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ABSTRACT

We present an analysis of a flare on the Wolf 359 star based on simultaneous observations of TESS
EIIVINENERo. A stellar flare with energy comparable to an X-class solar flare is JfiINZeGNON
this star for the firet time Tl wiain goal of the study was o determine whether the same physical
SRR . V- i< 0 cstimate the e class by

various direct and indirect methods. Light curves and spectra in different energy ranges were used to
determine the parameters and profiles of the flare. From the XMM-Newton EPIC-pn X-ray data, we
estimated the femperature and emission measure during the flare. The thermodynamical timescale and
the loop semi-length were also determined with two different methods. The RGS spectra enabled us
to calculate the differential emission measure (DEM) distributions. The [obtained DEM distributions
have three components at temperature values of 3 MK, 7 MK, and 16-17 MK. The analysis of the line
ratio in helium-like triplets allowed us to determine the plasma electron density. Our reSUlSHOMEE

flare loop on Wolf 359 were compared to fypical parameters for solar flares observed with GOES and
RHESS1. T'his supports our conclusion that the processes taking place in stellar lares are like those in

BSOS . The determined geometrical parameters of the phenomenon do not differ from the values
of analogs occurring on the Sun.

Keywords: Stellar flares (1603) — Stellar activity (1580) — X-ray astronomy (1810) — Stellar magnetic
fields (1610)

1. INTRODUCTION

Wolf 359 (CN Leo, TIC 365006789, GJ 406) is a main-sequence, single star of spectral type M6 (Fouqué et al. 2018;
Kesseli et al. 2019). It is the fifth closest star to the Sun (2.4086 + 0.003 pc (Gaia Collaboration 2020)). The mass
and radius of this star are 0.11 My and 0.14 Rg), respectively (Sebastian et al. 2021). Its effective temperature is
about 2900 K (Gaidos & Mann 2014; Rajpurohit et al. 2018), although a more recent report calculated it at 2700
K (Kuznetsov et al. 2019). Its logg values range from 4.5 (Kuznetsov et al. 2019) to 5.5 (Rajpurohit et al. 2013,
2018). Wolf 359 is a very active, variable star (Audard et al. 2000; Lin et al. 2021; Lin et al. 2022) with strong Ha
emission (Pavlenko et al. 2006; Mann et al. 2015). It is the source of UV and X-ray emissions (Fuhrmeister et al.
2007). Modulation of its light curve is probably connected with starspots (Lin et al. 2021). The star’s rotation period
is 2.7 days (Diez Alonso et al. 2019; Guinan & Engle 2018). The age of Wolf 359 is not well determined (Guinan &
Engle 2018). The presence of planets orbiting this star is still under investigation (Tuomi et al. 2019; Lin et al. 2021;
Ribas et al. 2023).

Even weak stellar flares can be detected on the late spectral type stars. Due to low surface temperatures, flares
significantly increase the total stellar luminosity. Stars from spectral type M3V, for masses less than 0.4 Mg, are fully
convective (Mullan & Houdebine 2020). Their observations have provided evidence for the presence of an efficient
mechanism that regenerates and amplifies magnetic fields. Examination of the alterations in magnetic activity occur-
ring around spectral types ~M2 and ~M9, yield insights into their magnetic behavior. The generation of magnetic
fields persists even in fully convective objects such as very-low-mass stars and brown dwarfs. This raises questions
regarding the generation of large-scale magnetic fields within fully convective objects and the potential existence of a
distinct dynamo mechanism for dwarfs less massive than 0.35 Mg. This dynamo mechanism differs from the rotation-
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driven dynamo hypothesized to be operational in the Sun and early M-dwarfs possessing a radiative core. The decline
in magnetic activity observed in late-M dwarfs, coupled with the presence of strong flares, corroborates the notion of
large-scale magnetic field generation within the interior of these objects (Chabrier & Kiiker 2006).

A stellar flare with energy comparable to a solar X-class flare is analyzed on Wolf 359 for the first time. It was possible
thanks to the unprecedented sensitivity of the XMM-Newton satellite (UV and X-ray range) and TESS (white-light
range). A fundamental research problem is to determine whether the same physical processes power, drive, and occur
in stellar flares as in solar flares and whether the phenomena on stars run in similar scales and ways. The energies
of stellar flares are much greater than the energies released by flares on the Sun. This leads to the hypothesis that
either there is the scalability of stellar flares similar to the processes taking place on the Sun, or it is necessary to
build a modified model of the structure, mechanisms, course, etc. of the stellar phenomena manifested by flare-like
emission signatures. Observation of the solar-like X-class flare on Wolf 359 is a very crucial element on the basis of
which the parameters and energy of the flare on another star with energies comparable to medium-strong solar flares
were determined. Being able to observe and analyze such events is an important test of the working hypothesis that
we are dealing with similar versions of the same physical phenomenon.

We present an analysis of the flare on the Wolf 359 observed on December 21, 2021. Section 2 describes the sources
of observation data, the TESS satellite, and the XMM-Newton telescope. The flare’s light curve analysis is detailed
in Section 3. Section 4 contains the results of the research, the profiles of the flare, and its parameters. In Section
5 there is a discussion that includes a comparison with solar flares. Appendix A describes the determination of the
X-ray solar-like class of the flare. Appendix B is the estimation and the uncertainties of flare loop parameters.

2. OBSERVATIONS

We analyzed a flare observed simultaneously in white light, UV, and X-ray. Both in the WL and X-ray range
the flare parameters were determined and compared with each other. X-ray observations also included spectroscopic
observations.

2.1. TESS data

The white light data used in this work are from the Transiting Exoplanet Survey Satellite (TESS) (Ricker et al.
2014). TESS mission started in 2018 and its main goal was to detect Earth-size planets orbiting nearby stars. The
TESS bandpass is very wide and covers the range from 600 nm to 1000 nm.

Wolf 359 was observed by TESS in November and December 2021 (sectors 45 and 46). Figure 1 shows the changes in
the star’s brightness over time. The specific observations were obtained from the Mikulski Archive for Space Telescopes
(MAST) at the Space Telescope Science Institute (MAST Team 2021a) (MAST Team 2021b). It provides light curves
with a time cadence of 20 seconds and two minutes. To analyze stellar flares we used Pre-search Data Conditioning
SAP (PDCSAP) flux. We detected a total of 103 flares in both sectors of observations. On average, this star produces
more than two flares per day.

We analyzed the flare observed on 21 December 2021. The flare is marked in red in Figure 1. The right panel shows
the light curves of the flare observed in white light (black), UV (violet), and X-ray (red) with a time resolution of two
minutes. The event started at about 11:10 UT and ended at 12:15 UT. The vertical colored lines mark the maximum
of the flare in different energy ranges.

2.2. XMM-Newton data

We used X-ray data from XMM-Newton (Jansen et al. 2001). The observation data files were obtained from the
XMM-Newton Science Archive! (ObsID 0891802401). This space observatory has three simultaneously operating
systems of instruments, which are European Photon Imaging Cameras (EPIC) (Strider et al. 2001; Turner et al.
2001), The Reflection Grating Spectrometers (RGS) (den Herder et al. 2001), and The Optical Monitor (OM) (Mason
et al. 2001). We used data from the pn-CCD camera. The time resolution of these observations is less than a second,
but in our analysis, we used binned data due to poor signal statistics. Data from RGS were used to obtain the spectra
of the flare. OM is a 30 cm Ritchey—Chrétien telescope. Its bandpass covers the range of optical and ultraviolet light
(170 nm - 650 nm). The flare was observed in the fast mode with the UVM2 filter that covers the range from about
182 to 292 nm. We analyzed data from XMM-Newton using the Science Analysis Software (SAS version 20.0.0).
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Figure 1. Left panel: The TESS light curve of Wolf 359 (sectors 45 and 46). Detected flares are marked with orange triangles,
XMM-Newton observational interval in green, and the analyzed flare in red.

Right panel: The light curve of the flare on Wolf 359 in white light, UV, and X-ray (0.2 - 12 keV). TESS two-minute cadence
data are shown in black and XMM-Newton data binned to two minutes are in violet and red. The vertical colored lines mark
the maximum of the flare in different energy ranges (black - white light, violet - UV, red - X-rays). The maximum of the flare
in the white light range was at 11:28 UT, in the ultraviolet at 11:26 UT, and in X-rays at 11:33 UT. The pre-flare are marked
as red arrows.

3. ANALYSIS OF THE FLARE

Figure 1 (right panel) shows the differences in light curves of the flare in three wavelengths. The flare’s maximum in
the ultraviolet range was at 11:26 UT, in white light at 11:28 UT, and in X-rays at 11:33 UT. Before the analyzed flare,
around 11:16 UT, a pre-flare can be observed marked as red arrows. At that time, the largest increase in the signal
appeared in the white light and ultraviolet ranges, and also a weak structure was observed in X-rays. We are unable
to determine if this preflare was physically related to the analyzed flare or not. The main event started suddenly after
11:25 UT in all ranges. The growth time in WL and UV was less than two minutes but in X-rays, it was four times
longer. The decay times in each case were similar and were over half an hour. The decay time is defined as the time
from the peak of the flare to the moment when the signal reaches the calculated background level. An interesting
observed feature of the flare was that the X-ray (coronal) emission peaks about 6 minutes later than emission in UV
and TESS bandpasses. This delay likely arose from the difference of characteristic reaction times in the stellar corona
and chromosphere. Similar behavior is observed for the solar white-light flares, where the photospheric emission is well
correlated with the emission of hard X-rays and proceeds the maximum in soft X-rays (Krucker et al. 2015; Kuhar
et al. 2016). Such a scheme is consistent with the model of a flare heated by the streams of non-thermal high-energy
electrons (Falewicz et al. 2017). For the Sun the electrons with energies about 50 keV reach the chromosphere and
the upper photosphere, where their energy is partly emitted in hard X-rays and partly deposited to the plasma and
then radiated out in the white-light fast due to high plasma radiative losses. The low-energy part of non-thermal
beam heats up the coronal part of the loop and radiates out in soft X-rays. The physical parameters of the coronal
part change in the scale of thermodynamical time defined by Serio et al. (1991) which is usually of a few to dozens of
minutes.

The parameters of the whole event (pre-flare and flare) from the TESS light curve were obtained using our software
WARPFINDER (Pietras et al. 2022). The duration of the event was 64 minutes. The growth time was 24 minutes and
the decay time was 40 minutes. Duration and decay times’ values were typical of results obtained from a statistical
analysis of more than 100,000 flares detected during the first three years of TESS observations (Pietras et al. 2022).
For example, the maximum of the distributions of all flare durations was approximately 50 minutes. However, due to
the presence of a pre-flare, the software-estimated growth time of the analyzed event was longer than the typical value
of about 10 minutes. The energy of the flare was estimated at 1.1 & 0.2 x 103! erg using the methods of Shibayama
et al. (2013) and Kévéri et al. (2007). Compared to other stellar flares, this was very low energy. For such weak events,
there are problems with automatic detection. In the case of Wolf 359 it was possible due to the star’s low effective
temperature and the small distance from the Sun. The median value of flares’ amplitudes on this star is very close to
the amplitude of the analyzed flare. The studied flare has durations and energies typical of most flares observed on
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this star. In all the TESS data, we detected flares with energies ranging from 1030 erg to almost 1033 erg. The longest
and strongest flare lasted about four hours and had an energy of 7 x 1032 erg.

4. RESULTS
4.1. Flare profiles

Based on the X-ray data from EPIC-pn, we determined the fluxes during the flare in two ranges 0.2-1 keV and 1-4
keV. The time resolution of the data was 100 seconds.The higher resolution lightcurve in 0.2-1 keV range, which show
more details is available in Appendix B (Fig. 6). A time profile described in Gryciuk et al. (2017) and Pietras et al.
(2022) was fitted to each of them and to the TESS data. Figure 2 shows the EPIC-pn fluxes and the obtained flare
profiles. The duration of the flare in the 0.2-1 keV range is 32 minutes and in the 1-4 keV range it is 26 minutes.
These values are smaller than the duration of the flare observed in white light and ultraviolet. Growth times for both
profiles are similar, about 8 minutes. The profile peak in the higher energy range is at 11:34 UT, about half a minute
earlier than in the lower energy. This time is consistent with the maximum of the flare in the X-rays from Figure 1.
The decay time in the 0.2-1 keV range is longer than in the 1-4 keV and it is respectively 24 and 20 minutes.

The obtained EPIC-pn profiles and TESS 100-second light curve were compared with the average single flare profile
form Pietras et al. (2022). Right panel of Figure 2 shows profiles scaled to ¢;,o,which is the full width of the light
curve at half-maximum (Kowalski et al. 2013). There are differences between the X-ray (light and dark blue) and the
white light profiles (red and black) at the decay phase (t > t;/5). They may result from problems with determining
the pre-flare background. The Wolf 359 flare’s light curve (red) is consistent with the average single profile (black)
obtained from observations of more than 100 000 flares on stars of various spectral types.
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Figure 2. Left: The light curves and flare profiles in two X-ray ranges. The range from 0.2-1 keV is shown in dark blue, and
1-4 keV in light blue. The time binning of the data was 100 second.

Right: The flare EPIC-pn profiles (light and dark blue) and the TESS 100-second light curve (red) compared with the average
flare single profile from Pietras et al. (2022) (black).

4.2. Flare parameters

From the XMM-Newton EPIC-pn X-ray data, we determined the temperature and emission measure during the
flare. We used a single-temperature model and the filter-ratio method, i.e. we calculated the temperature from the
ratio of fluxes in two spectral ranges. We decided on this simplest diagnostics due to the poor spectral statistics. We
found that the steepest monotonic function is obtained for flux ratios in the ranges 0.2-1 keV and 1-4 keV. Above 4
keV the errors in the observed fluxes are too large to be useful. The theoretical dependence of fluxes on temperature
was obtained using the SolarSoft (SSW) Chianti package in version 10.0.1 (Dere et al. 1997; Del Zanna et al. 2021)
with solar photospheric elements’ abundances and original Chianti ionization equilibrium.
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Figure 3 shows the changes in temperature and emission measure during the flare. The maximum observed temper-
ature is 17.25 MK. During the entire flare, the temperature exceeds 7 MK. Reliable temperature estimates are only
possible for data from 11:26 UT to 11:44 UT. Figure 3 shows also an estimate of the emission measure during the
flare. It is at least 1 x 10%° ¢cm3, up to 3.5 x 10°° cm?® at the flare maximum.
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Figure 3. Left: The temperature estimated during the analyzed flare from EPIC-pn X-ray data. The straight line before the
beginning of the flare shows the mean temperature. The actual values could not be reliably determined due to the high data
noise.

Right: The emission measure estimated during the analyzed flare from EPIC-pn X-ray data. The straight line before the
beginning of the flare shows the mean emission measure. The actual values could not be reliably determined due to the high
data noise.

The RGS spectra let us calculate the differential emission measure (DEM) distributions. We determined the shape
of DEM using the Withbroe-Sylwester (Sylwester et al. 1980) method that is the improved Maximum Likelihood
iterative algorithm. The study is based on the absolute flux values containing line and continuum emission observed
in nine spectral bands without background subtraction. Figure 4 (upper panel) presents a part of the RGS spectrum
(6-21 A) with spectral ranges used for a DEM analysis. The emission functions corresponding to the selected spectral
ranges were calculated using Chianti 10.0.1 atomic code for two sets of elemental abundances: Scott et al. (2015b,a)
and Fuhrmeister et al. (2007). The analysis was conducted in the temperature range from 1 to 40 MK with a
temperature interval of 1 MK. Figure 4 (bottom left panel) shows also the obtained results based on the average
spectra of the December 21, 2021 flare (11:25 UT - 13:20 UT). The blue and red colors represent the results obtained
for different abundance sets, by Scott et al. (2015b,a) and Fuhrmeister et al. (2007) respectively. The obtained DEM
distributions are three components at temperature values of 3 MK, 7 MK, and 16-17 MK. Similar results were reported
by Fuhrmeister et al. (2007) based on a study of data collected on May 2004 and December 2005. The temperature
corresponding to the hottest DEM component agrees with parameters obtained using the isothermal model. Poor
count statistics give large values of ”formal” uncertainties of flux values that strongly affect the uncertainties of DEM
distribution. Therefore, we assumed 10% flux errors. The gray thin lines show DEM distributions obtained for 100
Monte-Carlo realizations.

The analysis of the ratio between forbidden (f) and intercombination (f) lines in helium-like triplets is a valuable
method for determining the electron density (n.) of the plasma. This theory was originally proposed by Gabriel &
Jordan (1969) and is extensively used in literature e.g. Mewe & Schrijver (1978), Pradhan & Shull (1981), Ness et al.
(2001), Fuhrmeister et al. (2007), Stelzer et al. (2022).
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Figure 4. Upper: Average observed spectrum of the analyzed flare (in black). Gray stripes correspond to the spectral bands
used for the DEM determination. The colors show the spectra calculated based on DEM distribution (Figure 4) using two
abundances sets Scott et al. (2015b,a), in blue and Fuhrmeister et al. (2007), in red.

Bottom left: DEM distributions determined based on unperturbed line fluxes (colors) and the 100 Monte-Carlo realizations of
DEM calculations (gray) when elemental abundances by Fuhrmeister et al. (2007) were used. Red and blue colors represent the
results obtained using two abundance sets Scott et al. (2015b,a) and Fuhrmeister et al. (2007) respectively.

Bottom right: The O viI triplet in the RGS spectrum on 21 December 2021. Red lines are the Gaussian profiles fitted for each
line.

The sensitivity of this ratio to electron density (n.) varies depending on the specific ion and line triplet under
consideration. When examining helium-like triplets formed at higher temperatures, there is a higher sensitivity to
electron densities compared to triplets formed at lower temperatures. Giidel & Nazé (2009) reported specific density
regimes for different ions, where the sensitive range for oxygen is log(n.) = 9.5 — 11.5, for neon log(n.) = 11.0 — 13.0,
for Mg XI log(n.) = 12.0 — 14.0, and for Si XIII log(n.) = 13.0 — 15.0.

Within its wavelength range (6-35 A) the RGS contains the Helium-like line “triplets” from N VI to Si XIII. However,
it is worth noting that an in-depth analysis of the N VI, Ne IX, Si XII, and Mg XTI triplet lines was not conducted due
to the insufficient statistical quality. Consequently, the determination of density relies on the ratio of the O VII lines,
which is the most prominent He-like triplet.
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We fitted Gaussian profiles for each line (Figure 4, bottom right panel) and used the relation f/i = Ro(1 + n./N.).
We assumed N, = 3.1x10° cm=2 and Ry = 3.95 according to Pradhan & Shull (1981). The measured obtained value
of f/i ratio is 1.47 which gives n. ~ 5x10'® cm=3. The density calculation was based on average spectra obtained
during the whole observations available for 21 December 2021 collected during quiet periods and stellar flares.

5. DISCUSSIONS

We analyzed observations of a flare on the star Wolf 359 simultaneously in white light, UV, and X-ray. The study
was possible thanks to the unprecedented sensitivity of the instruments located on the XMM-Newton satellite (UV
and X-ray range) and TESS (WL range). For the first time a stellar flare with energy comparable to an X-class solar
flare is analyzed on this star. Observations of the solar-like flare on Wolf 359 are a very important element on the
basis of which the parameters and energy of the flare on another star with energies comparable to medium-strong solar
flares were determined. By observing and analyzing such events we can test a hypothesis that we are dealing with
similar versions of the same physical phenomena.

The obtained EPIC-pn profiles and TESS 100-second light curve were compared with the average single flare profile
from Pietras et al. (2022). The Wolf 359 flare’s light curve (red) is consistent with the average single profile (black)
obtained from observations of more than 100 000 flares on stars of various spectral types (see Figure 2). The observed
differences between the X-ray (light and dark blue) and white light profiles (red and black) at the decay phase (¢ > t;/2)
may result from problems with determining the pre-flare background.

From the XMM-Newton EPIC-pn X-ray data, we determined the temperature and emission measure (a single
temperature model) during the flare. The maximum observed temperature is 17.25 MK. Estimates of the emission
measure during the flare are at least 1 x 10°° cm ™3, up to 3.5 x 10°° cm™2 at the event maximum. The RGS spectra
allowed us to calculate the differential emission measure distributions (DEM). The obtained DEM distributions are
three components at temperature values of 3 MK, 7 MK, and 16 MK-17 MK (see Figure 4). The temperature
calculated using the isothermal model agrees well with the temperature corresponding to the hottest component of
DEM. The other two components can be interpreted as the temperature of the active regions (about 7 MK) on the
surface of the star and the temperature of about 3 MK representing the quiescent corona. Total emission measure
derived from DEM for abundance set from paper Scott et al. (2015b,a) has a value 9.2 x 10*® cm~3. This value is
lower compared to the determination from the filter-ratio method due to the spectrum accumulation time covering the
entire duration of the flare.

The analysis of helium-like triplet O VII ALLOWS US TO DETERMINE THE PLASMA ELECTRON DENSITY
(ne ~ 5x10*°cMm~3) (SEE FIGURE 4). THIS VALUE IS ABOUT ONE ORDER LOWER THAN THE ESTIMATED AV-
ERAGE DENSITY IN THE FLARE LOOP (N, = 7.83 x 10'*cM~3, APPENDIX B). The reason for obtaining a lower
density from the ratio of forbidden and intercombination lines was due to the accumulation time of the spectra. These
spectra covered the available observations for December 21, 2021, with an interval of approximately 6 hours. The
observations were collected during periods of quiescence and stellar flares. Additionally, it should be noted that O VII
is a relatively low-temperature ion (see Giidel & Nazé (2009)).

An attempt was made to determine the flare class by various direct and indirect methods (more details in Appendix
A). The GOES class calculated from the 1-4 keV flux for the EPIC instrument (which is the closest to the GOES 1-8

measurement range) on board the XMM-Newton was X4.3. We also used the single-temperature model and the
filter-ratio method to calculate the temperature and emission measure from the ratio of fluxes in two spectral ranges
0.2-1 keV and 1-4 keV. Having derived the maximum temperature and for the same time emission measure, we could
calculate the GOES flux in the range of 1-8 A. The resulting flare class in this case was X5.7. All other methods are
indirect and after applying them we get a lower flare class, based on the energy radiated in the rise and decay phase
(X3.7), based on the DEM (X2.1), and using the bolometric energy estimated from TESS with a large error - M2.1331.

Using X-ray data, the parameters of the flare loop were determined from the rise and decay phases of the light
curve of the phenomenon. Then we compared the determined geometric parameters of the loop, such as half-length,
cross-section area, and volume of the flare loop on the Wolf 359 star to typical sizes/parameters for solar flares. For
this purpose, the data from Warmuth & Mann (2013) were used, in which the dependence of the geometric parameters
of the flare loops on the GOES class was analyzed.

We compared two methods of estimating the flare size and physical plasma parameters, one based on the analysis
of the decay phase developed by Reale et al. (1997) and the second based on the analysis of the rise phase shown by
Pres (2001). Results of both methods are in good agreement in the range of Lo from 1.41 x 10 cm to 1.55 x 109 cm.
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This allowed us to determine the physical parameters of the flaring plasma (see Appendix B) which appear to be very
similar to the same parameters in strong solar flares.

In each of the three analyzed parameters, half-length of the loop, volume, and cross-section area for the analyzed
flare on the Wolf 359 star, taking into account errors, fit well with the observed relationship for solar flares. The
obtained data resulting from the comparison of values indicate good agreement with the determined GOES class for
the analyzed flare which is roughly X3.7 - X5.7 (see Fig.g).

Figure 5 presents the relation EM - Ey for events from Pres et al. (2005) extended with X-class solar flares. The
added X-class flares have been plotted and described with the appropriate flare class. The position of the analyzed
stellar flare on the Wolf 359 star is the closest to the class X5.4 solar flare, which agrees well with the class estimate
from the single-temperature method (X5.7) or the direct X-ray flux estimate from the EPIC instrument in the 1-4
keV range (X4.3). In addition, the presented EM - Ey relationship was improved using observations of X-class solar
flares and the analyzed flare on Wolf 359. The equation of the new line is log(Ey) = —9.528 4+ 0.757log(EM) and has
been drawn in the figure with a solid line. The error of the slope value is 0.0147, which means that it has changed
by only 1¢ in relation to the previous determination. For solar and stellar flares, the determined relation works very
well for heating energy rate (Ey) in the range of 10%* — 1033 erg s~! and for emission measures in the range of 104
to 1056 cm 3. This means the relationship between the heating energy rate and the emission measure is preserved for
both solar and stellar flares. This implies a legitimate conclusion made at the beginning of the work that the processes
taking place in stellar flares are consistent with a solar-type flare mechanism. A good example is the analyzed event,
which has a flare class similar to strong solar flares. The determined geometrical parameters of the phenomenon do
not differ from the values of analogs occurring on the Sun. The determined minimum magnetic field estimate in the
flare loop also has a value typical for solar flare loops. The only difference is the much higher average density in the
flare loop, which is about one order higher than for typical solar phenomena. This may be due to the fact that the
star is a red dwarf with a larger log(g) and a smaller pressure scale height.

T I T I T I T I T I T
10%2 -
| Stellar flares i
@ 10 _ | AD Leo 7
S Proxima
(3] B .
I
1T}
2 10n x1.®7%2 X—class solar flares _
®
T i ]
Oy Moderate solar flares
10% - *® i
® A-class solar flares
10% I . I . I . I . I .
10* 10° 108 10" 10" 10" 10'®

EM[10* cm™]

Figure 5. The location of the analyzed flare on the diagram EM vs heating (Fg). The added X-class solar flares are marked
red. Flare on Wolf 359 is marked with a blue star. The solid line shows the new EM — Ep relationship based on all flares.
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APPENDIX

A. WHAT IS THE X-RAY SOLAR-LIKE CLASS OF THE FLARE?

The radiated energy in the rise phase (E, = 7.20 x 10? erg) and the flare decay phase (E4 = 4.65 x 10% erg) was
estimated separately using methods described in Appendix B. The total radiated energy is Fyos = 1.18 x 1030 erg. We
can use formula (4) from Cliver et al. (2022) to go from soft X-ray radiated energy to peak brightness. The flare class
we obtained was X3.7. The GOES class calculated directly from the 1-4 keV flux for the XMM-Newton EPIC-pn (see
Fig.2), which is closest to the GOES 1-8 A measurement range, was class X4.3. We used routine goes_fluzes.pro in the
SolarSoftWare (SSW) written in Interactive Data Language (IDL) for converting emission measures and temperature
into GOES 1-8 A flux. For the DEM distribution, the class of the flare was about X1.0. This determination was
obtained for emission lines and continuum from the RGS spectrum. It may be underestimated due to the averaging
used spectrum over the duration of the flare. After taking into account the flux-averaging effect, the resulting class
is X2.1. We used a single-temperature model and the filter-ratio method to calculate the temperature and emission
measure from the fluxes in two spectral ranges 0.2-1 keV and 1-4 keV. Having derived the maximum temperature
T =17.26 MK at 11:30:50.0 UT and for the same time emission measure EM = 1.95 x 10°° cm =2 we could use again
routine goes_fluzes.pro to calculate the GOES flux in the range of 1-8 A. The resulting flare class was X5.7.

The energy of the flare was also estimated from TESS data using two methods. The bolometric energy was about
1.1 x 103! erg. We used the Cliver et al. (2022) relation (3) to convert bolometric energy to energy emitted in X-ray.
The estimated value was 5.1 x 1028 erg and taking into account the errors, the minimum energy value was 4.53 x 1026 erg
and the maximum was 1.26 x 103! erg. By recalculating the energy ranges obtained from soft X-ray radiated energy to
peak brightness we can use again formula (4) from Cliver et al. (2022). The resulting range of GOES classes is large,
from B2.9 for the lowest energy, through M2.1 for the middle value, to X31 for the maximum value. It is visible that
the bolometric energy estimates from the TESS data seem to be underestimated or the relation on the basis of which
the GOES class was determined is not entirely correct. It should be emphasized that the authors tested it not only on
solar but also on stellar data. There is also the third explanation that the relation is inaccurate, hence such a large
scatter in data.

To check our calculations, we decided to supplement the relation EM - heating for events from Pre$ et al. (2005) of
X-class solar flares (see Fig.5). We used the catalog of flares of the XRT instrument (Golub et al. (2007)) on the Hinode
satellite (https://hinode.isee.nagoya-u.ac.jp/flare_catalogue/) and selected X-class flares. We took 5 of 61 phenomena
for further analysis. The availability of unsaturated images in the Be_thick or Be_med filter was the criterion. An
additional factor was the simple structure of the flare that allowed us to determine the volume and loop length of the
event. GOES data were used to determine the maximum temperature and at the same time the value of the emission
measure for all flares. It was needed to calculate the heating value. The obtained results were plotted in Figure 5,
where each point was additionally described with the appropriate flare class. The position of the analyzed stellar flare
on the Wolf 359 star is the closest to the class X5.4 solar flare, which agrees well with the class estimate from the
single-temperature method (X5.7) or the direct X-ray flux estimate from the EPIC instrument in the 1-4 keV range
(X4.3). All other methods are indirect and after applying them we get a lower flare class, based on the energy radiated
in the rise and decay phase (X3.7), based on the DEM (X2.1), and from the bolometric energy estimated from TESS
with a large error from B9 to X31 (M2.1).

B. ESTIMATION AND THE UNCERTAINTIES OF FLARE LOOP PARAMETERS

The method from Reale et al. (1997) allows us to estimate the loop semi-length along which the flare loses its thermal
energy through conduction. The light-curve e-folding decay time is often affected by the sustained decay of heating.
It can be determined from the slope ¢ of the decay phase on the density-temperature diagram. The slower decay
of heating, the closer the observed slope ¢ to the quasi-stationary decay (QSS). For XMM/EPIC Reale et al. (1997)
estimates the QSS slope as ¢, = 0.35. In our case, the slope ( is estimated as 0.39 4= 0.28 (see Figure 6). This allows
us to assume that the decay of the event was substantially affected by the slow deterioration of residual heating and
the evolution was close to QSS. We take into account only the upper limit of ¢ < 0.67. This allows us to estimate that
the light-curve e-folding decay time, 74 = 284 + 255, is longer than the thermodynamical time by the factor at least
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F(¢) > 2.95. This gives us the upper limit for 7, < 104.7s, and the loop semi-length Ly < 1.55 x 10° cm, what is
Ly <0.16 R,.

A I RARAARRRAS LR ARLRS RALRRLALRY AR LAY EARLRLRAY L

7.2

7.1

log(T)

7.0

6.9

248 249 250 251 252 253
1/2xlog(EM)

Figure 6. The diagnostic diagram of the flare (log vV EM vs. log Tobs). The emission measure and temperature are expressed
in cm™® and K respectively. Quantities in logarithms are dimensionless. The green line shows the best fit with the slope
¢ = 0.39£0.24 for the decay phase (red stars) and the red line represents the slope of the quasi-stationary decay ({gss = 0.35).
Green shaded region is the confidence interval.

Sylwester et al. (1993) showed that the evolution of thermodynamical measure (n = TV EM) on the flare rise phase
may be described by n = 1,5(1 —exp(—t/7)), where 7 is a close approximation of the thermodynamical time 7, (Serio
et al. 1991). Pres (2001) showed the method to estimate 7y, from the analysis of the light curve on the flare rise
phase. We achieve the best fit with the parameters 75, = 106.6 £ 12.6s (see Fig.7). This value transforms to the loop
semi-length estimation Lo = (1.59 + 0.18) x 10° cm. Results of both methods are in good agreement in the range of
Ly from 1.41 x 10° cm to 1.55 x 10 cm. The half-length of the loop estimates by two independent methods indicate
quite solar values. In Figure 8 where we present the dependence of the flare class and the half-length of the flare loops
occurring in the Sun.

It is possible to estimate the average density in the loop at the flare peak having determined the half length of
the loop and the maximum temperature (T, = 17.25 MK). During the rise phase the flaring loop passes for the pre-
flare equilibrium to the new one, with the higher heating and the temperature. This allows us to estimate the loop
density at the flare maximum from the Rosner et al. (1978) scaling law for the coronal loop at the new equilibrium
with the higher, flare heating. The calculated value was N, = 7.83 x 10'' cm™3. We estimated the electron pressure
P, = 6970.5 dyn cm—2. Using the balance between the electron pressure P, and the magnetic pressure (P, it is
possible to calculate a lower estimate of the magnetic field (P, > 418.6 Gs). The volume of the flare loop (V') was
calculated using electron density and emission measure (EM = 3.26 x 1050 cm—2), it was V = 5.32 x 10?6 cm3. The
cross-section area (A.s) of the loop was determined using the volume and half length of the flare loop. Its value was
Aqs = 1.67x10'" cm?. Using the values of the maximum temperature, half loop length, and volume determined above,
the heating energy rate Ex = 3.99 x 1028 ergs~! was estimated.
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Figure 7. Left pannel: The best fit to the light curve of the rise phase. The data are binned every 50 sec. The estimated
thermodynamical time is 7:, = 106.6 & 12.6s and the saturation flux Fys = 6.47 4 0.35 cts s~*. The black dots indicate the
points used in the fit function for the rise phase.

Right pannel: The best fit of the exponential decay to the light curve of the decay phase. The data are binned every 50 sec.
The estimated thermodynamical time should not be greater than 7, = 104.7s. The black dots indicate the points used in the
fit function for the decay phase.

1010: —T—TT T — @, ——T T ]
C [ e
[ o e ]
[ n® ]
[ ¢ o 3 1
- % " @ -\ "i% ¥, i\};& -
—_— = %'G;» < L LA | M
£ 9 e, = o Wolf 350m™
; W
.% 10 3 LR e g
-l [ ]
| & i
108 R | Ll P | \
C M X X10

X-ray Flare Class [W/m?]

Figure 8. Relationship between the GOES flare class and the half-length of the flare loops for 24 solar events analyzed in
Warmuth & Mann (2013) represented by red squares. At each point, there is also a description of the GOES flare class. The
error ranges are marked in blue and the Ly value for the analyzed flare on the star Wolf 359 is marked with the diamond symbol.

An important issue in the analysis of this flare was the high uncertainties of the temperature estimate during the rise
phase, covering the range from 14 MK up to 80 MK. It was caused by a low signal-to-noise ratio in the observational
data. These uncertainties propagate to estimates of sizes and physical parameters of flare plasma. This dependence is
weak in the case of loop length but gives substantial changes in other estimations. The least sensitive to this problem
is the value of the total heating rate in the whole flare loop. The uncertainties become relatively small when we search
for an agreement between two methods of estimating the loop size. The loop semi-length (Lg) vary from 1.41 x 10° to
1.55 x 10° cm. The plasma density (N.) at the flare maximum varies from 5.4 x 10! to 7.3 x 10!! ecm ™3 and the plasma
pressure from 3.8 x 10% to 6.1 x 10 dyncm~2. The estimated flare volume (V') varies from 6.2 x 1025 to 7.8 x 10?6 cm?

and the total heating rate Ey varies in the range 2.4 — 4.0 x 102 ergs—!.
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We compared the geometric parameters of the flare loop on the Wolf 359 to typical sizes for solar flares. We used
data from Warmuth & Mann (2013). Figure 8 shows the values of half-length of the loop (Lg) for 24 solar flares in
relation to the GOES class. The location of the determined half-length of the loop on the Wolf 359 star fits well with
the observed relationship for solar flares. For the estimated Lj value, the corresponding classes of solar flares are in
the range X4.8 to X5.5. In the case of the other relationships volume - flare class and cross-section area - flare class,
the values corresponding to the values determined for the flare on the Wolf 359 star are located in the vicinity of solar
flares with the class about X5.0. The obtained result from the comparison of values indicates good agreement with
the determined GOES class for the analyzed flare roughly which is X3.7 - X5.7.
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