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ABSTRACT

Flare frequency distributions represent a key approach 6 addressine one of the largest problems
in solar and stellar physics: determining the mechanism that counter-intuitively hieats coronac to
temperatures that are orders of magnitude hotter than the corresponding photospheres. It is FdeIR]
accepted that the magnetic field is responsible for the heating, but there are two competing mechanisms
that could explain it: nanoftares or Alfvén waven. T datc. neither can be directly observed. Xuuutlarcs
are, by definition, extremely small, but their aggregate energy release could represent a substantial
heating mechanism, presuming they are sufficiently abundant. Oné’Wway t6 test this presunmption is
slope of the power law fiting the flare frequency distribution is above a critical threshold S
established in prior literature, then there should be a sufficient abundance of nanoflares to explain
coronal heating. We performed >600 case studies of solar flares, made possible by an unprecedented
number of data analysts via three semesters of an undergraduate physics laborat iy comsser, 1
allowed us to include two crucial, but nontrivial, analysis methods: pre-flare baseline subtraction and
ORI AREHERE R ich requires determining flare start and stop times. W
the results of these analyses into a statistical study to determine that a = 1.63 +0.03. This is below
the critical threshold, suggesting that Alfvén waves are an important driver of coronal heatig.

Keywords: solar physics — solar flares — astrostatistics distributions

1. INTRODUCTION

It has long been established that the slope of a power
law fitting the solar flare frequency distribution (occur-
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rence rate versus energy) is a strong indicator of whether
nanoflares are an important coronal heating mechanism
(e.g., Hudson 1991; Crosby et al. 1993; Veronig et al.
2002). The conceptual reasoning is simple: a large slope
means that there is a large abundance of the smallest
flares. These small flares may not individually trans-
port much energy, but, in aggregate, they represent a
substantial heat transfer mechanism. It is well estab-
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2 MASON ET AL.

lished in the flare literature that many flare parameter-
izations tend to have power law relationships with each
other (e.g., Kahler 1982; Veronig et al. 2002; Aschwan-
den & Freeland 2012; D’Huys et al. 2016). The flare
frequency distribution (FFD) is one one such relation-
ship well described by a power law:

_ —Q

15 = AFE (1)
where n is the number of events. F is the radiated flare
energy, A is an offset constant. and the primary param-
eter of interest is the exponent. a, which manifests as a
slope when fitting a line in log-log space!l If @@ < 2, then
nanoflares are not frequent enough to contribute a suffi-
cient amount of energy to the corona to explain its ob-
served ambient temperature (Hudson 1991). Thus, the
accurate determination of « is of critical importance for
addressing the longstanding coronal heating problem.

Moreover, important points of comparison can be
made between solar and stellar FFDs that can lead to
greater insights into the mechanisms that drive the FFD
and dominate heating mechanisms (e.g., Loyd et al.
2018). For example, many stellar studies find o < 2
— consistent with much of the solar FFD literature (e.g.,
Crosby et al. 1993 and 11 references in their Table 1)
— and conclude that the underlying mechanism driving
flaring and coronal heating is therefore the same as that
of the Sun (e.g., Airapetian et al. 2019 and references
therein). Still other studies find stellar FFDs with o > 2
(e.g., Machara et al. 2012) — also consistent with some of
the solar literature (e.g., Veronig et al. 2002). We also
know that flares of all energies (including superflares
with >10%* erg) tend to occur more often for rapidly
rotating stars (Machara et al. 2012; Shibayama et al.
2013).

There is a large body of research that has focused
on the determination of o for the Sun. The ultimate
goal is to obtain the total amount of radiated energy
from each flare, excluding background radiated energy.
This is a challenge. Most studies, including this one, fo-
cus on a single wavelength regime. Soft X-rays (SXRs)
are a popular choice (e.g., Hudson et al. 1969; Drake
1971; Veronig et al. 2002; Aschwanden & Freeland 2012)
because during a flare they experience the greatest en-
hancement above their background levels and are there-
fore easier to detect and characterize (Woods et al. 2004;
Rodgers et al. 2006), and they may be a better indica-
tor of total flare energy release than, e.g., hard X-rays
(HXRs; Veronig et al. 2002; Lee et al. 1993; Feldman
et al. 1997). Furthermore, there are now several decades
of continuous measurement of the SXR wavelength re-
gion from the NOAA Geostationary Operational En-

vironmental Satellites (GOES) X-ray Sensor (XRS) in
two channels; XRS-A from 0.5-4 A(AKA “short”) and
XRS-B from 1-8 A(AKA “long”). Crosby et al. (1993)
list many studies and which wavelength regime each fo-
cused on to determine « in their Table 1. Some studies
have analyzed the global energetics spanning multiple
wavelengths and accelerated particles, but this detailed
analysis typically can only be done for a relatively small
number of events, for example, the 38 large events stud-
ied by Emslie et al. (2012). Some studies calculate the
radiated energy in their selected wavelength regime (e.g.,
(e.g., Shimizu 1995), while others do not, instead fo-
cusing on peak irradiance or other parameters to act
as a proxy for the energy (e.g., Aschwanden & Free-
land 2012). Furthermore, some studies have subtracted
the background irradiance from the flare, while others
have not. Veronig et al. (2002) found that this could
have an impact on the derived value of «, in that case
bringing it from a = 2.03 + 0.09 without subtraction to
a = 1.88£0.11 with subtraction — straddling the critical
value of a = 2.

While it would be ideal if these studies were done
spanning all wavelengths, that is an extremely challeng-
ing task that would not necessarily lead to different con-
clusions given that SXRs have already been established
to be a reliable indicator of the total energy release,
which is partially why the GOES/XRS-B peak measure-
ment remains the de facto definition for flare magnitude.
In summary, it is important to study a large number of
flares, subtract the background irradiance, and calculate
the energy. That is precisely what has been done for the
present study.

A novel aspect of this study is the large num-
ber of contributing authors, which we call the Col-
orado Physics Laboratory Academic Research Effort (C-
PhLARE) Collaboration. Over 1400 undergraduate stu-
dents participated in an introductory physics lab course
run as a Course-based Undergraduate Research Expe-
rience (CURE) at the University of Colorado Boulder
(Auchincloss 2014). The students were enrolled in the
CURE in one of three semesters from Fall 2020 through
Spring 2021. The students worked in small teams on this
research, where they chose individual flares, removed the
background irradiance, and computed the energy of sin-
gle flares. Their analysis was peer-reviewed by other
teams in the class and iteratively improved based on
this feedback. The students then submitted their final
results in memo form as a flare archive entry, which in-
cluded the calculated total energy of the flare, the peak
irradiance, beginning and ending times of the flare, and
plots of the analysis. These memos were used by the se-
nior authors to review the analysis and determine which
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Table 1. Key instrument/dataset characteristics 5 c Flarlslmass y
T 9 1 1 1 1
GOES/XRS MinXSS-1 T
o i £ 108
Bandpass (native) XRS-A: 0.5-4 A(3-25 keV) 0.4-30 A(0.4-30 keV) = _\_LLL‘
XRS-B: 1-8 A(1.5-12 keV) 7107
Bandpass used 1-8 A(1.5-12 keV) 0.4-30 A(0.4-30 keV) S o
Spectral resolution - 0.15 keV E
3 105
Cadence (native) 2s 10 s S 10
Cadence used 1 minute 1 minute g 10°
Dates used 2011-01-14 to 2016-05-16 to FRrs
2018-02-10 2017-05-06 - = = " ", "
Data product xrsf-12-avglm_science Level 1 1o 10 Peak |rra§i0ance w ml_(z)] 10
Data version v1-0-0 v4.0.0

flares analyses met the standards to be included in the
final dataset used for the work presented here. This
process is described in detail in Section 3.6. A more de-
tailed description of the course, educational objectives,
and results of student learning can be found in Werth
et al. (2022¢), Werth et al. (2022b), and Werth et al.
(2022a).

All students who were enrolled in the class were of-
fered authorship. To be included in the final author
list, students had to have completed the course during
one of three semesters this project was run, earned a
passing grade in the class, and opted-in to being an au-
thor through a web-form. This process resulted in 964
student co-authors. Additionally, all graduate teaching
assistants for the course during these semesters were of-
fered authorship, resulting in 31 additional co-authors.

The paper begins by describing the data used for
this study (Section 2), which is predominately from
GOES/XRS with a calibration check provided by the
Miniature X-ray Solar Spectrometer (MinXSS; Mason
et al. 2016). Section 3 describes the methods applied
to study the flares in our dataset, which include back-
ground subtraction and energy calculation. Section 4
presents the resultant FFD and comparisons with other
solar and stellar work. Section 5 closes with a discussion.

2. DATA

Two primary sources of data were used for this study:
measurements from GOES-15/XRS and MinXSS-1 (see
Table 1). Prior to GOES-16, the XRS instruments did
not have an absolute calibration. MinXSS-1, however,
flew concurrently and observed the same bandpass as
GOES/XRS (and beyond), but with spectral resolution
and an absolute calibration (Moore et al. 2016) obtained
at the National Institute of Standards and Technol-

Figure 1. Histogram of the 18,833 flares identified by NCEI
for the time range specified in Table 1 using logarithmic bin
widths. Note that the saturation at the smallest flare classes
is due to low signal-to-noise ratio in the instrument, but is
also due to the Sun’s inherent background intensity, which
can obscure the smallest classes of flares. The slope of the
power law represented here is apeqk_irrad = 2.16 £ 0.01.

ogy (NIST) Synchrotron Ultraviolet Radiation Facility
(SURF), so we used its data as a validation check of the
GOES-based results. MinXSS-1 data are limited to a
single year (2016 May - 2017 May) and the spacecraft
experienced regular (~15/day) eclipses that caused gaps
in some flare observations. GOES/XRS has provided
nearly continuous X-ray observations since 1975 from
multiple generations in the satellite series with minimal
measurement interruptions from eclipses due to a geo-
stationary orbit. We focused on GOES-15 because 1)
it spans the entirety of the most recent solar cycle, 2)
it overlaps with the MinXSS-1 observations, and 3) fo-
cusing on a single satellite in the series avoids any con-
cerns with cross-calibration. This study uses the science-
quality GOES-15 XRS data products from NOAA’s Na-
tional Centers for Environmental Information (NCEI)!
available as of early 2020. Compared to the previously
available GOES-15 XRS data, the science-quality data
uses a significantly improved background correction and
remove scaling factors applied by the Space Weather
Prediction Center (SWPC) to the XRS channel irradi-
ance measurements (0.85 and 0.7 for XRS-A and -B,
respectively) to provide the irradiance measurements in
true physical units of W m=2.

GOES/XRS L2 1-minute average data were retrieved
from the Space Weather Data Portal (SWDP; SWx
TREC 2019; Knuth et al. 2020) and data for MinXSS are

L https://www.ncei.noaa.gov/data/goes-space-environment-monitor/

access/science/xrs/GOES_1-15_XRS_Science- Quality _Data_
Readme.pdf
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available from NASA’s Solar Data Analysis Center?. A
total of 18,833 flares were identified in the 1-minute av-
erage GOES/XRS-B irradiances by the NCEI L2 flare
summary algorithm® in the time period listed in Ta-
ble 1; Figure 1 shows the corresponding distribution of
flare classification. This flare classification nomencla-
ture is an alphanumeric labeling of the flare’s 1-minute-
averaged peak flux measured by GOES/XRS-B. To de-
termine the slope of the power law represented in Figure
1, we followed the the recommendation in D’Huys et al.
(2016) to use a Maximum Likelihood Estimator (MLE).
They found that MLEs converge much faster as a func-
tion of sample size than other methods. This was not
crucial for the data in Figure 1 given the large number
of events (a linear regression results in a similar value of
Qpeak_irrad = 2.22 £ 0.07), but the MLE method will be
important when we determine the slope of the energy
FFD (o) in Section 3.7, where the number of events is
on the order of ~200.

3. METHODS

The overarching procedure applied to the GOES/XRS
data are outlined here and detailed in subsequent sub-
sections.

Working in teams of three or four, students on the
project completed the following steps:

1. Selected a flare to analyze, under the constraint
that we needed to ensure broad coverage across the
entire solar cycle and across flare classifications

2. Subtracted pre-flare baseline level

. Integrated light curve over duration of flare

= W

. Converted to energy units

ot

. Cross validated another team’s result

6. Combined the results to produce a dataset of the
total energy and peak irradiance of each flare

After the above steps were completed by the student
research teams, senior researchers on the project com-
pleted an individualized review of these teams’ analyses
and the resulting data, addressing items such as dupli-
cate flares or faulty calculations.

2 https://sdac.virtualsolar.org/cgi/show_details?provider=
LASP_MINXSS1

3 The GOES-15 XRS L2 data products are generated using
the same algorithms as those used for the next-generation
GOES-R (GOES-16 through -19) XRS data products. Details
of the L2 algorithms can be found at https://data.ngdc.noaa.
gov/platforms/solar-space-observing-satellites/goes/goes16/12/
docs/GOES-R-XRS_L2_Data_Users_Guide.pdf

Finally, the resulting dataset was used to produce a
flare frequency distribution and determine the best-fit
value of «.

Details for each of these steps are outlined in subsec-
tions below. We also identified three flares that received
this treatment and were also observed by MinXSS-1,
which we analyzed in order to “cross check” the abso-
lute energy calibration. This MinXSS analysis method
is further detailed in Section 3.8.

3.1. Flare Selection

Flares were selected for analysis by teams of 3-4 stu-
dents over three semesters, with instruction for some
teams to select different class flares to ensure we sampled
the full distribution. During the first semester, students
were permitted to choose from flares across the entire
lifetime of the GOES-15 satellite, 2010 March through
2018 December. The students chose flares mostly close
to the solar minimum. In subsequent semesters, stu-
dents were asked to focus on flares closer to the solar
maximum to make sure there was coverage of the entire
solar cycle. The resulting final dataset contains flares
with a majority near the solar maximum — though we
note that prior studies have searched for and failed to
find any significant solar cycle dependence in the FFD
slopes (e.g., Veronig et al. 2002; Aschwanden & Freeland
2012).

In addition, there were other factors that guided stu-
dent flare selection. For example, students were in-
structed to choose single flares that did not overlap with
other flares of similar or greater irradiance. Students
may have looked at the pre-flare background and cho-
sen flares with a flatter background for simpler pre-flare
baseline subtraction. There were cases where multiple
student teams analyzed the same flare. If a flare had
been analyzed more than twice, the research leads se-
lected the one closest to the mean of the set; while
the flares that were analyzed exactly twice were down-
selected randomly.

3.2. Pre-flare Baseline Subtraction

As described in Section 1, pre-flare baseline subtrac-
tion is a crucial step because it reduces the impact of
the baseline level of X-rays being counted as part of the
energy of the flare, which has been shown to cause the
calculation of « to straddle the critical value of 2. While
the concept of pre-flare baseline determination is simple,
in practice, it is not trivial. It is common that there
are either other flares just prior to the flare-of-interest
or minutes-to-hours-long trends in the irradiance due
to active region evolution. Automated methods can be
developed for this determination, but tend to rely on al-
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Irradiance [uW m~2]

0 1 2 3 4
Time since start [hours]

Figure 2. Example GOES/XRS light curve with annota-
tions for the baseline level (horizontal dashed) and start/stop
times (vertical dashed) as determined by the student team
for this particular event. This particular flare peaked as an
M2 at 2016-07-24 06:20:00. Simple light curves like this one
are ideal, but they can become much more complex (e.g., see
Mason et al. 2019).

gorithms with fixed thresholds for, e.g., how much vari-
ation is allowed in the pre-flare baseline. As a result,
many flares must be rejected in the automated analy-
sis for violating these thresholds, which we refer to as
“low throughput” for the algorithm. In Mason et al.
(2019), this throughput was 30% for pre-flare baseline
determination; subsequent steps in the automated al-
gorithm had rejection criteria of their own that further
reduced the throughput of the full algorithm. Manual
determination of the pre-flare baseline level can have a
higher throughput (see Section 3.6), but tends to limit
the number of events that can be studied and, thus, the
statistical significance of the final result. Our solution
is to distribute the task across a large number of under-
graduate researchers.

To determine the pre-flare background, teams selected
from a variety of methods depending on the features of
the particular flare in question. Most were able to iden-
tify a period shortly before the start of the flare that
did not contain additional small flare signals, and was
reasonably long compared to the timescale of the target
flare (e.g., Figure 2). When this was not possible, teams
chose a method to exclude small flare signals before av-
eraging — for example, clipping the data at the level of
a B-class flare, or averaging only over the local minima
in a pre-flare region.

3.3. Flare Duration Integration

Integrating the light curve over time is another step
that is simple in concept, but non-trivial in practice.
The start and stop times have to be chosen. Addition-
ally, flare profiles are not always “clean”: due to sub-
sequent flares or active region evolution and the profile

may not return directly to the pre-flare baseline. The
NCEI L2 flare summary algorithm flags a flare end time
for every event: whatever time the irradiance drops to
half the peak value. This is a consistent but problematic
metric for our application because it ignores valid energy
that was released by the flare, though the end time is
not as important as the start time for determining the
total energy (Ryan et al. 2016). Just as with pre-flare
baseline determination, this step can also be automated,
but results in major caveats in the conclusion; yet man-
ual determination for every flare is cumbersome. Again,
the advantage of the present study is the large num-
ber of researchers that can distribute the task. As with
the background subtraction, teams made individualized
determinations about the start and end points of the in-
tegration. As a guide, many began by examining points
where the flare crossed the previously-determined back-
ground level, but often made small adjustments based
on the nuances in the data for that particular event.
Note that the units of the GOES/XRS data are W m~?2
= J s7! m~2. This time-integration step eliminates the
s71, leaving us with J m~2.

3.4. Conversion to Energy Units

In the GOES/XRS irradiance units, the m~2 is a nor-
malization of the flux to a shell with radius equal to the
Sun-Earth distance at the time of observation, which
is 1 au on average. To get energy independent of any
particular distance scaling, we simply multiply by 4mwd?2,
where d is the Sun-Earth distance at the time of obser-
vation, then convert to ergs for easier comparisons with
prior studies.

3.5. Cross Validation

After each team had completed at least one flare anal-
ysis, teams exchanged analysis documents to provide
dual anonymous reviews of each other’s work. Each flare
analysis received reviews from multiple other students.
Reviewers identified any clearly erroneous work (for ex-
ample, mistake in units conversion or a coding error)
and assessed the reasonableness of the methods used for
the baseline analysis and integration. In many cases, a
variety of methods would be reasonable and produced
very similar numbers, but the review process helped, in
part, to identify cases where the choice of method was
dramatically impacting the results. The teams then re-
ceived the feedback and made improvements to their
analysis before reporting the results to the collabora-
tion.

Finally, for each flare, the student teams created an
entry in a “flare archive,” which was a formal presen-
tation of their analysis documents and included basic
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information about the event (e.g., timestamps, classifi-
cation, reference solar image), a description of the flare’s
environment (e.g., solar minimum, close in time to other
flares or not), and a description of the specific methods
applied in Steps 2 and 3, with accompanying plots.

3.6. Data Review

After the student data was compiled in our “flare
archive,” the senior researchers on the project were able
to review the work flare-by-flare as an additional check
above and beyond the review process that took place
among the student teams. This comprehensive data re-
view involved the following steps:

e Resolving instances of duplicate flares, where mul-
tiple student teams chose the same flare to analyze.

e Ensuring that the peak irradiance and other de-
tails reported for each flare matched the data in
the SWDP.

e Removing flares from the database that contained
an overlapping flare.

e Removing flares from the database where the pre-
flare background displayed a secular trend that
would make the background subtraction unreli-
able.

The flare archive included 607 entries; removal of du-
plicates left us with 350 data points; removal of unre-
liable data from the remaining checks left 212, for an
overall throughput of 35%. We note that this compares
favorably with attempts to use automated algorithms
to analyze similar light curves: in a recent example,
throughput for pre-flare baseline identification and event
start/stop times was only 17% (Mason et al. 2019).

3.7. Flare Frequency and Determination of «

Essentially all studies of flare frequency distributions
consider some sub-sample of all flares that occurred. De-
pending on the selection method, this can inject bias.
The present study also had to sub-sample, and, here,
we describe how we corrected the bias. Because the
flare analysis used a stratified flare selection process to
ensure adequate sampling (i.e., some teams of student
researchers were instructed to choose an X-class flare,
others an M-class, etc), the frequency of various flare
types in our dataset is unnaturally skewed. We cannot
rely, therefore, on the frequency of various flare types
within our sample as a reliable indicator of the actual
frequency of such flares in nature. To correct for this
when producing our final FFD, we analyzed all flares
from the target period to produce a frequency diagram

1073

.
ve

Peak Irradiance [W m~2]

1027 1028 1029 1030 1031
Total Energy [ergs]

Figure 3. Peak irradiance versus the energy determined
with the methodology described in Section 3. The slope of
the fit shown in red is 0.97+0.04. These results are compa-
rable to those found in Veronig et al. (2002).

of the flares by peak irradiance. That is, we created
a histogram with logarithmically-spaced bins, normal-
ized by the bin width (Figure 1). By fitting the result
with a power law using the method described in D’Huys
et al. (2016), we extract an expression for dn/dI, the
frequency per peak irradiance, as a function of peak ir-
radiance.

Then, using just the set of flares analyzed by our col-
laboration, we performed another fit to the peak irra-
diance as a function of their energies (Figure 3). From
this, we extracted the derivative dI/dFE, and in turn,
computed the desired relationship:

dn dn dI
dE ~ Al dE (2)

Both terms on the right hand side of Equation 2 are
dn

known — 97 as represented by Figure 1 and % as rep-
resented by Figure 3. In other words, for every flare we
studied, we knew how frequently flares of that peak irra-
diance should occur if there was no bias in our selection
method, and could specify that frequency for the partic-
ular energy we calculated. Propagation of the standard
errors from the two preceding fits produces uncertainties
on the resulting g—g data points.

To determine «, we followed the recommendation
made by D’Huys et al. (2016). They note that the MLE
method described therein is a special case of a more gen-
eral Bayesian approach. In order to ingest and propa-
gate the errors on ‘;—’IL and j—]{:, we applied that more gen-
eral Bayesian approach: we used a Gaussian likelihood
function with uniform/flat priors to fit the model (Equa-
tion 1) to the data. We used a Monte Carlo Markov
Chain (MCMC) method with emcee (Foreman-Mackey

et al. 2013) to sample the posterior distribution of the
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fit parameters. We show the FFD and line fit in Section
4.

3.8. MinXSS Analysis Method

Of the flares studied in the GOES-15/XRS data, three
were also observed by MinXSS-1. Their peak flare times
occurred at 2016-07-24 06:20 (M2), 2016-11-29 07:10
(CT), and 2017-02-22 13:27 (C4). We applied the same
basic process described above to obtain flare energy for
each:

1. Converted from the native units of photons s—*

em 2 keV~! toerg s cm™2 keV ™.

2. Integrated across the 1-8 A wavelength part of the
spectrum in order to match the GOES/XRS long
channel bandpass; resulting in erg s~! ecm™2.

3. Identified a pre-flare baseline in the light curve and
subtracted it from the light curve.

4. Identified the start and stop times of the flare
(ensuring they were close to those identified in
GOES/XRS) and integrated across the corre-
sponding duration; resulting in erg cm=2.

5. Removed the cm~2 by applying 1/r? for 1 au; re-
sulting in erg.

Steps 1, 2, and 5 were simple conversions and integra-
tions. Steps 3 and 4 are the key steps requiring some
judgement. Because these flares had already been ana-
lyzed in the GOES/XRS data, we could simply use the
pre-flare time period and flare start/stop times as the
guide for the MinXSS flares.

4. RESULTS

The flare frequency distribution, line fit, and slope («)
are shown in Figure 4.

Per Equation 1 and the discussion in Section 1, the
result of & = 1.63+0.03 indicates that even at the outer
bound of the uncertainty, o < 2, suggesting that Alfvén
waves, rather than nanoflares, are the dominate mecha-
nism of coronal heating.

4.1. Cross Checking Flare Energy

Table 2 shows the comparison of the flare energy as
determined with the GOES/XRS data and the MinXSS-
1 data. This agreement is within the expected range per
Woods et al. (2016), accounting for the small irradiance
errors introduced when using a flat spectrum in the cal-
ibration of the broad-band XRS measurements (see e.g.,
Garcia 1994) and the MinXSS absolute calibration ac-
curacy of about 10% (Moore et al. 2016). Therefore,

—23 —— fit (A=7.41E+19, a=1.63+0.03)
—24 ¢ C-PhLARE data

-25
-26 +
=27
—-28
-29

-30

logy1o Frequency [# year~! erg™!]

-31

27 28 29 30 31
logyo Total Energy [ergs]

Figure 4. Flare frequency distribution of the C-PhLARE
Collaboration, with fit coefficients corresponding to Equa-
tion 1. The value of « is below the critical threshold value
of 2, suggesting that Alfvén waves are an important source
of coronal heating.

we conclude that despite GOES-15/XRS not having an
absolute instrument calibration, the resultant flare en-
ergies reported in absolute units (ergs) are reasonably
accurate.

4.2. Comparison With Other Studies

Table 3 places the results from this study in the con-
text of several others. Many solar studies do not agree
with each other to within their uncertainties, but this
could be explained by differences in methodology as
highlighted in Table 3, by uncorrected skews introduced
by sub-sample selection effects, or by issues with fitting
methods as described by D'Huys et al. (2016). Never-
theless, there appears to be general agreement among
solar studies that « is less than the critical value of 2,
meaning that these studies conclude that wave coronal
heating is dominant. Table 3 also shows that, compared
to solar studies, many stellar studies have systematically
higher values of alpha, even exceeding « of 2 (if only
just) and therefore favor the opposite conclusion: that
nanoflares explain coronal heating. It has been reason-
ably suggested that the underlying physical mechanism
powering solar and stellar flares should be the same (e.g.,
Maehara et al. 2017; Airapetian et al. 2019), namely
that a convection-driven dynamo generates a magnetic
field that is contorted to store energy in the corona and
then abruptly freed via magnetic reconnection to pro-
duce eruptive events. If this is the case, then the resul-
tant FFD power law should scale well across solar and
stellar studies. Table 3 shows that this is not the case,
but it also makes clear that the methods for all of these
studies are not uniform. Moreover, there are other nu-
ances that may need to be accounted for such as the
strong dependence of flare frequency on the stellar pe-
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Table 2. Comparison of GOES/XRS- and MinXSS-derived flare energies

Flare Peak Time (Class) GOES/XRS-derived MinXSS-1-derived %
Flare Energy [erg]  Flare Energy [erg] Difference
2016-07-24 06:20 (M2) 7.47 x 107 6.31 x 107 -18%
2016-11-29 07:10 (C7) 6.04 x 10%7 7.81 x 10%7 +29%
2017-02-22 13:27 (C4) 1.88 x 10%® 1.64 x 10%® -15%

riod of rotation (Notsu et al. 2013; Machara et al. 2015;
Davenport 2016).

Table 3 also shows how tantalizingly close to a = 2
many studies are, some even including the value within
their uncertainty. This itself suggests that both pro-
cesses — nanoflare heating and wave heating — are likely
important. Beyond the nuances in the data analysis
method, the dominance of one process or the other is
likely dependent on a variety of factors that are them-
selves dynamic with time and varying conditions.

5. DISCUSSION

The literature on flare frequency distributions is ex-
tensive. The key novelty in the present study is that
we had an unprecedented number of data analysts to
perform a large number of case studies that we aggre-
gated into a statistical study. In prior studies, it was not
feasible to perform pre-flare baseline subtraction and/or
energy computation (which requires determining a flare
start and stop time) because it is either labor intensive
or requires automated algorithms that tend to reject a
large fraction of flares. We found a pre-flare subtracted,
flare energy frequency distribution with a slope of 1.63
+ 0.03, which suggests Alfvén waves play an important
role in heating the solar corona. This result disagrees
with much of the prior stellar literature despite the rea-
sonable widespread assertion that the underlying phys-
ical processes should be the same for the Sun as other
stars. We argue that this discrepancy is likely due to
differences in methodology and observational availabil-
ity.

We note that, just as in the solar literature, it is diffi-
cult to find stellar studies that have performed an energy
computation or a baseline subtraction. Solar physicists
enjoy a long, nearly unbroken record of observations —
especially in SXR irradiance via GOES/XRS and now
also in extreme ultraviolet (EUV) with GOES/EUVS —
but astrophysical studies to date have been primarily
limited to time allocation on major facilities, such as
Chandra/HETGS, which makes the acquisition of com-
plete light curves for flares and pre-flare baselines dif-
ficult. An astrophysics mission dedicated to obtaining

long baseline observations of stars in the SXR and/or
EUV would be highly beneficial to future studies seek-
ing to determine stellar coronal heating mechanisms that
could be compared against solar results like those pre-
sented here.
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Table 3. Flare frequency distribution comparison

Reference

Wavelength

Baseline

Energy

Target Parameter a
regime subtraction? computation?
This study Sun SXR Yes Yes Energy 1.63 + 0.03
Crosby et al. (1993) Sun HXR No Yes Energy (electrons) 1.53 &+ 0.02
Shimizu (1995) Sun SXR No Yes Energy 1.5-1.6
Veronig et al. (2002) Sun SXR No No Peak irradiance 2.11 £ 0.13
Aschwanden & Freeland (2012) Sun SXR Yes No Peak irradiance 1.98 £ 0.11
Caramazza et al. (2007) Young stars in SXR No No Peak irradiance 2.2 £0.2
Orion Nebula Cluster
Colombo et al. (2007) Cygnus OB2, ONC SXR No No Peak irradiance 2.1 4 0.1
Nebulae
Maehara et al. (2012) Sun-like stars Visible No Yes Energy 2.0-2.3

@ This table is far from comprehensive. For example, Hudson (1991) cites a number of other studies with a ~ 1.8 and Crosby et al. (1993)
includes a similar table to this one with « ranging 1.13-2.0.

REFERENCES

AAS Journals Team, & Hendrickson, A. 2018,
AASJournals/AASTeX60: Version 6.2 official release,
doi: 10.5281/ZENODO.1209290

Airapetian, V. S., Barnes, R., Cohen, O., et al. 2019,
International Journal of Astrobiology, 1,
doi: 10.1017/51473550419000132

Aschwanden, M. J., & Freeland, S. L. 2012, The
Astrophysical Journal, 754, 112,
doi: 10.1088/0004-637X/754/2/112

Auchincloss, L. C. 2014, CBE life sciences education, 13,1,
29

Caramazza, M., Flaccomio, E., Micela, G., et al. 2007,
Astronomy & Astrophysics, 471, 645,
doi: 10.1051/0004-6361:20077195

Colombo, J. F. A., Caramazza, M., Flaccomio, E., Micela,
G., & Sciortino, S. 2007, Astronomy & Astrophysics, 474,
495, doi: 10.1051,/0004-6361:20078064

Crosby, N. B., Aschwanden, M. J., & Dennis, B. R. 1993,
Solar Physics, 143, 275, doi: 10.1007/BF00646488

Davenport, J. R. A. 2016, The Astrophysical Journal, 829,
23, doi: 10.3847/0004-637X/829/1/23

Drake, J. F. 1971, Solar Physics, 16, 152,
doi: 10.1007/BF00154510

D’Huys, E., Berghmans, D., Seaton, D. B., & Poedts, S.
2016, Solar Physics, 291, 1561,
doi: 10.1007/S11207-016-0910-5/FIGURES /7

Emslie, A. G., Dennis, B. R., Shih, A. Y., et al. 2012, The
Astrophysical Journal, 759, 71,
doi: 10.1088,/0004-637X/759/1/71

Feldman, U., Doschek, G. A., & Klimchuk, J. A. 1997, The
Astrophysical Journal, 474, 511, doi: 10.1086/303428

Foreman-Mackey, D., Hogg, D. W., Lang, D., & Goodman,
J. 2013, Publications of the Astronomical Society of the
Pacific, 125, 306, doi: 10.1086,/670067 /XML

Freeland, S. L., & Handy, B. N. 2012, SolarSoft:
Programming and data analysis environment for solar
physics

Garcia, H. A. 1994, Solar Physics, 154, 275,
doi: 10.1007/BF00681100

Hudson, H. S. 1991, Solar Physics, 133, 357,
doi: 10.1007/BF00149894

Hudson, H. S., Peterson, L. E., & Schwartz, D. A. 1969,
The Astrophysical Journal, 157, 389, doi: 10.1086/150075

Hunter, J. D. 2007, Computing in Science & Engineering, 9,
90, doi: 10.1109/MCSE.2007.55

Jones, E., Oliphant, T., Peterson, P., & others. 2001,
{SciPy}: Open source scientific tools for {Python}.
http://www.scipy.org/

Kahler, S. W. 1982, Journal of Geophysical Research, 87,
3439, doi: 10.1029/JA0871A05p03439

Knuth, J., Lucas, G., Pankratz, C. K., et al. 2020, in
American Geophysical Union, Fall Meeting 2020,
003-0018. https://ui.adsabs.harvard.edu/abs/
2020AGUFMSMO0030018K /abstract

Lee, T. T., Petrosian, V., & McTiernan, J. M. 1993, The
Astrophysical Journal, 412, 401, doi: 10.1086/172929

Loyd, R. O. P., France, K., Youngblood, A., et al. 2018,
The Astrophysical Journal, 867, 71,
doi: 10.3847/1538-4357/aae2bd

Maehara, H., Notsu, Y., Notsu, S., et al. 2017, Publications
of the Astronomical Society of Japan, 69, 41,
doi: 10.1093/PASJ/PSX013


http://doi.org/10.5281/ZENODO.1209290
http://doi.org/10.1017/S1473550419000132
http://doi.org/10.1088/0004-637X/754/2/112
http://doi.org/10.1051/0004-6361:20077195
http://doi.org/10.1051/0004-6361:20078064
http://doi.org/10.1007/BF00646488
http://doi.org/10.3847/0004-637X/829/1/23
http://doi.org/10.1007/BF00154510
http://doi.org/10.1007/S11207-016-0910-5/FIGURES/7
http://doi.org/10.1088/0004-637X/759/1/71
http://doi.org/10.1086/303428
http://doi.org/10.1086/670067/XML
http://doi.org/10.1007/BF00681100
http://doi.org/10.1007/BF00149894
http://doi.org/10.1086/150075
http://doi.org/10.1109/MCSE.2007.55
http://www.scipy.org/
http://doi.org/10.1029/JA087iA05p03439
https://ui.adsabs.harvard.edu/abs/2020AGUFMSM0030018K/abstract
https://ui.adsabs.harvard.edu/abs/2020AGUFMSM0030018K/abstract
http://doi.org/10.1086/172929
http://doi.org/10.3847/1538-4357/aae2bd
http://doi.org/10.1093/PASJ/PSX013

10 MASON ET AL.

Maehara, H., Shibayama, T., Notsu, Y., et al. 2015, Earth,
Planets and Space, 67, 59,
doi: 10.1186/s40623-015-0217-z

Maehara, H., Shibayama, T., Notsu, S., et al. 2012, Nature,
485, 478, doi: 10.1038 /nature11063

Mason, J. P., Attie, R., Arge, C. N., Thompson, B., &
Woods, T. N. 2019, The Astrophysical Journal
Supplement Series, 244, 13,
doi: 10.3847/1538-4365/ab380e

Mason, J. P.;, Woods, T. N., Caspi, A., et al. 2016, Journal
of Spacecraft and Rockets, 53, 328, doi: 10.2514/1.A33351

McKinney, W. 2010, in Proceedings of the 9th Python in
Science Conference, ed. S. van der Walt & J. Millman,
51-56

Moore, C. S., Woods, T. N., Caspi, A., & Mason, J. P.
2016, in Proc. SPIE 9905, Space Telescopes and
Instrumentation 2016: Ultraviolet to Gamma Ray, ed.
J.-W. A. den Herder, T. Takahashi, & M. Bautz
(Edinburgh, United Kingdom: International Society for
Optics and Photonics), 990509, doi: 10.1117/12.2231945

Notsu, Y., Shibayama, T., Maehara, H., et al. 2013, The
Astrophysical Journal, 771, 127,
doi: 10.1088,/0004-637X /771/2/127

Oliphant, T. E. 2006, Guide to NumPy (USA: Trelgol
Publishing)

Perez, F., & Granger, B. E. 2007, Computing in Science &
Engineering, 9, 21, doi: 10.1109/MCSE.2007.53

Price-Whelan, A. M., Sip6cz, B. M., Giinther, H. M., et al.
2018, The Astronomical Journal, 156, 123,
doi: 10.3847/1538-3881/aabc4f

R Core Team. 2021, R: A Language and Environment for
Statistical Computing. https://www.r-project.org/

Rodgers, E. M., Bailey, S. M., Warren, H. P., Woods, T. N.,
& Eparvier, F. G. 2006, Journal of Geophysical Research,
111, A10S13, doi: 10.1029/2005JA011505

Ryan, D. F., Dominique, M., Seaton, D., Stegen, K., &
White, A. 2016, A&A, 592,
doi: 10.1051/0004-6361/201628130

Shibayama, T., Maehara, H., Notsu, S., et al. 2013, The
Astrophysical Journal Supplement Series, 209, 5,
doi: 10.1088,/0067-0049,/209/1/5

Shimizu, T. 1995, Publications of the Astronomical Society
of Japan, 47, 251. https://ui.adsabs.harvard.edu/abs/
1995PASJ...47..251S /abstract

SWx TREC. 2019, SWx TREC Space Weather Data
Portal, doi: 10.25980/NMFX-XX89

Veronig, A., Temmer, M., Hanslmeier, A., Otruba, W., &
Messerotti, M. 2002, Astronomy & Astrophysics, 382,
1070, doi: 10.1051/0004-6361:20011694

Waskom, M. L. 2021, Journal of Open Source Software, 6,
3021, doi: 10.21105/J0SS.03021

Werth, A., Mason, J. P., West, C. G., et al. 2023,
C-PhLARE/code-for-paper: Initial release in prep for
paper submission, doi: 10.5281/ZENODO.7612484

Werth, A., Oliver, K., West, C. G., & Lewandowski, H. J.
2022a, Physical Review Physics Education Research, 18,
020128, doi: 10.1103/PhysRevPhysEducRes.18.020128

Werth, A., Oliver, K. A., West, C. G., & Lewandowski,
H. J. 2022b, in Physics Education Research Conference
2022, 481-487

Werth, A., West, C. G., & Lewandowski, H. J. 2022c,
Physical Review Physics Education Research, 18, 010129,
doi: 10.1103/PHYSREVPHYSEDUCRES.18.010129/
FIGURES/8/MEDIUM

Woods, T. N., Eparvier, F. G., Fontenla, J., et al. 2004,
Geophysical Research Letters, 31, L.10802,
doi: 10.1029/2004GL019571

Woods, T. N., Caspi, A., Chamberlin, P. C., et al. 2016,
arXiv preprint, 835, 1, doi: 10.3847/1538-4357/835/2/122

Youngblood, A., & Newton, E. R. 2022, allisony/lyapy,
doi: 10.5281/ZENODO.6949067


http://doi.org/10.1186/s40623-015-0217-z
http://doi.org/10.1038/nature11063
http://doi.org/10.3847/1538-4365/ab380e
http://doi.org/10.2514/1.A33351
http://doi.org/10.1117/12.2231945
http://doi.org/10.1088/0004-637X/771/2/127
http://doi.org/10.1109/MCSE.2007.53
http://doi.org/10.3847/1538-3881/aabc4f
https://www.r-project.org/
http://doi.org/10.1029/2005JA011505
http://doi.org/10.1051/0004-6361/201628130
http://doi.org/10.1088/0067-0049/209/1/5
https://ui.adsabs.harvard.edu/abs/1995PASJ...47..251S/abstract
https://ui.adsabs.harvard.edu/abs/1995PASJ...47..251S/abstract
http://doi.org/10.25980/NMFX-XX89
http://doi.org/10.1051/0004-6361:20011694
http://doi.org/10.21105/JOSS.03021
http://doi.org/10.5281/ZENODO.7612484
http://doi.org/10.1103/PhysRevPhysEducRes.18.020128
http://doi.org/10.1103/PHYSREVPHYSEDUCRES.18.010129/FIGURES/8/MEDIUM
http://doi.org/10.1103/PHYSREVPHYSEDUCRES.18.010129/FIGURES/8/MEDIUM
http://doi.org/10.1029/2004GL019571
http://doi.org/10.3847/1538-4357/835/2/122
http://doi.org/10.5281/ZENODO.6949067

All Authors and Affiliations

1.5

JaMmEs Paur MasoN 212 Apgxanpra WerTH @ 34 CoLin G. WesT 22 ALLISON A. YoungBLOOD (2,
DoNALD L. Woopraska 21 Courrney L. Prck 2 %71 AgrvinD J. Arapnya 23 Ywuian Car?
KousHik GANEsaN,®> T. R. GEerprs,® Tur D Hoang,?

DaviD CHAPARRO 23 JamEs W. ERIKSON,?
Tromas M. HorNING,>  Yan JiN,®  Hamxin Liv &,

3 Noam Lorp1,®> Zuenc Luo @3  Tuanmay S. Menon (23

JosepHINE C. MEYER 22  Emma E NeLson 22 KrisTIN A. OLiver 22 Joree L RaMmirez Ortiz 23
ANDREW OSBORNE (22 ALyx PATTERSON,®> NiIck PELLATZ,> JOHN PITTEN,> NANAKO SHITARA,?

DANIEL STECKHAHN,> ASEEM VisaL,® HoNcpa WaNG,®> CHAORAN WANG,®> EvAN WICKENDEN,® JoHN WiLsoN (2,

MenGYU WU @23 NikoLAY YEGOVTSEV,® INGRID H ZIMMERMANN (23 JaAMES HOLLAND AARON,®

3

b) b

JumaNA T. ABDULLAH,®> JONATHAN M. ABrRAMS,®> RILEY ABRASHOFF,> ANDRES B. AcEVEDO (22 IKkErR Acna (23

DANIELA M. MEZA AcosTA,®> MEGAN M. ApaM,®> DANTE Q. Apams,> KawvyN N Apams,> ELENA R Apawms 93
ZAINAB A. AkBAR,®> Usumi H. Akruwara 23 Aper AL-Guazwi 22 BaroorL H. ALABBAS,?

AREEJ A. ALAWADHI,> YAZEED A. ALHARBI,> MOHAMMED S. ALAHMED (23  MOHAMMED A. ALBAKR,®
Yuser J. ALsarusar 23 JONATHAN ALBAUM,> AHMED ALDHAMEN,> NOLAN ALES,> MOHAMMAD ALESMAIL,>
ABDULELAH ALHABEEB (22  Dania Avnamnr @2 Isenaq Avnuseint 93 SubAIL ALkaabr,® TaMEEM AvLkHEZzI 2,

b
MOHAMED ALKUBAISL,® NASSER ALLANQAWI,®> MARTIN ALLSBROOK,®> YOUSEF A. ALMOHSEN,?

JusTIN THomAS ALMQUIST,® TEEB ALNAJ,> YOUSEF A ALNASRALLAH,?> NICHOLAS ALONzI,> MESHAL ALOSAIMI (2,
EMEEN ALQABANL> MOHAMMAD ALRUBAIE,> REEMA A. ALSINAN,> AvAa L. ALTENBERN,®> ABDULLAH ALTOKHAIS,>
SALEH A. ALyaMm1,®> FEDERICO AMELJENDA,> Hamzl AMER,®> MEGGAN Amos 23 HUNTER J. ANDERSON,?
CARTER ANDREW,®> JESSE C ANDRINGA,> ABIGAIL ANGWIN,> GABREECE VAN ANNE,> ANDREW ARAMIANS (2]
CAMILA VILLAMIL ARANGO,®> JAck. W. ARCHIBALD,> BRIAN A. ArRiAS-ROBLEs,® MAaRyaM ARyaN,® KEvIN Asn,?

JusTiN Astaros 22 N. S. ArcHLEY-RIVERS,> DAKOTA N. AUGENSTEIN,” BRYCE W. AUSTIN,> ABHINAV Avura (2,

bl
MaTTHEW C. AycoCcK,® ABDULRAHMAN A. Barran (23  Samana Bapaii,® BRrIAN BALAJONDA,®> LEO M BALCER,?
GRANT M. BARNEs (23

James O. Bapwin @3 Davip J BANpA,®>  TrTus BArRD,®> ABBY BARMORE,?
LoGAaN D. W. BARNHART,> KeviN M. BAroNE 23 Jessica L. BARTMAN,®> CLAIRE BASSEL,?

b
CATALINA S Bastias 03 BarcuiMEG Bar-Urzir,®  JASLEEN BaTrA,> LEXI Bartist,® Josnua Bay,?
SiMOoNE Bracu 92 SArA BEArRD,” QUINN I BeaTo (2,

, 3 RyAN BEATTIE,> THOMAS BEATTY,?

TRISTAN DE LA BEAUJARDIERE 22 Jacos N. Beauprrez 2% M. G. BeEck,®> LiLy BEck,®> SIMONE E. BECKER,?
BRADEN BeEnr,> TiMotHY A. BEHRER,” Josnua BEUER,> BRENNAN J. BELEL® ANNELENE L. BELKNAP,?
ArsLyN BELL 22 CADEN BENCE,®> Evan BeEnkE @3 Naomr BEruanu 93 Zacuary D. BERRIMAN-ROZEN,?
CHRISANNA BerTuccio @3  OweN A. BErv,®> BLAINE B. BIEDIGER,® SaMUEL J BiraLe (22  BRENNEN BILLIG,?
JACOB BILLINGSLEY,> JAYCE A. BiLLMAN,” CONNOR J. BIRON,® GABRIELLE E. Bisacca,® Cassipy A. BLAKE,?
GuiLLERMO Branpon @22 Orivia BLevins (22 ETHaN BrouinN,® MicuaL Bopzianowskl 23 TayLor A. BOEYINK,®
MarTHEW BoNDAR (22 LAUREN BoONE,®> ALBERTO EspiNosa DE Los MoNTEROS BoniLLa (22 WirLiam T BORELLL?
LUKE R. BORGERDING,> TROY BOWEN,> CHRISTINE BOYER,®> AIDAN BOYER,®> Ampan P. Bovie @3 Towm Bovyng,?
DONOVAN BRANCH,> ARIANA E. BRECL,®> DavID J. BRENNAN,?> ALEXANDER J BRIMHALL,®
JENNIFER L. BROCKMAN,?> SARAH BROOKINS,®> GABRIEL T. BROwN,®> CaAMERON L. BRowN,®> RyaN Brown,?
JorDI BROWNLOW,? GRANT BRUMAGE-HELLER,®> PRrESTON J. BRUMLEY (23 SamuiL Bryan 23 A, Brzostowicz,?
MaRyAM Bunamap,® Gicr BuLLARD-CONNOR,® J. R. RamiREz Bunsow (22 ANNEMARIE C. BURNS,®
Jon~ J. BurriTT,®> NIicHOLAS DAVID BURTON,> TAYLOR BURTON,> CELESTE BuscH,”> DyLAN R. BUTLER,?

B. W. BuxtoNn,> MALENA C.Toups,®> CARTER C. CABBAGE,” BREONNA CAGE,®> JacksoN R. Cann,?
ANDREW J CaMPBELL (22  BRADEN P. CANALES,> ALEJANDRO R. CaNc1O,®> LUKE CAREY,” EMMA L. CARILLION,?
MICHAEL ANDREW CARPENDER,” EMILY CARPENTER,” SHIVANK CHADDA (2%  PAIGE CHAMBERS,?

JasEy CHANDERS,®> OvLiviA M. CHANDLER,> ETHAN C. CHANG,> MITCHELL G. CHAPMAN,®> LOGAN T. CHAPMAN,?
S. CuavaLl @3 Luis CHavez,> KgeviNn Cuex 22 Loy CHeN,® Sam CHEN,® Jupy CueN 22  JENisHA CHHETRI,®
BRADYN CHILES,” KavLA M. CHIZMAR,> KATHERINE E CHRISTIANSEN,> Nicnoras A. Cisng (23 ALexis CISNEROS,?

Davip B. CLARK,®> EVELYN CLARKE (23 PgTER C CLARKSON,®> ALEXIS R. CLAUSL,®> BROOKE COCHRAN,?
RyaN W. COE,> AISLINN COLEMAN-PLANTE,> JAKE R. COLLERAN,®> ZACHARY COLLERAN,> CURRAN COLLIER,®
NATHANIEL A. CoLLINs,®  Saran CoLLiNs,®  Jack C. Cornins 23 MicuarL CoLozzi 93 Aurora Corrrr 23
REBECCA A. Cone D3 Tnomas C. Conroy,®> Rerse Conti 3  Cuarres J. ContTizano,® DestiNy J. Coor,?

NicHOoLAS M. COOPER,® JEssica S CorsITT,® JONAS COURTNEY,®> Orivia CourTNEY 2% CorBEN L. Cox,?
WILMSEN B. Craic,®> Josnua B. Creany 23 Anastasia CREws,®> K. A. CROCKER,” A. J. CroTEAU 23

CHRISTIAN J. CrOW,> ZoE Crust ?® AvriL Cruz,® TvYLER L. CurNOow,®> HAYDEN CURRENT,® RILEY T. CURRY,>

LiBBY CUTLER,> AIDAN ST. CYR,> FREDERICK M. DABBERDT,> JOHNSTON DABOUB,> OriviaA DAMGAARD (23
SwacaTaMm Das,®> Emma A. B. Davis 22  Eryse DeBarros (22  SeEaN DEEL,> MEGAN E. DELASANTOS,?

3

3

3

3
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12 MASON ET AL.
ZACHARY DERWIN,® OM Drsar,® Kai Dewey (23 Jonn S. Dias,® Kenzie A. Dice,®> R. Dick,?

HeNRY DIETRICK,® ALEXIS M. DINSER,®> ArLyssa M. DixoN (23 Tuaomas J. Dixon 23
Josaua DopriLL (22  TiMOTHY DOERMER,®

)

TIANYUE DENG,3

CvyRrus A. DICKEN,?
HeLEN C. Do,> Curis H DoaN,> CONNOR DOANE,?
L1zBETH MoNTOYA DOMINGUEZ,> J. DoMINGUEZ,> EMERSON N. DOMKE,> CAROLINE R. DoORrAN,?

JAcKksON A. Dorr,®> PniLip DorricorT (22 DaNELLE C. DRESDNER (23 MicHAEL DRIscoLL,?
KAILER H. DRI1SCOLL,®> SHERIDAN J. DUNCAN,®> CHRISTIAN DUNLAP,> GABRIELLE M. DUNN,®> TIEN Q. DUONG,?
TomMmr OsHiMA DupEYRON &2 ANDREW N. EasT,®> BREE EDWARDS,?

3 PETER DVORAK,®> ANDREW East,?
LAUREN Enrricu 23 SaArA I. ELBASHIR,> RASCE ENGELHARDT,® JacoB ENGELsTAD (23  CoLIN ENGLAND,?
ANDREW ENRICH,®> ABBEY ERICKSON,? NATHAN Evans,?  Cavin A Ewing @3

BENJAMIN ERICKSON,?
ELIZABETH A. EYESON,®> IAN FABER,®> AVERYy M. FaILs,? 3 KevIN FELL,®> ZiTiaN FENG,?

JOHN T FAUNTLEROY &,
LocaN D. FEnwick,® Nikita FEokTisTov,> RyYANN FIFE,® JoHN ALFRED D. FIGUEIRINHAS,® JEAN-PAUL Fiscu (2,
EMMALEE Fi1scHER,®> JULES FiscHER-WHITE,> AIDAN F. FITTON,®> ALEXANDER FIx (2,

3 Lypia FLACKETT,?
FERNANDO FLORES,> AIDAN FLoYD,> LEONARDO DEL Foco,®> Apepunt Forarin 93  Aman E. Forses,?
ELISE FORTINO,?

BENJAMIN L. FOUGERE,> ALEXANDRA A. FOWLER (2 ? MarGARET Fox (22  JaMmES M. FRENCH,?
KATHERINE V. FRENCH (23 FroriaN G. Frick @2  CaLviN R. Fucns,® BrTHANY E. S. Funrman (23
SEBASTIAN FURNEY (23 MOUTAMEN GABIR,> GABRIELA GALARRAGA,® SKyLAR GaLE(? KpgavLa C. GAPIN,®
A. J. GARSCADDEN,” RACHEL GASSER,®> LiLy Gavyou,® EMiLy E. GEARHART,” JANE GEISMAN,?
JULIANNE R. GENESER,> SL GENNE D3 JuLia G GENTILE, ELEANOR GENTRY,® JacoB D. Grorck (2,
NATHANIEL JAMES GEORGIADES,”> PHILLIP GERHARDSTEIN,?> CLINT GERSABECK,” BANDAR ABU GHAITH,?
Dorsa Guiassi,> B. C. GIEBNER,> DALTON GILMARTIN,> CONNOR B. GILPATRICK,®> MICHAEL GJINI,?
OLIviA GOLDEN,> NaTHaN T. GoLpINg,®> C. A. GOLDSBERRY,®> ANGEL R. GoMEZ,®> ANGEL A. GOMEZ,?
SEAN GOPALAKRISHNAN,® MARIAM GOPALANL® NicHOLAS GOTLIB,®> ALAINA S. GRAHAM,> MICHAEL J GRAY,?
ALANNAH H. GREGORY,> JosHua A. GREGORY (23  KRISTYN GRELL,® JusTUs GRIEGO,®> NicnHoLas F. GrirrFiN (2,
KyLe J. GrirrIN 23 MarT GUERRERO (22 NicoLeE GUNDERsON 23 MutiaN Guo,® E. R. GUSTAVSSON,?
GRACE K. Hacn,®> L. N. Hag,> Jrssica Haings 22 Jack J. Mc HALE,> RYDER BUCHANAN HALES,?
MARK S. HALEY,> JACQUELINE L. HALL,®> SeaN R. Hamiron @22 SoonNHEE HAN,®> TyYLER HaND,?
Lukk C. HANLEY (22 CONNOR M HANSEN,® JosHua A. HANSEN,®> JoNATHAN HaNssoN,®> Tony YUunrel Hao (2,
IsaBELLE HARDIE,> DiLLON F. HARDWICK,> CAMERON T. Hargs 3

3

3

3

3

3

NicHOLAS HARATSARIS,?
LOGAN Swous Harris,” CoYLE M. Harris,> OMER HART,® KYLE HAsHIRO,> ELSIE HATTENDORF,?
CALDER HauBricH,®> ELwan Hawar 23 GRrIFFIN A. HAYRYNEN,® DaNIELLE A. HeiNTZ,> TiM HELLWEG,?
ANGEL HErRNANDEZ (93 EMANUEL HERRERA,®> ROBERT N. HErRrINGTON (22 T Herwic 232  Troy M. HEssE,?
QuiNN HiaTT,®> LA PEARL HiBBARD,> IMARI R. Hicks,®> ANDREw J. Hicks,® NiceL Hicnnousk 23
ANNALISE K. HILDEBRAND,®> Paura HiLr,® HarLuk Hir,® Evan HiNTsa,® ANNA E. HirscHMANN,®>  Travis HiTT,?
Erra Ho @3  IsaBeLLe J. Horr,®> ArLex HorrMaN (22 Brake A. Hocen 22  Linpa HORNE,?
TimoTHY J Houck,® Noan H. HoweLr,> E. M. Hrubka,® J. Hu,® Jianvanc Huang,® Cuengl Huane,?
SuaNcHENG Huanc 93 Zacnary A. Hupson 23 Naruan C. Hubson,® Tvyrer J. HuesscH,® OwEeN HuLL,?
SAMUEL C HUuNTER,> Troy HusTeED (23  ABIGAIL P. HUTABARAT,® LESLIE Huynn,®  ANTONIO E. SAMOUR It (2,
YOLANDE IDOINE,®> JuLiA A. INGRAM,®> TaRrO IovaN,® SAMUEL A. ISERT,> ANTONIO SALCIDO-ALCONTAR JR,?
THOMAS JACOBSEN,” ALAN A JAIMES,> CONNOR JAMESON,® J. R. JARRIEL,” SaAM Jarvis,> JosH JENKINS,
ALEXANDER V. JENSEN,® JacoB JEONG 22 Luke A. JEseriTz,®> TREVOR JESSE,®> S00 YEUN JI,*>  YuraN Jiang,?
OWEN JOHNSON 23 MATTHEW JOHNSON,> SAWYER JOHNSON,®> JULIA JOHNSTON,> BRAEDON Y. JOHNSTON,?
OrLivia M. JonNgs,” M. R. JoNEs,” TaRA JOURABCHI,> ToONY A. HousE JRr.,> PARKER JUELS,?

SaBrINA J. H. T. KaiNz,®> EMILY KAISER,®> Nicoras IaAN KALLEMEYN,> MabpisoN H. KaLmus,® Erasn KALRA
MARGARET KAMENETSKIY,> JEERAKIT KANOKTHIPPAYAKUN (23  SHAUN D. Kapra,®> BRENNAN J. KaARsH,?
CADEN J. KEATING,> MORGAN A. KELLEY,®> MicnaeL P. KeLLey (23 Nicnovras Kerry,®  JaMEs KELLy,?

TeAGAN KeLLy 03 CHRisTOPHER M KELLY,” KELLEN KENNEDY,> CAvLA J. KENNEDY,?> FORREST KENNEDY,?
ABIGAIL KENNEDY,® LiaNA KERR-LAyTON 22  MARILYN KETTERER (2> IBRAHEEM A. KHAN,®> UsmaN KHan,?
SAPRIYA KHANAL,?> Jack L. KiecHLIN,®  Dowminic KiLLian,?  Kevin KiM,?>  BrianN T. KiM,?>  MarTHEW M. Kim,?

Jake KiM,?>  AspeN Kimricko,® IsaBerL M Kipp,> HUNTER B. KIRKPATRICK,?

Orvia R. Kreingaus 93 Pumwie Wmiting Knorr 22 WL Kocn,®  Greta Koenig,> EmiLy KokE,?
3 Zore M. Kresex 2 ®  DyrLan Krieaman (22

THoMAS KOKEs,®>  Yasu S. Kornampr 22 Zack Krainak 2,
JAKE E. KriTzBERG (23  Davis J. KRUEGER,” BARTLOMIEJ KUBIAK,> KIRSTEN KUEHL,® CHRISANNE KUESTER
b 9 9 b
3 ConNoOr KuyBus,® DANIEL KWIATKOWSKI,®

Nicoras A. KUlPER,> AMAN PRIYADARSHI KUMAR (2,
QUINTIN Y. LAFEMINA,®>  KeVIN Laciak,®> KyLe LAnMERS (2,
MAXWELL B. Lantz (22 ZAcHARY LARTER,® BeENJAMIN P. Lau 2?  MEeGAN LauzoN,” RIAN LAWLOR,?
TYLER LEARNED,®> E. C. LEE,> JunwoN LEE,> ADRIANNA J. LEE® JusTIN LEE,®> ALEXIS YING-SHAN LEE,?
CHRISTIAN J LEE®> NATHANIEL F. LEE,®> LiNzHI LEIKER,®> DYLAN LENGERICH,” CECILIA LEONI,?

3 ANTONIA LAM,®> KALIN LANDREY,?

NaTaLie KissNer,® EwmiLy R. KiTE,?
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ADRIENNE R. LEzAK,®> Davip Y. L1@3 Isaac Li,> RyaN Z. Liao,> BRIDGET LINDERS,” MORGAN I LINGER,?
KATHERINE B. LINNANE (22 Sam LippincorT @23 BARRETT LISTER,® SHELBY D LiTToN,> Nianzi Liu,?
STEVEN Y. Liv 22  Tmorny W. Locan 23  NaTHAN LONDRES,> Mia C. LONERGAN (23 EMILY LOOKHOFF,3
N. E. Loomis,> CHRISTIAN Lopez,> JusTIN LoriNG (23 JerFREY Lucca,’® DAaAX LUKIANOW,?

NATHAN M.CHEANG,> WILLIAM MACDONALD,®> CLAIRE A. MADONNA,> KAsEY O. MADSEN,?

TIFFANY E. MAKSIMUK,®> MACGUIRE MALLORY,®> RyaN A. MALONE,®> BLAKE MaLy (23 XANDER R. MANZANARES,®
AIMEE S. MARAVI,> SERAFIMA M. MARcUS,®> NASREEN MARIKAR,®> JoSIE A. MARQUEZ,> MATHEW J. MARQUEZ,>
LAUREN MARsH,> ToONI MARsH,” LOGAN S. MARTIN,® ALEXA M. MARTINEZ,®> JOSE R. MARTINEZ,?
HazrLia K. MARTINEZ,®> CARA MARTYR (2% MirNA Masr1,®  GIORGIO MaTgssi (23
ApAM Izz KHAN MoHD REDUAN MATHAVAN,® RANDI M. MATHIESON,®> KABIR P. MATHUR,®> Granam MAUER (23
VICTORIA A. MAYER,®> LiaM MazzoTTA,> GLEN S. McCAMMON,> ROWAN McCONVEY,®> TYLER Mccormick (2,3

ANDREW Mccoy (22  KELLEEN MCENTEE,®> MEAGHAN V. MCGARVEY,” RILEY M. McGILL,?

James K. McINTYRE 22 FINBAR K. MCKEMEY,® ZANE McMORRIS,®>  JESSE J. MCMULLAN,?>  ELLA McQUAID,?
CADEN McVEY,?> KyYLE MCCURRY,> MATEO M. MEDELLIN,> MELISSA MEDIALDEA,®> AMAR MEHIDIC,?
STELLA MEILLON (2% JONAH B. MEISELMAN-ASHEN,? SARAH MELLETT,> DoMINIC MENASSA,®  CrrLaLt MENDEZ,?

PaTRICIA MENDOZA-ANSELMI,> RILEY MENKE,®> SARAH MESGINA,®> WIiLLIAM J. MEWHIRTER,® ETnaN MEeYER 23

Aya M. MirTEN 23 ETHAN J. MILES, ANDREW MILLER,®> JosHua B. MILLER,®> EwmiLy B. MILLICAN,?
SARAH J. MiLLICAN,®> DvyLaN P. MiLLs,®>  Josn MiNimo,>  Jay H. MisENer (92 ALEXANDER J. MITCHELL,?

ALEXANDER Z. Mi1zz1,®> Luis MOLINA-SAENZ,®> TyLER S MoLL 22 HAyDEN MoLL,> MaxiMus MoONTANO (2

MICHAEL MoONTOYA,> ELI MONYEK,®> JACQUELINE RODRIGUEZ MORA,> GAVIN MORALES,> GENARO MORALES,®
ANNALISE M. MORELOCK,®> CORA MORENCY,®> ANGEL J. MORENO,> REMY MORGAN,®> ALEXANDER P. Moss,?
BRANDON A. MUCKENTHALER,®> ALEXANDER MUELLER,> OWEN T. Murcany,® Aria T. Munpy 23
ALEx1S A. Muniz,> MaxweLL J. Mureny 93 MapaLyN C. MurpHYy,®> Ryan C. Murpny 23  TyLER MURREL,?
ANDREW J. MUSGRAVE,®> MICHAEL S. MYER,> KsuMYA NanDU,® ELENA R. NAPOLETANO,> ABDULAZIZ NAQI,®
ANooTHI NARAYAN (23 LiEBE NasseRr,> BrenNA K Neepanp (23 MorLy NEHRING,> Mava L1 NeLson (23

b
LENA P. NGUYEN,> LENA NGUYEN,”> LEONARDO NGUYEN 3  VALERIE A. NcuvyeEN 23 Knoa D NGUYEN,?

KELSO NORDEN,®> COOPER NORRIS,> DARIO NUNES-VALDES (23 RosEMARY O. NussBauMm,® CIAN O’SULLIVAN,?
IAN O’NELL,® S. H. OAkES,> ANAND ODBAYAR,®> CALEB OGLE,®> SEAN O1su-HOLDER,®> NicHoLAs OLGUIN,?

NATHANIEL P. OLsoN,® JasoN ONG,> ELENA N. Opp,> DaN OrBIDAN (22  Ryan Oros,®> Avrnea E. Orr &3

MATTHEW OSBORN 23 AusTIN OSOGWIN,> GRANT OTTO,> JESsICA OUDAKKER 2 IGOR OVERCHUK,?

HaNNAH M. PADGETTE (23 JACQUELINE PADILLA,®>  MALLORY PALIZzI,®> MADELEINE L. PALMGREN,®> ADLER PALOS,?

)

LUKE J. PAN,®> NATHAN L. PARKER,®> SAsHA R. PARKER,®> Evan J. PArkINSON (23 ANISH PARULEKAR,®

PAIGE J. PasTOR,®> KaJjaL PaTEL,®> AKHIL PaTEL,®> NEIL S. PATEL,> SAMUEL PaTTI,> CATHERINE PATTON,?
3

GENEVIEVE K. PAYNE,> MaTrTHEW P. PAYNE,®> HARRISON M. PearL (22  CuHARLES B. BECK VoN PEccoz,?
ALEXANDER J. PEDERSEN,®> LiLy M. PELSTER,> MuniserTHA E. Prou @3  J. S. PErREZ,> FREDDY PEREZ,?
ANNELIESE PESCE,> AUDREY J. PETERSEN,®> B. PETERsON,®> RoMEO S.L. PeTrIC,> JOsHua PETTINE,?

EtnaN J. PuaLeny 93 ALEXANDER V. Puam,®> DeNISE M. Puan,® CarLe C Puerico,®> LANCE PuiLLps,?

)

JusTIN PHILLIPS,” KRISTA PHOMMATHA,?> ALEX PIETRAS (93  Tawanchal P. PINE,®> SEDIQUE PITSUEAN-MEIER (2,
ANDREW M. PixLey 22  WiLL PranTz,®? WiLLiam C. PLuMMER,®> KarTLyN E. PLurT,® AUDREY E. PLZAK,?

)

3

3

KYLE PoHLE,> HYDEN PoOLIKOFF,®> MATTHEW PoLLARD 23 MADELYN PoLLy,> TREVOR J. PORTER (23
Davip Price,®> Nicuoras K. Price,> GaALE H. PrINSTER (2  HENRY AUSTIN PROPPER,®> JOsH QUARDERER,®
MEGAN S. QuUINN,®  OLIVER QUINONEZ (23 Drvon Quispe (93  CAMERON RAGSDALE,> ANNA L. Rann 23
M. RAKHMONOVA,>  ANOUSH K RALAPANAWE,? NIDHI RAMACHANDRA,> NATHANIEL Ramirgz (23
ARIANA C. RaMirez 903 SacHA RAMIREZ,®> PARKER RANDOLPH,®> ANURAG RaNJAN (23 FrEDERICK C RANKIN,?
SARAH GRACE RAPAPORT,® NiIcHOLAS O RATAJCZYK,> Mia G. V. Ray,> BRrIiaN D. REAGAN,?

Jonn C. REccnia @2 BrookryN J. REpDY,®  JosepH REeD (22  CHARLIE REED,® JUSTIN REEVES,®

’

EiLEeN N. Ren,®> Ferin J. VoN Reicn @93  ANDREA B. REYNA,®> ALEXANDER REyNOLDs,® Hope RevyNoLDs (2,
MaTtTHEW RIPPEL,> GUILLERMO A. Rivas,® ANNA Linnea Rives 23 Amanpa M. ROBERT,?

SAMUEL M. ROBERTSON,> MAEVE RODGERS 22  STEWART RoJeECc 22  ANDRES C. ROMERO,”> RyaN ROSAscoO,?
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