness by 6.8%, and enjoyment/fun

increased by 6.8%. Additionally, 6.8% more responses described the importance of

reading research papers. In response to “What comes to your mind when you think of
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Effect Strength in Quantitative Responses

Figure 6.2 Visualization of effect strength across the six categories of concepts probed
in the survey assessment, as presented in Table 6.3. Effects are colored by their
“strength” of the Bayes’ Factor interpretation, from anecdotal (lightest blue) to ex-
treme (darkest blue).

research?”, all categories show small or no change; students overwhelmingly responded

with the topics and skills needed (e.g., coding, observing/telescopes, math, etc.) more

than their feelings about it. In response to “Do you think you are capable of being

an astronomer?”, responses coded as confident were reduced by 6.5%, but responses

coded as insecure were also reduced by ∼11%. Other codes for this question only show

small change, if any. In response to “Do you feel like you belong? Why or why not?”,

yes responses slightly increased while no slightly decreased, and maybe responses

increased by 4%. Responses citing motivation, experience, and community decreased

by ∼4-5%, while self-doubt also decreased by 2%. All codes for this question show

small change, and such minute differences should be interpreted with caution.

Two questions were available on the post-lesson survey only. For the question

“What is your main takeaway?”, 44% of responses described an increased under-

standing of the field, 25% described an understanding of accessibility (e.g., resources,
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science communication), 23% claimed increased confidence, 15% described furthering

their knowledge of astronomy, and a small number reported increased motivation or

decreased confidence. In response to “How have your feelings changed?”, 50% of re-

sponses described no change, 27% said their feelings were “improved” in one way or

another, 12% cited further enjoyment (e.g., appreciation for science communication,

more inspired to do astronomy, more excited to read papers), and 11% described

increased meta-knowledge of the field (e.g., how to find resources, appreciation for

the work involved, career options). Our consistency analysis, described in detail in

Appendix E.6, shows that open-ended responses tend to track Likert scores for each

question; however, the Spearman correlation coefficient is smaller in the post-survey

than in the pre-survey. When looking at the changes in individual students, stu-

dents with initially low scores generally improved, students with initially medium

scores generally showed no change or a slight benefit, and students with initially high

scores generally stayed the same, but a small number decreased, as summarized in

the Sankey diagram in Figure 6.5.

6.4.2 Direct Feedback on Lesson Plans

Both students and instructors were asked to provide direct feedback on the lesson

plans, including their enjoyment, what they found most useful, and what they found

most confusing. Below is a summary of their responses on the lesson plans.

Students had an overwhelmingly positive sentiment towards the lesson plans when

asked, “Did you enjoy this activity with Astrobites?”. 103/119 (86.6%) said they

enjoyed the lessons, with 12/119 (10%) indifferent and 4/119 not enjoying (3.4%).

(Note: for direct feedback, we included responses from students who did not take

the pre-lesson survey, making the sample size 119 instead of the 82 for analysis of

pre-post pairs.) The four who did not enjoy the activity cited an instructor’s addition
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Figure 6.3 Percent changes in number of responses coded as each thematic category
between students’ pre- and post-lesson survey responses. Changes that match our
expected learning outcomes are colored in green, that require further investigation
are in yellow, and that contradict our expected learning goals in red. See Table 6.2
for a full description of code categories.
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Figure 6.4 Student responses to post-survey only questions by percent in each coded
category. Changes that match our expected learning goals are colored in green, that
require further investigation are in yellow, and that contradict our expected learning
goals in red. See Table 6.2 for a full description of code categories.
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to the lesson, personal preference to not read long articles, the lesson plans not being

challenging enough, or wanting more freedom to choose which paper they read (versus

one assigned by their instructor).

Students found the lessons useful because of the real-world applications of the

assignment, increased engagement and discussion in class facilitated by the activities,

the opportunity to practice science writing and communication, and the opportunity

to get a better sense of career options and role models in the field, as expressed

in the below quotes from student responses. The most common response regarding

usefulness, though, was the exposure to research literature and practice reading papers

provided by the lesson plans; five students explicitly cited Astrobites itself as a useful

resource they’re glad to have learned about. Finally, one student encapsulated their

main takeaways as follows, going into detail on how this lesson plan benefited them:

“The main takeaway from this activity if that when you take things step by

step, they aren’t as daunting as they seem. Learning about the scientist,

then a major concept they are involved with, and lastly a paper they

partook in was surprisingly easy to understand. I feel accomplished for

my understanding of all this new material in less then two weeks and I

feel like this information will stick with me for the long run.”

When asked what was most confusing about the lesson plans, students overwhelmingly

cited plots and jargon from the papers–exactly what we’d expect for students just

learning how to engage with scientific literature, as quoted below. Students did not

provide any actionable feedback on the lesson plan itself.

“The scholarly article was the most difficult and confusing, but I am really

glad I overcame that and learned what all of that research had offered me.

Amazing.”
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All instructors said the lesson plan was well-received in their class, and mentioned

the following benefits of the lesson plans (with illustrative quotes below): helping to

get students reading papers, exposing them to what kind of research exists in the

field, increased engagement in class, increases in student confidence, awareness of

Astrobites as a resource, and a change of pace from a normal routine (e.g., problem

sets).

Instructors nearly unanimously stated the most useful aspect of the lesson plan

was simply that it exists; structured/pre-made lesson plans connecting to current

research that can be easily slotted into a course are an extremely beneficial resource

for already over-committed educators. The resource of Astrobites in particular, as

described by one educator, enables connections to literature that may not be possible

otherwise for an introductory course:

“With an Astrobites post, it’s been since simplified enough that we can

cover it in one class, but they still get a lot of the same benefits they get

from working directly with the article.”

Instructors additionally provided helpful feedback and suggestions for improve-

ment, which we will take under consideration next time we revise the lesson plan

resources. These improvements include: incorporating “classic” (e.g., foundational

or historical) papers for their pedagogical value and fundamental roles in the field,

adding a structured option to do Lesson Plan 1 (readings) as a recurring activity, and

adding a reflection component for the presentations (e.g., “What made you choose this

scientist?”). One instructor also requested a forum for sharing Astrobites lesson plans

and resources between instructors, which we hope to implement on our website in the

near future. Additional illustrative quotes from responses are available in Appendix

E.4.
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6.5 Discussion

Both students and educators expressed positive feelings towards the Astrobites

lesson plans in their direct feedback, and our data show positive change in all major

categories probed by the quantitative survey questions (see Tables 6.1), as summa-

rized in Section 6.4.1. The strongest effect sizes were measured for ability with jargon

and main takeaways. The majority of students participating in the study experienced

Lesson Plan 1 (Reading Assignments), where the learning goals are expressly focused

on reading comprehension and jargon. When broken down by lesson plan, the data

clearly show that the group experiencing Lesson Plan 1–which had the most partici-

pants, and directly focused on reading comprehension skills–was driving the extreme

evidence for improvement with main takeaways. Additionally, qualitative responses

such as “I generally find it interesting, especially now that I have a base of knowl-

edge to understand the key concepts” and “usually is a daunting task but Astrobites

makes it manageable” highlight the usefulness of these lesson plans and the accessible

summaries for students’ literature-reading skills.

The amount of students whose scores began and remained high (as shown in Figure

6.5) highlights a limitation in our analysis: students whose initial responses lay to one

extreme or another (the “floor and ceiling effects” (Wang et al., 2008)), i.e., students

whose initial averages in a category were close to 1 or 7. A student with an initial

average of 2 could not exhibit a decrease of more than −1 after experiencing the lesson

plans, while a student with an initial average of 6 could not exhibit an increase of

more than 1. It is also possible that the use of Astrobites may have confused initially

high-scoring students, leading to the small number of decreases in scores, suggesting

that the existing Astrobites lesson plans may be good for introducing students to a

topic but less effective for delving into it further. Alternatively, it is important to
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Figure 6.5 A Sankey diagram showing how the scores of students in each range of
pre-activity scores changed over the course of the study. This diagram maps the
flow of scores for the “understanding" category. “Low" corresponds to a range of 1
to 5, “medium" to a range of 5 to 6, and “high" to a range of 6 to 7. The changes
correspond to the following intervals (measured as average score post-activity minus
average score pre-activity): significant reduction – (-7, -2); slight reduction – (-2,
-0.5); no change – (-0.5, 0.5); slight growth – (0.5, 2); significant growth – (2, 7). The
width of the bars represents the number of students in that flow.

note we only completed the treatment once, and it make take repeated exposures (i.e.

more practice with the lesson plans) for benefits to be realized.

Qualitative responses from students showed a more mixed and nuanced view of

their development from before to after experiencing the lesson plans. Feelings of

belonging were largely improved in the qualitative responses, although their reasons

for their responses varied unpredictably. In response to questions about feelings

while reading research, students less often mentioned feelings of intimidation and

unpreparedness after the lesson, while mentioning more often that papers feel impor-

tant/worthwhile and they are confident in their abilities. However, they also more

often cited papers as requiring effort, and less often as enjoyable after the lesson; we
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interpret this as students having a more realistic understanding of the task at hand,

for better or worse, while also being better equipped to handle it. Similarly, students

reported fewer feelings of insecurity when asked about their ability to be a scientist,

but also fewer feelings of confidence. Decreases in confidence may also be attributed

to the fact that students’ “measuring stick” for themselves has changed since the be-

ginning of the course, as they have gained knowledge and practice (Hiebert et al.,

2012; Kanevsky, 2016).

For a majority of students, as shown in Figure 6.4, the main takeaway from

the lesson was a greater understanding of the field of astronomy, e.g. how research

works, what scientists do, how research publications come to be. Nearly all students’

takeaways were positive and in line with the learning objectives from the lesson plans,

including increased content knowledge, increased confidence with course material, and

a greater awareness of resources and the need for accessibility in science. Although

50% of students claim their feelings about astronomy have not changed as a result of

the activity, those who do claim to have changed are remarkably all positive in some

way.

Students were generally consistent in their qualitative and quantitative responses

for the pre-survey, but this is not the case in the post-survey. We argue that the

greater nuance available in written responses meant that students were more likely to

express a mix of positive and negative feelings — with our qualitative scoring model

for consistency analysis, this could translate to more neutral or negative scores, even

if their overall feelings (as reflected through a collection of Likert scale questions)

showed positive change.

Additionally, students and instructors were largely consistent in their feedback –

instructors reported feeling that their students had gained understanding and per-

spective from the lessons, and most students reported either improved or reinforced
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senses of belonging and understanding in astronomy. Feedback also supported that

our lesson plans were addressing their intended learning goals, which vary slightly

across the four available activities; from post-implementation interviews with the in-

structors, those who used Lesson Plan 1 (reading assignments) commented more on

the usefulness of exposing students to literature, while those who used Lesson Plan 4

(presentations from Astrobites interviews) commented about belonging, diverse role

models, and career options.

6.6 Conclusions and Recommendations

Overall, our results show that the Astrobites lesson plans were largely successful at

their main goal–increasing student comfort and ability with research literature–plus

other beneficial effects, such as increasing student knowledge about the field of as-

tronomy and the process of research. In particular, our reading-intensive intervention

(Lesson Plan 1) significantly improved student ability and confidence with parsing

jargon and understanding the main takeaways of an article. Our results, therefore,

also show strong evidence for the positive benefits of reading comprehension assign-

ments featuring accessible summaries of current literature more generally; as such,

we identify a recommendation for instructors to use such assignments and a need for

further research work in this area to fully maximize the benefits and understand the

mechanisms at play in student learning.

Open-ended responses from participants also indicate that the accessible summary

was a key component of the lesson plans’ success in increasing student confidence

with literature; scaffolding steps have long been shown to improve student outcomes

(Van de Pol et al., 2010), and our work indicates a similar phenomenon for the

task of reading complex scientific articles. Scaffolding scientific research articles can

often be difficult, as the available alternatives to cover the content (namely science
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journalism) often reduce the complexity to the point of being an entirely different,

non-technical genre that likely cannot target the same skills of reading technical

literature. Astrobites and similar efforts represent the creation of a third writing

type in the field, the accessible summary, intended for beginner technical audiences

such as the students in this study population. Our results indicate that this type of

writing is strongly beneficial for students as they enter the realm of scientific research.

As the sample in this paper focused on reading research papers, however, there is

still significant work to be done to explore how writing lessons (e.g. Lesson Plan 3)

impact students in STEM classrooms; we envision this as complimentary work to the

reading comprehension interventions we studied, especially as reading is the first step

to writing (Barger, 2017). Additionally, as mentioned previously, it is yet unclear

how students’ gains will change with repeated exposure to these lessons, e.g., if the

majority of change is in the first exposure or if they grow substantially with practice;

future work will need to test these “dosing effects” to determine the optimal usage of

these lessons.

Accessible summaries show significant promise for bridging the gap between stu-

dents’ entry points and the difficult task of reading scientific literature. Additionally,

it is important to note that instructors were appreciative of the existence of pre-made

resources to use=, as opposed to starting from scratch to incorporate reading in their

courses; future efforts in this area should similarly work to provide instructors with

usable lessons to encourage uptake of reading/writing-focused activities in astronomy

courses. We strongly encourage further work on integrating reading comprehension

exercises and research literature into the classroom, especially through accessible

summaries as in the Astrobites lesson plan models shown herein to positively benefit

students.
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Chapter 7

Conclusions and Future Work

“Books can store information better than we can – what we do that books cannot is

interpret. So if one is not going to draw conclusions, then one might as well just

leave the information in the texts.”

Brandon Sanderson, The Way of Kings
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7.1 Relevance to the Field

Until recently, chemical and disk models ignored stellar variability on relatively

short time scales (compared to the star’s lifetime), but I have established astrochem-

istry in protoplanetary disks as a new time-domain science. I have shown that we

can use the incredibly dynamic ionization levels in T Tauri disks to guide us to

a more comprehensive picture of the chemical history of planets. In this thesis, I

have established the theory behind flare driven chemical variability; I have developed

methodology most likely to lead to successful observations; I have created adaptable

models capable of simulating variable ionization beyond just X-rays.

7.2 Future Work

Today, we still don’t have a complete picture of time variable chemistry. In this

section, I highlight three projects that will be completed in the future to test the limits

of stellar driven ionization and chemistry. I will 1) search for direct observational

evidence of X-ray driven HCO+ enhancement; 2) create a more realistic flare model

to explore the impact of flares on biologically relevant molecules; 3) develop the first

disk chemical model to include time variable coronal mass ejections, which reaches

chemical species deep in the disk mid-plane where planets form.

My future work will not only help us better understand the chemical origin of life,

but this research will also help constrain the types of planet formation processes that

can occur. Magneto-rotational active and inactive zones have been shown to lead to

two different types of planet formation, core accretion and gravitational instability,

respectively. Based on my previous work, flares (and likely CMEs by extension)

can increase gas-phase electron abundance enough to temporarily activate magneto-

rotational instability (electron abundance > 10−14 w.r.t. H, Igea & Glassgold, 1999).
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Figure 7.1 Left: An image of the Orion Nebular Cluster, represented by visual ex-
tinction. The Chandra field of view is represented by the white circle. Each red
point corresponds to a star previously observed in the X-ray regime. Each was a
potential candidate for our observations. Right: An X-ray flare (∆LXR ∼ 45× the
quiescent flux) more than doubles the amount of disk integrated abundance of HCO+
(∆HCO+).

7.2.1 Flare-driven HCO+ Variability in the Orion Nebula Clus-

ter

There is no direct evidence of flare driven chemical variability at this time. While

an X-ray flare is the most likely source of H13CO+ 3 − 2 enhancement in IM Lup

(as discussed in Chapter 4), there are not coordinated X-ray observations to prove

that a flare is the source of enhancement. Unfortunately, there is < 5% chance of

catching observationally significant variability in HCO+ serendipitously, and Cleeves

et al. (2017) were exceptionally fortuitous in observing the disk almost immediately

after what was likely an X-ray flare. Indeed, the best way to prove that X-ray flares

can temporarily increase ionization levels, and therefore gas-phase ion abundance, is

via a coordinated multi-wavelength observation campaign. I am a leading member in

a collaboration that provides has done just this.

Chandra (a space-based X-ray telescope) surveyed hundreds of stars (Represented
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in Figure 7.1) in the Orion Nebula Cluster (ONC). Our team then identified which

stars are actively undergoing a flaring event from a list of previously observed stars as

a part of the COUP survey (Getman et al., 2005). Once candidates were selected, we

triggered observations from ground-based telescopes including the Very Long Baseline

Array (VLBA), the Hobby-Eberly Telescope, and ALMA. I then determined which

of the flaring stars have an observed cold sub-mm emission (i.e., have a gaseous disk)

through previous disk surveys (Ballering et al., 2023; Boyden & Eisner, 2023). I

selected four separate disk systems, and each was successfully observed four times

within the predetermined windows (described below). At this time, it appears that

the observing campaign was successfully executed. We are still processing data, so

this work was not included as an individual chapter.

Our observations will reveal how flares impact the chemistry and physics of proto-

planetary disks, which will have potentially profound implications for disk evolution

and planet formation. The suite of observations aims to measure surface magnetic

field enhancements (via near-infrared line Zeeman broadening), coronal mass ejec-

tions (via milliarcsecond radio continuum detection), and ionization chemistry of

protoplanetary disks (via the H13CO+ J= 3 − 2 transition). This coordinated ef-

fort is only able to occur because of high levels of collaboration between observation

coordinators from around the world. 1

As the PI of the accepted ALMA proposal, I was responsible for all scheduling

and communication in the execution of these observations. H13CO+ wasobserved five

times after the flare occurs, where we hope to catch HCO+ enhancement directly

1I’d like to give a special shout out to Konstatine Getman and Eric Feigelson for actively iden-
tifying flaring stars as Chandra data was still being taken. They worked for several days straight
to ensure that we were able to follow up with ALMA observations within a single day of the first
Chandra epoch. Thanks are also given to Antonio Hayes, who was our contact ALMA scientist.
Antonio ensured that our ALMA observations were observed within the designated windows. He
even responded to my emails well past midnight.



Chapter 7. Conclusions and Future Work 185

Figure 7.2 Higher energy X-ray photons, or “hard” photons, are produced in higher
excess during an X-ray flare. These photons reach further into the disk. Left : X-ray
spectra modeled by XSPEC. The grey spectrum is the ‘quiescent’ spectrum, created
by black bodies BT1 and BT2 , and the black spectrum is a hard spectrum created by
blackbodies BT1 and BT3 . Right : X-ray light curve simulated using XGEN. Larger
flares (red) result in harder spectra, which penetrate further into the protoplanetary
disk. The quiescent flux (blue) are strongest in the disk surface. A disk graphic is
overlaid to demonstrate that BT3 photon penetration is greater than BT2 penetration,
which is greater than BT1 penetration. Representative X-ray driven chemical pro-
cesses are shown in each layer.

after the flare and then monitor the decay in HCO+, as demonstrated in Figure

7.1. To analyze the observed data, I will use reaction kinematics to calculate the

electron abundance through the decay of HCO+ flux. As the dominant destruction

mechanism for HCO+ is dissociative recombination, HCO+ + e− → CO + H, the

relative change in HCO+ abundance is approximately equal to the relative change in

electron abundance. Electron abundance has never been measured in a protoplanetary

disk system, so my results will give us never before seen information on ionization

and magneto-rotational instability, which guides the types of planet formation that

can occur.
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7.2.2 Does X-ray Hardening Magnify Molecular Complexity?

My X-ray flare model, XGEN , simulates an X-ray light curve based on observed

flare statistics. I have incorporated XGEN into a chemical disk model, where X-ray

flares are simulated by uniformly scaling disk X-ray ionization rates with respect to

relative flare strength. This process effectively uniformly scales the X-ray spectrum

when a flare happens, but in reality a process known as spectral hardening occurs,

where more ‘hard’ photons (>1keV) are produced with respect to ‘soft’ photons (∼

1 keV), as demonstrated in Figure 7.2. Hardening occurs as a result of magnetic

reconnection, which increases plasma temperatures on the stellar surface (Feigelson

et al., 2007).

During the fellowship, I will upgrade XGEN to include spectral hardening to

more realistically model flaring events. Hardening will be incorporated by modeling

an X-ray spectrum as a two-component black body using XSPEC , where the soft

and hard spectral components are treated as separate black bodies. The softest, or

coolest, black body, B(Tsoft ), will be held constant over time, while the second black

body B(Thard ), will have a variable temperature, based on the strength of the X-ray:

Etot =

∫
B(Tsoft)+B(Thard)dv = 2hc−2

∫
v3(e

hv
kTsoft −1)−1+v3(e

hv
kThard −1)−1dv (7.1)

Hardening statistics will be based on surveys of T Tauri stars observed as a part

of the Chandra Orion Ultra-deep Project (COUP, Getman et al., 2005; Wolk et al.,

2005) and statistics reported in (Getman & Feigelson, 2021). By incorporating hard-

ening into XGEN, and therefore into the chemical disk model, photons will penetrate

further into the disk, reaching the regions where I found that O2, organics, and
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organosulfides were enhanced by X-ray flares in my 2022 paper (Chaper 3). A more

realistic model of flare energy will likely produce life-sustaining molecules in an even

higher abundance, meaning that flares could aid in the formation of habitable planets.

I will also include an upgraded sulfur network, which is currently being developed by

UVa undergraduate student Becky Williams.

Additionally, I will include new, experimentally motivated X-ray driven ice reac-

tions. Recent laboratory work has shown that X-ray photons can cause ice process-

ing and further chemical reactions. For example, ices that contain oxygen (e.g., CO,

H2O, CH3OH) have been shown to form complex organic molecules (carbon bearing

molecules with six or more atoms) in the presence of X-ray photons (Dupuy et al.,

2018; Basalgète et al., 2023). However, at this time X-ray ice processing has not yet

been included in a complete chemical network. My model, with an updated sulfur

chemical network and with new X-ray ice processing, will provide a new perspective

on chemical evolution of cold gasses and ices, which can be implemented in a future

JWST proposal.

7.3 Coronal Mass Ejections: Can They

Increase Ionization Deep in the Disk?

Flaring events are often associated with coronal mass ejections (CMEs), which

emit energetic particles commonly referred to as stellar cosmic rays (CRs). Stellar

CRs are significantly less energetic than galactic CRs (produced by supernovae), so

they are often considered to be a minor contribution to chemical reactions. However,

there is increasing evidence that stellar CRs may play a key role in disk ionization

rates. For example, Cleeves et al. (2013, 2015) and Seifert et al. (2021) sought to

constrain ionization rates in several disks by using the HCO+/N2H+ ratio. This ratio
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Figure 7.3 Dominate ionization rates throughout a typical T Tauri disk. Note that
this particular model indicates that stellar CRs are the dominant form of ioniza@on
in the disk. During a CME, stellar CRs will dominate even deeper in the disk. Figure
adapted from Rab et al. (2017).

is commonly used to trace gas ionization, as both species are incredibly sensitive to

ionization and dependent on CO abundance. In order to understand disk ionization

levels, and therefore how gas evolves during the planet formation process, we must be

able to constrain this ratio. The HCO+/N2H+ ratio observed in the previously cited

papers could only be explained by the presence of a cosmic ray gradient (i.e., higher

CR ionization rates in the disk surface than in the disk mid-plane). One possible

way to create a CR gradient is to introduce stellar CRs, particularly variable stellar

CRs associated with CMEs (Rab et al., 2017). During this fellowship, I will use

my chemical disk model, which is already optimized for variable ionization rates, to

determine if CME driven stellar CR enhancement increases ionization rates where

planets form (Figure 7.3).

I will develop the first chemical disk model to include time-variable stellar CR

ionization rates. Previous models have simulated this phenomenon by including a
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constant ‘enhanced’ stellar CR rate (Rab et al., 2017), but my models will be the

first to use astrophysically representative stochastic CR ionization rates. At this

time, it is unknown if variable CR ionization rates will impact chemistry; however,

CR ionization is fundamentally similar to X-ray ionization (e.g., Öberg & Bergin,

2021), and I have already shown that variable X-ray ionization aids in molecular

complexity. This project seeks to determine if variable stellar CR emission could

trigger chemical reactions in ices on dust grains that will later form planets. This

project will use the same version of (Fogel et al., 2011) that I adapted for stochastic

X-ray flares, where a variable CR ionization rate is introduced. The frequency and

energetics of the stellar CRs will be motivated by previous CME modeled statistics

described in Rab et al. (2017) and Brunn et al. (2023).

This project is particularly relevant in modern astronomy thanks to JWST, which

allows us to observe ices in protoplanetary disks like never before. With an influx of

JWST ice data, theorists will need to adapt our models to best match and explain

observational results. I plan to extend this work by submitting JWST proposals to

determine if there is a relationship between HCO+/N2H+ ratios and ice abundance.

These proposals will monitor ice in disks with well constrained HCO+/N2H+ ratios,

which can then be compared to my variable stellar CR models to determine if stellar

CRs shape pre-planetary chemistry.
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A.1 Protoplanetary Disk Physical Conditions

Within a protoplanetary disk, gas and dust density is highest along the mid-plane

and near the central star, and density decreases as the disk surface is approached

and radial distance from the star increases as a natural consequence of the viscous

motion of the gas (Lynden-Bell & Pringle, 1974). Temperature, X-ray ionization rate,

and UV flux are highest along the disk surface and decrease with increasing radial

distance from the star. Figure A.1 plots these physical conditions in the IM Lup

protoplanetary disk, , which are the physical conditions used in the present study.

Points whose chemistry is modeled are represented by red dots in Figure A.1. The

exact physical condition values used for all 35 modeled points are presented in Table

A.1.
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Figure A.1 These plots represent density, temperature, X-ray ionization rate, and UV
flux in the IM Lup protoplanetary disk, a disk encircling a solar-mass young star.
Red dots indicate the 35 locations modeled and analyzed in this paper.
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Table A.1 Model locations and parameters.
R Z ρ Tgas Tdust UV Flux X-ray Ionization
au au gcm−3 K K γs−1cm−2 s−1H−1

2

1.0 0.0 1.07×10−9 134.3 134.3 0.0 1.0×10−30

1.0 0.1 2.49×10−10 132.2 133.2 0.0 1.06×10−30

1.0 0.2 7.03×10−12 168.4 167.8 3.37×1010 5.64×10−16

1.0 0.3 7.29×10−15 662 342.5 4.50×1014 3.19×10−11

1.0 0.4 1.98×10−18 4200 341.1 5.82×1014 1.63×10−10

5.0 0.0 3.45×10−11 60.9 61.0 0.0 1.0×10−30

5.0 0.5 1.39×10−11 60.8 61.0 0.0 3.53×10−22

5.0 1.0 9.15×10−13 75.3 75.8 3.50×108 1.55×10−17

5.0 1.5 2.09×10−14 145.9 141.5 4.06×1011 1.88×10−14

5.0 2.0 1.26×10−16 820.5 164.9 2.54×1013 5.854×10−12

10.0 0.0 7.26×10−12 43.9 44.0 0.0 7.66×10−27

10.0 1.0 3.48×10−12 44.4 44.3 0.0 2.91×10−22

10.0 2.0 3.84×10−13 52.9 52.9 2.41×107 2.73×10−18

10.0 3.0 1.80×10−14 90.2 88.5 3.58×1010 1.23×10−15

10.0 4.0 2.86×10−16 259.1 121.1 5.76×1012 7.40×10−13

20.0 0.0 1.45×10−12 26.1 26.1 0.0 2.41×10−25

20.0 2.0 8.00×10−13 27.3 28.0 0.0 1.60×10−21

20.0 4.0 1.86×10−13 32.3 34.0 9.25×104 2.82×10−19

20.0 6.0 1.12×10−14 53.7 56.0 4.58×109 7.91×10−17

20.0 8.0 3.92×10−16 117.4 90.2 7.90×1011 3.95×10−14

30.0 0.0 5.43×10−13 19.0 19.2 0.0 4.50×10−23

30.0 3.0 3.21×10−13 28.8 29.2 5.37 1.05×10−20

30.0 6.0 8.84×10−14 37.4 38.2 1.07×107 2.73×10−19

30.0 9.0 7.38×10−15 53.6 55.2 2.21×109 2.21×10−17

30.0 12.0 3.80×10−16 101.4 87.9 2.48×1011 8.27×10−15

40.0 0.0 2.62×10−13 16.3 16.3 2.51×10−29 1.01×10−22

40.0 4.0 1.62×10−13 27.4 27.3 1.86×102 9.96×10−21

40.0 8.0 4.96×10−14 34.2 34.8 9.97×106 1.80×10−19

40.0 12.0 5.10×10−15 50.6 50.3 1.25×109 9.75×10−18

40.0 16.0 3.37×10−16 87.3 79.5 1.09×1011 3.20×10−15

50.0 0.0 1.42×10−13 14.5 14.6 4.41×10−19 2.51×10−22

50.0 5.0 9.07×10−14 26.9 25.9 2.43×103 1.09×10−20

50.0 10.0 3.02×10−14 32.2 32.6 1.48E×107 1.19×10−19

50.0 15.0 5.18×10−15 44.2 43.4 5.16×108 1.64×10−18

50.0 20.0 4.59×10−16 74.0 70.5 2.00×1010 7.23×10−16
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B.1 Most variable species

Table B.1 presents the most chemically impacted species in the model. As can be

seen, cations are by far the most strongly impacted molecules in the network.
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Table B.1 Left column: The thirty most stochastically variable chemical species in the
network. Right column: The thirty species that are most changed when compared to
a model without flares after 500 years of chemical evolution.

Highest σ Highest C
σ C σ C

SO+
2 4.51 1.00 H2S+

2 0.37 1.25
H+

2 4.39 0.99 HOCS+ 0.31 1.25
O2H+ 4.36 1.06 HSO+

2 0.37 1.24
H+

3 3.24 0.99 N+ 0.42 1.22
HeH+ 1.03 1.18 He+ 0.13 1.21
CO+

2 0.70 1.01 HSO+ 0.23 1.21
C5H+

2 0.64 1.00 H+ 0.24 1.20
H3O+ 0.51 1.08 HeH+ 1.03 1.18
N+

2 0.46 1.10 COOCH+
4 0.23 1.17

N+ 0.42 1.22 HC3O+ 0.28 1.17
HCO+ 0.40 1.07 CH2O+

2 0.05 1.17
HNO+ 0.38 1.03 O+ 0.20 1.16
HSO+

2 0.37 1.24 C2H5OH+ 0.11 1.16
H2S+

2 0.37 1.25 O2H 0.07 1.13
C6H+

5 0.32 1.11 C3H3N+ 0.05 0.87
HOCS+ 0.31 1.25 HNS+ 0.22 1.13
CH+

4 0.28 1.12 CH+
4 0.28 1.12

HC3O+ 0.28 1.17 H2CS+ 0.16 1.12
H+ 0.24 1.20 H3S+

2 0.17 1.11
HSO+ 0.23 1.21 C6H+

5 0.32 1.11
COOCH+

4 0.23 1.17 C7H+
4 0.02 1.10

HNS+ 0.22 1.13 N+
2 0.46 1.10

C7H+
2 0.22 0.99 C6H+

4 0.05 1.09
O+ 0.20 1.16 CH3O+

2 0.12 1.09
C3H+

4 0.19 1.02 C2H+
6 0.10 1.09

H3S+
2 0.17 1.11 C4H4N+ 0.04 0.92

N2H+ 0.17 1.00 C7H+
5 0.02 1.08

H2CS+ 0.16 1.12 C4H+
5 0.02 1.08

He+ 0.13 1.21 H3O+ 0.51 1.08
C4H+

7 0.12 1.06 HCO+ 0.40 1.07
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C.1 Spectra with Error Bars

Both observation epochs for HCO+, H13CO+, and HCN were had similar spectral

shape and flux, indicating that there were no variations in line flux between the two

observations. The line spectra were within 1σ of each other for each observation

epoch, as shown in (Figure C.1).

C.2 Channel maps

A Keplerian mask was generated for HCN and HCO+ 3− 2, as shown in Figures

C.2 and C.3. The H13CO+ 3 − 2 line was too faint to generate a Keplerian mask,

so channel averaging was done to improve sensitivity, then a mask was generated by

clipping the HCO+ 3− 2 Keplerian mask to 5σ.
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Figure C.1 HCO+, H13CO+, and HCN J= 3− 2 line emission for IM Lup with error
bars. Each error bar indicates ±1σ. Spectra observed on different days consistent
with each other within error.
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Figure C.2 Channel map and keplarian generated mask for HCO+ 3 − 2. Channels
are produced by combined observation dates.
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Figure C.3 Channel maps and keplerian generated mask for HCN 3− 2.
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Figure C.4 Channel map of H13CO+. Mask was generated by clipping the keplerian
HCO+ to 5σ. This image is created from the combined data.
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D.1 Visibility Effects on HCO+ Emission

To ensure that any detected variability was not artificially introduced by varying

telescope configurations, the python function vis-sample was used to generate ‘mock’

data (as described in Section 5.4.3). These data are produced using the exact same

CLEANing method as the real data. Therefore, the mock data reveal any variability

that would have been introduced by varying baseline coverage from different telescope

configurations.

IM Lup is the only system with a clear baseline effect in the mock data. FHCO+

on 21/Aug/2019 is higher than the other observations, despite the fact that all mock

observations were modeled using the same initial measurement set. This same effect

is seen in the real data (Figure 5.6), and is attributed to baseline coverage.

There are several scenarios where observations with more complete short base-

line coverage (i.e., those taken in October 2018) yield slightly higher FHCO+ values
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Figure D.1 Synthetic spectra (“mock data”) produced using the vis-sample routine
on the time-integrated HCO+ 1− 0 cubes. These models reveal any spectral or flux
fluctuations that would have been introduced by varying baseline coverage for each
source’s unique spatial emission structure. Each sub-figure shows the analysis for: a)
AS 209; b) GM Aur; c) HD 163296; d) IM Lup; e) MWC 480. For each panel, Left:
mock HCO+ 1 − 0 spectrum, and Right: mock disk integrated continuum, line, and
continuum normalized line emission. Note that the spectra overlap.

(HD 163296, AS 209). In the disks where this effect occurs, no significant varia-

tions were seen in the mock line or continuum flux. There are variations in the disk

integrated flux values, most notably in Fcont. This variation is attributed to RMS

uncertainty, since all Fcont values are with ±10% of each other (See Section 5.5.2).
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Changes in flux are unlikely caused by baseline coverage.

D.2 Channel Error Bars on Spectra

All spectral changes reported in this work are considered tentative, since no change

is > 3σ. However, there are a number of spectral variations greater than the level of

noise, as shown in Figure D.2 and defined as follows.

• AS 209: The peak at 6.1 km s−1 is enhanced and shifted toward source velocity

on 26/Oct/2018. The 6.1 km s−1 peak appears to also be shifted and enhanced

on 04/Sep/2019, but not above the level of noise, so it is not considered a

change in emission in this work. On most observation days little to no blue

shifted emission is seen, except on 03/Sep/2019.

• GM Aur: The peak at 6.6 km s−1 is enhanced on 26/Oct/2018, and a shoulder

is visible at 9.6 km s−1 on 2/Sep/2019.

• HD 163296: Both central peaks are enhanced on 22/Oct/2018 compared to the

following observations.

• IM Lup: The peak at 6.8 km s−1 is enhanced on 21/Aug/2019 compared to the

other two observations.

• MWC 480: An unknown emission peak is seen on 04/Sep/2019 at km s−1 km/s

and not on any other observation day. There may be a shift in spectral shape

on 04/Sep/2019, but the change is below the level of noise and not considered

in this work.

For more information on error calculations, see Section 5.4.2.
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Figure D.2 HCO+ J= 1 − 0 spectra for each of the MAPS disks with error bars for
each channel. The grey error bars represent the max and mean error bar (standard
deviation) for all channels. a) AS 209; b) GM Aur; c) HD 163296; d) IM Lup; e)
MWC 480.
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Appendix E

Additional Information for

Chapter 6

E.1 About Astrobites

The Astrobites collaboration is a group of volunteer graduate students in astron-

omy and related fields who publish daily blog-style posts summarizing current as-

tronomy research papers. Astrobites also publishes guides to specific topics and other

resources relevant to career development and equity/inclusion. While Astrobites con-

tent is primarily targeted towards undergraduate astronomy majors, its audience has

grown to include everyone from hobbyists to emeritus professors since our founding

in 2011.

A central focus of Astrobites’ mission is to further efforts for inclusion and equity

in astronomy. We impact accessibility by addressing the inaccessibility and technical

language of research articles through summaries, and our host of “guides" to different

aspects of astronomy and academic professional development. Astrobites articles are

also an excellent way for students to explore differences in audience between various
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forms of science writing, and for students–both undergraduates reading the articles

and graduate students serving as regular writers–to practice writing skills, which are

increasingly critical for becoming a successful scientist. Astrobites has also taken

an active role in incorporating its pedagogical content, wide topical coverage, and

scaffolded contextual resources into formal education (Sanders et al., 2012, 2017).

All content on Astrobites – including the education resources used in this study –

is free and open access, publicly available on astrobites.org. Similar websites (known

as “Science Bites” sites) are available in other disciplines.

E.2 Full Assessment Text

Questions not designated as “interview” or “open-ended” were answered on a Likert

scale from 1 to 7, where 1 indicates strong disagreement, 4 is neutral, and 7 is strong

agreement.

Perceived ability with jargon

1. I am able to define technical terminology that appears in scientific literature.

2. Technical terms are a major barrier to my understanding of scientific literature.

[Reversed]

3. I am able to use outside resources to help define technical terminology.

4. I am able to understand the technical details of a scientific study.

5. I find technical vocabulary in astronomy papers daunting. [Reversed]

Perceived ability with main takeaways

6. After reading a paper, I can summarize it well to a classmate in a science course.

7. I can understand the motivation behind a scientific paper.

astrobites.org
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8. I can understand how a given scientific paper contributes to the field at large.

9. I am able to figure out the main takeaways / key ideas of a scientific paper.

10. I am able to interpret the data on a plot and extract the key takeaway from it.

11. I know what the most important pieces of information are after reading a sci-

entific research paper.

Perceived ability with conceptual understanding/intuition

12. I can see how concepts learned in class feature in astronomy papers.

13. I am able to understand astronomy concepts.

14. I am able to relate different astronomy concepts to each other.

15. I could evaluate whether the data on a plot seems reasonable given the scenario

it represents.

16. I can interpret what the data on a plot is telling me about a concept.

17. I am able to draw analogies between concepts discussed in astronomy literature

and concepts prevalent in everyday life.

18. I have a strong intuition for concepts in astronomy.

Perception of science communication ability

19. I feel comfortable discussing astronomy with my friends.

20. I feel comfortable discussing astronomy with my science classmates.

21. I feel comfortable discussing astronomy with my science instructors.
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22. I could explain basic astronomy concepts to a non-scientist.

23. I can explain astronomy concepts to a classmate in a science course.

24. I can explain astronomy concepts to my science instructors.

Perceived ability within astronomy

25. I have what it takes to be an astronomer.

26. I am capable of succeeding in my astronomy courses.

27. I am able to use technical astronomy skills (tools, instruments, and/or tech-

niques).

28. I am able to use scientific literature to guide my studies in astronomy.

29. I am capable of working on astronomy research.

Feelings of belonging within astronomy

30. I see myself as someone who can contribute to science.

31. I see myself as someone who can contribute to astronomy.

32. I could see myself becoming an astronomer as my career.

33. I feel a part of the group when I am with other astronomers.

34. I have a strong sense of belonging to the community of astronomers.

35. I feel like I belong in the field of astronomy.

Open-Ended Questions

36. How do you feel about reading scientific research papers?
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37. What comes to mind when you think of astronomy research?

38. Do you think you are capable of being an astronomer (or related scientist)?

Why or why not?

39. Do you feel like you belong in astronomy? Why or why not?

40. Did you enjoy this activity with Astrobites? Why or why not? [Post-Lesson

Survey Only]

41. What is your main takeaway from this activity? [Post-Lesson Survey Only]

42. What did you find most useful about this activity? [Post-Lesson Survey Only]

43. What was most confusing about this activity? [Post-Lesson Survey Only]

44. How have your feelings about astronomy research changed as a result of this

activity, if at all? [Post-Lesson Survey Only]

Instructor Interview Questions

• Which Astrobites lesson plan did you implement, and did you make any changes

to it?

• Overall, how do you think this lesson went in your classroom?

• How do you think this activity / lesson plan impacted your students?

• Do you think your students are more prepared to engage with scientific research

literature after this lesson? Why or why not?

• Do you think your students enjoyed this activity with Astrobites? Why or why

not?
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• What did you find most useful about this lesson plan?

• What suggested changes do you have for this lesson plan?

E.3 Further Information on Lesson Plans

Astrobites currently maintains four lesson plans based on our prior published

work (Sanders et al., 2017). These lesson plans provide four pathways to engage

students with Astrobites materials—guided reading assignments, student research

projects, a student writing assignment, and student presentations—and are available

in this linked document. For each lesson plan, we provide an overview of the learning

objectives, an outline of how the plan can be adapted for different course levels,

sample handouts for presenting the assignment to students, and a potential grading

rubric.

The first lesson plan (Lesson Plan 1: Periodic Reading Assignments), which fea-

tures a series of guided reading assignments, is designed to grow students’ reading

comprehension and strengthen their conceptual understanding of course material in

the broader context of active research. Students build familiarity and confidence in

their ability to monitor and keep pace with recent developments in the astronomy

literature by reading a series of Astrobites articles and testing their understanding

through directed questions. This lesson can be easily adapted to different course

levels by varying the frequency of assignments and altering the style of the associ-

ated questions (e.g., asking more directed questions for lower-division undergraduates

compared to open-ended questions for graduate students).

In the second lesson plan (Lesson Plan 2: Student Research Project), students

select a topic and prepare a paper or presentation using Astrobites articles to guide

their research. Students synthesize concepts and interpret figures and data from

https://docs.google.com/document/d/1jAr6VsjxYxOJFJfvTquvLF4id1x5_JEvMM7eUPQnyNc/edit?usp=sharing
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different articles for their report. Students build confidence in developing techniques

to tackle new concepts by using Astrobites articles to identify technical terminology

(jargon) with which they are unfamiliar. Students then define jargon by creating a

glossary. This lesson plan is meant to teach students how to engage with full research

articles in the future.

For the third lesson plan (Lesson Plan 3: Student Writing Assignment), students

read one or more papers and write an Astrobites-like summary. Much as with the

second lesson plan, students practice synthesizing information from multiple sources.

However, they additionally develop valuable science communication and composition

skills by compiling information into a bite-sized article. Additionally, students actively

practice reading the scientific literature directly. By scaffolding the assignment—

e.g., having students present drafts and outlines along the way—instructors can help

students settle into the reading and writing process more smoothly.

Finally, in the fourth lesson plan (Lesson Plan 4: Student Presentation), students

deliver an in-class presentation featuring a profile of an astronomer who has been

interviewed by Astrobites and a summary of a paper by the interviewee. While also

incorporating the reading comprehension and communication skills that appear in

the other lesson plans, the focus of this lesson plan is to support students’ career

preparation and develop a sense of belonging in the field. By sharing presentations

describing the career trajectory and advice of successful astronomers hailing from

diverse backgrounds, students are able to see that astronomy is for everyone, while

also identifying and discussing important steps on the way to becoming a professional

astronomer. For example, one study of the importance of role models for career

preparation and aspiration of young Black British people is presented in Archer et

al.ARCHER et al. (2015) and summarized in Astrobites in 2020.
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E.4 Additional Response Quotes from

Students and Educators

Student comments on the usefulness of the Astrobites lesson plans:

“The activity helped me to understand the findings of a research paper at

my level of knowledge. It wasn’t too technical, and wasn’t too ‘dumbed-

down’ either.”

“While the stuff we learn in class is important, I felt like this activity took

we learned in class and made us do something ‘practical’ with it.”

“I learned more about other astronomers and their contributions (no mat-

ter how big or small) to astronomy.”

“I found the length of the Astrobites less daunting to read about and made

the experience more enjoyable.”

Instructor comments on the utility of the Astrobites lesson plans:

“I think it gave them something to chew on when I was doing lectures...Students

were definitely engaged with the literature in a way that seemed positive.”

“A student was like I just wanted to say that I really appreciated that there

was a person there like working hard on accessibility and disabilities, and

it’s something that we don’t see a lot of. And I was like, wow, these

students are seeing themselves in accomplished astronomers. And that

was cool for me as the instructor to witness.”

“[Astrobites] enabled the possibility to connect to the paper, because the

paper was so inaccessible for the current know-how of the students."
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“I do [think they are more prepared] because they told me. But then

from my perspective, I could see what they were writing asking deeper

questions...I saw it [the improvement] in their work.”

“I noticed when students would do presentations, they would reference the

results from their classmates previous Astrobites presentations. And I feel

like that is one indicator of being able to interact more strongly with the

literature, is recalling the results from previous works and incorporating

that into their own presentation.”

E.5 Further information on quantitative

analysis

This appendix includes histograms (Figure E.1) and a table of statistical sum-

maries (Table E.1) for all of the Likert response questions individually, supplementary

to Section 6.4.1.

E.6 Consistency Analylsis

When performing a mixed methods study such as this, it is good practice to com-

pare results obtained through multiple questions covering the same themes. One way

to conduct such a comparison involves assigning numerical scores to qualitative ques-

tions Caracelli & Greene (1993); Onwuegbuzie & Combs (2010). Here, we identified

three qualitative questions (Questions 36, 38, and 39 in Appendix E.2) for which there

are Likert scale questions that address similar themes. We determined which qualita-

tive response codes denoted positive, neutral, and negative feelings toward the three

questions, and assigned each student a qualitative “score” for that question based on

the prevalence of each type of code in their response. The related Likert questions
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Figure E.1 Histograms for the differences between post- and pre-survey Likert re-
sponses for the quantitative questions in Section E.2. Vertical black dashed line
marks the mean change. 95% confidence intervals for the mean are given in E.1.
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Table E.1 Statistics and effect size interpretations for pre-post differences for all quan-
titative questions (Sample size = 82). Q is the question number, CI95% is the 95%
confidence interval for the difference in pre and post means, ‘cohen-d’ is the value
of Cohen’s d, ‘d interp’ is the interpretation of Cohen’s d value, BF10 is the Bayes
factor of the alternative hypothesis, ‘BF10 interp’ gives the interpretation of BF10
value, power=1-type II error.
Q CI95% p cohen-d d interp BF10 BF10 interp power
1 [0.25 0.75] 1.27×10−4 0.456 small 157 extreme for H1 0.983
2 [-0.39 0.17] 0.439 0.0702 very small 0.163 moderate for H0 0.0962
3 [-0.08 0.39] 0.184 0.156 very small 0.288 moderate for H0 0.286
4 [0.09 0.55] 7.82×10−3 0.259 small 3.83 moderate for H1 0.638
5 [-0.58 0.15] 0.236 0.131 very small 0.242 moderate for H0 0.217
6 [0.3 0.79] 2.56 ×10−5 0.428 small 698 extreme for H1 0.969
7 [-0.07 0.46] 0.149 0.175 very small 0.337 anecdotal for H0 0.348
8 [-0.17 0.34] 0.502 0.0688 very small 0.152 moderate for H0 0.0944
9 [-0.05 0.44] 0.114 0.175 very small 0.412 anecdotal for H0 0.347
10 [0.02 0.57] 0.0373 0.232 small 1.01 anecdotal for H1 0.547
11 [0.03 0.53] 0.0267 0.245 small 1.33 anecdotal for H1 0.591
12 [0.05 0.53] 0.0177 0.290 small 1.89 anecdotal for H1 0.737
13 [-0.03 0.39] 0.0874 0.179 very small 0.506 anecdotal for H0 0.361
14 [-0.11 0.36] 0.305 0.107 very small 0.203 moderate for H0 0.160
15 [-0.05 0.47] 0.113 0.150 very small 0.413 anecdotal for H0 0.267
16 [-0.08 0.44] 0.163 0.156 very small 0.314 moderate for H0 0.287
17 [-0.23 0.32] 0.726 0.0359 very small 0.129 moderate for H0 0.0619
18 [-0.03 0.47] 0.0803 0.160 very small 0.540 anecdotal for H0 0.298
19 [-0.05 0.46] 0.110 0.158 very small 0.422 anecdotal for H0 0.294
20 [-0.13 0.32] 0.386 0.0749 very small 0.176 moderate for H0 0.103
21 [-0.19 0.31] 0.625 0.0413 very small 0.137 moderate for H0 0.0658
22 [-0.09 0.31] 0.274 0.0987 very small 0.218 moderate for H0 0.143
23 [-0.18 0.23] 0.813 0.0198 very small 0.125 moderate for H0 0.0536
24 [0.22 0.71] 3.51×10−4 0.324 small 62.1 very strong for H1 0.827
25 [-0.11 0.33] 0.332 0.0889 very small 0.193 moderate for H0 0.125
26 [-0.22 0.22] 1.00 0.00 very small 0.122 moderate for H0 0.05
27 [-0.07 0.48] 0.135 0.151 very small 0.361 anecdotal for H0 0.273
28 [0.18 0.72] 1.45 ×10−3 0.347 small 17.2 strong for H1 0.873
29 [0. 0.58] 0.0479 0.223 small 0.821 anecdotal for H0 0.513
30 [-0.16 0.33] 0.489 0.0695 very small 0.154 moderate for H0 0.0954
31 [-0.11 0.35] 0.295 0.104 very small 0.208 moderate for H0 0.153
32 [-0.18 0.31] 0.622 0.0418 very small 0.137 moderate for H0 0.0662
33 [-0.1 0.37] 0.262 0.0902 very small 0.225 moderate for H0 0.127
34 [-0.17 0.37] 0.472 0.0634 very small 0.157 moderate for H0 0.0875
35 [0.08 0.68] 0.0142 0.237 small 2.28 anecdotal for H1 0.562
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Figure E.2 Histogram of pre (blue) and post (orange) response Likert scores to the
statement “I am capable of succeeding in my astronomy courses," the only question
which did not show pre-post change. Pre- and post- response means are indicated by
the vertical dashed lines. Student perceptions were overwhelmingly positive in both
the pre- and post- surveys.

and positive, neutral, and negative codes considered for each of the three qualitative

questions used in this comparison are listed in Table E.2.

For each student response to each of these three questions, we took the average

of related Likert scale questions to find their “Likert score” (quantitative). To assign

a student’s “written score” (qualitative) on a topic, we assigned +1 to every positive

code applied to their response to that question, −1 to every negative code, and 0 to

every neutral code. By adding these values, we found a total score — if this total

score was positive (negative), we assigned the student a written score of 1 (−1) for

that question; if the total score was 0, we left it as 0. For each of the three qualitative

questions selected, we compared each student’s Likert and written scores, as well as

the score change for each student from pre- to post-survey.

Note that not every Likert question was used in this analysis, and several Likert

questions were considered in relation to more than one qualitative question. We

only considered codes applied by a majority of raters, as in the general qualitative
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Table E.2 Details of qualitative-quantitative consistency analysis. Question 36: “How
do you feel about reading scientific research papers?” Question 38: “Do you think
you are capable of being an astronomer (or related scientist)? Why or why not?”
Question 39: “Do you feel like you belong in astronomy? Why or why not?” In
figures showing results of this consistency analysis, these are referred to as “Papers,”
“Capable,” and “Belonging.” Full text of Likert questions can be found in Section E.2,
and code descriptions can be found in Table 6.2.
Open-Ended Question Codes considered Related Likert questions
36 (Papers) Int(−), U(−), E(−), 1, 2, 3, 4, 5, 7, 8, 9, 11, 28

Co(+), W(+), En(+)
38 (Capable) Y(+), N(−), M(0) 14, 18, 25, 26, 27, 28, 29, 30, 31, 32
39 (Belonging) Y(+), N(−), M(0) 32, 33, 34, 35

analysis, and we considered the number of raters who applied a given code (e.g., if

three scorers applied a positive code to a response but five applied a negative code,

the response received a −2 and was scaled to a written score of −1). We experimented

with taking the average value of the codes (e.g., the former example would yield a

score of (+3 − 5)/8 = −0.25), though we found that the correlation between Likert

and written scores was not significantly impacted by this change in methodology. We

proceeded to use the integer scores (−1, 0, 1) in recognition of the inherent subjectivity

of assigning numerical scores to qualitative responses based on response codes.

Written response scores tend to track Likert scores for each of the questions (Figure

E.3); however, the correlation between the two scores, as computed with the Spearman

correlation coefficient, is smaller in the post-survey than in the pre-survey. This is true

for all three questions for which we performed consistency analysis. Many students

show no change in written score from pre- to post-survey (Figure E.4), though many

students, for each collection of Likert scale questions, exhibit a positive change after

the activities.
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Figure E.3 Written and Likert score for each student in pre- (light blue) and post-
survey (dark purple) responses to the three questions for which we performed consis-
tency analysis. A small x-axis offset is applied to each data point for visualization
purposes — each datum has a written score of −1, 0, or 1. Spearman correlation coef-
ficients, which relate to consistency between written and Likert scores, are calculated
separately for pre-survey and post-survey data and are reported above each subplot.
The correlation between written and Likert scores in the pre-survey is stronger than
that in the post-survey.

Figure E.4 Change in written and Likert score for each student from pre- to post-
survey. As in Figure E.3, a small x-axis offset is applied to each data point for
visualization purposes. Points are colored based on their quadrant — those for which
Likert and written scores change in the same direction are in green, those for which
the scores change in opposite directions are in orange, and those for which there was
no change in one or both scores are in dark blue. Because relatively few written scores
exhibited change, the correlations are weak.
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E.7 Correlation Analysis

Quantitative survey questions were used to study second-order effects, how im-

provements or reductions in an ability to parse information correlate to changes in an

ability to apply that knowledge. We divided the quantitative questions into four cat-

egories: one that represented understanding of information (“Understanding"), one

that represented synthesizing that information into more abstract concepts (“Synthe-

sizing"), one that represented discussing the material with others (“Communication"),

and one that represented how students viewed themselves in the context of the field

of astronomy and the degree to which they identified as being part of the astronomy

community (“Self-Assessment").

Details of the makeup of each category are listed in Table E.3. Note that not

all questions were used and that these categories are distinct from those used in

the assessment design (the “conceptual catgeories”) as detailed in Section 6.3 and

summarized in Table 6.1.

Table E.3 The numbers of questions included in each of the four skill categories for
the second-order effects analysis. The text of each question can be found in Appendix
E.2.

Category Question numbers in category
Understanding 1, 3, 4, 7, 8, 9, 10, 13, 18
Synthesizing 11, 12, 13, 14, 15, 16, 17
Communicating 6, 19, 20, 21, 22, 23, 24
Self-assessment 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35

For each student, we computed their initial score in each category by averaging

their responses to questions in the category from the pre-lesson survey. We computed

the student’s final score in the category the same way, using responses from the post-

lesson survey. We then quantified changes in each category by taking the difference

of the two scores. The correlations between category improvement or reduction were
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described quantitatively by the Spearman correlation coefficient. We choose to use the

Spearman coefficient and not the Pearson correlation coefficient, because the Likert

scale is ordinal, meaning that any relationships may not be linear, and it is possible

that there are outliers due to, e.g., students choosing to not take the survey seriously.

This combination makes the Spearman coefficient the better choice (De Winter et al.,

2016).

In all categories, the majority of students showed no substantial net change, but

students who did exhibit a change in skill largely improved. Figure 6.5 is a Sankey

diagram of the “understanding" category showing the evolution of individual students,

broken down by pre-activity score in that area. Sankey diagrams for the remaining

three categories show similar trends. Students with low pre-activity scores generally

exhibited slight growth; students with medium pre-activity scores generally exhibited

no substantial change or slight growth; and students with high pre-activity scores

generally exhibited no substantial change or slight reduction.

We found mild positive correlations between all four skill categories, with the

strongest being between “Understanding" and “Synthesizing" (Spearman coefficient

rs = 0.660). No correlations were negative; for individual students, an increase in

one area seldom corresponded with a decrease in another. Table E.4 displays the

Spearman coefficients for each combination of skill categories.

Table E.4 The Spearman correlation coefficients for all pairs of skill categories. All
values are close to 1/2, indicating moderate positive correlations.

Category Understanding Synthesizing Communicating Self-assessment
Understanding N/A 0.660 0.487 0.540
Synthesizing 0.660 N/A 0.511 0.410

Communicating 0.487 0.511 N/A 0.416
Self-assessment 0.540 0.410 0.416 N/A

We hypothesized that changes in self-assessment scores may be a function of
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changes in the three learning categories (understanding, communicating, and syn-

thesizing). To test this, we performed multiple linear regression to determine the

coeffients for the following equation:

∆Self = α + β1(∆Understanding)

+ β2(∆Communicating)

+ β3(∆Synthesizing)

(E.1)

The variables showed moderate dependency on each other, displaying Variance

Inflation Factors of 2-3. This is considered moderate dependency, and as such we

perform standard multiple linear regression. Our results are shown in the following

table:

Table E.5 The regression results for the hypothesis that changes in self-assessment
scores can be related to changes in other learning categories. Only the changes in
understanding (β1) and communicating (β2) have statistically significant results. The
total regression has an adjusted R2 = 0.467 and an F-statistic= 25.58 with a proba-
bility of 9.68× 10−12, suggesting the regression itself is statistically significant.

Coefficient Value Error P-value
α 0.017 0.069 0.803
β1 0.473 0.145 0.002
β2 0.505 0.129 leq0.001
β3 -0.047 0.143 0.743

We find the relationships between self-assessment and the other three learning

categories to be statistically significant, primarily the relationships between self-

assessment, understanding, and communicating.
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