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ABSTRACT

Solar flares are complex phenomena emitting all types of electromagnetic radiation, and accelerating
particles on timescales of minutes, converting magnetic energy to thermal, radiative, and kinetic energy
through magnetic reconnections. As a result, local plasma can be heated to temperatures in excess of
20 MK. During the soft X-ray (SXR) solar flare peak, the elemental abundance of low first-ionization
potential (FIP) elements are typically observed to be depleted from coronal values. We explored the
abundance variations using disk-integrated solar spectra from the Miniature X-ray Solar Spectrometer
CubeSat-1 (MinXSS-1). MinXSS-1 is sensitive to the 1-12 keV energy range with an effective 0.25 keV
full-width at half-maximum (FWHM) resolution at 5.9 keV. During the year-long mission of MinXSS-1,
between May 2016 - May 2017, 21 flares with intermittent data downlinks were observed ranging from
C to M class. We examine the time evolution of temperature, volume emission measure, and elemental
abundances of Fe, Ca, Si, S, and Ar with CHIANTI spectral models near the peak SXR emission
times observed in the MinXSS-1 data. We determined the average absolute abundance of A(Fe) =
7.81, A(Ca) = 6.84, A(S) = 7.28, A(Si) = 7.90, and A(Ar) = 6.56. These abundances are depleted
from coronal values during the SXR peak compared to non-flaring times. The elemental abundance
values that are depleted from their coronal values are consistent with the process of chromospheric
evaporation, in which the lower atmospheric plasma fills the coronal loops.

Keywords: Solar x-ray flare (1816) — Solar flare spectra (1982) — Solar abundances (1474)

1. INTRODUCTION

The Miniature X-ray Solar Spectrometer (MinXSS) CubeSat-1 was the first solar science oriented CubeSat mission
flown for the NASA Science Mission Directorate. Its primary role was to measure the solar soft X-ray (SXR) flux
and determine its influence on Earth’s ionosphere and thermosphere (Woods et al. 2017). MinXSS-1 main onboard
instruments consist of a spectrometer called X123 with an effective 0.25 keV full-width at half-maximum (FWHM)
resolution at 5.9 keV and XP, a broadband X-ray photometer. These instruments are designed to detect photons from
0.5-30 keV with a programmed time integration time of 10s. Previous solar SXR observations have either been high
spectral resolution with a narrow bandpass (Yohkoh, Culhane et al. (1991) and Solar Maximum Mission (SMM), Acton
et al. (1980)), or spectrally integrated over a large bandpass (Geostationary Operational Environmental Satellites/X-
ray Sensor (GOES/XRS), Garcia (1994)). MinXSS-1 provides improved spectrally resolved solar SXR measurements
over a broad bandpass which allows for the time evolution of plasma diagnostics including temperature, volume emission
measure and, elemental abundances of thermal emission from solar flares (Woods et al. 2017; Mason et al. 2016; Moore
et al. 2018; Mason et al. 2020; Nagasawa et al. 2022). Similar broad bandpass SXR spectrometers include the MErcury
Surface, Space ENvironment, GEochemistry, and Ranging/Solar Assembly for X-Rays (MESSENGER/SAX, Solomon
et al. (2001); Santo et al. (2001); Gold et al. (2001)), Chandrayaan-1 and 2/X-ray Solar Monitor (XSM, Goswami &
Annadurai (2009); Bhandari (2005); Mithun et al. (2020)), and CORONAS-PHOTON/Solar Photometer in X-rays
(SphinX, Gburek et al. (2013)).

The emission in the 1-10 keV energy range is dominated by free—free and free—bound thermal continuum radiation,
but also includes bound-bound transitions forming spectral line complexes. Estimates of the abundances of different
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2 SUAREZ AND MOORE

elements including Fe, Ca, Si, S, Ar, and Mg are derived from spectral fits to the measured count-rate spectra. This
paper is primarily concerned with deriving estimates of the abundances of these elements for flares observed with
MinXSS-1 and comparison with those from other solar SXR instruments.

Elemental abundances have been observed to play an important role in stars and planet formation (Maldonado et al.
2019). Additionally, they can provide us with information about the plasma transport between the different layers of
the solar atmosphere. Previous studies have observed that Fe, Ca, and Si, elements with low First Ionization Potential
(FIP) (below 10 eV), are 3-4 times more abundant in the corona relative to quiescent active regions (ARs) in the
photosphere (Feldman 1992; Feldman & Widing 2003). Similarly, Del Zanna & Mason (2014) found that the Fe/O and
Fe/Ne ratios are normally increased by a factor of 3.2 compared to the photospheric values in quiescent active region
cores. More recently, using multi-wavelength SXR and EUV observations of a quiescent AR Del Zanna et al. (2022),
showed that FIP elements are enhanced compared to their photospheric values. However, the inverse FIP bias, with
the low FIP elements being depleted in the atmosphere relative to the high FIP elements has been observed near large
sunspots producing large flares (Doschek & Warren 2017). Additionally, the emission during transient heating events
in the transition region are consistent with photospheric composition (Warren et al. 2016). Similarly, active stars have
shown a similar pattern of the inverse FIP bias (Laming 2015).

There are several models proposed that explain the observed enhancement in the corona (Hénoux 1998; Feldman
& Widing 2003; Laming 2004, 2009, 2021). Most of the models consist of the fractionation of the low-FIP ions from
neutral atoms in the chromosphere which rise into the corona. Laming (2004, 2009, 2021) describes this phenomenon
with the ponderomotive force arising from the propagation of Alfvén waves through the chromosphere. The amount
of elemental enhancement in the corona depends on the amplitude and frequency of the Alfvén waves relative to the
coronal flux loop lengths and wave flux.

In this paper, we report on the analysis of 21 well- observed MinXSS-1 solar flares during May 2016-2017. Abundance
estimates during the peak of soft X-ray flux for the elements Fe, Ca, S, Si, Ar, and Mg are given. The observations and
analysis procedures are described in the following sections and compared to previous results of elemental abundance
during flares.

2. OBSERVATIONS AND DATA ANALYSIS

The main objective of our analysis is to study the evolution of plasma temperature, volume emission measure,
and elemental abundance during flares that were observed by MinXSS-1. The observed SXR spectrum, is dominated
by the continuum and line complexes of ionized Fe near 1.1 keV and 6.7 keV, Mg near 1.3 and 1.5 keV, Si near
1.8 and 2.1 keV, S near 2.7 keV, Ar near 3 keV, Ca near 4 keV, and the Fe+Ni complex near 8 keV. The slope
of the spectrum is dependent on the temperature and the emission measure determines the absolute photon flux of
the spectra. The observed count rate spectra were fitted using series of parametric spectra fits that are available
in the OSPEX (Tolbert & Schwartz (2020), https://hesperia.gsfc.nasa.gov/ssw/packages/spex/doc/ospex_
explanation.htm) programming suite. OSPEX is available in Solar Software, which utilizes the Chianti Atomic
Database version 9 (Dere et al. 1997; Dere et al. 2019) and fitting routines which automatically adjust the best fit
parameters by improving the goodness of fit determined by the reduced chi-squared statistic.

MinXSS-1 observations were nominally collected with a cadence of 10 second, however we average the data over 1
minute intervals. We selected a low energy value for the fitting procedure of 1.1 keV due to the detector sensitivity
and uncertainties with the instrument response below 1 keV. These uncertainties are related to the efficiency of the
detector and photoelectric interactions of the incident radiation with the detector below 1 keV. These processes are
further explained in (Moore et al. 2018) . The high energy value of the spectra fitting energy range varies with time
and is determined automatically by searching the energy bin where the average count rate spectra is greater or equal
to 2 counts per integration time. Therefore, the high energy limit has at least 2 counts. = MinXSS-1 observed ~
30 C and M class flares in the May 2016-2017 mission. A complete catalog of all MinXSS-1 flares is available at
https://lasp.colorado.edu/home/minxss/data/. For this study we only consider flares that had coverage at the SXR
peak of the flare, reducing our sample to 21 flares. We consider the peak of the flares as it provides the highest signal
in SXR. A full catalog of the 21 flares studied and their best fit parameters for temperature, volume emission measure,
and elemental abundance are presented in Table 1 during non-flaring (background) times and Table 2 during the peak
flaring time.

In this study we used two sets of two-variable thermals with separate abundances (2vth_abun in OSPEX) with
a spectral range of 1.1-12 keV. Each set of two-variable thermal fits can autonomously adjust the volume emission
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measure, temperature, and the abundances of Fe, Ca, S, Si, Ar, and Mg. The individual elemental abundances are only
adjusted if the average signal-to-noise count rate of each element is higher than the signal-to-noise ratio threshold (S/N
=9). For this study, we calculate the average signal-to-noise of ten 0.03 keV energy bins around each element’s spectral
feature. If the averaged signal-to-noise ratio is greater than 9, the abundance parameters are set as free parameters
in the spectra fit. Otherwise, we assume a coronal abundance for each abundance parameter. Additionally, due to
detector effects and variations in the spacecraft’s orbital environment we fit the energy gain and offset of the spectra
as a free parameter for our spectra fits. See (Moore et al. 2018) for an explanation of the MinXSS-X123 detector.

For the first two-variable thermal fit, we averaged at least three minutes of non-flaring (background) data. The
times used are denoted in Table 1. Due to the irregular intervals of the MinXSS-1, some time intervals are several
hours. However, there might only be three minutes of MinXSS-1 spectra. This non-flaring spectra fit is used as an
enhancement when fitting the spectra of the flare. We used this approach instead of subtracting the background since
it is likely that during a flare there are contributions from non-flaring plasma in the observed spectra. Table 1 shows
the two volume emission measures, two temperatures, and elemental abundances during non-flaring times. Table 2
shows the averaged values of the two volume emission measures, two temperatures, and elemental abundances during
the SXR peak of all 21 flares. Figure 1 shows the distribution of volume emission measures ranging from 1047 to
10°% em™3 and temperatures from 4 to 21 MK, for all 21 flares observed by MinXSS-1. Figure 2 indicates no clear
relationship between the volume emission measure and temperature values during non-flaring and flaring times. Figure
3 shows the average abundance values of Fe, Ca, Si, and S during the SXR peak for all 21 flares compared to Feldman
& Widing (2003) and Asplund et al. (2009) values.

Flares Observed by MinXSS Flares Observed by MinXSS

Average Peak Volume Emission Measure Average Peak Temperature
7 s EM Low 10 B Temp Low
[ EM High m Temp High

Number of Flares
Number of Flares
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1072 107! 10°
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Figure 1. Histogram of the average peak volume emission measure and temperature of 21 flares observed by MinXSS-1. The
volume emission measure ranges from 1047 — 10*° em ™ and temperatures from ~4 to 21 MK.
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Figure 2. Relationship of volume emission measure and temperature during non-flaring (background) and SXR peaking times.
The values are represented in Tables 1 and 2. In the background panel (left), the lower temperature corresponds to a lower
volume emission measure. The darker circles are where a both the low and high temperatures converge to a single value. In the
average SXR peak panel (right), there is no clear relationship between volume emission measure and temperature.
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Figure 3. Average absolute abundance during the SXR peak for 21 flares observed by MinXSS-1. The white circles are where
the elemental abundance parameter are set to coronal values, while the color circles are fitted parameters. The dark blue line
shows the coronal abundances from Feldman & Widing (2003) and the purple line shows the photospheric abundances from
Asplund et al. (2009). The absolute abundances are on logarithmic scale with A(H) = 12. We note that most fitted parameters
are below the coronal abundance implying that the lower atmospheric plasma is filling the coronal loops. The Fe abundance
parameter is only fitted for the 6.7 keV feature. The Fe abundance for the C5.6 flare has large uncertainties due to a high
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3. RESULTS
3.1. Spectral results of C4.1, M1.0, M5.0 and M7.7 flares

Detailed spectral results of four flares observed by MinXSS-1 are given as an illustration of the parameters ob-
tained for all 21 flares that were observed over the year-long mission. Figure 4 shows the Solar Dynamics Observa-
tory/Atmospheric Imaging Assembly (SDO/ATA) 94 A context images at the peak of four different flares with GOES
Class M5.0, M1.0, M7.7, and C4.1. The images probe a temperature of approximately 6 million Kelvin (Lemen et al.
2012). A video of the four flares is available in the online version of this paper.

Figure 5 shows the SXR light curves observed by MinXSS-1 X123, MinXSS-1 XP, and GOES/XRS 1-8 A and 0.5-4
A. The GOES /XRS light curves of each of the flares show a gradual impulsive phase followed by the SXR peak and
then a gradual decay. These phases are shown on top of each plot and color-coded red, yellow, and green respectively.
The black line denotes the approximate SXR peak and the time of the flare spectra in Figure 7.
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Figure 4. SDO/AIA 94 A context images for the C4.1, M1.0, M5.0, and M7.7 flares. The time shown in each image corresponds
to approximately the peak of each flare. The field of view of each image is 512x512. A video of the spatial evolution of the
coronal arcade loops during the impulsive, peak and decay phases of the four flares is available in the online version of this
paper (Video duration: 00:07).
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Figure 5. Time Series plot for four flares observed by MinXSS-1. These four flares will illustrate the analysis and process of
all the flares MinXSS-1 observed. The top left is the July 23, 2016 M5.0 flare, top right the July 21, 2016 M1.0 flare, bottom
left is the July 23, 2016 M7.6 and bottom right is the C4.1 February 22, 2017. The pink and blue shaded region are the GOES
predefined start and end times. The MinXSS-X123 is shown in black boxes, MinXSS-XP in black stars and GOES/XRS 1-8 Ain
purple, 0.5-4 Ain blue. On top of each panel the red, yellow, and green bars show the impulsive, peak and decay phase of each
flare. Additionally, on the bottom of each flare we show the evolution of reduced chi-square from the spectra fit as a function
of time. We note that during the peak of the flare the reduced chi-square value is approximately 1.

We describe the fitting procedure for the spectrum taken during each flare. The observed spectrum, is dominated by
the free—free, and free-bound thermal continuum radiation, with line complexes of ionized Fe near 1.1 keV and 6.7 keV,
Mg near 1.3 and 1.5 keV, Sinear 1.8 and 2.1 keV, S near 2.7 keV, Ar near 3 keV, Ca near 4 keV, and the Fe+Ni complex
near 8 keV. The slope of the spectrum is dependent on the temperature and the emission measure determines the
absolute photon flux of the spectra. The observed count rate spectra were fitted with a series of parametric fits using
the OSPEX and the Chianti Atomic Database version 9 (Tolbert & Schwartz (2020), https://hesperia.gsfc.nasa.
gov/ssw/packages/spex/doc/ospex_explanation.htm, Dere et al. (1997); Dere et al. (2019)). We assumed a two
temperature (with two values for temperature and two values for volume emission measure) isothermal emitting region
for the 1.1-12 keV spectral range and let the energy gain, energy offset, volume emission measure, temperature, and
the abundances of Fe, Ca, S, Si, Ar, and Mg be free parameters and adjusted as necessary in the fitting procedure. To
model the spectra, we first modeled the spectrum of the non-flaring plasma (background) independently and included
it as a fixed component while fitting the flare spectrum. Therefore, our spectra results are linear combinations of
non-flaring and flaring fits. We opted for this approach as the enhanced spectra method had an average reduced


https://hesperia.gsfc.nasa.gov/ssw/packages/spex/doc/ospex_explanation.htm
https://hesperia.gsfc.nasa.gov/ssw/packages/spex/doc/ospex_explanation.htm
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chi-square of approximately 1. Moreover, when subtracting the background, the uncertainties of our spectra results
increase, have higher residuals at the lower energies, and higher reduced chi-square than the enhanced spectra (see
Figure 12 for comparison).

An example of the fixed non-flaring component of the four flares is shown in Figure 6. The fixed non-flaring spectra
represents the quiescent solar conditions before the flare occurs. The flare spectrum represents the flaring event and
the change of solar conditions. We analyzed both components since MinXSS-1 integrates over the whole Sun.

For the non-flaring fixed spectra, we averaged at least three minutes of non-flaring data before the flare occurred
to increase the statistical significance of the background. Figure 7 shows the count rate spectra fitting results at the
SXR peak during the four flares. A video of the spectra fit for the whole flare is available on the online journal.

The spectra fitting parameters (temperature, volume emission measure, abundances, energy gain, and offset) were
adjusted in OSPEX to improve the goodness of fit determined by the reduced chi-squared statistic. We define the

chi-squared statistic as:
1 [(O; — M;)?
X%ed = Z - |: 2 (1)

v a;
7 7

where, i is each energy bin, v is the number of degrees of freedom, O are the observations, M the fitting model, o are
the uncertainties of the expected count rate assuming Poisson statistics. The instrumental effects are included in the
Detector Response Matrix (DRM) which is used to make the model.

In our reduced chi-square calculation, each energy bin contains at least 2 counts. Increasing the number to 10 counts
per bin does not make a major difference in the estimated parameters. In the appendix, Figure 12 compares the
spectra fit with a minimum of 10 counts per bin (left column) with a spectra fit with a minimum of 2 counts per bin
(middle column). The energy range where the fit is performed is smaller, but the derived temperature and volume
emission measure values closely resemble each other. Additionally, the time variation of the reduced chi-squared and
average reduced chi-square during the flare are similar in value. We provide a video with Figure 12 to highlight the
similarities in the spectra. Moreover, the majority of the bins contributing to the chi-square statistic are at the lower
energy range. There are 100 to 1000 times more counts in the lower energy range than in the higher energy range.
Thus, in our chi-square calculation, the lower energy bins have a higher contribution to the chi square statistic.

The derived two volume emission measures and two temperatures of the four flares are shown in Figures 8 and 9.
The two background volume emission measures and temperature are denoted in red and blue horizontal dashed lines
with corresponding uncertainties shaded. The best fit for the two value volume emission measures and temperature
parameters during the flare are denoted in circles. The uncertainties shown for these four flares are calculated us-
ing the Monte Carlo analysis available in OSPEX (Tolbert & Schwartz (2020), https://hesperia.gsfc.nasa.gov/ssw/
packages/spex/doc/ospex_explanation. htm#OSPEX%20Monte%20Carlo%20Analysis). The uncertainties of all other
flares in this study are the basic OSPEX returned fits uncertainties, assuming a local Gaussian shape. Both volume
emission measures and temperatures of these flares rise with SXR and show maxima near the SXR peak of each flare.
Additionally, we plot the GOES/XRS volume emission measures and temperatures derived from the ratio of the two
GOES/XRS channels available in SolarSoftware (White et al. 2005; Garcia 1994). We note that the best fit parameters
of volume emission measures and temperatures closely follow the GOES derived trends.

MinXSS-1 can derive temperatures in the 1 MK - 30 MK range (Moore et al. 2018). However, due to the spectral
resolution we cannot identify individual lines, but can determine the features of different elements. Depending on the
temperature, the elemental abundances are better constrained for some temperature ranges. The higher the flux is, we
are able to better determine the temperature and therefore we are able to better constrain the abundances. Moreover,
in this study we set a minimal signal-to-noise ratio of nine (S/N = 9) to determine if an elemental abundance parameter
is to be fitted. If the count rate flux around the feature of the element has a signal-to-noise ratio greater than 9, we
autonomously fit the abundance. Otherwise, if the signal-to-noise is lower than 9 we assume the Feldman & Widing
(2003) coronal abundance.

Figure 10 shows the temporal evolution in elemental abundance during each of the four flares. The white data points
denote a low signal-to-noise where the parameters are assumed to be the Feldman & Widing (2003) coronal values.
The fitted parameter with signal-to-noise ratio greater than 9 are shown in light blue (Fe), orange(Ca), green (S), and
red (Si). For the Fe abundance we only fit the the feature around 6.7 keV. The FIP multiplier factors from the spectra
fit values were converted using the Feldman & Widing (2003) factors such that:

A(E) = logio(F) + A(E)my (2)


https://hesperia.gsfc.nasa.gov/ssw/packages/spex/doc/ospex_explanation.htm#OSPEX%20Monte%20Carlo%20Analysis
https://hesperia.gsfc.nasa.gov/ssw/packages/spex/doc/ospex_explanation.htm#OSPEX%20Monte%20Carlo%20Analysis
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where A(FE) is the absolute abundances, F' is the FIP multiplier factors, and A(E)p; are the absolute abundances
from Feldman & Widing (2003). In Figure 10 the dark blue line shows the Feldman & Widing (2003) coronal values
and the purple line shows the Asplund et al. (2009) photospheric values. During the impulsive phase, the elemental
abundances are near coronal levels, but at the peak, the elemental abundances are depleted towards photospheric
levels and once again reach coronal levels during the decay phase. This is especially seen with Si - most values are
between coronal and photospheric values during the SXR peak.

Figure 3 shows all 21 flares and their averaged absolute abundance of Fe, Ca, Si, and S during the peak of the flare.
There is very weak evidence for abundance variations as a function of flare class. We note that absolute abundance
of S, and Si at the peak of the flares is lower than the coronal values from Feldman & Widing (2003). For some flares
greater than M1.0, both Ca and Fe are also lower than coronal abundance. The Fe, Ca abundance variation could be
due to larger flares having more flux at the Fe 6.7 keV and Ca 4.0 kev line features and therefore a S/N > 9.

Our findings are consistent with a chomospheric evaporation model. During chromospheric evaporation, the temporal
evolution of volume emission measure, temperature, and elemental abundances can be explained. In the impulsive
phase of the flare, the magnetic energy is converted to heat from the reconnection site at the apex of the coronal loop,
travels down towards the chromosphere and begins evaporating chromospheric plasma into the loop with high velocity
(Antonucci et al. 1985). At this time, both temperature and emission measure increase. As the flare evolves, material
from the lower solar atmosphere is transferred into the coronal loops, thereby causing low FIP elemental abundances to
fall below coronal abundances. During the peak of the emission, the loop gets filled with the high density evaporated
material (Ryan et al. 2012; Klimchuk 2017). This evaporated material brings unfractionated chromospheric material
into the corona and can explain the abundance depletion from coronal values observed during flares.

4. DISCUSSION AND CONCLUSION

In this study, we have performed a spectroscopic analysis of 21 C and M class flares to determine their temporal
variation of volume emission measure, temperature, and elemental abundances. This study complements other spectral
analysis of other SXR studies. The other studies have estimated flare abundances by various methods, and we compare
the results of those studies with the results of this study. Table 2 shows the average absolute abundance of all 21 flares
observed by MinXSS-1 at the SXR peak. The weighted arithmetic mean of all flares are: A(Fe) = 7.81, A(Ca) = 6.94,
A(S) = 7.28, A(Si) = 7.90 , A(Mg) = 8.34 and, A(Ar) = 6.56.

The MESSENGER/SAX mission was a broadband X-ray spectrometer that observed the solar X-ray spectra in the
range 1.5-8.5 keV (Gold et al. 2001; Santo et al. 2001; Solomon et al. 2001). Dennis et al. (2015) analyzed 526 flares
from May 2007-August 2013. The authors reported absolute abundances (on a logarithmic scale with H = 12) of A(Fe)
=7.72+£0.11, A(Ca) 6.9 £ 0.1, A(S) = 7.2 £ 0.2, A(Si) = 7.7 £ 0.2, and A(Ar) = 6.8 £ 0.2. The values for Fe, Ca,
S, and Si values are within statistical uncertainties of SAX. In Dennis et al. (2015) all flares analyzed had sufficient
intensity to detect emission in the Fe-line complex at 6.7 keV. In our analysis, flares with a class C4 or greater had
sensitivity to observe the Fe-line complex at 6.7 keV. However, there are only five flares where the Fe 6.7 keV feature
is a free parameter in our spectra fits. Therefore, the lack of flares with higher count rate signal at 6.7 keV could lead
to some discrepancy between the MinXSS-1 and SAX analysis.

The X-ray Solar Monitor (XSM) on the Indian lunar space mission Chandrayaan-1 observed the solar 1.8-20 keV
X-ray emission (Goswami & Annadurai 2009; Bhandari 2005). The mission was only active between November 2008
and August 2009 during a quiet sun, and observed 20 weak A - C class flares. Narendranath et al. (2014) reported a
weighted average of A(Fe) = 7.99 £+ 0.09 and A(Si)= 7.47 £ 0.1 for a C2.8 flare and for 20 weaker A-C class flares
abundances of A(Ca) = 6.6 &+ 0.2, A(S) = 7.3 + 0.3. The value for Fe, Ca, and Si are lower than the results obtained
with MinXSS -1. The S value is within the statistical uncertainties of XSM.

The recent Chandrayaan-2 lunar space mission also has an XSM monitor with an energy range of 1-15 keV (Vadawale
et al. 2014; Shanmugam et al. 2020). The mission is currently active, but first results of 9 B class flares during the
2020 solar minimum have been reported by Mondal et al. (2021). The average abundance of these flares were A(S) =
7.0 and A(Si) = 7.69. These values are lower than the results obtained with MinXSS -1.

Phillips & Dennis (2012) analyzed the Fe 6.67 keV and Fe+Ni 8 keV emission line complexes in RHESSI X-ray
spectra during 20 solar flares from 2002-2005. In the study, the estimated Fe abundance is A(Fe) = 7.91 £ 0.10. The
Fe abundance estimated with MinXSS-1 is within the statistical uncertainty of RHESSI.

The REntgenovsky Spektrometr s Izognutymi Kristalami (RESIK) crystal spectrometer on the CORONAS-F space-
craft with spectral range 3.3-6.1 A observed 33 flares from 2002-2003 and derived abundances of A(Si) = 7.53 = 0.08,
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Figure 6. Count rate spectra fit during the non-flaring (background) times with normalized residuals for four flares observed
by MinXSS-1 X123. The top left is the July 23, 2016 M5.0 flare, top right the July 21, 2016 M1.0 flare, bottom left is the
July 23, 2016 M7.6 and bottom right is the C4.1 February 22, 2017. The observed MinXSS-1 X123 spectra is shown in dark
gray, and the double emission measure and temperature spectra fit in cyan. The black vertical lines represent the low and high
energy limits for the fit. The colored vertical lines approximately represent the elemental features for Fe (1.2 and 6.7 keV), Ca
(4.0 keV), Mg (1.7 keV), Si (2.1 keV), S (2.7 keV), and Ar (3.0 keV).

A(S) = 6.91 +£0.07, A(Ar) = 6.47 £ 0.07 (Sylwester et al. 2015). These results are all lower than the values obtained
with MinXSS -1.

The Columbia Astrophysics Laboratory graphite crystal spectrometer on the Orbiting Solar Observatory-8 (OSO-8)
observed 10 events from 1975-1976 and derived abundances of A(Ca) = 6.5703, A(Si) = 7.7702, A(S) = 6.9103,
A(Ar) = 6.4152 (Veck & Parkinson 1981). Both Ca and S lower than the values obtained with MinXSS-1. Si and Ar
are both within the statistical uncertainty of OSO-8.
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Figure 7. Count rate spectra fit during the peak SXR with normalized residuals for four flares observed by MinXSS-1 X123.
The top left is the July 23, 2016 M5.0 flare, top right the July 21, 2016 M1.0 flare, bottom left is the July 23, 2016 M7.6 and
bottom right is the C4.1 February 22, 2017. The SXR peak times of these four flares are indicated by the vertical black line
in Figure 5. The observed MinXSS-1 X123 spectra is shown in dark gray, and the double emission measure and temperature
spectra fit in cyan. The black vertical lines represent the low and high energy limits for the fit. The colored vertical lines
approximately represent the elemental features for Fe (1.2 and 6.7 keV), Ca (4.0 keV), Mg (1.7 keV), Si (2.1 keV), S (2.7 keV),
and Ar (3.0 keV). A video showing the temporal evolution of SXR spectra at the impulsive, peak and decay phases of the four
flares is available in the online version of this paper. In the video, the slope of the spectrum changes with respect to changes
in temperature and volume emission measure. Additionally, the elemental abundances features change during the flare. (Video
duration: 00:05).
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Figure 8. Volume emission measure plot for four flares observed by MinXSS-1. The top left is the July 23, 2016 M5.0 flare,
top right the July 21, 2016 M1.0 flare, bottom left is the July 23, 2016 M7.6 and bottom right is the C4.1 February 22, 2017.
These plots show the two background volume emission measures used in red and blue horizontal dashed lines with its respective
shaded uncertainty. The best fit for the two volume emission measure components during the flare are denoted in circles. The
uncertainties shown for the best fit parameters are calculated using the Monte Carlo analysis available in OSPEX. Additionally,
we plot the derived GOES volume emission measures available in SolarSoftware. We note that the best fit volume emission
measures closely follow the GOES derived volume emission measures.

The Solar Dynamics Observatory / EUV Variability Experiment(SDO/EVE) observes both high temperature Fe
emission lines (Fe Xv — Fe XXIV) and continuum emission from thermal bremsstrahlung (Pesnell et al. 2012; Warren
2014). Warren (2014) used a Differential Emission Measure (DEM) analysis on 21 flares from 2011-2013 and estimated
an A(Fe) = 7.57, lower than the value obtained with MinXSS-1.

When comparing the other elemental abundances of other instruments with MinXSS-1 X123 agrees with the abun-
dance values of Fe with MESSENGER/SAX and RHESSI, Ca with Chandrayaan-1/XSM, S with MESSENGER/SAX,
and Chandrayaan-1/XSM, and Si and Ar with OSO-8. The absolute abundance values of the different elements can
differ from instrument to instrument; for MinXSS-1 X123 we have moderate spectra resolution however, other instru-
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Figure 9. Temperature plots for four flares observed by MinXSS-1. The top left is the July 23, 2016 M5.0 flare, top right the
July 21, 2016 M1.0 flare, bottom left is the July 23, 2016 M7.6 and bottom right is the C4.1 February 22, 2017. These plots
show the two background temperatures used in red and blue horizontal dashed lines with its respective shaded uncertainty.
The best fit for the two temperature components during the flare are denoted in circles. The uncertainties shown for the best
fit parameters are calculated using the Monte Carlo analysis available in OSPEX. We note that the uncertainties during the
impulsive phase are large due to the lack of statistical significant signal.

ments like broad crystal spectrometers have higher spectra resolution and are able to resolve more complex spectra
features.

The left panel on Figure 11 compares the absolute abundance obtained with MinXSS-1 and those from MESSEN-
GER/SAX, Chandrayaan-1/XSM, Chandrayaan-2/XSM, RHESSI, RESIK, OSO-8, SDO/EVE. The right panel on
Figure 11 compares the abundances in terms of FIP bias with respect to Asplund et al. (2009). The abundances of
Ca, Fe, and Si, were found to have a higher abundance than in the photosphere by a factor of ~ 2-3 , while S and Ar
were found to have a higher abundance factor of ~ 1.5.

The overall consistency in the MinXSS-1 derived values showing a depletion pattern from coronal values towards
photospheric values, conceives the possibility of chromospheric evaporation happening during solar flares. This means
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Figure 10. Time evolution of absolute abundance for Fe (blue), Ca (orange), S (green), and Si (red) during the four flares
observed by MinXSS-1 X123. The navy line shows the coronal abundances from Feldman & Widing (2003) and the purple
line shows the photospheric abundances from Asplund et al. (2009). The white points are where the model assumes a coronal
abundance since the count rate spectra does not have a signal-to-noise ratio for the elemental abundance parameter to be fitted.
The absolute abundances are on logarithmic scale with A(H) = 12. We note that at the peak of the flare most elements are
depleted from coronal towards photospheric values during the peak phase of each flare.

that the newly evaporated chromospheric material, from a region beneath the fractionation layer, having almost
nonfractionated photospheric plasma, is injected into the coronal loop.

Future flare observation and instruments with better spectral resolution and broad energy ranges can provide new
data to explore and constrain elemental abundance. Moreover, having better time cadence can provide information on
how quickly the coronal depletion and recovery happen. Future instruments will aid our understanding of the different
processes that dominate when plasma is being injected into the coronal loops.
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Figure 11. Abundance of Fe (7.9 eV), Ca (6.1 V), S (10.4eV), Si (8.2 eV) and Ar (15.8 eV) as a function of FIP energy. Black
circles are MinXSS-1 weighted arithmetic mean values during the peak of the flare, the orange crosses are the values reported
in Dennis et al. (2015) from 526 flares observed by Messenger/SAX, the light blue triangles are from Narendranath et al.
(2014) from 20 flares observed by Chandrayaan-1/XSM, the green squares are from from Mondal et al. (2021) from nine flares
observed by Chandrayaan-2/XSM, the red stars are from 20 flares observed by RHESSI (Phillips & Dennis 2012) or 33 flares
observed by RESIK (Sylwester et al. 2015), brown diamonds are from 10 flares observed by OSO-8 (Veck & Parkinson 1981),
and green hexagons are from 21 flares observed by SDO/EVE (Warren 2014). The left panel shows the absolute abundances
are on logarithmic scale with A(H) = 12. The navy line shows the coronal abundances from Feldman & Widing (2003) and the
purple line shows the photospheric abundances from Asplund et al. (2009). We note how the MinXSS-1 estimated elemental
abundances are between the coronal and photospheric values. The right panel shows the elemental abundance in terms of FIP
Bias with respect to the Asplund et al. (2009) values. The MinXSS-1 estimated low FIP elements(Ca, Fe, Si) are ~ 2-4 times
more abundant compare to the photosphere abundance, the mid FIP element (S) and high FIP element (Ar) are ~ 1.5 more
abundant compare to the photosphere abundance.

5. SUMMARY

In this paper, we present the analysis of 21 well-observed MinXSS-1 solar flares during 2016-2017. We report the
temporal evolution of elemental abundances during solar flares. By forward modeling the SXR spectra we obtained
parameters of temperature, volume emission measure, and abundances of Fe, Ca, Si, S, Mg, and Ar. We show that the
abundances of these elements are depleted from coronal towards photospheric values during the peak phase of each
flare. This suggests that during the flares, the coronal loops are quickly filled with plasma originating from the lower
parts of the solar atmosphere due to chromospheric evaporation. Future SXR spectra observations like the Dual-zone
Aperture X-ray Solar Spectrometer (DAXSS) (Schwab et al. 2020) are expected to provide important constraints to
solar corona models.
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APPENDIX

In this section we explore differences and similarities in the July 23, 2016 Mb5.0 enhanced spectra, background
subtracted spectra, and the results where we consider 2 and 10 counts per energy bin. In the Observations and Data
Analysis section, we use a flare enhancement method. With this method, we consider a two thermal spectrum fit for
the non-flaring MinXSS-1 spectra. This non-flaring spectrum fit is used as an enhancement when fitting the spectra
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of the flare. During the observed flare spectra there are possible contributions from non-flaring plasma. When we
compared the flare enhanced method and a background subtracted flare spectra, our results were more consistent with
the enhanced method. Figure 12 middle column shows the spectra fit results of the enhanced method and the right
column shows the background subtracted method. We note how the estimated two volume emission measures and
temperatures of the enhanced method are more consistent with the GOES derived values available in Solar Software
(White et al. 2005; Garcia 1994). Moreover, the enhanced spectra method had a more consistent temporal evolution
of chi-square with an approximate value equal to 1. The reduced chi-square in the enhanced method at the SXR
peak is 2.29 with an overall global reduced chi-square of 1.62. These values are lower than the background subtracted
chi-square values. The corresponding values at the SXR peak with the background subtracted method result in a
reduced chi-square of 19.80 and global reduced chi-square of 6.89.

Additionally, we compared the enhanced spectra fits with different minimum counts per energy bin. On the left
column of Figure 12, we show the spectra fit where we consider an average of 10 counts per energy bin. The middle
column shows the spectra fit where we consider an average of 2 counts per energy bin. We note that the high energy
limit changes from about 10 keV to about 8 keV when we increase the average number of counts. However, the
resulting volume emission measures and temperatures are similar and consistent in both cases. Moreover, the majority
of the bins contributing to the chi-square statistic are at the lower energy range, where there are 100 to 1000 times
more counts in the lower energy range than in the higher energy.

Facilities: MinXSS-1, SDO/AIA (94 A), GOES/XRS
Software: sunpy (The SunPy Community et al. 2020), OSPEX (Tolbert & Schwartz 2020)
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Figure 12. Different types of spectra fits for the July 23, 2016 M5.0 flare. On the first column, the spectra fit has at least
10 counts per energy bin. On the second column, the spectra fit is the same as in Figure 7. On the third column, the
spectra is background subtracted. In each column below each spectrum are the derived temperatures, the derived volume
emission measures, time series and temporal evolution of the reduced chi-squared. The first and second columns have similar
temperatures and emission measures with only a few intervals where the reduced chi-square value is different. In the third
column the temperatures and volume emission measure have higher values at the impulsive phase of the flare and the values of
reduced chi-square are higher than the values from the second column. A video showing the temporal evolution of the spectra
fit, and corresponding values of temperature, volume emission measures and reduced chi-square is available in the online version
of this paper. At the different phases of the flare, the spectrum changes with respect to changes in temperature and volume
emission measure derived values. (Video duration: 00:05).
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